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- H B O  2 is cubic  w i t h  a = 8 . 8 8 6  ± 0.001 A a n d  24 mo lecu l e s  pe r  u n i t  cell. T h e  space  g r o u p  is P43n. 
All  a t o m s  are  in  gene ra l  pos i t i ons  w i t h  t h e  fo l lowing  c o o r d i n a t e s :  

x y z 
H 0.937 0.103 0.337 
B 0.2172 0.0816 0.3094 
O I 0.0804 0-1671 0.3004 
OII 0.3223 0.1447 0.4262 

T h e  b o r o n  a n d  o x y g e n  a t o m s  f o r m  a t h r e e - d i m e n s i o n a l  n e t w o r k  of  BO4 t e t r a h e d r a ,  t h e  B - O  b o n d  
l e n g t h s  be ing  1.436, 1-465, 1.482 a n d  1.505 A. 

T h e  h y d r o g e n  a t o m  f o r m s  a s t r o n g  b o n d  H - O I I  = 1-06 A a n d  a w e a k e r  b o n d  H . . .  OI = 1.43 A 
w i t h  a l e n g t h  of 2.487 A for  t h e  n e a r l y  l inear  g r o u p  O H - H . . .  OI. H o w e v e r ,  t h e  e x p e r i m e n t a l  d a t a  
i n d i c a t e  app rec i ab l e  r e s o n a n c e  w i t h  t h e  c o n f i g u r a t i o n  O H . . . H - O I .  

A detailed s tudy of the equilibrium diagram for the 
system B203-H20 was made by  Kracek, Morey & 
Merwin (1938). These investigators showed tha t  
metaboric acid, HBOg, can be prepared in three 
crystalline forms. 

Approximate crystal structures have been reported 
for the orthorhombic a-HB02 (designated HB02- I I I  
by Kracek et al.) (Tazaki, 1940) and for the mono- 
clinic fl-HB02 (HB02-II)  (Zachariasen, 1952). For 
the lat ter  crystal a precise determination has since 
been carried out and will soon be reported by the 
writer. 

The present paper describes the results of a detailed 
structural s tudy of $-HBO2 (HB02-I). 

Experimental procedure 

The investigation was carried out using the original 
crystals supplied to the writer by Dr Kracek in 1936. 

~,-HBO2 is cubic with a=8-886+0.001 A and 24 
stoichiometric molecules per unit cube. The measured 
and calculated density is 2.487 g.cm. -3 

The crystals show holohedral Laue symmetry,  and 
the only systematic absences are (HHL) for odd L. 
Hence the suggested space groups are Pm3n and P-43n. 

The diffraction intensities were measured with high 
precision using a proportional counter and Cu Kc~ 
radiation. 

The measurements were made on two crystal 
specimens. Both of them were ground into precise 
spheres, the radii being 0.0105 cm. and 0.0188 era. 
Absorption corrections were made, but were very 
small since the linear absorption coefficient is 24.8 
,cm.-1.  

The intensities were measured independently for 

the many equivalent planes of a given crystallographic 
form, and were found to be constant within exper- 
imental error. A complete set of intensity data  was 
collected for the smaller crystal sphere while all 
reflections (HKO) and (HK1) were measured for the 
larger sphere. The two sets of intensity data  were 
found to be in perfect agreement except for the very 
strongest reflections for which the larger crystal 
sphere gave consistently higher values. These dif- 
ferences could be accounted for quant i ta t ively by 
assuming tha t  the secondary extinction was slightly 
greater for the smaller sphere. 

In order to minimize small errors due to extinction 
the least-square refinements were based upon the data  
obtained with the larger crystal sphere except for the 
reflections (HKL) with H >_ K >_ L >_ 2 which had 
been measured only for the smaller crystal specimen. 

At the last refinement stage secondary correction 
was applied in accordance with the formula 

Icorr. - - - -  Iobs. [ 1 - globs.] -1 (1) 

when g is the extinction coefficient. I t  should be 
emphasized tha t  this correction was very small. The 
largest extinction correction was 8.0% (for ]F~00[), 
the next largest 3.1% and more than  90% of the 
reflections were not affected. 

