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The crystal structure of sborgite (space group C2/e, cell parameters a=  11.119, b= 16.474, e= 13.576 A,, 
fl= 112 ° 50') was determined by the symbolic addition method and refined by the least-squares method 
(with anisotropic thermal parameters for non-hydrogen atoms) to a final R value of 0.062. The structure 
contains the pentaborate ion [BsO6(OH)4]- characterized by the double ring built up from one BO4 
tetrahedron and three BO3 triangles. The two sodium ions in the asymmetric unit are in special positions 
along a binary axis: one is octahedrally coordinated by four water molecules and two hydroxyl ions, 
the other is tetrahedrally coordinated by two water molecules and two hydroxyl ions, with two more 
distant contacts at nearly 3 A,. A complex system of hydrogen bonds connects the pentaborate ions and 
the sodium coordination polyhedra. 

Introduction 

Sborgite was reported as a new mineral phase by 
Cipriani (1957) who found it associated with borax 
and thenardite among the compounds incrusting the 
training pipes of some 'soffioni' in the boriferous area 
of Larderello. Cipriani identified it, on the basis of its 
powder diffraction pattern, optical data and density, 
with the compound NaBsOs.5H/O, synthesized and 
studied by Sborgi in his researches on the ternary 
system Na20-B203-H20.  The cell data and space 
group were determined by Sabelli (1962). 

Christ (1960), in his study on the crystal chemistry of 
hydrated borates, advanced the hypothesis that sbor- 
gite must contain the pentaborate ion [BsO6(OH)4]-, 
known to exist, to that date, in the compound 
NH4BsO6(OH)a.2H20 and in its potassium analogue 
KBsO6(OH)a.2H20 (Zachariasen, 1937). Recently we 
found this same group isolated, or variously poly- 
merized, in some minerals and artificial products (Mer- 
lino, 1969; Merlino & Sartori, 1969, 1971). We were 
thus strongly motivated to undertake the structural 
study of sborgite in order to define its position in the 
crystal-chemical classification of borates and its rela- 
tions with the other compounds containing the penta- 
borate group. 

Experimental 

Synthetic crystals of sborgite, suitable for X-ray single- 
crystal investigations, were obtained following the 
suggestions of Cipriani (1957). Unit-cell constants were 
determined from the least-squares refinement of pow- 
der data. 
Sborgite, NaBsO8.5HzO M.W. 295.17 
Monoclinic, space group C2/c or Cc (C2/c established 
by intensity statistics) 

a = l l . l 1 9  (8) A 
b =  16.474 (14) 
c =  13.576 (9) 
fl= 112°50 (2)' 

Unit-cell volume, V=2291.9/~3 Z = 8  
Dm=1"713 g.cm -3, as determined by Sabelli, Dc = 
1.711 g.cm -a, F(000)= 1200, /~ = 17.0 cm -1 (Cu K~.). 

The intensity data were recorded with nickel-filtered 
Cu K~ radiation (2= 1.5418/~), by means of Weissen- 
berg photographs, with the multiple-film technique and 
integration process. A fragment elongated in the a 
direction was cut from a large crystal and reduced to 
cylindrical shape with cross sectional radius of 0.025 
cm (¢tR=0.382 for Cu Kc~ radiation). Eleven layers 
with a as rotation axis (h = 0 through 10) were recorded 
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and 2274 independent reflexions (1618 observed) were 
collected. The intensities, measured with a Nonius 
microdensitometer, have been corrected for Lorentz 
and polarization factors, for incipient but incomplete 
cq-Tz spot doubling and for the absorption factor: the 
last correction was performed by the three-constants 
formula proposed by Palm (1964) for cylindrical 
crystals. 

By means of the DA TFIX program, incorporated in 
the Crystal Structures Calculations System X-ray 70 
(Stewart, 1970), an overall isotropic temperature 
factor, the scale factors and the normalized structure- 
factor magnitudes E were calculated. The method of 
calculation of the estimated parameters is based upon 
the normal statistics of the E magnitudes. The statistical 
averages and distribution of E are given in Table 1, 
compared with the theoretical values for both a centro- 
symmetric and a non-centrosymmetric distribution of 
atoms in the unit cell. The unobserved reflexions were 
given an intensity of one half the minimum observed 
value. There is clear evidence for accepting the space 
group as C2/c. 

Table 1. Statistical averages and distributions of IEI. 

