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fl-HBO2 is monoclinic, space group P21/a , with twelve molecules in a unit cell of dimensions 

a=7.122_+0.002, b=8.842+0.002,  c=6.771 +0.002/~, f l=93.26+0.01 ° . 

All atoms are in general positions. 
Least-square refinements based on 844 reflections gave R = 0.06. The position coordinates have 

been determined to a precision of 0.006/~ for boron, 0"003/~ for oxygen and 0.07 A for hydrogen. 
The structure consists of endless zigzag chains of composition [BaO4(OH)(OH2)]o o directed along 

the b-axis with hydrogen bonds between the chains. Two thirds of the boron atoms are in triangular 
and one third in tetrahedral configuration. The water oxygen is an unshared corner of a BO 4 
tetrahedron, the hydroxyl oxygen an unshared corner of a BO a triangle, while each of the other 
oxygen atoms is bonded to two boron atoms. 

Introduct ion  

As shown by  Kracek,  Morey & Merwin (1938) 
metaboric  acid can be prepared  in three crystal l ine 
modifications.  Approx imate  crysta l  s t ructures  have 
been repor ted  for the or thorhombic s - fo rm (Tazaki,  
1940) and  for the  monoclinic fl-HB02 (Zachariasen, 
1952), and  the  precise s t ruc ture  of the  cubic ~- 
modificat ion tins been found (Zachariasen, 1963). 
I t  is the purpose of the  present  paper  to give the 
detai led results of the  crysta l  s t ruc ture  examinat ion  
of fl-HB02. 

The monoclinic uni t  cell has dimensions 

a = 7.122 _+ 0.002, b = 8-842 _+ 0.002, 

c=6.771 ___0.002/~, fl=93-26_+0.01 °. 

There are twelve molecules per  uni t  cell, giving a 
calculated dens i ty  of 2-051 g.cm -3 whereas the  
direct ly  measured  value is 2.044 g.cm -3 (Kracek et al.). 
The space group is P21/a. All a toms are in general  
positions with  coordinates +_ (x, y, z)(½ + x, ½ - y ,  z). 

Small  single crystals  of fl-HBOe selected from the 
original mater ia l  presented to the  wri ter  by  Dr  
Kracek  in 1936 were used in the invest igat ion.  The 
s t ruc ture  de te rmina t ion  is based upon a complete 
set of intensities measured on a single-crystal  counter  
spectrometer  using Cu Ks- rad ia t ion .  The in tens i ty  
d a t a  were collected more t h a n  ten  years  ago. 

D e t e r m i n a t i o n  of the  s t ruc ture  

A detai led account  of the  method  used to find the  
approx imate  positions of the  boron and oxygen a toms 
has been published (Zachariasen,  1952). Accordingly,  
only the  subsequent  steps in the  s t ruc ture  determina-  
t ion will be described. 

The 1952 pa ramete r s  for boron and  oxygen a toms 
were used as s ta r t ing  values for least -square  refine- 

ments  based on the  Bus ing-Levi  program.  The 
McWeeny (1951) f -curves  were assumed for boron 
and hydrogen,  the f -curve  of Berghuis et al. (1955) 
for oxygen. The results of t e n y e a r s  ago showed three 
short  distances of 2.63-2.73 A between oxygen a toms 
of different boron-oxygen  polyhedra  which could be 
explained only by the  existence of hydrogen bonds. 
The midpoints  of these short  oxygcn-oxygen  conncc- 
tion lines were used as the  initial sites for the hydrogen 
atoms.  Anisotropy was assumed for the  the rmal  
motion of boron and oxygen atoms,  while an isotropic 
the rmal  factor  B=2.5 j~2 was pos tu la ted  for the  
hydrogen atoms.  In  the  last  ref inement  stage a small  
correction for secondary ext inct ion was applied 
according to the  formula  Ieorr. = Iobs./(1 -globs.) .  This 
correction was negligible for the  vas t  ma jo r i ty  of 
reflections, but  amoun ted  to 10% in the  ext reme 
case of the  reflection (201). 