Comparison of results for the two crystal specimens 
shows tha t  the observed structure factors per unit  
cell are accurate to a probable error of 0.5 electron 
units. All observations were given equal weight in 
the refinements, and only one reflection, (960), was 
found to have an intensity too small to be measured. 

The f-curves of McWeeny (1951) were used for 
hydrogen and boron atoms, and tha t  of Berghuis 
et al. (1955) for the oxygen atom. 
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D e t e r m i n a t i o n  of  t h e  s t r u c t u r e  

All a t t e m p t s  to  f ind  a s t r u c t u r e  on the  basis  of space 
g roup  Pm3n failed,  a n d  accord ing ly  t he  non-cent ro-  
s y m m e t r i c a l  subgroup  P43n was a s sumed  to be 
correct .  

I n  deduc ing  the  s t r u c t u r e  ex tens ive  use was m a d e  
of t he  e x c e p t i o n a l l y  large  observed  s t r u c t u r e  fac tor  
for (800), a n d  of t h e  fac t  t h a t  o x y g e n - o x y g e n  a n d  
b o r o n - b o r o n  d i s tances  less t h a n  2.2 A are improbab le .  
W i t h  these  b o u n d a r y  condi t ions  the  special  space 
g roup  pos i t ions  could be e l im ina t ed  as possible a tomic  
s i tes  a n d  so could large vo lumes  a b o u t  s y m m e t r y  
axes  a n d  s y m m e t r y  centers  for genera l  posi t ions.  This  
t r i a l  a n d  error  p rocedure  led w i t h o u t  excessive effor t  
to  a n  a p p r o x i m a t e  s t r u c t u r e  for boron  a n d  o x y g e n  
a t o m s  agreeing suf f ic ien t ly  well  w i th  observa t ions  to  
serve as s t a r t i n g  po in t  for a successful  leas t  square  
r e f i n e m e n t  us ing the  B u s i n g - L e v i  IBM-704 program.  

The  f i r s t  r e f inement ,  in  which  only  scale fac tors  
a n d  boron  a n d  o x y g e n  coordina tes  were va r i ed  and  
w i t h  a f ixed overa l l  t e m p e r a t u r e  fac tor  (guessed to  be 
B = 0 . 9 0  /~2), gave  an  R- fac to r  of 0.073. The  resu l t s  
led  to  a shor t  O~-OH d i s tance  of 2.49 J~ be tween  
oxygen  a toms  bonded  to d i f fe ren t  boron  a toms  wh ich  
could on ly  be ascr ibed  to  the  presence  of a h y d r o g e n  
bond.  Accord ing ly  the  m i d p o i n t  of th i s  shor t  o x y g e n -  
oxygen connection line was used as initial site for the 
hydrogen atom in the next refinement. 

were used. I n  t he  course of th i s  r e f inement ,  which  
gave  R = 0 . 0 3 5 ,  the  h y d r o g e n  a t o m  m o v e d  a long the  
shor t  O~-OH vec tor  f rom the  in i t i a l  s y m m e t r i c a l  s i te  
to  a pos i t ion  1-06_+0.06 _~ f rom the  OH-atom.  The  
resul t s  of th i s  second r e f i n e m e n t  are shown in  co lumn 2 
of Tab le  1. 

T h e  p o s s i b i l i t y  of h y d r o g e n  r e s o n a n c e  

Because  of t he  a p p r o x i m a t i o n s  i n h e r e n t  in  the  leas t  
square  m e t h o d  (assumpt ions  of spher ica l  e lec t ron 
d i s t r i bu t ions  a n d  prec ise ly  k n o w n  f -curves)  one canno t  
expec t  to improve  upon  the  R- fac tor  of 0-035 in  f u r t h e r  
re f inements .  Hence ,  the  success of add i t i ona l  refine- 
men t s  m u s t  be j udged  on the  basis of the  phys i ca l  
s i t u a t i o n  r a t h e r  t h a n  in  t e rms  of r educ t ion  of the  
R-fac tor .  

