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Ulexite, NaCaBsOu(OH)r.sHrO: structure refinement, polyanion configuration, hydrogen
bonding, and fiber optics
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Abstract

The crystal structure of ulexite, NaCaBsOe(OH)6.5HrO, tricl inic, PT. has been refined to a
conventional R:0.046 using least-squares methods, partially block-diagonal, for 49ll
reflections collected on a single-crystal diffractometer with graphite-monochromatized Mo
radiation. AII l6 hydrogen atoms in the asymmetric unit were located, and all form hydrogen
b o n d s . R e f i n e d c e l l c o n s t a n t s a r e : d = 8 . 8 1 6 ( 3 ) , b = 1 2 . 8 7 0 ( 7 ) , c = 6 . 6 7 8 ( l ) A , a : 9 0 . 3 6 ( 2 ) " ,
B : 109.05(2)', 7 = 104.98(4)", V : 688.4(4) A3,2 :2, density (calc) = 1.955 g/cm3. The
structure contains isolated pentaborate-type polyanions composed of three tetrahedra and
two triangles, plus chains of Na octahedra and chains of Ca polyhedra, all cross-linked by
polyanion bonds to the cations and by a network of hydrogen bonds. Average bond distances
(A) are: B-O, tetrahedrall.4T5, triangular 1.367; Na-O,2.421;Ca-O,2.484;hydrogen bonds,
O-H 0.80, H . . .O 2.08, O. . .O 2.852. The octahedral and polyhedral chains are parallel to c,
the elongation direction, and cause the fibrous habit of ulexite crystals that is essential to the
optical f iber bundles. The hydrogen bonds range from strong with a minimum O..'O
distance of 2.595(3) A to very weak and possibly bifurcated with O. . 'O distances of 3.082(a)
and 3.194(3) A. The water molecule environments are normal; each contacts at least oneNa
or Ca on its lone-pair side. Bond strengths calculated using the observed O-H and H.'.O
values agree fairly well with those obtained from an empirical relationship. A good cleavage
parallel to {120}, rather than to {010} as previously suggested, breaks hydrogen and Na-OH(5)
bonds only; a reproducible fracture surface is parallel to {001}.

Introduction

According to Dqna's System of Mineralogy (Pa-
lache et al.,195 l, p. 345-348), ulexite has been recog-
nized as a valid species since about 1840. Its formula,
NarO'2CaO'5BrOs' 16HrO, assigned by chemist
George Ludwig Ulex for whom the mineral was
named, has been associated with the mineral almost
as long. Ulexite occurs in salt playas and dry saline
lakes and has also been found associated with gyp-
sum deposits. Frequently it occurs in bundles of fi-
bers matted together to resemble a cotton ball, and
this habit is known as "cottonball ulexite." Less fre-
quently the fibers are oriented in parallel bundles that
transmit an optical image with remarkable clarity
and resolution. This phenomenon was investigated
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by Weichel-Moore and Potter (1963), who conclude
their paper with the sentence "The discovery and
study of ulexite show that it is possible to find in
Nature a device almost as good as a man-made [opti-
cal] fibre bundle."

The crystallography of ulexite was studied by Mur-
doch (1940) and reexamined by Clark and Christ
(1959), who also gave indexed X-ray diffraction pow-
der data. Clark and Appleman (1964) solved the
structure, but published only a brief report because
the data were too numerous to be refined economi-
cally at that time. Even today the dimensions of the
structure refinement are too large to be treated eco-
nomically by the usual [ull-matrix least-squares
method. In the present work with new data, we have
been able to determine all the hydrogen positions and
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C tn1 e fnL L o g r aphi c da t a, Optical data

Table L Crystallographic and optical data for ulexite below 3o (/), where o (/) is the standard deviation of
the intensity (1) as calculated from the counting sta-
tistics. The intensity data were corrected for Lorentz
and polarization factors. No corrections were made
for absorption (p : 29.73 crn-t, MoKa) or extinction
effects. At the end of the refinement (see below) no
serious discrepancies between strong observed and
calculated structure factors with low 2d values were
found, indicating that there were no serious ex-
tinction effects.

Hydrogen locations and refinement of the structure

The structure-factor calculation using the positions
of non-hydrogen atoms, namely, one calcium, one
sodium, five boron, and seventeen oxygen atoms as
given by Clark and Appleman (1964) yielded an R
factor of 0.18. These atomic posilions were refined
with anisotropic temperature factors for Na and Ca
and isotropic temperature factors for B and O atoms
to R : 0.088, using the full-matrix least-squares pro-
gram RnrNr (Finger, 1969). At this stage the positions
of sixteen hydrogen atoms were determined from a
three-dimensional difference Fourier synthesis on the
basis of peak heights and reasonable stereochem-
istry. The positional and isotropic thermal parame-
ters of the hydrogen atoms were refined next, keeping
the positional and thermal parameters of non-hydro-
gen atoms constant, and the R factor was reduced to
0.07. Unfortunately, due to the large dimensions of
the problem, further refinement-using anisotropic
temperature factors could not be carried out using
the full-matrix least-squares program. Hence, sub-
sequent refinement was carried out by the Cnvmq
program incorporated in the X-nnv Svsrru (Stewart
et al ., 1972). The positional parameters of all atoms,
anisotropic thermal parameters for non-hydrogen
atoms, and isotropic thermal parameters for hydro-
gen atoms (280 parameters for 40 atoms) were di-
vided into 24 blocks. Blocks I through l3 contained
Na, Ca, and O atoms with anisotropic thermal pa-
rameters, whereas each of the blocks 14 through 24
consisted of an oxygen atom and the hydrogen(s)
associated with it, i.e., one block each for six (OH)
groups and five HzO molecules.

The atomic scattering factors for Ca, Na, B, and O
were taken from Cromer and Waber (1965) and for H
from Stewart et al. (1965). Anomalous dispersion
corrections were applied according to Cromer and
Liberman (1970). The observed structure factors (F,)
were weighted by the formula l/o'(F"). The final
convent iona lR fac to r ,  R  :  > l  l4 l  -  lF " l l /> lF" l ,  i s
0.045 for all49ll reftections. 0.041 for the 3665 ob-

Triclinic, Pl
Z  =  2  [NaCaBso6 (oH)6 .5H2o1

a  =  8 . 8 1 6 ( 3 )  i
b  = I2 .e1o(7)
c  =  6 . 6 7 A ( L l

a : b : c  =  O . 6 8 5 0 t l : 0 . 5 1 8 9

o  =  9 0 . 3 6  ( 2 ) .
B  =  I 0 9 . 0 5  ( 2 )  .
y  =  r04 .98  (4 )  .

v  =  6 8 8 . 4 ( 4 )  i 3

Constants for Cartesia
mt r ices  (Ev i l s ,  1948) :
u l  =  -o .27564
u2 =  0 .96L23

Density:
c a r c . = r . y ) 5 g m -
obs . ,  Murdoch (1940) ,

=  1 . 9 s s ( 1 )

Biaxial  posi t ive (+)

a  =  r . as l  )
B = 1 . 5 0 6 > * *
' r  =  I . s2e  I

2V' caLc. = 79o

9 p
Y  1 1  < o  A 1 0

Y  1 0 0 0  2 L . 5 0
z Lo7" 700

v A .  , 1  q o

I
I

*Nmber in puentheses Ls-one stand4nd deoi,ati,m; fon
8.816(3)  A ,  read 8 .816!0 .003 A,  e tc ,

**1,1. T. Sehaller, u,S. ceoLogical Surnsey, mpubli,sled
data, aterage of seua detezrmmtim.

tlhudoeh (1940) ae gi.ua by PaTnche et aL. (1951).

refine the structure successfully using partial block-
diagonal least-squares methods. We describe here the
results of this refinement, interpreting the physical
properties of the mineral in terms of its structure.