The u l t imate  ref inement,  based on observed struc- 
ture  factors for 844 reflections, gave R- -0 .06  and  the  
pa rame te r  values shown in Tables 1 and  2. The 
agreement  between observed and  calculated s t ruc ture  

Table 1. Position parameters 
A t o m  x y z 

B1 0-2618 0.2891 0.4780 
BII  0.4015 0.3383 0.1714 
BIII 0.2324 0.5422 0.3295 
a(B) + 0.0008 + 0.0007 _+ 0.0009 
OI 0-2121 0-1939 0-6208 
Oix 0.2160 0.4390 0.4945 
Oni  0.3538 0.2379 0.3159 
OIv 0.3557 0.4866 0.1824 
Ov 0.4979 0.2838 0.0180 
Ovi 0.0333 0.5467 0.2237 
a(O) _+ 0.0005 _+ 0.0004 + 0.0005 
Hi  0.020 0.620 0.151 
H n  0.547 0.357 0-949 
HII I 0.933 0.552 0-342 
a(H) __ 0-011 _+ 0.010 + 0.012 
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factors  is  i l lus trated  in Tables  3 and 4. The former of whi le  Table  4 g ives  the  ref lect ions in the  range 
these  tables  l i s ts  all  ref lect ions up to sin~ 0/~t ~ = 0.075, 0-3500 < sin~ 0/2  ~ < 0.4000.  

Table  2. Thermal parameters 
( x 10 ~) 

Bz 71_+10 9 + 8  5 1 + 1 1  3 + 7  2 2 + 9  - - 2 + 7  
Biz  83--+10 17-+8 74-+11 3-+7 17-+9 --7-+7 
BII[ 79-+10 22_+8 47_+11 4-+7 15_+9 --1-+7 
O~ 100_+7 16-+5 56_+7 9-+5 35-+6 7_+5 
On 81_+7 13+_5 58_+7 6_+5 31_+6 5_+5 
OIII 112_+7 16-+5 66_+7 11-+5 43-+6 5-+5 
Oiv 96_+7 19-+5 62_+7 5-+5 43-+6 1-+5 
O v  116_+7 18-+5 77___7 1_+5 55-+6 - - 8 - + 5  
Ov[ 68_+7 29-+5 66_+7 0_+5 16_+6 5_+5 

Table  3. Observed and calculated structure factors 

H~ F o F c Hk~ F o F c 

001 29.4 -31.0 230 10.5 -11.2 
IIO 5.2 -5.a 003 6.5 -5.7 
011 I~.I -12.7 032 6.9 -6.4 
020 10.6 -8.9 0~0 63.~ 65.4 -- 
iii 33-9 -29.8 31Y 25.9 -24.8 
111 5~.2 6@.Z 22~ 66.2 -63.0 
120 5-2 5.3 013 7.0 6.8 
021 1.7 -1.5 23Y 1.9 2.0 
200 28.2 -25.9 13~ 26.7 -26.0 
002 8.6 -8.1 311 7.2 -5.2 
12~ I~.i 19.4 231 27.3 27.8 
210 27.5 26.5 Ii~ nil 0.7 
121 27.3 -2q.4 140 27.8 2~.6 
20Y 41.2 38.8 0~I i.i -0.9 
012 16.2 -15.6 132 I0.- 8.9 
201 133.0 133.7 222 nil -!.~ 
21Y 12.g 11.7 320 nil o.I 
Ii~ 11.8 11.9 113 nil o.i 
211 i.o 0.5 I~ 2.~ -2.1 
112 13.1 13.4 32Y 20.7 19.6 
220 3.1 -2.7 023 58.7 -60.0 
13o 29.2 -3o.2 141 tlz*.5 -~3.~ 
031 36.2 36.4 321 3.~ -a.O 
022 3~,8 -34,9 12~ 43.8 -44.1 
22~ 6.8 -6-5 20~ 12.! i0.2 
12~ 35.8 39.0 31~ 5.a 9.2 
13Y 18.3 -18.2 23~ 16.2 -15.0 