A leas t  square  r e f i n e m e n t  us ing an iso t rop ic  t h e r m a l  
fac tors  was s eeming ly  unsuccessful  because  the  tem-  
pe ra tu re  fac tor  of h y d r o g e n  became nega t ive  (a l though  
pos i t ive  well w i th in  t he  p robab le  error) in  d i rec t ions  
no rma l  to  the  O H - H  • • • Oi axis.  However ,  t he  resu l t s  
for boron  a n d  o x y g e n  a toms  were p h y s i c a l l y  reason- 
able.  The  t e m p e r a t u r e  fac tor  for boron  r e m a i n e d  
i so t ropic  w i th in  t he  p robab le  error.  Fo r  the  oxygen  
a toms  a smal l  an i so t ropy  was  found  wi th  t he  d i rec t ion  
of m a x i m u m  d i sp l acemen t  n o r m a l  to  t he  th ree  bonds  
formed b y  each o x y g e n  a tom.  Pa ra l l e l  to  t he  
O H - H . ' .  O~ axis  t he  r e f i n e m e n t  gave  a v e r y  large 

Table  1. Results of Refinements 
Refinement 

^ 

Variable II III 

KI* 0.911 -+0.005 0.906 _+0.004 
K~* 0"908 _+0"007 0"903 __ 0"007 
B 

x 0"2171_+0"0003 0.2172_+ 0"0004 
y 0"0816_+0"0004 0"0816_+0"0004 
z 0"3092 _ 0"0004 0"3094 _+ 0"0004 
B 0'45 -+ 0"06 

OI 
x 0.0803 _+ 0.0002 0.0804 _+ 0.0002 
y 0.1670_+0.0002 0.1671_+0.0002 
z 0.3004 _+ 0.0002 0.3004 _+ 0.0002 
B 0.42 _+0.04 

Oii 
x 0.3222 _+ 0.0002 0.3223 _+ 0.0002 
y 0.1449 + 0.0002 0.1447 _+ 0.0002 
z 0.4261 _ 0.0002 0.4262 _+ 0.0002 
B 0.45 _+0.04 

H 
x 0"937 _+ 0.007 
y 0"103 -+0.006 
z 0.337 -+ 0.006 
B 4.8 -+1.9 

R 0.O35 0.033 

* K 1 is the scale factor for reflections HKO and HK1, 
while K2 is the scale factor for reflections H>K>L>2.  

The  second r e f i nemen t  p rov ided  for a smal l  ext inc-  
t i on  correct ion,  the  h y d r o g e n  a toms  were t a k e n  in to  
a c c o u n t  a n d  i n d i v i d u a l  i so t ropic  t e m p e r a t u r e  fac tors  

Tab le  2. Temperature factors 
Refinement I I I  

O I  

OII 

fl × 10 z B Oi Oir 
/~11 1.27_+0.37 1.33_+0.25 0.94_+0-25 
f l 2 2  1.33_+0.38 0.94_+0.26 1.72_+0.26 
/~aa 1.45 _+ 0-38 1.48 _+ 0.26 1.32 _+ 0-23 
~12 --0.27_+0.31 --0.17_+0.22 --0.10_+0.22 
/~13 0-20 _+ 0.30 0-08 _+ 0.24 -- 0.05 _+ 0.23 
/ff2a -- 0.06 _+ 0.39 0.06 -+ 0.23 -- 0.07 -+ 0-20 

Atom 
B 

Oi 

Oii 

Tab le  3. Root mean square displacements 
along principal axes 

Refinement I I I  

A 1 (A) /I 2 (h) A a (h) 
0.064_+0.013 0.073_+0.012 0.083_+0.010 
0.059 _+ 0.009 0.074 _+ 0.008 0-078 -+ 0.007 
0.061 _+ 0.008 0.073 _+ 0.007 0.084_+ 0.006 

Tab l e  4. Orientation of principal axes 
from refinement I I I  

Axis X }7 Z 
1 140_+26 ° 126___39 ° 75_+50 ° 
2 100_+ 52 55 __ 51 37 _ 49 
3 128_+28 55___37 123_+47 

1 110_+22 158_+24 82_+20 
2 35_+69 112_+24 116_85 
3 117_+ 78 88_+37 153_+81 

1 169___28 98_+ 16 98-+33 
2 99 _+ 33 82 _+ 25 12 _+ 28 
3 84-+15 169-+22 81_+25 
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HKL 

Ii0 

200 

210 

21.1 

220 

310 
222 

320 

321 
400 

~I0 

33O 
#II 
420 

421 

332 
422 

43o 
51o 

431 
520 

432 
521 
440 

53O 

#33 
531 
600 

~2 
61o 

61.1 

532 
620 

621 
540 
541. 
622 
63O 
542 
631 

632 
710 
55O 
543 
64O 
72O 
641 
721 
633 
552 
642 

73o 
731 
65O 
643 
732 
651 
8OO 
810 
740 
652 
811 
741 

o b s  . 