Experimental data

The ulexite crystal used for the X-ray diffraction
experiments was selected from a specimen provided
by the late Waldemar T. Schaller, U.S. Geological
Survey, who found the beautiful specimen with a
cluster of radiating ulexite needles at the Boron Mine,
U.S. Borax Corporation, Boron, California. A pris-
matic crystal (0.12 X 0.20 X 0.28 mm) elongated
parallel to c was mounted parallel to the @-axis of the
single-crystal, automatic diffractometer for the deter-
mination of unit-cell dimensions and collection of
intensity data. MoKa radiation, monochromatized
by reflection from a graphite "single" crystal, and a
solid-state detection system were used for the mea-
surements. The cell dimensions were refined by the
method of least squares, based on l5 reflections with
2d values between 35o and 45o measured on the dif-
fractometer (Table 1). All reported cell dimensions
for ulexite are in reasonable agreement. The intensity
data were collected by the 20-0 method using a vari-
able scan rate, the minimum being2" /minute (50 kV,
l5mA). All reflections with 2d ( 65o were measured,
yielding a total of49l I reflections; ofthese, 1246were
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Table 2. Atomic coordinates and thermal Darameters for ulexite

Coordinatee* a

a

0 .  0 2 5 6  (  1 )
0 .  5 0 1 s  ( 1 )

o . 2 o o 2  ( 2 )
o . 2 7  O O ( 2 )
o . 2 2 4 0 ( 2 )
o . 0 7  3 7  ( 2 )
o .2697 (2 )

0 . 2 8 9 0 ( 1 )
0 .  1 0 6 6 ( r )
o . 2 4 2 4 ( t )
0 . 1 6 7 7  ( r )
0 .  1 6 9 2  ( 1 )
0 . 2 6 0 2 ( 2 )

0 .  0085 ( r  )
0 ,  3 2 2 8  ( 1 )
0 .  0068 (1 )
0 . 1 4 6 9 ( 2 )
0 . 3 s 9 7  ( 1  )
0 , 3 1 3 0 ( 2 )

0 . 2 L 0 6 ( 2 )
0 . 1 0 2 1 ( 2 )
0 . 3 s 8 6 ( 2 )
o . 4 7 9 4  ( 2 )
0 . 4 7 6 s ( 2 )

o . 0 2 2  ( 3 )
0 . 3 i 3 ( 3 )

- 0 .  0 4 5  ( 3  )
0 . 1 6 9 ( 3 )
0 .  3 4 2  ( 3  )
0 .  3 1 3  ( 3  )

0 . 2 3 0 ( 3 )
0 .  218 (4  )
0 .L27 (4 )
0 . 1 3 4  ( 3 )
0 . 3 1 6  ( 3 )
0 . 3 3 s  ( 3 )
o .  4 3 1  ( 4  )
0 . 4 7 3  ( 3 )
o . 4 2 2 ( 4 )
0 ,  5 2  1  ( 4 )

ThemaL ptrmet.r" (iz)t
C + m ' a t ' n - 1

roTe*

C a  0 , I 4 2 2 ( L )
N a  0 . 4 7 7 4 ( I )

B ( 1 )  c e n t r a l  T  0 . 0 5 0 6 ( 3 )
B ( 2 )  r  0 . 3 4 6 4 ( 3 )
B ( 3 )  ^  - 0 . 1 8 9 1 ( 3 )
B ( 4 )  T  0 , 2 3 4 4 ( 3 )
B ( s )  A  - 0 . 1 7 3 7 ( 3 )

u tzuzz- e q , uzg

304 2 (  1) l
2438  (2 ) ]

668 s (4 ) l
8ee5 (4) l
782 r (4 )1
7834 (4) j
4276<4)l

7 929 G)11
6208 (2 ) l
4664 (3 ) l
7840  (3  )  i
9112  (3 ) l
s667  (3 ) l

0 .
0 .

0 .
0 .
0 .
0 .
0 .

0 .
0 .
0 .
0 ,
0 ,
0 .

T-A
T-I
T-A
T-T
T-A
T-A

L . 5 9  O . O 2 O 2  0 . 0 1 1 5 ( 2 )
4 . 0 6  0 . 0 5 1 4  0 . 0 3 1 6 ( 6 )

r . 9 r  o . 0 2 4 2  0 . 0 1 2 ( 1 )
1 . 9 0  0 . 0 2 4 1  0 . 0 1 3  ( 1 )
2 . 2 5  O . O 2 8 s  0 . 0 1 5 ( 1 )
L . 9 2  O . 0 2 4 3  0 . 0 1 3 ( 1 )
2 . 1 0  O . 0 2 6 6  0 . 0 1 5 ( 1 )

0 . 0 1 5 ( 1 )  0 . 0 0 s 6 ( 9 )  0 . 0 0 1 6 ( 9 )  0 . 0 0 0 9 ( 9 )
0 . 0 1 3 ( 1 )  0 . 0 0 4 ( 1 )  0 . 0 0 2 7 ( 9 )  0 . 0 0 0 7 ( 9 )
0 . 0 1 6 ( 1 )  0 . 0 0 7 ( r )  0 . 0 0 4 ( 1 )  - 0 . 0 0 0 9 ( 9 )

0 . 0 1 s ( 1 )  0 . 0 0 5 0 ( 9 )  0 . 0 0 3 7 ( 9 )  0 . 0 0 2 1 ( 9 )
0 . 0 1 3 ( r )  0 . 0 0 6 ( 1 )  0 . 0 0 2 1 ( 9 )  - 0 . 0 0 0 s ( 9 )

0 . 0 1 0 3 ( 2 )  o . u - z s ( 2 )  0 . 0 0 2 0 ( 2 )  0 . 0 0 1 7 ( 2 )  - 0 . 0 0 0 3 ( 1 )
0 . 0 2 3 s ( 6 )  o . 0 2 6 6 ( 5 )  0 . 0 1 0 0 ( s )  0 . 0 0 9 6 ( 5 )  0 . 0 0 1 2 ( 4 )

o  (1 )
o  ( 2 )
o (3 )
o (4 )
o ( s )
o (6 )

2 . 2 L
t . 7  2
2 . 4 r
2 . 3 6
1  0 1

3 .  1 0

2 .  8 0

2 . 2 5
4 . 1 5
2 , 2 5
4 , 2 3

3 , r 7
3 . 4 4
1  7 ?

3 . 9 4
5 . 0 7

2 , O
2 . 4
2 . 3
2 . 7
3 , 4
3 . 4

1 . 9
7 . 1
5 . 9
3 , 3
1 '

3 . 4
5 . 1
2 , 5
3 . 8
4 . O

oH( l )  T
oH(2)  r
o H ( 3 )  r
o H ( 4 )  T
o H ( 5 )  A
oH(6)  A

H20 (  1 )
H 2 o ( 2 )
H20 (3  )
H20 (4 )
H 2 o ( 5 )

H ( 1 )  o H ( r )
H ( 2 )  o H ( 2 )
H(3)  o r l (3 )
H ( 4 )  o H ( 4 )
H ( 5 )  o H ( 5 )
H ( 6 )  o H ( 6 )

H ( 7 )  r { 2 o ( 1 )
r { (8 )  H2o(1)
H ( 9 )  H 2 o ( 2 )

n ( 1 0 )  H 2 o ( 2 )
H ( 1 1 )  H 2 O ( 3 )
H(12)  r {20(3)
n ( 1 3 )  H 2 o ( 4 )
H ( 1 4 )  H 2 o ( 4 )
H(15)  I {zo(5)
H( r6)  1 r2o(5)

0 . 0 2 8 0
0 , 0 2 1 8
0 . 0 3 0 5
o,0299
0.0244
0 .  0 3 9 3

0.  0 r23  (8 )
0 .  01r l  (7  )
0 .  0 r -38  (8 )
0 , 0 1 4 7  ( 8 )
0 . 0 1 2 3  ( 8 )
0 .  0160 (8  )

0 .  0 1 2  ( 1  )
0 , 0 r 3  ( 1  )
0 . 0 1 5 ( r )
0 .  0 1 r  ( 1 )
0 .  0 1 s  ( 1  )

0 .  0107 (8 )
0 . 0 1 2 1 ( 7 )
0 . 0 1 8 0 ( 8 )
0 .  01s2 (8 )
0 .  0114 (8  )
0 .  0 2 8  ( 1 )