Centro-  Non-cent ro-  
Exper imental  symmetr ic  symmetr ic  

( IEI )  0.812 0.798 0.886 
{[E z -  l l )  0-946 0-968 0.736 
(lEe1) 1.000 1.000 1.000 
IEI > 3 0.003 0.003 0.0001 
IEI > 2 0.038 0.045 0.018 
IEI > 1 0.322 0.317 0.368 

Structure determination and refinement 

The structure was solved by obtaining the values of the 

The application of the method was facilitated by the 
preparation of lists of the reflexion combinations in 
the ~2 formula, by means of the SIGMA 2 program 
in the X-ray 70 System (Stewart, 1970). Signs and 
symbols were derived by hand application of the ~2 
formula for the eighty reflexions with E> 2.0. Several 
relations among the symbols a throughfwere obtained 
and the least number of discrepancies among sign 
indications corresponded to the following solution for 
symbols: a =  +,  b = - ,  c= +,  d=  +,  e=  + , f = - .  In 
the preceding step, symbol indications were accepted 
only if the probability was not less than 0.97. The sign 
determination was then extended to all the reflexions 
with E > l . 5  by automatic application of the ~2 
formula by means of the PHASE program in the 
X-Ray 70 System (Stewart, 1970). 

A three-dimensional E map, calculated with the 
contribution of 260 of the largest E's, clearly showed 

Table 3. Observed and calculated structure factors 
( x I0 z) 
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phases to two reflexions with permitted parities; one 
additional sign was assigned to the reflexion 0,10,0 on 
the basis of the ~ relation. Symbols a through f 
were assigned to six additional reflexions, introduced 
as necessary during the development of the phase 
determination. Sign and symbol assignments are shown 
in Table 2. 

Table 2. Signs and symbols used in the application of 
the ~2 relationships 

h k l E Sign or symbol  
1 1 15 3.20 + 
3 3 ~ 2.78 + 
0 10 0 2.07 - 
5 9 "i"0 2.93 a 
5 5 7 3"31 b 
0 4 10 2.74 c 
1 1 11 2.50 d 
6 8 8 2.78 e 
1 5 1"3 3"23 f 
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t h e  p o s i t i o n s  o f  a l l  t h e  h e a v y  a t o m s  i n  t h e  s t r u c t u r e .  
T h e  c o o r d i n a t e s  o f  t h e  h e a v y  a t o m s  as  r e a d  f r o m  t h e  
E m a p  w e r e  t h e n  r e f i n e d  b y  t h e  f u l l - m a t r i x  l e a s t - s q u a r e s  
p r o g r a m  O R F L S  o f  B u s i n g ,  M a r t i n  & L e v y  (1962)  in  
t h e  X - r a y  70 S y s t e m  ( S t e w a r t ,  1970).  I n d i v i d u a l  s ca l e  
f a c t o r s  f o r  e a c h  l a y e r  w e r e  v a r i e d  d u r i n g  t h e  re f ine-  
m e n t ;  t h e i r  s t a r t i n g  v a l u e s  w e r e  t h o s e  o b t a i n e d  b y  t h e  
D A  T F I X  p r o g r a m .  A f t e r  t h r e e  r e f i n e m e n t  c y c l e s  w i t h  
i s o t r o p i c  t e m p e r a t u r e  f a c t o r s  t h e  v a l u e  o f  t h e  r e l i a b i l i t y  
i n d e x ,  d e f i n e d  as  el=Y~llfol-Ifcll/Ylfol, w a s  0 .11.  

D e s c r i p t i o n  and  d i s c u s s i o n  o f  the  s t r u c t u r e  

T h e  p r i n c i p a l  s t r u c t u r a l  f e a t u r e s  o f  s b o r g i t e  a r e  i l l u s t r a -  
t e d  in  F ig .  1, in  w h i c h  t h e  s t r u c t u r e  is d e s c r i b e d  in  
t e r m s  o f  b o r o n  c o o r d i n a t i o n  t r i a n g l e s  a n d  t e t r a h e d r a .  
A s s i g n m e n t  o f  t h e  h y d r o g e n  a t o m s  c a n  be  m a d e  as-  
s u m i n g ,  a c c o r d i n g  to  C h r i s t ' s  (1960)  t h i r d  ru le ,  t h a t  
t h e  o x y g e n  a t o m s  O(1) ,  0 ( 3 ) ,  0 ( 8 )  a n d  O(10) ,  n o t  
s h a r e d  b e t w e e n  t w o  b o r o n  a t o m s  in  t h e  p e n t a b o r a t e  
ion ,  r e p r e s e n t  h y d r o x y l  g r o u p s ,  a n d  t h a t  t h e  t h r e e  u n -  
a t t a c h e d  o x y g e n  a t o m s  O(11) ,  O ( 1 2 )  a n d  O ( 1 3 )  
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Table 4. Positional and thermal parameters for heavy atoms and positional parameters for hydrogen atoms 