221 40.5 -40.5 21~ 23.3 21.6 

~02 15,6 -14.~ 123 2k,5 -~3,T 
131 nll -0.5 2~0 5.9 -5.8 
122 3.6 2.6 203 10.7 11.5 
21~ 36.1 -33-7 232 3.1 3.2 
2O2 22,0 -19.7 042 i~.7 -11.9 

212 1~,0 -13.9 312 54.8 55.2 
310 22,5 -21.2 330 18.0 -17.6 

D e s c r i p t i o n  of t h e  s t r u c t u r e  

The parameter  va lues  of Table  1 g ive  the  in teratomic  
d is tances  shown in Table  5, and the  main  s tructural  
features  are i l lustrated in Fig.  1. 

, ~ ~  I ~ ' / O v , ( ~  _ 

0', (-0"527) ~ ' , ; " . ¢ ,  H_(2"44) ",u,,u," ,- 
"-'< '" [ ~ ~/,~=~:,~e = L,, ..... 

", ~7 ~-'F "°=(°'~6) - 
. ( o , ~ , . . o ~  . ~  =Z ~_,o.o,~, f i /  

" ~ z ( _ 0 . 0 0 5 )  

0v(-0.042) _ t ) "~tx, xf.,~A 

0m(-0"072) ~J 

o1(-oq38) 

Fig. l. Shows a part of the ~-~IBO 2 structure projected on 
the (2013 plane. The numbers in parentheses give the heights 
(in A) of the atoms above or below the l~lane 2 x + z = l .  
The lengths of various bonds arc indic~t0d Jn the figure 
except for the bond of length 1.553 A between the super- 
imposed atoms Bin and 0v~. 

The large open circles represent oxygen atoms belonging 
to the endless chains which are associated with the plane 
2x+z=l ,  while the shaded large circles denote oxygen 
atoms belonging to chains of the adjacent plane 2x+z=O. 
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Table  4. Calculated and observed structure factors 
Range: 0.3500 ~ sin 2 0 /F  ~ 0.4000 

F c ~ F o F c H:~ Fo Yc ~ Fo Fo 

1.2 724 1.4 -1.3 76~ 2.7 2.7 
-O.e 437 10.7 -9.8 294 5.3 -4.9 
3.6 257 3.2 2.7 725 2.2 -2.0 
3.6 822 6.8 -Z.l 3.10.1 n.~l -0.2 
2.3 20~ 9.6 -9-5 I.i0.3 2.3 -2.2 

-1.2 635 6.0 5.8 126 nil 0.5 

-2.1 295 1.3 -1.7 228 1.9 -1.5 
3.9 715 9.4 -8.7 517 o.1 10.2 

3.6 176 2.3 2.5 734 11.5 -io,8 

-1.5 028 ~.6 -5.0 1.10.3 5.9 -5.9 
-2.2 118 8.7 -8.4 832 nll 0.~ 

-0.9 I~ i .7 1.7 257 3.8 -3.7 
-7.2 2.10.2 7.7 7.2 427 3.1 -2,4 
11.1 gO7 4,7 -4.8 841 6.~ 5-7 
-1.5 3.10.0 2.1 -2.4 038 7.6 -6.2 

1.6 823 9.7 -9.3 138 3.5 -3.6 

-0.2 21~ ~.7 0.2 803 rill 0. 7 
-5-9 ~92 1.7 1.5 84~ rill O. 2 
Ii. 0 2T~ nil -0. I 208 2.6 3.2 

-1.o 62~ 5.2 5.5 83~ 19.3 -18.1 
-5.5 761 i.I 1.0 ~76 2.3 1.9 
8.9 285 7.8 -7.8 590 I~.7 16.1 

3.9 536 0.7 -0.4 680 8.7 8,6 
12.3 ~17 4.4 -4.3 636 9.7 -8.7 
3.8 ~ 9.2 8.7 813 ~.0 3.8 