0 . 0 2 1 9 ( 9 )
0 . 0 1 1 8 ( 7 )
0 . 0 1 4 1  ( 8  )
0 .  0146 (8  )
0 . 0 1 7 0 ( 8 )
0 .  0 1 2 2  ( 8  )

0 .  0043 (6  )
0 . 0 0 s i  ( 6 )
0 . 0 0 8 7  ( 7 )
0 , 0 0 8 2  ( 7 )
0 . 0 0 3 6  ( 6  )
0 .  0134 (8  )

-0.  000s (  7)
0.  00r1 (6)
0.  0039 (6)
0 .0064 (7 )
0 .002s  (6  )
0 . 0 0 3 1 ( 7 )

-0 .  0012 (  6 )
-0 .  0008 (  6 )

0 .  0044 (  6 )
0 . 0 0 3 0  ( 6 )
0 .  0007 (6 )
0 . 0 0 1 r ( 7 )

0 . 1 9 8 5 ( 2 )
0 . 1 0 2 4 ( 2 )

-o .0289 (2 )
- 0 . 0 6 5 0 ( 2 )

0 . 3 7 0 1 ( 2 )
-o.259r(2)

o .2992 (2 )
-o .LL32 (2 )
0 .  1s80 (2  )

- 0 .  3 1 8 3  (  3 )
o . 4 7 1  6  ( 2 )

-0.2383(2)

0  .1462 (2 )
o .4293(3)
0 . 4 7 0 7 ( 3 )
0 .  1 9 2 5  ( 3  )
o . 2 2 5 2 ( 3 )

o . 3 9 7  ( 4 )
- 0 .  1 3 4  ( 4  )

0 . 1 9 3  ( 4 )
- 0 . 3 7 9 ( s )

0 .  s 5 5  ( s )
- 0 . 1 8 9 ( 5 )

0 .  086 (4  )
0 . 0 9 2  ( 7 )
0 . 4 3 9  ( 6 )
0 . 5 1 3  ( s )
0 . 3 9 2  ( 5  )

0 .  r -20  (6 )
0 .  1 9 2  ( s )
o . 2 o 2 ( 5 )
0 .  1 9 1 ( s )

0 .6683 (3 )
0 .  9369  (3 )
0 .9265  (3 )
0 .8361  (3 )
0 .002s  (3 )
o .2405 (3 )

o . 2 2 4 0 ( 3 )
0 .  3302  (4  )
0.4870(4)
0 .18s0 (4 )
0 .6107  (4 )

0 .698  ( s )
0 .8  78  ( s  )
0 .  9 i s  ( s  )
o .872 (6 )
0 .  078  (6  )

0 .  28s  (5  )
0 .088  (  9 )
o .229  (8 )
0 .418  (6  )
o . 4 2 r ( 6 )
0 .  s13  (6  )
0 .  r 13  (7 )
0.294<6)
0 .664  (6 )
o.662(6)

0 . 0 3 5 5  0 . 0 1 5 8 ( 9 )
o .0323 0 .0227 (9 )
0 , 0 2 8 5  0 . 0 1 5 3 ( 8 )
0 . 0 5 2 5  0 . 0 2 0 ( 1 )
0 . 0 2 8 4  0 . 0 1 3 6 ( 8 )
0 . 0 5 3 5  0 . 0 2 4 ( 1 )

0 . 0 4 p 2  0 . 0 2 0 s ( 9 )
0 . 0 4 3 6  0 . 0 1 8 ( 1 )
0 , o 4 7 2  O . 0 2 4 ( r )
0 . 0 4 9 9  0 . 0 2 8 ( 1 )
0 . 0 6 4 2  0 . 0 4 0 ( 1 )

0 . 0 2 s ( 9 )
0 . 0 3 ( 1 )
0 .  0 2  9  ( 9 )
0 . 0 3  ( 1 )
0 . 0 4 ( r )
0 . 0 4  ( 1 )

0 . 0 2 4  ( 9 )
0 . 0 9 ( 2 )
0 . 0 7 ( 2 )
0 . 0 4 ( 1 )
0 . 0 4  ( 1 )
0 . 0 4  ( 1 )
0 .  06  (1 )
0 . 0 3  ( 1 )
0 .  0 5  ( 1 )
0 .  05  ( r )

0 . 0 r 9 s ( 9 )  0 . 0 1 9 4 ( 9 )
0 . 0 1 3 1 ( 8 )  0 . 0 1 s 2 ( 8 )
o . o r 2 6 ( 8 )  o . 0 1 7 s ( 8 )
0 . 0 1 6 3 ( 9 )  0 . 0 3 9 ( 1 )
0 . 0 1 2 4 ( 8 )  0 . 0 2 1 1 ( 9 )
0 . 0 3 s ( 1 )  0 . 0 1 2 8 ( 8 )

o . o 2 2 ( L )  0 . 0 1 9 6 ( 9 )
0 . 0 2 9 ( 1 )  0 . 0 2 6 ( 1 )
o . o 2 2 ( r )  0 . 0 3 1  ( 1 )
o . o 2 2 ( L )  0 . 0 3 4 ( r )
0 . 0 1 7  ( 1 )  0 . 0 4 1  ( 1 )

0 . 0 1 0 0 ( 7 )  0 . o o s o ( 7 )  - 0 . 0 0 0 8 ( 7 )

0 . o 0 1 4 ( 7 \  0 . 0 0 2 3 ( 7 )  - 0 . 0 0 0 9 ( 7 )

0 . 0 0 5 9 ( 7 )  0 . 0 0 3 7 ( 7 )  0 . 0 0 2 8 ( 6 )
0 . 0 0 4 6 ( 8 )  0 . 0 1 6 7 ( 9 )  - 0 . 0 0 0 2 ( 8 )
o . o o 3 3 ( i )  - o . o o 1 7 ( 7 )  - o . o o o 4 ( 7 )

o . 0 2 0 2 ( 9 )  o . o o s 2 ( 7 )  o . o o s 6 ( 7 )

0 . 0 1 0 s ( 8 )  0 . 0 0 6 4 ( 8 )  0 . 0 0 3 1 ( 7 )
o . o o o 1 ( 9 )  0 . 0 0 0 7 ( 9 )  0 . 0 0 1 8 ( 9 )
0 . 0 0 7 9 ( 9 )  0 . 0 0 6 7 ( 9 )  - 0 . 0 0 2 8 ( 9 )
0 . 0 0 4 0 ( 9 )  0 . 0 0 1 ( 1 )  - 0 . 0 0 0 ( r )
0 . 0 0 8 ( 1 )  0 . 0 r 3 ( r )  0 . 0 0 s 4 ( 9 )

*See Fige. 4, 5. I=tetraTedtn, L=t?iangle, I-L=LLnkLng tetmhedton to trLot4le, etc. H at@6 fte resoeiated tLth the desig-
rcteA Ufl Ol H^U.

4*Nwber ln puentheses is me stedild deuLatLm; for 0.1422(1) read 0.1422t0.0001, etc.
+Bea.=8r2i. '  Tenpenatwe-factor erpressi.m, ecpl--it2(u11h2a*24lr"k2b*2+Ur3l,2ca2+2lJ1zhka*b*cos ya+2tJ13h\.a*cacoa B*+

2u23ke.l2^b*c6s u*)1. Nmber in pmntlesee is me stqtdayd deutattn; for 0.0115(2) lead 0.0115L0,0002, etc.

served reflections, and 0.175 for the 1246 reflections
with 1 < 3o(/). The average shift/error at this stage
was 0.27.