Standard deviations are given in parentheses. Values for the heavy atoms are multiplied by 104 and for the hydrogen atoms by 103. 

x y z fl, t /?22 fl33 fl,2 fl,3 ,823 
Na(1) 0 1528 (2) 2500 44 (3) 20 (1) 26 (2) 0 10 (2) 0 
Na(2) 5000 1228 (2) 2500 185 (6) 23 (1) 34 (2) 0 56 (3) 0 
O(1) 4038 (4) 2925 (2) 259 (3) 73 (4) 29 (2) 25 (2) 14 (2) 18 (2) 1 (1) 
0(2) 2264 (3) 3827 (2) -384 (2) 69 (4) 26 (2) 17 (2) 12 (2) 12 (2) 3 (1) 
0(3) 413 (3) 4635 (2) - 1098 (2) 79 (4) 34 (2) 10 (2) 22 (2) - 9  (2) 2 (1) 
0(4) 3281 (3) 3561 (2) 1487 (2) 52 (4) 21 (1) 19 (2) 6 (2) 8 (2) 2 (1) 
0(5) 1406 (3) 4448 (2) 798 (2) 42 (4) 22 (1) 15 (2) 8 (2) 3 (2) - 1  (1) 
0(6) 1979 (3) 3784 (2) 2491 (2) 49 (4) 20 (1) 16 (2) - 8  (2) 3 (2) - 5  (1) 
0(7) 3291 (3) 4874 (2) 2278 (2) 54 (4) 18 (1) 13 (2) - 10 (2) 2 (2) - 1 (1) 
0(8) 2189 (3) 3449 (2) 4259 (2) 73 (4) 32 (2) 22 (2) -21 (2) 15 (2) 1 (1) 
0(9) 3612 (3) 4403 (2) 4018 (2) 43 (4) 20 (1) 17 (2) - 15 (2) 2 (2) 0 (1) 
0(10) 4750 (3) 5562 (2) 3755 (2) 59 (4) 21 (1) 24 (2) -18  (2) 9 (2) - 1  (1) 
O(11) 158 (3) 2609 (2) 1386 (2) 42 (4) 23 (1) 31 (2) - 4  (2) 13 (2) - 4  (1) 
O(12) 2278 (3) 1422 (2) 3588 (3) 55 (4) 20 (1) 34 (2) - 4  (2) 8 (2) - 4  (1) 
O(13) 3998 (3) 2271 (2) 3014 (3) 64 (4) 29 (2) 33 (2) - 1 (2) 15 (3) 4 (2) 
B(1) 2500 (5) 4161 (3) 1769 (4) 42 (7) 21 (2) 9 (3) 1 (3) 0 (3) 3 (2) 
B(2) 3212 (6) 3433 (4) 480 (4) 37 (6) 17 (2) 34 (3) 3 (3) 19 (4) - 1  (2) 
B(3) 1387 (6) 4310 (4) - 189 (4) 43 (7) 20 (2) 22 (3) 1 (3) 8 (4) 4 (2) 
B(4) 2552 (6) 3863 (4) 3571 (4) 58 (7) 17 (2) 17 (3) - 2  (3) 12 (3) - 2  (2) 
B(5) 3867 (5) 4940 (3) 3358 (4) 41 (6) 18 (2) 16 (3) - 3  (3) 5 (3) - 3  (2) 

Table 4 (cont.) 

H(1) 477 267 89 
H(3) - 18 490 - 81 
H(8) 121 316 400 
H(10) 485 556 453 
H( l l l )  91 301 162 
H(112) 36 240 74 
H(121) 236 149 436 
H(122) 242 77 353 
H(131) 379 268 250 
H(132) 327 215 327 

represent water molecules: these assignments were con- 
firmed by the difference Fourier  synthesis. The struc- 
ture can thus be described as made up of  pentaborate 
ions l inked to each other either directly through 
hydrogen bonds or through sodium ions and water 
molecules. 