4.9 3.10.1 nll 0.3 218 17.1 -17.3 
0.~ 8'~i 7.0 -6.5 067 1.6 1.6 
6.2 0.10.3 1.3 2.2 

31~" 1.8 2.0 
16~ nll 0.4 
68Y 1.4 -0.8 

5 c[ 5.9 6.0 
80E 4.8 -4.0 

2.!0.3 6.8 6.5 

762 2.5 -2.5 
81~ nll -0.5 

3,10,2 1,8 i,7 

551 5,8 -5.2 
681 6.8 -7.0 

1 .Ii.3 8.2 8.0 
0.II .I 4.8 5.9 
2.10.3 6.8 7.2 

167 4.2 .-4.3 
228 . 7.7 6.0 

673 3.6 3.5 
095 9.8 lO,4 
850 11.1 II.~ 
6C6 3.~ -3.3 

I.Ii.~ 7-7 -8.4 

85[ nil 0.3 
1.11.i nll -o.7 

82~ 2.2 -2,2 
!5~ 3.5 3.3 

770 1.0 0.6 
4.10.0 8.0 2.2 
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As s ta ted  above, the  in i t ia l  hydrogen  sites were the  
midpoints  of short  oxygen-oxygen  connection lines. 
I n  the  course of the ref inement  each hydrogen a tom 
was displaced along the  connection line so as to come 
much  closer to one of the  two oxygen atoms. Al though 
the  hydrogen posit ions are accurate  to only _+ 0.1 /~ 
i t  suffices to dis t inguish conclusively between the  
O - H  and O • • • H components  of the  hydrogen bonds. 
The results are: OvI -HI  • • • Or,  O v - H t i  • • • Oiv and  
O v i - H m ' "  OH. Thus the  Ovi a tom is established 
as the oxygen of a water  molecule O w H i t t m  and the  
Ov a tom as the  oxygen of a hydroxy l  group OvHii .  

Table 5. Interatomic distances 

BI-OI 1.345 + 0.007/~ O1-Oi1 
BI-OI I 1-371 ± 0.007 Oii-Oni 
BI-OIII 1.386 + 0.007 Oi-Oiii 

BII-OIII 1.378 + 0.007 A Oiii-Oiv 
BII-OIv 1.354 ± 0.007 Oiii-Ov 
BII-Ov 1.366 + 0.007 Oiv-Ov 

BIII-OI' 1.433 ± 0.007 A. Oi'-Ovi 
BIII-OII 1-452 ± 0-007 Oi'--Oll 
Biii-Oiv 1-451 ± 0.007 Oi~Oiv 
BIII-Ov i 1.553 + 0.007 Oii-Oiv 

Oii-Ovi 
Oiv-Ovi 

H I -  Ovi 0.87±0.10A O v I - H I " ' O v  
H I ' " O v  1.84+--0.10 

Hit  - Ov 0.89 + 0.10 A O r - H I t  " " " OIv 
HII"" Oiv 1.80±0.10 

H I I I -  OvI 1.10+0-10A OvI-HII I ' "OII  
HIII"- OII 1.57±0.10 

2-335 ± 0-005/i~ 
2.392 ± 0.005 
2.380 ± 0.005 

2.378 ± 0.005/~ 
2.350 ± 0.005 
2.368±0.005 

2.423 ± 0.005 A 
2.449 + 0.005 
2.333 + 0.005 
2.423 + 0.005 
2.386+0.005 
2.325 + 0.005 

2.676+0.005/l 

2.685 + 0.005 

2.683 _ 0.005/k 

The configurat ion of oxygen a toms about  boron is 
t r i angu la r  for B~ and BH, t e t r ahedra l  for Bin .  The 
oxygen a toms Ov and  Ow, (i.e. the  hydroxy l  and  
water  oxygens) are each bonded to one boron atom, 
while all  the  other  oxygen a toms form bonds wi th  
two boron atoms. This is the  f irst  borate  s t ructure  
in which a bond between boron and a water  oxygen 
has been observed. 