The final positional and thermal parameters are
listed in Table 2. Observed and calculated structure
factors are given in Table 3.' The bond lengths and
angles with standard deviations were calculated using
the program BoNu-e (Stewart et ol., 1972) and are
listed in Tables 4-9. The estimated standard devia-
tions in bond lensths and ansles include the standard

'  To receive a copy of  Table 3,  order document AM-78-063
from the Business Office, Mineralogical Society of America, 1909
K Street  N.W.,  Washington,  DC.20006. Please remit  $1.00 in
advance for the microfiche.

deviations in unit-cell dimension measurements but
should be applied conservatively because ofthe block
method that had to be used for the refinement. The
average estimated standard deviations in Ca-O,
Na-O, and B-O bond lengths are 0.002,0.003, 0.003
A, respectively, and in O-Ca-O, O-Na-O, and
O-B-O bond angles, 0.07o, 0.07o, and 0.20o, respec-
tively. The standard deviations in O-H, H . . .O bond
distances and O-H . . .O angles are 0.04, 0.04 A, and
4o, respectively.

Discussion of the structure

As described by Clark and Appleman (1964), the
structure contains three kinds of groups: isolated
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pentaborate polyanions, Ca-coordination polyhedra,
and Na-coordination octahedral chains, all cross-
linked by hydrogen bonds. We now note that the Ca-
coordination polyhedra also share edges to form
chains (Fig. 1). These chains are separate from the
Na-coordination octahedral chains (Fig. 2); the pen-
taborate polyanions sandwich between the two kinds
of chains to help l ink them together (Fig. 3). Both
kinds ofchains run parallel to c, the fiber-axis optical
direction. The polyanions (Fig. 4) are the pen-
taborate type with three tetrahedra and two triangles,
5:2L ' l 37", A = B (Christ and Clark, 1977), formula

l8506(oH)6F-.

Stereochemical configuration of the pentaborate
polyanion

The [B,O.(OH).]3- polyanion found in ulexite is
formed by two six-membered boron-oxygen rings
joined through a common tetrahedral boron atom
(Fig. a). Each ring consists of the central BOn-tet-
rahedron, a BOr(OH)r-tetrahedron, and a BO,(OH)-
triangle sharing corners. The polyanion has the point
symmetry 1 and the two,BOdOH)2 tetrahedra are in
crs-configuration with respect to the central borate
tetrahedron.

The two boron-oxygen rings are nearly per-
pendicular to each other, the angle between the mean
planes being 88.6o. Within each ring the average B-B
separation is very similar (2.498 and 2.505 A); how-
ever, the separation of 2.545 A between two tetrahe-
dral borons is significantly larger than the separation
of 2.480 A between a tetrahedral and a triangular
boron (Table 4). Both rings are nearly planar with
i n te rna l  ang les  ave rag ing  117 .9 "  i n  r i ng  I

to(l)-B(l)-o(2)-B(4)-o(s)-B(2)1, and 118.4' in
ring 2 [O(3)-B(1)-o(4)-B(3)-0(6)-B(5)]. The maxi-
mum deviation of a boron atom from the mean plane
in r ing I  is  -1.40 A,  in  r ing 2 *0.31 A;hence,  r ing 2
is more nearly planar than ring 1.

The average tetrahedral and triangular B-O dis-
tances are in good agreement with similar values
found in other borates. However, within each borate
triangle or tetrahedron, there are variations in B-O
distances (Table 5) which are significant. Within the
borate triangles, the (non-bridging) B-(OH) bond is
significantly longer (average 1.383 A) than the bridg-
ing B-O bonds (average 1.359 A). Within the three
borate tetrahedra the B-O distances (average 1.488
A) involving oxygens further bonded to triangular
borons are distinctly longer than those (average 1.459
A) involving oxygens further bonded to tetrahedral
boron atoms. This result is a reflection of the fact that

Fig. l. View of the distorted hexagonal bipyramid of oxygen

atoms surrounding Ca and the chain formed by edge-sharing. The

view is looking down *b* wi th *a approximately vert ical ,  fc

horizontal to the right (ct. Table T)

the triangular B-O bond has more covalent character

than the tetrahedral B-O bond. Within the B(4)-

tetrahedron, the B(4)-OH(3) distance, 1.496 A, is

significantly longer than the B(4)-OH(l) distance,

1.466 A. This difference is most l ikely due to the fact

that  OH(3)  is  fur ther  bonded to two.Ca cat ions

whereas OH(l) is further bonded to only one Ca

cation. A similar difference in the B-OH distances is

observed within the B(3)O{OH), tetrahedron, where

the B(3)-OH(2) distance, 1.492 A', is longer than the

B(3)-OH(4), 1.449 A; in this case, OH(2) is the ac-

ceptor of two hydrogen bonds, one strong, whereas

OH(4) is an acceptor of one weak hydrogen bond

plus possibly one other very weak one (Table 8).

Neither of these two OH groups is bonded to cations

other than boron; therefore, the hydrogen bonds ap-

parently play a significant role in determining their

non-bridging B-OH distances. The temperature fac-

tors of these two OH groups are the highest of any

polyanion atoms in ulexite (Table 2). The average of

six O-H distances is 0.80 A and the average B-O-H

ang le ,  I  l 5o .
This same polyanion is found in l inked form in

several other structures, although none of these has

Fig.  2.  View of  the octahedron of  oxygen atoms surrounding Na

and the chains formed by edge-sharing. The view is looking down

+bx with +a approximately vertical, *c horizontal to the right (cl

fable 6)
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been refined by modern methods. Simple chains com-
posed of this polyanion, linked Dia an oxygen atom
common to a triangle of one polyanion and a tetrahe-
dron of the next (Christ, 1960), are found in the
structure of probertite, NaCaBuO'(OH[' 3HrO (Kur-
banov et al., 1963). Similar chains, modified by at-
tachment of a side triangle, are found in the structure
of kal ibor i te,  HKMgz[B'O?(OH)s. OB(OH)r]r .4HrO
(Corazza and Sabelli, 1966; Christ and Clark, 1977).
The same polyanions, further linked into sheets
(Christ, 1960), are found in the structure of heidornite,
NarCa'ClIBuOs(OH)r][SOo], (Burzlaff, 1967). The
anhydrous analog of the ulexite pentaborate-type
polyanion, [BuO,r]"-, (5:24 + 3?n), is found in gar-
relsite, NaBaaSizBzO,.(OH)o (Ghose et al., 1976).
Other kinds of pentaborate-type polyanions are dis-
cussed by Christ and Clark (1977).

The polyhedral chains

These chains dominate the structure and are un-
doubtedly responsible for the fibrous habit of ulexite.
Na is octahedrally coordinated by four water mole-
cules and two hydroxyl ions, the latter from two
different polyanions. As Figure 2 shows, the octa-
hedra share edges OH(5)-OH(5)' and H,O(3)-
HrO(3)' to form chains parallel to c. The four edge-
sharing atoms are arranged around the central part of
the octahedron, water molecules HrO(4) and HrO(5)
forming the vertices. As might be expected, the tem-
perature factors for these vertex atoms are high
(Table 2). The distances and angles for the octahe-
dron (Table 6) are somewhat distorted from those of
a regular octahedron. The relationship in a regular
octahedron, edge distance : \/2 (center-vertex dis-
tance), gives 3.424 A using the average Na-O dis-
tance, slightly longer than the observed average of
3 . 4 1 5  A .

Ca is coordinated by three oxygen atoms and three
hydroxyl ions from three different polyanions, plus
two water molecules. The latter are not those coordi-
nating Na; the two polyhedral chains are separate in ,
the structure (Fig. 3). Figure I shows that the Ca
polyhedron can be described as a distorted hexag-
onal bipyramid, atoms OH(3)-H,O(2)-OH(l)-O(2)-
O(2)'-OH(3)' constituting the central part, and O(4)',
HrO(l) forming the vertices. Edges OH(3)-OH(3)'
and O(2)-O(2)' are shared to produce the poly-
hedral chains parallel to c. Three edges of tetrahedra
in the polyanions are also edges of the Ca polyhe-
dron; these are noted in Table 7 where all the dis-
tances and angles are listed.