Pentaborate group 
The pentaborate ion, characterized by the double 

ring built  up from one BOa tetrahedron and three BO3 
triangles, was first found by Zachariasen (1937) in 
KBsO6(OH)4.2H20 and is also present in its am- 
mon ium analogue NHaBsO6(OH)a.2H20. More 
recently it was also found in fl-NHaBsO6(OH)a.2H20 
(Merlino, 1969). 

Bond lengths and angles in the pentaborate group 
are reported in Table 5 and Fig. 2. The average B-O 
distance in the triangles is 1.361 A and in the tetra- 
hedron 1.468 A, in good agreement with the results 
previously found in other borates by various workers. 
In Table 6 the average boron-oxygen bond lengths in- 
sborgite are compared with the corresponding values 
found in KBsO6(OH)4.2HzO (Zachariasen & Plettin- 
ger, 1963) and in fl-NH4BsO6(OH)4.2H20. In this 
Table O b and O "b represent respectively oxygen atoms 
linked to two boron atoms in the trigonal state (bridg- 
ing oxygen atoms), and oxygen atoms linked to only 

one boron in the trigonal state (non-bridging oxygen 
atoms). The average B-O b and B-O "b distances are ap- 
preciably different in all three compounds.  Coulson 
(1964, 1969) and Coulson & Dingle (1968) explain the 
difference of bond lengths of  trigonal B-O bonds in 
terms of differences in ~r-bond order, which should 
clearly be smaller  for a B-O b bond than for a B-O "b 
bond:  Coulson & Dingle (1968), using the simple H iickel 
theory, obtained 7r-bond orders of  0.447 and 0.512 for 
B-O b and B-O "z' respectively. On the other hand 
Zachariasen (1963) used Pauling's  valence neutraliza- 
tion concept to explain the variations in B-O bond 
lengths. In fact in the case of  sborgite two B-O "b 
bonds, that is B(3)-O(3) (1.393 ,~) and B(5)-O(10) 
(1.376 ,~) are longer than the adjacent B-O b bonds, that 
is B(3)-O(2) (1.362 ,~) and B(5)-O(9) (1.364 A). 

Table 5. Bond lengths and angles in the pentaborate 
group 

E.s.d.'s are given in parentheses. 
Triangularly coordinated boron 
Distance Angle 
B(2)-O(l) 1.359 (8) A O(1)-B(2)-O(2) 117.2 (5) ° 
B(2)-O(2) 1-395 (6) O(1)-B(2)-O(4) 122.6 (4) 
B(2)-C(4) 1-356 (7) O(2)-B(2)-O(4) 120.2 (5) 
B(3)-O(2) 1.362 (8) O(2)-B(3)-O(3) 114.9 (5) 
B(3)-O(3) 1.393 (6) O(2)-B(3)-O(5) 123.6 (4) 
B(3)-O(5) 1.352 (7) O(3)-B(3)-O(5) 121-4 (5) 
B(4)-O(6) 1.360 (6) O(6)-B(4)-O(8) 124-2 (5) 
B(4)-O(8) 1.339 (7) O(6)-B(4)-O(9) 119.2 (5) 
B(4)-O(9) 1.412 (6) O(8)-B(4)-O(9) 116.6 (4) 
B(5)-O(7) 1.357 (6) O(7)-B(5)-O(9) 121.8 (4) 
B(5)-O(9) 1.364 (7) O(7)-B(5)-O(10) 116.6 (5) 
B(5)-O(10) 1.376 (6) O(9)-B(5)-O(10) 121.6 (4) 
Tetrahedrally coordinated boron 
B(I)-O(4) 1.462 (7) ,~, O(4)-B(1)-O(5) 110.4 (4) ° 
B(l)-O(5) 1.482 (5) O(4)-B(1)-O(6) 108.7 (4) 
B(1)-O(6) 1.456 (7) O(4)-B(1)-O(7) 110.8 (4) 
B(1)-O(7) 1.470 (6) O(5)-B(1)-O(6) 109.3 (4) 

O(5)-B(1)-O(7) 107.3 (4) 
O(6)-B(1)-O(7) 110.2 (4) 
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Table  6. Average boron-oxygen bond lengths in sborgite, 
KBsO6(OH)4 .2H~O and f l -NH4BsO6(OH)4.2H~O 

Compound Triangle Tetrahedron 
B-O" B-O"" 