30.6 
81.2 
28.6 

33.6 

36.5 
~I.I 

57.6 
10.5 

30.0 
74.2 

22.3 

71.3 
22.3 
20.2 

70.9 
42.6 
21..3 
12.0 

14.8 

11.6. 

9.4 

7.1 

19.1 

9.2 

36.7 

33.3 
21..2 

17.6 

9.4 
1.1 

22.9 

19.1 
35.4 

17.6 

15.5 

7.# 
#7.6 

13.0 

39.# 

27.1 

#2.7 

7-9 
1.9 

21.2 
14.2 

9.1 

5-5 
16.2 

11..9 

38.6 

11.3 
2.2 
2.4 

30.5 

3.7 

9.3 
2.6 

1.6.1 
71.6 

3.6 

23.4 
12.6 

:].3.0 
3.8 

Table 5. Observed and calculated structure factors 

Refinement III Re f i n e m e n t II 

KxF calc. Kx2 talc. A B 

30.1 30.4 -33.4 o 
83.5 82.8 -90.8 o 

29.0 29.3 -32.2 0 

34.2 34.7 -1.1.9 -36.2 
35.6 35.3 -38.7 0 
41..4 42.1 46.2 o 

59.5 59.3 63.6 -14.7 
1.0.4 1.1..2 -1.2.3 o 

29.6 29.7 23.0 23.2 
73.5 73.5 -80.7 o 
22.6 22.7 24.9 o 

70.8 70.4 -77.2 0 

22.0 22.O 4.6 -23.7 

19.0 1.8.9 20.7 0 

68.7 69.1 24.3 -71.8 

41.9 41.7 -#0.9 20.8 

19.# 19.7 -o.2 -21.7 
lO.9 • 1.1.o 12.1 o 

14.5 14.6 -1.6.o 0 

lO.3 10.4 -9.0 7.0 

9.1 9.0 -9.9 0 
7.0 6.7 3.8 6.4 

1.8.0 1.8.1 -12.6 -1.5.3 

9.3 9.1 1o.o 0 

36.2 36.0 39.5 ~ 0 

32.4 32.3 22.8 -27.2 

20.7 20.6 -1.8.4 -13.1 
16.4 15.6 1.7.1. o 

8.7 8.2 -1..9 8.9 
o.8 0.7 o.8 o 

22.9 23.4 6.1 24.9 

18.0 18.1. 19.2 -5.1 

34.7 34.9 38.2 o 

17.6 17.8 -15.5 -1.1.9 
15. o 15.4 16.9 o 

6.5 6.4 2.8 -6.4 

;48.3 48.4 -46.3 26.5 

12.2 1.2.4 -13.7 0 

39.9 #0.3 -11.7 #2.8 

26.6 27.0 -19.9 21.9 

42.2 42.5 -0.7 46.8 
7.5 7.5 o -8.3 
1.6 1.4 1.5 o 

20.8 20.8 -22.8 o 

13.5 1.3.5 -14 9 0.4 

8.9 8.8 -9-7 o 

4.9 4.5 -5.0 0 

16.1 1.5.9 1.7.3 2.7 
12.3 12.4 -1.8 -13.5 

39.1 39.1. 42.9 -3.4 
10.5 Io.3 -9.4 6.3 

2.4 2.5 -2.0 -1..9 

1.2 1.4 -1.5 '0 
31.1 30.9 26.5 21.2 

2.9 3.2 3.5 o 
9.6 9.9 -2.9 10.5 
2.8 2.8 2.4 -1.9 

16.2 ].6.i 17.7 1.5 

73.2 73.0 -8O. l 0 

3.4 3.4 -3.7 o 
24.1 24.0 26.3 0 

12.9 12.8 -14.1. 0.3 

13.0 12.8 13.9 2.5 

3.8 3.8 0.9 -4.0 

HEL F obs. 