Although the average Na-O and Ca-O bond dis-

Ring

B(1 )
B (2 )
B (4 )
oH(1 )
oH (s)

Fig. 4. The borate polyanion [B'O6(OH).]8- and its bond

distances.

tances are not too different in value, 2.421 A and
2.484 A, respectively, the quite different spatial ar-
rangements around the two cations are striking (Figs.
l-3) and clearly demonstrate their structural dis-
tinction. The Na-Na approaches are substantially
closer than those for Ca-Ca, 3.4 A compared with 4.0
A, undoubtedly due to the difference in cation
charge. The Na temperature factor is considerably
higher than that of the Ca (Table 2), probably be-
cause it is lighter, less highly charged, and has a lower
coordinat ion.

Table 4.  Ring angles,  p lanes,  and deviat ions f rom r ing planes for

the borate PolYanion in ulexite

Ring atone B-O-B mglee

B(1 ) -o (2 ) -B (4 ) -  B (1 ) -o (2 ) -B (4 )  L2o .L (2 ) "
o ( s ) -B (2 ) -o (1 )  B (4 ) -o (5 ) -B (2 )  L20 .2 (2 ) "

B (2 ) -o (1 ) -B (1 )  r zL .5 (2 ) "

B (1 ) -o (3 ) -B (s ) -  B (1 ) -o (3 ) -B (s )  LzL .e (2 ) '
o (6 ) -B (3 ) -o (4 )  B (s ) -o (5 ) -B (3 )  r 2o .3 (2 ) "

B (3 ) -o (4 ) -B (1 )  122 .7  ( 2 ) "

Paraneters of planea* deflned by ring oxygena

A B C D

-4.10514 8 .81817 -3 .522L4 -1 .56667

1.79183 9 .48293 2 .43L22 3 .38038

Angle between ring planes, 88.58o

Deoiatim frcn rtng-plotee defined by tluee onVgaa

R i n g l  .  R l n g 2
Atom Deviation (A) Aton Deviation

t65

(i)

+0. 87 0
-o,542
-1 .405
-1 .841
- u .  o t J

B ( 1 )
B ( 3 )
B ( 5 )
o H ( 4 )
oH(5)

+0.234
+0.306
-0.  094
-o.525
-0.254

t h e f o m l e + B U + C z = D '
eoordirctes in L units dtd

fron the origin in A units.

lhe eqmtions of the direet space are of

A, z are the atofrLc
di.etance of the plme

planes in
uhene n,
D te the
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Table 5. Bond distances and angles in the borate polyanion [B'O"(OH)u]. of ulexite

tdtc
d)

g)c 1rygens of
0-B-0 arryLe Ang le (o ) *

Orygens of
0-B-0 mgle

ArryLe(o)*Atans DLstotee*
( 3.)

Tetrahedra

B (r_) -o (r)
-o (2)
-0(3)
-o(4)

Average

B ( 3 ) - o ( 4 )
-o (6)

-oH(2)
-oH(4)

Average

B ( 4 )  - o ( 2 )
-o (5)

-oH(1)
-orr(3)

Average

Triangl-es

1 . 4 8 6  ( 3 )
r .462(4)
r . .481 (3 )
r . 4 s 2 ( 4 )
L . 4 7 0

1.456(4>
1 . 4 9 8  ( 3 )
L .492(3)
L .449 (4 )
r . 4 7  4

1 .  4 6 6  ( 3 )
1 .  4 9 3  ( 3  )
1 .  466 (1 )
r_ .  496 (3 )
r_. 480

o ( 1 ) ,  o ( 2 )
o ( 1 ) ,  o ( 3 )
o ( 1 ) ,  o ( 4 )
o ( 2 ) ,  o ( 3 )

o ( 4 ) ,  0 ( 6 )
o ( 4 ) , o H ( 2 )
o ( 4 ) , o H ( 4 )
o ( 6 ) , o H ( 2 )

0 ( 2 ) ,  o ( s )
o(2)  ,oH(1)
o ( 2 ) , o H ( 3 )
o(5)  ,oH(1)

0 ( 1 ) ,  o ( 5 )
o(1)  ,oH(5)
o ( 5 ) , 0 H ( 5 )

t

1 1 0 . 3  ( 2 )
l-06.4 (2)
rL r .2 (2)
r.oe . r- (2)

1r_0.5  (2 )
111.  0  (2 )
1 0 s . 9  ( 2 )
r.07. 0 (2 )

1 1 1 .  6  ( 2 )
r . 0 5 . 1 ( 2 )
r_08.3  (2 )
LLO.7 (2)

o ( 2 ) ,  o ( 4 )
o ( 3 ) ,  o ( 4 )

1 0 9 . 0  ( 2 )
1 1 0 . 8  (  2 )

110 .  8  ( 2  )
1 r . 1 .5  ( 2 )

B ( L ) - B ( 3 )  2 . 5 s 2 ( s )
-B(4)  2 .s37 (4 )
- B ( 2 )  2 . 4 7 6 ( 4 )
-B(5)  2 .48L(4)

B(3) -B(5) '  2 .48L(4)
B(4) -B(2)  2 .48o(4)

Average 2.501-0 ( 5 ) , o H ( 4 )
o H ( 2 ) , o H ( 4 )

o(s ) ,oH(3 )
oH(1)  ,oH(3)

1 0 9 . 8 ( 2 )
r -10 .4  (2 )

B ( 2 ) - o ( 1 )  1 . 3 s 2 ( 3 )
- o ( s )  1 . 3 6 6 ( 4 )

-oH(s)  1 .386(3)
Average 1.368

L23.s (2)
7L6.4(2)
L20.0(2)
359.9

o ( 3 ) ,  0 ( 6 )  L 2 3 . 8 ( 2 )
o ( 3 ) , o H ( 6 )  l 1 e . 3 ( 3 )
0(6)  ,oH(6)  1 r -6 .9 (3)

r  3 6 0 . 0

B ( s ) - o ( 3 )  1 . 3 s 6 ( 4 )
- o ( 6 )  1 . 3 6 1 ( 4 )

-oH(6)  1 .380(3)
Average L.366

*Nzrnber in patentheses is one standad deu'Lation; fo! L.486(3t yead J,.486!0.003, ete.

Hydrogen bonds

As expected in this kind of structure, all the hydro-
gen atoms form bonds to oxygen atoms and there is
even one possibly bifurcated bond. All the oxygen
atoms except O(2) participate in the hydrogen bond-
ing. Most of these bonds are illustrated in Figure 5,
and the relevant values are listed in order of increas-
ing O.. .O distance in Table 8. Fol lowing Brown
(1976), the hydrogen bonds can be divided into two
classes: four strong, 2.595-2.711 A and either l2 or 13
weak, greater than 2.13 A,. Of the weak bonds, those
greater than 3.0 A should probably be classified as
very weak. H(l) makes two contacts that suggest a
bi furcated bond. In both contacts the H.. .O dis-
tance is greater than the 2.4 A proposed by Baur
(1972) as an upper limit, but in view of the associated
errors in our study we include both in the Table.
Charge balance considerations (see Bond strengths)
suggest that OH(4), being slightly charge-deficient, is
a more likely recipient than HrO(2), which is fully
sat isf ied by other bonds. However,  the OH(l) . . .
OH(4) distance, 3.194(3) A, is actually longer than
the OH(l) .  .  'H,O(2) distance, 3.082(4) A, and both
are pushing the limits that have been suggested as

cut-offvalues for hydrogen bonds (e.g. Brown, 1976,
suggests 3.1 A) .  Thus a f ina l  decis ion about  the H( l )
bonding cannot be made unambiguously on the basis
of available data. The values in Table 8 show that the
extreme values of distances, both short and long, and
maximum bending are all associated with hydroxyl
ions, although the average values for all hydroxyl
ions do not differ significantly from the average val-
ues for the water molecules except for O. . .O (ave.),
2.883 A hydroxyls,' 2.833 A HzO. The strong bonds
are important in l inking polyanions to one another
and to the cation chains. One of the strong bonds,
OH(5) . ' .OH(6) ,  l inks t r iangle hydroxyls  of  poly-
anions adjacent along a, and another l inks triangle
hydroxyl OH(6) to tetrahedral hydroxyl OH(2) of a
polyanion adjacent along c. The other two strong
bonds link water molecules HrO(l) from the Ca poly-
hedron and HrO(5) from the Na octahedron to ring
oxygen atoms of the same polyanion.