NaBsO6(OH)a.3H20 1.383 /~ 1.361 /~, 1.468/~ 
KBsO6(OH)4.2HzO 1-372 1.352 1.478 
fl-NH~BsO6(OH)4.2H20 1.379 1 "356 1 "479 

The differences in bond lengths are opposite to those 
calculated discussing only the molecular structure of 
the pentaborate io:~, as in the case of the Coulson & 
Dingle treatment. These differences are explained by 
taking into account the crystal packing effect, as in the 
Pauling-Zachariasen method of the balancing of 
valences. The lengthening of B(3)-O(3) and B(5)-O(10) 
bonds relative to the other B-O"" bonds is then related 

to Na-O bonds which 0(3) and O(10) make with Na(2) 
and Na(1) respectively (for the balance of valences see 
below). Thus the situation is very similar to that found 
in the field of silicate structures where the variations 
in the Si-O distances can be explained in terms of d-p 
zc-bonding as suggested by Cruickshank (1961), or on 
the basis of the Pauling-Zachariasen method of the 
balancing of valences. However for both Si-O bonds 
and trigonal B-O bonds the two theories are not 
necessarily exclusive and we can say, in accordance 
with Pant (1968), that n-bonding in trigonal B-O 
bonds 'may be part of the mechanism whereby valency 
balance is achieved'.  

The least-squares planes for the B2Os groups formed 
by the coordination triangles are given in Table 7. The 
planes of the two BzOs groups make an angle of 87.1°. 
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Fig. 1. The crystal structure of sborgite viewed along [001]. The continuous lines represent Na-O bonds; the dashed lines represent 
hydrogen bonds. Continuous and dashed lines ending with dots indicate that the bond is associated with an oxygen atom 
translated one unit in the [001] direction. 
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Symmetry code used in Tables 7, 8 and 9. 

None x y 2 
i - ½ + x  - ½ + y  z 

ii 1 - x  1 - y  1 - z  
iii - x  1 - y  - z  
iv ½-x  ½-y 1 - z  
v ½-x  ½-y - z  

vi ½+x ½-y ½+z 
vii 1 -- x y ½ -- z 
viii - x y ½ - z 

ix ½-x - ½ + y  ½-z 

Sodium coordination 
The two sodium ions in the asymmetric unit are in 

special positions on a binary axis. Na -O  bond lengths 
are given in Table 8. Na(1) is octahedrally coordinated 
by two O(10) hydroxyl ions and by four water molecules 
with a mean Na-O distance of 2.401 ,~. The value is in 
very good agreement with the value 2.398 A for 
VZNaJVO obtained on the basis of the effective ionic 
radii given by Shannon & Prewitt (1969). The Na(2) 
ion is coordinated tetrahedrally by two 0(3) hydroxyl 
ions and two O(13) water molecules, with two other 
0(2) oxygen ions at a much larger distance (2.998 A) 
corresponding to a valence bond strength of 0.03, cal- 
culated by the method of Donnay & Allmann (1970): 
we can thus assume that Na(2) has a coordination 
number four with two hydroxyl ions and two water 
molecules at the corners of an elongated tetrahedron 
(Fig. 1). Sodium with coordination number four has 
been found so far only in the crystal structures of Na20 
(Wyckoff, 1963), NasP3010 (Corbridge, 1960) and 
NaOH.  H20 (Wunderlich, 1957). Na20 has the anti- 
fluorite structure: sodium is in tetrahedral coordina- 
tion, but the N a - O  distances are not known. The 
sodium coordination in sodium triphosphate is very 
irregular, the Na-O distances ranging from 2.22 to 
2-68 A with a mean value of 2.37 A. In the crystal 
structure of N a O H . H 2 0  there are pairs of edge- 
sharing sodium tetrahedra with Na-O bond lengths of 
2.30, 2-35, 2.39 and 2.41 A; the last two distances cor- 
respond to the oxygen atoms shared by two sodium 
atoms. From these data Shannon & Prewitt (1969) 
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Fig. 2. Bond lengths in the pentaborate group. The group is 
viewed along [100]. 

derived for ~VNa+ an effective ionic radius of 0-99 A, 
but they considered this doubtful, probably in view of 
the high irregularity of coordination in the case of  
NasPaO10 and the low accuracy of the data in the case of 
NaOH.  H20;  in fact the value shows a strong deviation 
from the radii vs. coordination number plot. 