As shown in Fig. 1 the  BOa tr iangles  and  the  ]304 
t e t r ahedra  share corners so as to produce endless 
zigzag chains [Ba04(OH)(OH2)]oo along the  b-axis. 
The two tr iangles and  the  base of the  t e t r ahedron  lie 
approx imate ly  in the  la t t ice  plane (201). Thus the  
chains are ar ranged in layers 3.075 A apar t  wi th  the  
t e t rahedra l  apices extending a l t e rna te ly  up or down 
from the  (201) planes. Chains in the  same layer  are 
held together  by  the  hydrogen bonds Ov-HH • • • Oiv, 
while the  bonds O v i - H i  • • • Ov and  O v i - H m  - • • 0 i i  
l ink  together  chains of ad jacent  layers. 

As is to be an t ic ipa ted  from the  structure,  the 
cleavages of fl-HBO~ crystals  repor ted by  Kracek  et al. 
(1938) are paral lel  to the  chain direction. These writers 
observed strong negat ive  birefringence (a--1.434,  
fl= 1-570, 7--1.588) with the  acute bisectrix near ly  
normal  to the  (201) plane. Thus also the optical  
propert ies  are in accord wi th  the deduced structure.  

B o n d  l e n g t h s  

A number  of borate  s t ructures  have recent ly  been 
de termined in this  l abora to ry  giving an accuracy of 
_ +0.007 _A_ for ind iv idua l  B-O bond lengths and  
+_ 0.005 A for ind iv idua l  oxygen to oxygen distances. 
The results  as to the average values for the  B-O bonds 
are l isted in Table 6, while Table 7 gives the  ex- 
per imenta l  da ta  for the  O - H . . .  O lengths. In  the  
potass ium borate  s t ructures  the  individual  O - H  • • • O 
distances va ry  so grea t ly  t h a t  i t  is of l i t t le  physical  
significance to give average values. 

Al though the  average B-O bond length  has a 
prac t ica l ly  cons tant  value of 1.365 A for t r i angula r  
and  1.475 A for t e t r ahedra l  configurat ion,  large 
deviat ions  from the  mean  are observed for indiv idual  
bond distances. Thus one finds values of 1.284 A and 
1.431 tix in the  BOa t r iangles  of NaBO2, and, as seen 
in Table 5, the  t e t r ahedra l  bond lengths range from 
1.433 h to 1.553 A in fl-HBO2. 

Table 6. Mean B-O bond lengths 
Configuration 

Structure "Triangle Tetrahedron" Reference 

HaBO a 1-361/t~ Zachariasen, 1954 
~-HBO~ 1.367 1.472/~ 
~-HBO~ 1.472 Zachariasen, 1963 
KBsOs.4HuO 1.359 1-477 Zachariasen & Plet- 

tinger, 1963 
K~BaO 7 . 4H20 1.368 1.480 Marezio, Plettinger & 

Zachariasen, 1962 
CaB204 1.372 Marezio, Plettinger & 

Zachariasen. 1963a 
NaBO2 1.382 Marezio, Plettinger & 

Zachariasen, 1963b 

Table 7. O - H  • • • O dimensions 
Structure Mean Range 

HaBO a 2.720 A 2.707-2.734 A 
/~-HBO~ 2 . 6 8 1  2.676-2-685 
~-HBO~ 2.486 
KBsO s . 4H20 2.661-2.920 
K2BaO ~ . 4H20 2.65 -3.14 

I t  has long been known (and the  da t a  of Table 7 
i l lus t ra te  the  fact) t h a t  the  length  of the  group 
O - H  • • • O varies very  grea t ly  from one s t ruc ture  to 
the  next .  In  all  instances where the  hydrogen  posit ions 
have  been de te rmined  wi th  accuracy i t  is found t h a t  
the  hydrogen  a tom is bonded much more closely 
to one of the  two oxygen atoms (thus indica t ing  t h a t  
the  midpoin t  between the  oxygen a toms is i nva r i ab ly  
a po ten t i a l  maximum)  and  t h a t  the  oxygen-oxygen  
decreases as the  O - H  component  of the  bond increases 
in length.  