The hydrogen atoms are all located about 0.8 A
from their associated oxygen atoms, the average O-H
being 0.80 A as previously noted. Correcting for rid-

' zUs ing  OH( l ) . ' .OH(a) ;  w i th  OH( l ) . . .H ,O(2)  the  average is
2.865 A.
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ing motion (Busing and Levy, 1964) does not change
the average value. Despite the high estimated stan-
dard deviations for individual values, this average of
l6 determinations should be a reasonably good one
for X-ray work. It is 0.16-0.18 A shorter than the
O-H values determined from neutron diffraction
studies uncorrected for thermal motion (Baur, 1972,
Table 2).  The H'. .O bond varies from an average
1.85 A for the four strong bonds to 2.12 A for l l
weak bonds (excluding the two longest ones). Neu-
tron studies give H" .O approximately 1.88 A for
water molecules (Ferraris and Franchini-Angela,
1912).

The average H-O-H angle of the water molecules
is 105' (Table 9) compared with 108' (Ferraris and

Table 6.  Bond distances and.angles for  the Na octahedron in

Table 7. Bond distances and angles for the Ca polyhedron

ulexite

Atons * Distmcet
rfrt

Polyhedral edges

OEVgen Distpnel
atona (A)

Distmcel
rlt

Oetahedral edges

2xAgen Dietmet
qtma (A)

Ca-H2o<2)
-on(1)
-o(4)  '  ,

r ,u, r -z
-H2O (1)
-oH(3)  '  ,

E ,y ,  I -z
- o ( 2 )
- o ( 2 ) r ,

7,!,L-z
- 0 H ( 3 ) ,

a,A, L- z

Average

ca-ca' ,
V,/,1--z

e ' ! ' t s

2  .474 (2 )
2  .4 r7  (2 )

2 .418(2)

2  .438 (2 )

2 .s r3(2)

2 . 5 L 5  ( 2 )

2 . s 7 2 ( 2 )

2 . s 8 4  ( 2 )

2 . 4 8 4

4 . L 2 4

3 .  9 6 1

o ( 2 ) - o H ( 1 ) ,
edge,  B(4)  T

o H ( 3 ) ' - o ( 2 ) r ,
edge,  B(4) '  T
0H (3) -H2o ( 2 )
oH(1)  -H2o(2)

o ( 2 ) - o ( 2 )  

"shared edge
oH(3) -or { (3 )  

"shared edge

Average

l {20(1) -H20(2)
n20 (1 )  -o  (2 )
H2o( r ) -oH(3)  '

H2o (1  )  -oH (3)
l{20 (1 ) -oH (1)
H2o(1) -o (2)  |

Average

o ( 4 ) ' - 0 ( 2 )  

"edge,  B(1) '  T
o ( 4 ) ' - o n ( 3 )
o ( 4 ) ' - o H ( 3 ) '
o ( 4 ) ' - o H ( 1 )
o(4)  ' i -H2o(2)

o ( 4 )  ' - o ( 2 )

Average

2.342(3)

2 .40r (3)

2 . 9 s 4 ( 3 )
2 .979  (4 )
2 .979  (3 '

3.  208 (3)

2 .810

3  . 0s7  (4 )
3 .067  (3 )
3 .  2 r8  ( 3 )
3 .  324  (  3 )
4  . 085
4 ,4TL
3 . 5 2 7

2.372(3)

3 .097  (3 )
3 .157  (  3 )
3 .4s7  (3 )
3 .944
4  . 310

3  . 390

Na-H2O (4 )
-n2o(3)  |  ,

I - r ,L -a  , I -z
- r {20(5)  | ,

I-c,L-A ,l-z
-oH(5)
-H2o(3)
- o H ( 5 ) '  ,

l-x,L-A , z

AVerage

N a - N a ' ,  ?  ? r  q / 2 \
l -x , l -A  , l -z

- N a " '  
-  -  3 . 4 0 8 ( 2 )

L+,  L - !  ,2

AngLes

Nar  -Na-Na"  L66.67  (6 ) '
Na-oH(5) -Na"  87 .95(8)
Na- t t2O(3) -Na '  86 .27  (9 ) "

oH(5) -oH(5)  

"shared edge
H 2 o ( 3 ) - H 2 o ( 3 )  t ,

shared edge
H2o (3 ) -oH (5 )

q 2 o ( 3 ) ' - o H ( 5 ) '

Average

n 2 o ( 5 ) ' - o H ( s )
H 2 o ( 5 )  ' - n 2 o ( 3 ) ,

H z o ( 5 ) t - H z o ( 3 )
t t z o ( 5 ) ' - o s ( 5 ) l

Average

H 2 o ( 4 ) - H 2 0 ( 3 ) '
H2o (4  )  -H2o (3 )
H 2 0 ( 4 ) - o H ( 5 ) '
Hzo (4) -oH (5 )

Average

Average of 12

H20 (4)  -H2o (s )

AngLes

CalCa-Ca"  111,36 '
ca-OH(3) -ca"  IO2.00o
C a - O ( 2 ) - C a '  1 0 8 ' 3 2 o

OaAgen
atons

2 .  3 s 1  ( 3  )

2 . 3 8 3 ( 3 )

2 .  4 1 8  ( 3  )

2 .428(3)
2 . 4 6 4  ( 3 )

2 .  48O (2)

2 , 4 2 L

3 . 5 3 2  ( 3 )

3 .  s36  (3 )

3 .256  (3 )
3 . 4 2 3 ( 3 )

3 . 2 6 2 ( 3 )
3.243 (4)
3.2L4 (4)
3 .  46e  (3 )

3 .297

3 .234  (3 )
3 .  360 (4)
3 .  68e  (3 )
3.7 62(3 '

3 .  511

3. 415

4 . 7  3 8

Average o f  18  3 .242

o ( 4 )  r - H z o ( 1 )  4 . 7 3 3

0-Ca-0 mgles

Ang1,et Orygen Anglel
(") atone (e)

o (2 ) , ou ( l )  56 .65 (7 )
0H(3 )  

" 0 (2 ) '  
s6 .33 (6 )

oH(3 ) , n2o (2 )  72 .37  (7 )
oH(1 ) ,H2o (2 )  76 .13 (8 )
o (2 ) , o (2 )  '  7L .68<6 )

oH(3 ) , oH(3 ) '  78 .00 (6 )

Average 58 .53

H 2 0 ( r ) , H 2 0 ( 2 )  7 8 . 1 0 ( 8 )
H 2 o ( 1 ) , o ( 2 )  7 6 . 4 9 ( 8 )
H 2 o ( 1 ) , o H ( 3 ) '  8 r . 0 8 ( 6 )
r {20(1) ,oH(3)  82 .82(7)
H 2 o ( 1 ) , o H ( 1 )  1 1 4 . 5 7 ( 6 )
H 2 o ( 1 ) , o H ( 2 ) |  1 2 3 . 3 5 ( 8 )

Average 92.14

o ( 4 ) , , o ( 2 )  '  s 6 . 6 6 ( 7 )
o(4)  

"oH(3)  

76 .44(6)
o ( 4 )  1 o H ( 3 )  

'  7 e . 6 2 ( 6 )
o ( 4 )  ' , o H ( 1 )  9 1 . 3 0 ( 6 )
o ( 4 )  

" H 2 o ( 2 )  

1 0 9 . 4 4 ( 8 )
o ( 4 )  

" 0 ( 2 )  

1 2 1 . 8 0 ( 6 )

Average 89.2L

Average o f  18  83 ,49

o(4)  

"H20(1)  

] .54 .L2(6)

O&Agcn
atffis

O-Na-O arryLes

Angle+ tuygen
(") atma

AngLet
( o )

*Atmic eoordirctee re i.n Iable 1 mless ttmsfomed frm
the Iable 1 DaLues u noted.

tYmber in puntheses is me etmlard deuiatim; for
2 .351(3)  read 2 .351!0 .003,  e tc .