554 25.8 
820 18.8 
644 34.7 

821 30.2 

742 27.8 

653 26.2 
822 21.6 
660 34.0 
830 13.5 
831 22.5 
750 3.5 

7#3 15. o 
751 27.9 

662 36.3 

832 4, 3 
654 16.7 

752 lO.8 

840 16.5 

841. 9.2 
91.o 1.6 
833 23.2 
753 25. o 
842 6.6 

920 2.5 
760 1.8.2 

921 21.6 

761. 2.5 

655 14.2 
664 6.8 

850 II. 9 
843 20.4 

762 4.4 
930 8.3 
851 4.6 
754 4.7 

931 9.7 

852 9.1. 
932 6.4 
763 9.3 
844 8.8 
940 5.9 

94i 8.9 
853 14.5 

770 I.O 
lO.O.O 16.3 

860 5.5 
lO.l.O 11.8 

942 5.5 

861. 9.7 

764 2.3 
I0.I.I 2.6 

772 2.2 

10.2.0 6.2 
862 11.8 

1.o.2.1. 8.7 
854 II.7 

950 5.1 

943 18. I 

951 17.5 
10.2.2 6.5 

666 28.3 
lO.3.o 4.1 

863 8.1 
1.o.3.1 17.7 

Refinement III R e f i n e m e n % II 

ErF calc. Ex2 cale. A B 

26.3 26.2 12.6 26.0 

18.4 18.5 20.3 o 

35.9 35.8 0.2 -39.4 

30.8 30.7 1.3 33.6 

28. o 27.8 -7.5 -29.7 
26.1 26.1 -25.8 -12.7 

22.7 22.8 I.I -25.1 

35.9 35.6 -39.1 o 
14.3 14.4 -15.8 o 

22.0 22.2 -16.6 -17.9 

~.1 3.8 -4.1 o 
15.o i4.9 -0.2 i6.4 

28.6 28.6 -30.9 5.4 

37.5 37.6 38.7 14.9 
4.6 4.3 1.5 -4.5 

16.4 16.3 13.6 11.8 

10.6 10.5 i.I -11.5 

17.0 17.0 18.7 o 

9.8 9.7 -1o.4 2.5 
1.6 1.4 -1.6 o 

22.8 23.0 20.7 14.6 
24.1 24.2 26.7 1.3 

6.8 6.9 -6.3 #.2 
2.4 2.2 2.5 o 

17.9 18.2 -2o.o o 

22.5 22.9 4.6 24.7 

2.4 2.4 -2.3 1.3 

13.6 13.7 11.2 - lO.1 
6.5 6.7 3.9 6.2 

13.o 13.0 14.3 o 

19.2 19.1 -8.1 -19.4 

3.7 3.7 2.5 -3.3 
8.4 8.2 -9.1 o 

4.9 5.1 #.6 -3.1 

4.5 4.2 1.3 -#.5 

9.2 9.4 -7.8 -6.8 

8.6 8.5 3.9 8.6 

5.5 5.7 -3.7 5.0 
8.6 8.4 -0.4 9.2 
7.6 7.9 -2.7 8.3 
6.2 6.1 -6.7 0 

9.0 9.2 3.5 9.5 
12.9 13.0 -11.3 8.7 
O.9 1.o 1.0 0 

15.9 15.9 17.5 0 

4.9 5.2 -5.7 0 
12.1 12.0 13.2 o 
4.6 4.6 -5.1 -0.3 

9.7 9.9 i0.6 2.2 

2.3 2.4 1.0 -2.4 

1.6 1.7 o.7 1.7 

1.4 1.2 -o.3 -1.2 

5.8 5.8 -6.4 0 
10.8 11.0 -4.3 -11.3 

9.2 9.1 9.8 -2.0 

11.1 11.2 -12.3 -1.3 

4.8 4.8 5.3 o 

17.3 17.4 1.0 -19.1 

17.1 16.7 14.2 -11.7 

6.1 5.7 2.2 5.8 
28.6 28.9 -31.3 5.8 
3.8 4.4 4.8 0 
8.3 8.2 2.0 8.8 

17.2 17.i -0.5 -18.7 
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Table 5 (cont.) 