I t  is useful to in te rpre t  s t ruc tura l  results  for borates  
in terms of the  principle of deta i led neu t ra l iza t ion  of 
valence first  set for th  by Paul ing (1929) in his discus- 
sion of the  crysta l  chemis t ry  of silicates. Let  the  index 
i denote  a crystal lographic  species of a toms having  
a formal posi t ive chemical valence v~, while the  index j 
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designates a crystal lographic species of negat ive 
valence - v j .  If  v~j(=vj~) represents the  valence 
s t rength  assigned to a chemical bond of length  r~j 
formed between atoms i and  j ,  t hen  the  principle 
states t h a t  the  condit ions 

j i 

shall  hold for all crystal lographic species i and  j .  
Clearly, the  principle is of pract ical  value only if i t  
is assumed t h a t  the observed bond length r~3 uniquely  
determines the  bond s t rength  v~j independent ly  of the 
par t icu lar  s t ructure  under consideration.  

The condit ions 

vij ~ vi, ~.~ vii = U s 

t end  to minimize the po ten t ia l  energy, and hence to 
assure the s tab i l i ty  of the s t ruc tura l  configurat ion 
except t h a t  next  nearest  neighbor in te rac t ion  also 
needs to be considered. 

Table 8. Strength and length of B-O bonds 

Strength Length Strength Length 

1.4 1.274 A 0.9 1.409 A 
1.3 1.287 0.8 1.453 
1-2 1.304 0.7 1.497 
1.1 1.330 0.6 1.541 
1.0 1.365 0-5 1.585 

Table 9. Strength and length of hydrogen bonds 

Strength 

H-O H • • • O O-H • • • 0 O-H 0 • • • H 

0-9 0.1 3.09 A 0.99 A 2.10 A 
0.8 0.2 2.81 1.01 1.80 
0-7 0.3 2.61 1-03 1.58 
0.6 0.4 2.49 1.06 1.43 

Tables 8 and  9 show the  correlations used in this 
l abora tory  between length  and  s t rength  of boron-  
oxygen and hydrogen-oxygen  bonds. When  applied 
to the borate  s t ructures  which have been invest igated 
i t  is found t h a t  the  condit ions 

_~v i~=v~ ,  ~ v ~ i - - v ~  
j i 

are val id  to _+ 0.1 valence uni t .  Since the  hydrogen 
positions rarely are known with required accuracy, 
the  s t rengths  of H-O  and H • • • 0 bonds will usual ly  
have to be inferred from the  more precisely known 
lengths O - H - - .  O. The valence balance for the  
various crystal lographic species of the  fl-HBO2 struc- 
ture  is shown in Table 10. 

These bond s t rength  considerations do explain 
m a n y  abnormal ly  short  and abnormal ly  long bond 
distances which have been observed. (However, it  
should be remembered t h a t  also next  nearest  neighbor 
in teract ions  affect the  bond lengths,  and hence one 
cannot  expect to account  for all observed bond length 

Table 10. Valence balance in fl-HBO2 

BI BII BIII HI HI1 HIII Y2" vii 
i 

0i 1"06 - -  0.85 - -  - -  - -  1-91 
OII 0.99 - -  0.80 - -  - -  0-26 2-05 
Oiii 0.95 0.97 . . . .  1.92 
Oiv - -  1.04 0-80 - -  0.26 - -  2.10 
Ov - -  1-00 - -  0.26 0.74 - -  2-00 
Ovi - -  - -  0-57 0.74 - -  0.74 2-05 