*AtmLc coordinates as in Toble 1 mle88 trmsfomed frm
the lable 1 Daluea u noted..

tNwnber in puentheses ie me stmdard detiatin; fu
2 .414(2)  ?ead.  2 .414t0 .002,  e tc .

Franchini-A ngela, 197 2) and 1 09' (Baur, l97 2, T able
2) reported from neutron studies. Following the
classification scheme proposed by Chidambaram et
ql. (1964) as revised by Ferraris and Franchini-An-
gela (1972), all the water molecules can be assigned to

Class 2, i.e. conlacting two cations on the negative
side, with the possible exception of HrO(2), where the

o H ( s ) , o H ( 5 )  |

H 2 o ( 3 ) , H 2 o ( 3 ) '
H 2 o ( 3 ) , o H ( 5 )
H 2 O ( 3 ) '  , o H ( 5 )  

|

Average

H 2 o ( 5 ) '  , o H ( 5 )
I l z o ( s ) r  , H z o ( 3 ) '
H z o ( 5 ) ' , H z o ( 3 )
H 2 o ( 5 ) '  , o H ( 5 ) '

Average

92 .0s  (8 )
93 .7  3  ( 9 )
83 .  44  (e )
89 .  4s  ( 9 )

89.67

84 .  s9  (9 )
8s .0 (1 )
8 2 . 3 4 ( e )
90.  19 (  9)

85 .  s3

H 2 o ( 4 ) , H 2 0 ( 3 ) '  8 6 . 2 ( 1 )
H2o (4 )  ,H2o (3 )  88 .4 (1 )
H2o (4 ) , oH(s ) '  9e .5s (9 )
r{2o(4) ,oH(5) 103.  8s (9)

Average 94,50

Average of 12 89.90

H 2 o ( 4 ) , H 2 0 ( 5 )  1 6 6 . 8 ( 1 )
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Fig.5.  A v iew of the ulexi te structure near ly a long thea*-axis,  showing some of the hydrogen bonds and selected atoms. Adapted f rom

Onrre drawings (Johnson, 1965).

presence of an accepted hydrogen bond is ambiguous
as previously discussed. HrO(3) is coordinated to two
Na cations and thus is Class 2,Type A, with two lone
pairs directed toward two monovalent metal ions.
Water molcules HrO(4) and HrO(5) are Class 2,Type
G, one lone pair being directed toward a monovalent
metal ion and the other toward a proton. HzO(l) is
Class 2, Type H, with one lone pair directed toward a
divalent metal cation and the other toward a proton.
If HrO(2) accepts the long bifurcated hydrogen bond,
it is also Class 2, Type H. If i t does not accept this
bond, it is classified a Class l ' , Type J, with a divalent
metal ion along a lone-pair orbital, in view of the
angles involved (Table 9), which are not appropriate
for the metal ion being located along the bisectrix of
the lone-pair orbitals.

Bond strengths

As these values were compiled, it became evident
that the strengths assigned to hydrogen bonds were
crucial to the sums. In Table l0 we prbsent two sets of

results. One of these uses the empirical values given
by Zachariasen (1963) for hydrogen bonds in borate
structures, and the good results show that these re-
main today quite satisfactory for this kind of struc-
ture. The other set of values is from direct calculation
of strengths using our X-ray values for O-H and
H. . .O in the general equation presented by Brown
and Shannon (1973),  s  :  so(R/Ro)-N,  wi th so chosen
as 0.825 (strength of an average O-H bond), Ro :

0.80 A (average O-H distance in ulexite), and N :

1.6 (empirical constant). It is encouraging to note
that the sums obtained using this direct calculation
are in general satisfactory and thus it may, after all,
be possible to obtain hydrogen-bond strengths di-
rectly from good X-ray results. We tried applying
values obtained from the curve for valence us. H' . .O

distances given by Brown (1976,Fig.3), but whatever
the reason, those values do not produce sums as
satisfactory as the ones obtained from Zachafiasen
(1963). Finally, with respect to the possible bifur-
cated hydrogen bond involving H(l), the bond
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Table 8.  Hydrogen bonds in u lexi te Table 10. Bond strengths (.s) for the oxygen atoms ln ulexlte

Dffio? Hldrogen Acceptor
otAgen atom* of oryge! 0...0
atm* donor qton*

Distme (A)

o - H  H . . . 0

o n q m  ( 1 ) *  s t  ( 2 ) *  s '

a tm B H*

Dnor  (2 ) *  s '  Dmo?

u aceepted e
H-DM6

An4Le( o )+

o - H . . . o

Total

os(6)

n20(1)
r{20 (5)

oH (5)

r 7 0 ( 4 )

163 (4 )
166 (5 )
1 7 1  ( 4 )

o , 2 5
1 5  0 . 2 0

2 . 0 !
L , 9 6

1 .  9 8
2 , O 2
1 q c

2 . O 2
2 . O 3
2 . 0 0
2 . O 3
2 . 0 5
2 . O 1

t . 9 4
r . 8 8
2 . 0 2
1 .  9 6
L . 9 7
r ,  9 1
1 A '

2 . O r
2 . O 4
2 . r 2

6

7
15
5

o H ( 2 )  2 . s 9 s ( 3 )  0 . 8 7 ( 5 )  1 . 7 3 ( 5 )
r ,A ,z - I

o ( 3 )  2 . 6 6 8 ( 3 )  0 . 8 s ( 4 )  1 . 8 4 ( 4 )
o ( 1 )  2 . 7 0 0 ( 3 )  0 . 7 e ( 4 \  r . 9 2 ( 4 )

or { (6 )  2 .7aLG)  0 .79(4)  r .92(4)
r+L,A, d

o ( 1 )

o  ( 2 )

o (3 )

o  ( 4 )

o ( s )

0  ( 6 )

1 .  9 8

1 .  8 5

1 . 7 r

r . 7  2

none

7
o . 2 6
o . 2 2
0 . 1 7
0 . 1 8
0 . 1 2  0 . 1 7
0 . 1 5  0 . 1 7
0 . 1 6  0 . 1 7
0 . 1 7  0 . 1 8

H2o(4)  14
H2o(5)  L6

H2O(2) 9

oH(2)  2

H20( r )  8

H2o(3)  12

H2o(4) i3

H2o(2) 10

oH(3)  3

H2o(3)  11

H 2 o ( 5 )  2 . 1 6 3 ( 4 >  o . 7 3 ( 4 )  2 . 0 4 ( 4 )
o H ( 6 ) "  2 . 8 4 0 ( 4 )  0 . 8 3 ( s )  2 , 1 3 ( 5 )

c ,1 -A, I -2
o ( 5 )  2 . 8 5 6 ( 3 )  0 . 7 7 ( 6 )  2 . 1 2 ( 5 )

r ,A ,2-L
r12o(4) '  2 .864(4)  O.79(4)  2 . tO(4)
e , I -A ,L-z

o ( 4 )  2 . 8 7 1  ( 3 )  0 . 8 e ( s )  2 . 0 4 ( s )
r,A, z-I

o ( 6 )  2 . 8 8 r ( 4 )  0 . 8 4 ( 5 )  2 . 0 4 ( 5 )
a+ l ,A ,z

o H ( 2 ) ,  2 . 8 8 2 ( 3 )  0 . 7 8 ( 4 )  2 . 1 1 ( 4 )
r ,A ,z - I

o ( 5 )  2 . 9 0 r ( 3 )  0 . 7 8 ( 3 )  2 . 1 5 ( 3 )
a+ l ,A ,z

o H ( 4 ) . '  2 . 9 0 6 ( 3 )  0 . 8 3 ( 4 )  2 . 0 9 ( 4 )
e ,A,2-z
H 2 o ( 1 )  2 . 9 5 9 ( 3 )  O . 7 6 ( 3 )  2 . 2 O ( 3 )

171 (4 )
1 4 5 ( 4 )

159 (5 )

1 6 2 ( 4 )

r-s5 (5)

1 7 3  ( 3 )

166 (6 )

1s9 (4 )

r .66  (3 )

r 7 2 ( s )