Thus it seemed useful, in view of the substantially 
tetrahedral coordination of Na(2) and the good ac- 
curacy of the present determination, to calculate a 
value for the effective ionic radius of ~VNa+l from our 
data. Taking into account that 0(3) and O(13) have 
coordination numbers three (radius 1.357 A) and four 

Table 7. Mean-plane parameters and deviations of atoms from the plane 

The equation of the plane is in the form Ax+By+Cz=D, where x, y, and z are fractional coordinates, calculated after 
Schomaker, Waser, Marsh & Bergman (1959). 

Plane A 
I 6.8903 

II - 8.3247 
III - 5.8393 

I 

"O(1) -0.029 A 
0(2) 0.050 
0(3) -0.035 
0(4) -0-003 
0(5) -0"006 
B(2) 0"005 
B(3) 0.019 

B C D 
12"8523 -2.1924 6.5145 
10.9099 3"5706 3.3785 
13"8760 1 "2499 1.1576 

Deviations from plane 
II 

0(6) ~0"005"~ 
0(7) O.Ol 1 
0(8) 0-084 
0(9) -0"145 
O(10) 0"072 
B(4) -0"010 
B(5) -0.007 

Atoms defining the plane 
O(1), O(2), O(3), O(4), O(5), B(2), B(3) 
0(6), O(7), O(8), O(9), O(10), B(4), B(5) 
O(lV"), 0(8'~), 0(1 lVi), 0(12), O(13) 

III 
^ 

"O(1 v'') -0.013 ,~, H(I v'') -0.007 ,( 
0(8 iv) -0.071 H(8 iv) 0-067 
O(11 vi) 0.053 H(112 vl) -0.038 
O(12) 0.066 H(121) -0.077 
O(13) -0"036 H(132) -0"325 
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(radius 1.378 A) respectively, from the bond lengths 
Na(2)-O(3) 2-276 and Na(2)-O(13) 2.298/~ we calcu- 
late the values 0.919 and 0.920 A respectively; thus the 
value 0.92 A for the effective ionic radius of IVNa+ a can 
be assumed with good confidence. 
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Fig. 3. Hydrogen-bond system. The valence sums are given for 
each anion of the pentagonal ring. ~ v  and ~ v  correspond 
respectively to the left-handed and the right-handed system 
of arrows in the ring. Avj = (Ycv)j- 2.0 is the deviation from 
the ideal value 2.0 of the valence sum of thejth oxygen atom. 

Hydrogen bond system 
From a list of all the distances shorter than 3.0 A 

between oxygen atoms not bonded to the same cation, 
the system of hydrogen bonds given in Fig. 3 can be 
deduced. In this figure the oxygen atoms marked with 
one or two asterisk's were indicated as hydroxyl ions 
and water molecules respectively by application of 
Christ's third rule. 

An interesting feature of the hydrogen bond system 
in sborgite is the presence of pentagonal rings, which 
characterize the structures of the clathrate hydrates 
(Pauling, 1960). For the hydrogen bonds external to 
the pentagonal ring donor and acceptor oxygen atoms 
can be unambigously indicated. But for the hydrogen 
bonds of the pentagonal ring there is, beside the pos- 
sibility indicated in the Figure (where the arrows go 
from the donor to the acceptor atoms), another pos- 
sibility obtained by reversing the sense of the arrows 
in the ring. To test which of the two possibilities is cor- 
rect we calculated the bond valence sums using the 
method of Donnay & Allmann (1970). In calculating 
hydrogen-bond valence strengths, use was made of the 
correlation between strength and length of hydrogen 
bonds given by Zachariasen (1963). The valence sum 
values for the five oxygen atoms of the ring strongly 
indicate that the first possibility (that represented in 
the Figure) for the hydrogen-bond system is the cor- 
rect one. This was fully confirmed by a difference 
Fourier synthesis which showed well defined peaks in 
the predicted positions. Although in the present case 
the positions of the hydrogen atoms can be obtained 
from a difference synthesis, we think that in other less 
favourable cases the method of valence-sum calcula- 
tions for testing the different possibilities of a hydrogen- 
bond system could be very useful. 