~vij  3-00 3-01 3-02 1-00 1-00 1-00 12-03 
y 

anomalies.) Were one to assign bond strengths of 
1.00 to a t r iangular ,  0.75 to a te t rahedra l  B-O bond 
(as would be t rue  for regular  polyhedra),  and 1-00 to 
the  H - O  bond (corresponding to no bond component  
H • • • O), then  in the  fl-HBO2 s t ruc ture  the Ovi a tom 
would be heavi ly  'overbonded'  (,~Y v~ = 2.75) and the  

a toms Oi, Oib Oiv correspondingly 'underbonded '  
(_Y v~j = 1.75). I t  is seen from Tables 5 and 10 t ha t  

i 
these imbalances are in large measure removed in the  
actual  s t ructure  by the  shortening of some B-O 
bonds and  by the lengthening of others, and by  the  
diversion of some bond s t rength from the H - O  to 
the  H . . - 0  bonds. 

In  analogous manner  the bond s t rength  considera- 
t ions do account  for the unusual  s i tua t ion  observed 
in the  ?-HBO2 s t ructure  in which a hydroxy l  oxygen 
is bonded to two boron atoms. 

Only a crude s t ructure  has been repor ted for 
crystal l ine B2Oa (Berger, 1952), with all boron a toms 
in te t rahedra l  configuration.  Such a s t ructure  is 
possible from point  of view of valence balance provided 
B-O ~ 1-37 /~ for an oxygen bonded to two boron 
a toms and B-O ~ 1.51 A for oxygens bonded to 
three boron atoms. 

For  bond s t rengths  greater  t h a n  un i ty  the  B-O bond 
length  decreases more slowly with increasing s t rength  
t h a n  expected for a l inear dependence. I n  the  CaB204 
and NaBOb. s tructures (part icular ly in the  la t ter)  
there  is one very  short  bond distance in each BOa- 
tr iangle.  As a consequence one finds in these com- 
pounds (see Table 6) an abnormal ly  large value for the 
mean t r i angula r  B-O bond length.  

T h e  t h e r m a l  m o t i o n  

The anisotropic the rmal  factors fli~, for boron and 
oxygen atoms resulting from the least.square refine. 
ment  were l is ted in Table 2. The corresponding root  
mean square thermal  displacements  along principal  
axes are shown in Table 11 together  wi th  the  orienta- 
t ions of the principal  axes expressed in terms of the i r  
direct ion cosines al ,  ~2, a3 referred to  a car tesian 
system chosen as follows {see Fig. 1): the Z-axis is 
the normal  of the plane defined by  atoms Oi, Oii, Oiii  
and the  X-axis is parallel  to the  01 -Ore  connect ion 
line. Thus the  Z-axis is near ly  normal  to the  (201) 
plane, and the  Y-axis near ly  parallel  to  the  crystallo- 
graphic b-axis, i.e. the chain direction. 
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Table 11. Princ ipal  r.m.s, displacements, zJ, 

Atom i gii (A) al a2 a3 
BI 1. 0.30 0.98 --0.13 -0.03 

2. 0.19 0.15 0.97 0.20 
3. 0.45 --0.01 -0.14 0.98 

BII 1. 0-39 0.99 --0.03 --0.12 
2. 0.25 0.03 0.98 0.22 
3. 0.46 0.11 --0.19 0.98 

Bill 1. 0.32 0.95 --0.25 0.16 
2. 0.29 0-22 0.96 0-19 
3. 0.46 --0.23 --0.12 0.97 

OI 1. 0.30 0.94 0.33 0.07 
2. 0.24 --0.33 0.94 0.03 
3. 0.54 -- 0.07 -- 0.05 1.00 

0ii  1. 0.30 0.97 0.26 0.02 
2. 0-23 -- 0.26 0-97 0.08 
3. 0.50 0.01 --0.06 1.00 

Oiii 1. 0.32 0.99 0.08 0.01 
2. 0.24 --0.08 0.99 0.07 
3. 0.58 -- 0.02 -- 0.06 1.00 

Oiv 1. 0.29 0.94 - 0.34 -- 0.08 
2. 0.27 0.36 0.93 0.11 
3. 0.54 0.04 --0-12 0.99 