9

1 2

8

4

1 0

oH(1)

oH(2  )

oH(3)

oH(4  )

oH(5)

oH(6)

0 . 1 7
0 . 1 7

0 . 0 8
0 . 1 3

0.  90
r . 0 4  0 . 8 4

0 .  8 3
0 .  7 1  0 . 8 4

0 . 8 4
1 , 1 3  0 . 7 8

0 .  8 8
0 . 8 0  0 . 9 0

o , 7  6
1 .  2 8  0 . 8 4

0 . 6 9
0 . 9 7  0 . 7 2

none
0 . 3 1

6  0 . 2 4

none
0 . 1 6

3  0 . 1 8

1 3

oH(4)

oH(1)

r  o ( 5 ) ,  3 . 0 3 1 ( 3 )  0 . 7 5 ( 5 )  2 . 3 1 ( 4 )
- x-L,y,z

,  ?  r l r o ( 2 ) "  3 . 0 8 2 ( 4 )  O . 7 9 ( 4 )  2 . 5 2 ( 4 )
r-o,a, L-z

' - ?  o H ( 4 )  3 . r 9 4 ( 3 )  0 . 7 9 ( 4 )  2 . 4 8 ( 3 )
l+fi,A, z

1 3 0 ( 2 )

1 2 9 ( 3 )

1s2 (3 )

n 2 o ( 1 )  o . 2 7

H 2 O ( 2 )  0 , 2 8

n 2 o ( 3 )  0 , 3 s

H 2 o ( 4 )  0 . 2 0

H 2 o ( 5 )  0 . 1 8

none

5

0 . 7 4  0 . 8 3
0 . 7 5  0 . 7 0  1 1
0 . 8 3  0 , 8 4  +
0 . 8 8  0 . 8 6  n o n e
0 . 8 6  0 . 8 3
0 . 9 0  0 , 7 5  n o n e
0 . 8 3  0 . 7 8
0 . 8 6  0 , 9 6  2
0 . 7 5  0 . 8 r
0 , 8 4  0 , 7 8  L 4

+
1

0 . 2 4  0 . 1 9  Z . O 9
0 . 2 0  0 . 1 7  1 6  2 , 0 6

0 .  1 4  1 . 9 8
0 . 1 6  r . 8 g

1 . 9 5
2 . 0 2
2 . M
2 . O L

0.17 ] .  98
0 , 1 8  2 , 2 9
o.zT 1  .  96
0 . 1 8  1 , 9 8*Atmie coord;.rctes 48 in TahLe 2 mI.ess twsfomed 6 noted.

+Nwlber ia puentheees is ore st@dud deuiqti@; fov 2'595(3)
vead 2 .595!0 .003,  e tc .

Table 9. Angles around the water molecules in ulexite

"Bord strengths (ualnee unite) obtai'ned as follms'
(1) s' = ts(Na) + t ' '(Cd + ,e(B) usLng aoerage frcn Bram

water oavgen, HAdrogen
clreeificatim* atm atme *

n-n2u-d

c2 c3

Anglee (o )

H-H20-C2, C2-H2O-C3
H-H20-C3

*Classificatton md. rctatim frm Eermris m-d. wmehini-
AweLq (1972) .- 

lsee tert; H(1) mag not be fotuin4 a hydrogen bonl'. rf it
ie rct, H2o(2) ie Clase 1.', rype J, A ? indieatee unbigww
desigwtime.

strengths clearly indicate that best balance is ob-
tained when H(l) '  '  .OH(4) is considered a hydrogen
bond and HrO(2) is assigned no charge from this
source, as has been done in Table 10. Nevertheless,
this is only one piece of evidence and cannot be
considered sufficient to resolve the question.

Cleavage, twinning, and fiber oPtics

Murdoch (1940) reported two good cleavages for
ulexitb, one "very perfect" parallel to {0_10} and an-
other "not quite so good" parallel to {lT0}. He also
reported a poor cleavage parallel to {1 10} and an easy
cross-fracture nearly perpendicular to the elongation
direction. Examination of the structure (Figs. 3' 5)
shows that the reported cleavages do not seem rea-
sonable, because they require breaking both Ca-O
and Na-O bonds. Therefore, we have reexamined the
cleavage of some single crystals and find that a good
cleavage along the elongation is in fact parallel to

1
urass  z ,
Type It

2
C lass  2 ,
Type H ?r

3
Class  2 ,
Type A

4
ura6s  z !
Type G

5
Class  2 ,
Type G

11

I2

10

13

15

ca H(11)  100(5)  I07(2)
99  (2 )

l l s  (3 )
125 (3 )

ca  ? l l ( I ) r t  I02(5)  I I3 (2)
?9r  (5 )
r37  (4 )
? 8 3 ( 4 )

Na Na '  111(4)  101(3)
L 3 2 ( 4 )
112 (3 )
109 (  2 )

N a  H ( 2 ) '  1 0 6 ( 5 )  1 2 5 ( 4 )
1r0  (4 )
100 (3 )
103 (4 )

Na H(1"4)  106(s )  94(3)
121 (3 )
116 (2 )
118 (3  )

107 (1 )

?  120(1)

8 6 .  3  ( 1 )

110 (1 )

100 (1 )
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{120}. This is much more reasonable in terms of the
structure, as only hydrogen bonds and Na-OH(S)
bonds are broken between structural units. We did
not f ind other cleavages but do confirm a fracture
surface parallel to {001}.

Murdoch (1940) found twinning "rare in separate
crystals, but rather common in the aggregate" and he
gave {010} and {100} as well-determined twin planes.
Consideration of the structure suggests that such
twinning could develop when mistakes in the chain
stacking occur as crystals come together during
growth.

The excellent l ight transmission by some ulexite
crystals was explained by Weichel-Moore and Potter
(1964) in terms of f iber optics. They designate as core
the crystals aligned along the fiber direction c with
index 7 approximately 1.529, and they show that
cladding results from random orientations ofcrystals
about the fiber direction, producing a core-to-cladd-
ing index difference ranging from 0 to a maximum of

7-d :0.038 (Table l ) .  Thei r  F igure 2 is  a photo-
micrograph of a ulexite fiber bundle taken between
crossed polarizers at a magnification of f ifty. In our
Figure 6 we show two views of the natural surface of
a similar ulexite fiber bundle taken at much higher
magnifications with the scanning electron micro-

scope. Clearly the crystals are indeed randomly ori-
ented about the fiber axis (a point that is confirmed
by X-ray diffraction precession photographs). How-
ever, the crystals are not packed solidly, because
spaces about 0.5 micrometer in size surround them. If
one end of such a bundle is placed in a colored l iquid,
the color can be observed travell ing capil lary-fashion,
apparent ly  a long these spaces (R.C.  Erd,  U.S.G.S. ,
personal communication). Presumably the spaces do
not affect the l ight transmission. We do not know
whether the individuals within the spaces are actually
single crystals. To our knowledge, no experiments
have been made to determine whether ulexite fibers
might be artif icially arranged to eliminate the random
cross-sectional array and maximize the core-to-cladd-
ing index difference. A curious feature shown in Fig-
ure 6 is the presence of l ight and dark bands across
some indiv iduals.  The dark bands might  be due to the
presence of minute inclusions of clay particles, but it
is not clear why these should congregate into bands.

We have not investigated another curious observa-
tion about ulexite single crystals. Murdoch (1940)
and R.  C.  Erd,  U.S.G.S.  (personal  communicat ion)
note that some clear single crystals of ulexite remain
clear as long as they are stored with others but, when
isolated, appear to alter. Is there a loss of water, an

Fig.  6 Two views of  the same part  of  a natural  sur face on a ulexi te f iber bundle,  taken wi th a Cambridge 180 scanning electron
microscope by R. L. Oscarson, U S. Geological Survey. Distance between scale marks is 3 micrometers: (a) magnification 990X (b)
magni f icat ion 2590X.
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actual alteration to probertite, or decomposition? Fi-
nally, what characteristics of their formation pro-
duced the excellent long clear crystals found at Bo-
ron, California? The locality is apparently unique in
this regard.
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