The planarity of the pentagonal ring was tested by 
calculating the least-squares plane through the five 

Table 8. Bond lengths and angles in the sodium coordination polyhedra 
Distance Angle 

Na(1)-O(11) 2.385 (4) A 
Na(l)-O(1V iu) 2"385 (4) 
Na(1)-O(12) 2.393 (4) 
Na(1)-O(12 vm) 2.393 (4) 
Na(1)-O(10 ~) 2.425 (4) 
Na(1)-O(10~0 2.425 (4) 

Na(2)-O(13) 2.298 (5) A 
Na(2)-O(13 v") 2.298 (5) 
Na(2)-O(30 2.276 (4) 
Na(2)-O(3 v~) 2.276 (4) 
Na(2)-O(20 2-998 (3) 
Na(2)-O(2 v~) 2.998 (3) 

O(11) -Na(1)-O(11 vm) 83.5 
O(11) -Na(1)-O(12) 97.2 
O(11) -Na(1)-O(12 vm) 89.1 
O(11) -Na(1)-O(10 l) 172-7 
O(11 ) -Na(1)-O(10 ~x) 89.3 
O(12) -Na( 1 )-O( 10 l) 84.3 
O(12) -Na(1)-O(12 vui) 171.6 
O(12) -Na( 1 )-O( 10~0 90.2 
O(101)-Na(1)-O(10 Ix) 97-9 
O(13) -Na(2)-O(13 v") 83.3 
O(13) -Na(2)-O(30 139.2 
O(13) -Na(2)-O(3 v~) 100-2 
O(30--Na(2)-O(3 v~) 102.7 

(2) ° 
(1) [ x 2] 
(1) [ x 21 
(2) [ x 2] 
(1) [ x 21 
(1) [x2l 
(2) 
(1) [x2l 
(2) 
(2) ° 
(1) [ x 21 
(1) [x21 
(2) 
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oxygen atoms. From the data of Table 7 it appears 
that the five hydrogen atoms involved in the five 
hydrogen bonds of the ring also lie approximately in 
the plane. 

Bond lengths and angles involving hydrogen atoms 
were calculated assuming the coordinates obtained 
from the difference synthesis and are presented in 
Table 9. O-H bond lengths range from 0.93 to 1.11 A 
with a mean value 1.03 A. 

Table 9. Distances and angles involving hydrogen atoms 

Hydrogen bond Distances 
O-H.. .O O-H H..-O O...O" 

O(3)--H(3) . . . . .  0(5 m) 0.99/~, 1-74/~ 2.679/~ 
O(10)-H(10) . . . .  0(9 H) 1.02 2.05 2.862 
O(1)--H(1) . . . . .  O(13 ~") 1-02 1.72 2.730 
O(13)-H(131). • • O(4) 0.93 1-93 2.857 
O(13)-H(132)...O(12) 1.02 1.79 2-717 
O(12)-H(122). • -0(7 ~) 1.09 1.83 2.776 
O(12)-H(121). • • O(8~0 1.02 1.75 2-755 
O(8)--H(8) . . . . .  O(11 vm) 1"11 
O(11)-H(ll 1)" • "O(6) 1"02 
O(11)-H(112)" "O(ID 1"04 

H-O-H angles 
H(111)-O(11)-H(112) 93 ° 
H(121)-O(12)-H(122) 103 
H(131)-O(13)-H(132) 116 

1-67 2-778 
1 "83 2"782 
1"81 2"847 

Angles 

O-H" "O 
157 ° 
135 
178 
176 
149 
143 
169 
172 
155 
171 

Chidambaram, Sequeira & Sikka (1964) proposed a 
classification of hydrates based on the type of coordina- 
tion of lone-pair orbitals of water. The lone-pair coor- 
dination of the three water molecules in sborgite is of 
the same type G in this classification scheme; that is, 
one of the lone pairs of electrons on each water mole- 
cule is directed approximately toward a monovalent 
metal ion, Na + in the present case, and the other lone 
pair is engaged in a hydrogen bond. 

Crystal packing 

The bond valence sums, calculated following the 
method of Donnay & Allmann (1970), are given in 
Table 10 for all the oxygen atoms; O* and O** repre- 
sent respectively hydroxyl ions and water molecules. 
Satisfactory sums, ranging from 1.94 to 2.10, were 
found for each oxygen atom. 