Ov 1. 0.32 0.99 --0.11 --0.12 
2. 0.25 0.14 0-98 0.18 
3. 0.60 0.09 -- 0.20 0.98 

OvI 1. 0-37 0.73 0.68 --0.05 
2. 0.33 --0.67 0.73 0.13 
3. 0-44 0-14 --0.05 0.99 

I t  is seen from Table 11 t h a t  the  direct ion of 
max imum the rma l  displacement  for all a toms is 
near ly  normal  to the ]303 triangles,  while the direction 
of min imum displacement  for all  a toms except the  
water  oxygen is near ly  paral le l  to  the chain axis. 
These results  are en t i re ly  reasonable on physical  
grounds. 

T h e  b o r i c  ac id  s t r u c t u r e s  

0 r thobor i c  acid and  the  three modif icat ions of 
metabor ic  acid complete the  l ist  of boric acids known 
to exist  in crystal l ine  form. 

H3B0s and c~-HB0e have s t ruc tura l  similarit ies.  
I n  both  s t ructures  all  boron a toms are in t r i angula r  
configurat ion,  and  the  ]303 groups are ar ranged in 
pseudohexagonal  layers (3.181 A apa r t  in  Hs]3Os, 
3.128 Jk in c~-HB0e) wi th  van  der Waals  binding 
between layers. The s t ruc tura l  uni ts  of which a layer  
is composed are ]3(0H)8 groups in or thoboric  acid and  
[Bs03(OH)s] groups in c~-HB02; bu t  in  both  s t ructures  
the  groups of a layer  are l inked th rough  hydrogen 
bonds. Being typica l  layer  s t ructures  there  is perfect  
cleavage paral lel  to the layers, the  dens i ty  is very  low, 
the  vo la t i l i ty  re la t ively  high, and  there  is s t rong 
negat ive birefringence wi th  the  acute bisectrix normal  
to the  layers.  

As explained earl ier  in this  paper  two th i rds  of the  
boron atoms are in t r i angu la r  and  one th i rd  in te t ra-  
hedra l  configurat ion in fl-HBOe. Endless chains 
[]3304(0H)(0H2)]oo a r e p r e s e n t ,  and  these are ar- 
ranged in layers 3.075 A a p a r t  wi th  the  water  mole- 
cules, forming the  t e t r ahedra l  apices, located 2.182 A 
above and below the  layers. Hydrogen  bonds form 
links between chains of different  layers as well as 
between chains of the  same layer.  As a consequence 
of the  chain s t ructure  the  crystals  of /~-HB02 are 
fibrous. Because the  ]303 groups are near ly  parallel ,  
the  birefringence of fl-HBO2 is s trong and negat ive  
wi th  the  acute bisectr ix normal  to the triangles.  

All boron a toms are in t e t r ahedra l  configurat ion in 
v-HB0~. Eve ry  oxygen a tom is shared between two 
t e t r ahedra  so t h a t  an  inf ini te  three-dimensional  net- 
work [B0(0H)]3oo is formed. In  add i t ion  there  are 
unusual ly  short  hydrogen  bonds between the  te t ra-  
hedra.  The 0 - I {  • • • O distance is 2-49/~ as compared 
wi th  values of 2-68-2-75 A in the  other  boric acid 
structures.  Because of the much t ighter  binding 
crystals  of v-HBOe are much harder  and  much 
denser t h a n  t h e ' o t h e r  forms of metabor ic  acid. The 
dens i ty  of v -HB0e  is 2-487 g.cm -3, while i t  is 2.044 
for f l-HB0e and 1-784 for c~-HB02. 

The wri ter  is indebted  to Dr F. Kracek  for the  gift  
of the  crystals, to Miss It .  A. P le t t inger  for help in 
the  labora tory ,  and  to the  Applied Mathemat ics  
Division of the  Argonne Nat iona l  Labora to ry  for the  
use of the  IBM-704 computer  in the  least  square 
ref inements.  This work was in par t  supported by the 
Advanced Research Projects Agency. 
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