RezinementIII Refinement II 

HKL P obs, Kx9 cale, EXF cale, A B 

952 9.0 8.3 8.4 0.9 9.2 
765 4.6 4.1 4.o -2.4 3.8 

10.3.2 13.6 13.5 13.1 2.6 14.2 
870 8.4 8.6 8.6 9.4 o 

871 5.4 5.0 5.0 1.9 5.2 
855 10.2 9.5 9.5 lO.1 -2.8 
774 6.0 6.0 6.2 -1.9 -6.5 
953 ~.9 5.1 5.4 -3.2 5.0 

I0.4.0 2.2 2.1 2 .0  - 2 . 2  0 

864 15.o 14.5 14.3 3.7 15.3 
I0.~.I 14.5 12.9 12.7 6.3 -12.4 

96o 0 o.1 0.5 0.5 0 
872 12.5 11.4 11.4 -i.0 -12.5 

10.3.3 5.3 3.1 3.1 -3.1 1.3 
961 8.1 8.1 7.9 -5.4 -6.8 

10.4.2 7.8 7.8 7.6 0.5 8.4 

Refinement I II 

383 

Refinement II 

HKL ~ obs, EXF ealc, Ex2 oalc, A B 

962 ll.0 ll.6 11.3 7.5 I0.0 
11.1.0 I~6 1.5 1.5 1.6 0 

954 16.2 16.4 16.6 -I.9 -18.2 
873 13.8 14.i 13.8 ~.2 -14.6 

II.2.0 3.5 3.4 3.6 -4.0 0 

10.5.0 8.7 9.4 9.6 -10.5 0 

• 0.~.3 11.7 n.4 11.1 -0.2 12.3 

865 4. 9 4.8 /~.9 -2.5 -4.8 
11.2.1 9.0 9.2 9.5 -1.9 -Io.3 
10.5.1. 2.9 2.4 2.3 -o.6 2.5 

963 5.2 5.1 5.1 4.9 2.6 
88o 18.2 18.o 18.0 19.7 o 

874 15.8 16.5 16.2 -16.7 -6.5 
11.3.o 6.0 5.9 5.6 6.1 o 

970 6.6 7.4 7.i 7.8 o 

the rmal  factor  for hydrogen,  corresponding to a root  
mean square displacement  of 0.37 + 0.08 A. The l a t t e r  
result  indicates appreciable resonance wi th  the  con- 
f igurat ion On • • • H-OI.  

I t  is readi ly  shown t h a t  (for small  values of sin0/2) 
the  s t ructure  factor  cont r ibut ion  of a resonat ing 
hydrogen a tom is equivalent  to t h a t  of a single a tom 
at  posi t ion ~ = p r l  + (1 - p)re wi th  a tempera ture  factor  

B +  8~2p(1--p)~9 cos e ~ .  (2) 

r l  and  r2 are the  two equil ibr ium positions corre- 
sponding to the  two configurations O n - H  • • • Oi and 
O H ' ' '  H-OI,  while p and  1 - p  are the  fract ions of 
t ime the hydrogen  a tom spends a t  r l  and  re respec- 
t ively.  The quan t i t y  8 = r p - r l ,  and  ~ is the  angle 
between B and the  normal  to the  reflecting lat t ice  
plane. The anisotropic t e rm in the  the rmal  factor  due 
to the  resonance has the  value 8 ~ p ( 1 - p ) ~  paral lel  
to the O n - H  • • • Oi axis and  vanishes at  r ight  angles 
to this direction. For  (~ = 0.5 A and p = 0-75 one finds 
8~ep(1 -p )52  =3 .8  A_ 2. 

A least-square ref inement  ( ' ref inement I I I ' ) w a s  
made on the  assumpt ion  of par t i a l  resonance, p = 0.75. 
For  hydrogen  a value B = 3 . 2  j~9 was adopted  and  
the  coordinates for r l  and  rp. were so chosen as to 
give O - H =  1.0 A. Thus only scale factors and posi- 
t ional  and the rmal  parameters  for boron and oxygen 
atoms were varied. The results of this ref inement  are 
given in the  tables  in the  columns headed 'Refine- 
men t  I I I ' .  

The slight lowering of the R-factor  from 0.035 to 
0"033 has no physical  significance. I t  is probable,  
however,  t h a t  there  is some resonance wi th  the  
configurat ion O n ' - - H - O ~ ,  bu t  the  X- ray  da ta  
provide no conclusive proof. 