The building up of the crystal structure of sborgite, 
represented in Fig. 1, can be described as follows: the 
pentaborate group with atoms at x ,y , z  is linked 
through two hydrogen bonds of type 0 (3 ) . . .  0(5) to 
the group with atoms at - x ,  1 - y , - z ,  and through 
two other hydrogen bonds of the type 0(9) . . .O(10)  
to the pentaborate group at 1 - x , l - y , l - z ,  thus 
giving a chain zigzagging along the [101] direction. 
An adjacent chain is generated by a c-glide plane; the 
connexion between the chains is effected by sodium 
coordination polyhedra. In fact Na(2) atoms on the 
one hand connect the two chains through two equiv- 
alent Na(2)-O(3) bonds and on the other hand are 
linked to two equivalent O(13) water molecules. In 
the same manner Na(1) atoms connect the chains 
through Na(1)-O(10) bonds and are linked to two 
equivalent O(11) water molecules. The pentaborate 
chains are thus connected in layers linked to each 
other through layers of O(11) and O(13) water mole- 
cules. A further connexion is made by the O(12) 
water molccule that is bonded to the Na(1) atom and 
makes three hydrogen bonds with the 0(7) atom of one 
chain, the 0(8) atom of the other chain, and the O(13) 
water molecule of the separating layer. 

This work was supported by the Consiglio Nazionale 
delle Ricerche, Roma. All the calculations were per- 
formed on the I.B.M. 360/67 computer of the 'Centro 
Nazionale Universitario di Calcolo Elettronico', Pisa. 
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The Crystal Structure of Lidocaine Hydrochloride Monohydrate* 
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Crystals of the title compound, C14H22N20. HCI. H20, are monoclinic, P21/e, with a = 8.490 (5), b=  
7.110 (5), c=27-58 (2) A,, fl= 106.87 (5) °, Z=4 .  2385 of a possible 2694 independent reflexions in the 
range sin 0/2 < 0-59 were observed and measured diffractometrically. The crystal structure was deter- 
mined by symbolic addition procedures and refined by block-diagonal least-squares calculations to a 
final R index of 0.11. There appears to be some disorder, with an alternative structure present at about 
5 % occupancy. Only the predominant structure has been characterized. This structure is fully hydrogen 
bonded, with adjacent lidocaine cations linked by water molecules into endless chains parallel to b. 
Adjacent chains related by the screw axes are joined in pairs by chloride ions. which bind N+H and 
H20 groups in different chains. 

Introduction Experimental 

The hydrogen-bonding properties of  lidocaine in the 
hydrohexafluoroarsenate salt (I) have been studied by 
means of a determinat ion of  the crystal structure 
(Hanson,  1972). It also seemed of interest to study these 
properties in the hydrochloride monohydra te  (II), as 
the environment  of the lidocaine cation could be ex- 
pected to approximate  more closely the physiological 
environment  in which it functions as a local anaesthet- 
ic. The hydrogen-bonding arrangement,  and the con- 
format ion of  the lidocaine cation, are found to be 
quite different in the two salts. 

/ ~  CH3 

(II) 

CL', H20 

* N.R.C.C. contribution No. 12844. 
t National Research Council of Canada postdoctoral fellow. 

Present address: Sfiddeutsche Kalkstickstoffwerke AG, 8223 
Trostberg, West Germany. 

Crystal data:  F.W.288.8, V=1593 /~a, Dm=I .21  ' 
D x =  1"20 g.cm - 3 , / z = 2 1 . 3  cm -1 (Cu Kc~). [The wave- 
length assumed for 2(cq) was 1.54050 A.] The space 
group was determined by the systematic absences 
evident on Weissenberg and precession photographs.  

The material  supplied (Astra Pharmaceut icals  
Ltd.) was recrystallized from a solution in ethyl ace- 
tate and acetone, yielding colourless translucent prisms. 
These were generally of  high mosaicity, and many  
were twinned. The nominal  dimensions of the specimen 
used were 0-42 x 0.31 × 0.45 ram. Cell dimensions and 
relative intensities were measured with a four-circle 
diffractometer and scintillation counter, using nickel- 
filtered Cu Kc~ radiat ion with pulse-height discrimina- 
tion. For  the intensity measurements  the specimen was 
mounted  with e parallel  to the ~0 axis; the 0-20 scan 
mode was used (scans of  3 ° for 2 0 < 5 0  ° , 4 ° for 
5 0 ° < 2 0 < 1 0 0  ° , 4-6 ° for 1 0 0 ° < 2 0 < 1 3 0  ° ) with back- 
ground counts measured at the beginning and end of  
each scan. Reflexions for which the net count was less 
than 7 (deca-) counts or less than 10% of  the corre- 
sponding background count were considered to be un- 
observed. The intensities were corrected for absorp- 