Description of the structure 

Each  boron a tom is bonded t e t r ahedra l ly  to four 
oxygen a toms (two Oi and  two On), and each oxygen 

a tom to two boron atoms, so as to produce a three- 
dimensional  ne twork of Be4  te t rahedra .  The boron-  
oxygen configurat ion is thus  reminiscent  of the 
s tructures found for the  various forms of silica. 
However,  the  bond angles B-O~-B=l18 .6+_0 .1  ° and  
B - O H - B  = 126.7 Jr 0.1 ° are appreciably  smaller t h a n  
the  corresponding Si -O-Si  values. 

The dimensions of the  BOa te t rahedron  and of the  
group O - H  • • • O are:  

(A) (h) 
B-OI 1.436+0.004 Oi-O/ 2.413+0.003 

-Oi" 1.465 -On 2-431 
-On 1.505 -OII' 2.360 
-On" 1.482 OI'-On 2.381 

-On'  2.421 
OII--OII" 2.412 

H. • • O~ 1.43 + 0.06 Oi" • • H-On" 2.487 + 0.003 
H-On" 1-06 

Fig. 1 shows two pairs of B04 t e t r ahedra  of the  
s t ructure  as viewed along the  Z-axis to i l lus t ra te  the  

r s/a 

o"(  Y ~  t-4s ,'~o~ L ~  )_, 

~ ---ol 

Fig. 1. Small  por t ions  of the  th ree-d imens iona l  t e t r a -  
hedral network and the hydrogen bonds between tetra- 
hedra. The view is along the Z-axis and the z-coor- 
dinates for the labelled atoms are: B(0.3092), H(0.337), 
Oi(0.3004), Oi(0.1670), Oii(0.4261), On'(0.3551), On"(0.3551). 
The various bond lengths are shown in A. 
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hydrogen binding. I t  should be kept in mind that  
there may be appreciable resonance with the con- 
figuration O~-H • • • OH which is not shown in Fig. 1. 

The mean value of 1.472 A_ for the tetrahedral 
B-O bond is precisely the same as found in fl-HBO~ 
(Zachariasen, 1963). Slightly larger tetrahedral bond 
lengths of 1-477 _~ and 1-479 ~ have been found in 
K [B506 (0H)4]. 2 H20 (Zachariasen & Plettinger, 
1963) and in K2[B405(OH)4].2 H~O (Marezio, Plet- 
t i nge r& Zachariasen, 1962). 

I t  might have been expected that  the two B-O, 
bonds would be of equal length; but they do in fact 
differ by 0.029 A. This difference (and the similar 
difference of 0.023 A in the length of the two B-OH 
bonds) may be ascribed to interaction between next 
nearest neighbors. 

However, the fact the mean B-0~ bond length of 
1.451 A is much smaller than the mean B-OH bond 
length of 1.494 ~l is a consequence of the hydrogen 
binding. Since the On oxygen atom is bonded more 
strongly to hydrogen, the OH-B bond is corre- 
spondingly weakened, while the opposite situation 
pertains to the O~ atom. Indeed, it is possible to put 
these considerations on a quantitative basis, as will 
be demonstrated in a forthcoming paper which dis- 
cusses results for a number of precisely determined 
borate structures. 

The observed length of 2-487_+0.003 A for the 
O n - H - ' - O I  group is appreciably smaller than cor- 
responding distances in other boric acid structures. 
In H3B03 (Zachariasen, 1954) the O-H • • • 0 distance 
is 2-720 /l and in fl-HB0~ it is 2.681 A_. However, 
the results for the O - H - - - 0  group in y-HBO~ are 
identical within experimental error with those ob- 
tained from a neutron diffraction study of the ferro- 
electric form of KH~_P04 (Bacon & Pease, 1953, 1955), 

which gave 0 - H =  1.05 + 0.01/~, 0 . - - H =  1-43 _+ 0.01 
and O-H • • • O = 2.486 + 0.004 A. 

Compared with the ~- and /9-forms of HBO2 the 
y-form has high density, high refractive index, great 
hardness and small thermal vibrations. The inter- 
relationship between crystal structure and physical 
properties for the various modifications of metaboric 
acid will be discussed in another paper. 
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