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Structural chemistry of borosilicates, part II:
Searlesite, NaBSirOr(OH): Absolute configuration,
hydrogen locations, and refinement of the structure
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Abstract

Searlesite, NaBSLO,(OH), is monoclinic, space group P2r, with cell dimensions: a :

7.9814(12),,  :  6.0657(8), c :  4.9054(\4, and B : 93.95(l ) ' .  The absolute configuration and
hydrogen posit ions have been determined from a ref inement of the structure using 8l l
reflections measured by CuKa radiation, and the atomic coordinates determined by
Kravchenko (1964). The structure has been refined using anisotropic temperature factors for
all atoms except hydrogen to an R factor of 0.035 for 1694 reflections measured by MoKa
radiation. The crystal structure of searlesite consists of highly kinked pyroxene-type silicate
chains parallel to the c axis, connected through corner-sharing BO,(OH), tetrahedra to form
borosi l icate sheets paral lel to the (100) plane; these sheets are held together by spiral columns
of edge-sharing Na-O octahedra running paral lel to the , axis (as found by Kravchenko,
1964) and by one of the two types of hydrogen bonds. Within the tetrahedral BO,(OH),
group, the O-H distances are 0.87 and 0.88A and the B-O-H angles are I l4'  and I l3' .  Both
hydrogen atoms are involved in hydrogen bonds, the H...O distances being2.32 and 2.044,
and the  O-H ' .  .O ang les  l47o and 170" .  The br idg ing  B-O d is tances  (av .  1 .490A;  a re  much
longer than the non-bridging B-O distances (av. I .455A). Within each of the two
crystal lographical ly dist inct SiO. tetrahedra, the Si-O bond involving oxygen belonging to the
Si-O-B bridge is signif icantly shorter (av. l .59lA) than those involving oxygens belonging to
the Si-O-Si bridges (Av. Si-O l .6l7A). The average B-O, Si( l  )-O and Si(2)-O distances are
1.472, 1.614, and 1.608A respectively. The NaO,(OH)a octahedron is highly distorted; the
averaqe Na-O distance is 2.485A.

Introduction

In part I of this series of papers on the structural
chemistry of borosil icates, we have described the
structure of garrelsite, NaBarSirB?O16(OH)4 (Ghose,
Ulbrich, and Wan, 1975). Garrelsite contains a new
type of borosil icate chain, consisting of two types of
four-membered rings with alternating B-and Si-tetra-
hedra; in addition, there is a [BrO,r] polyanion, con-
sisting of three borate tetrahedra and two borate
triangles.

In this paper we present the details ofthe structure
of searlesite, NaBSirOu(OHl. This mineral is wide-
spread in the Searles Lake area in California and in
the Green River formation in Utah and Wyoming.
The unit cell dimensions and space group of searlesite
were determined by Fahey and Axelrod (1950). The
crystal structure was determined by Kravchenko
(1964) using an acicular crystal from Cave Springs,
Nevada. Kravchenko (1964) collected intensity data

on 1524 (1258 non zero) reflections by visual estima-
tion from Weissenberg fi lms. The structure was re-
fined by the least-squares method using isotropic
temperature factors to an R factor of 19.5 percent for
all reflections and 13.9 percent for non-zero reflec-
tions. The hydrogen positions were not determined.
We have undertaken a further refinement of the
searlesite structure, f irst, to obtain more precise bond
distances and angles (Si-O-B angles in particular)
and compare them with other borosil icates; second,
to determine the absolute configuration; and third, to
determine the hydrogen positions directly and discuss
the nature of the hydrogen bonding.

Crystal data

The cell dimensions of an acicular crystal from
Cave Springs, Nevada, were determined by the least-
squares refinement of 15 reflections with 20 values
between 35o and 45o measured with MoKa radiation
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on a single crystal X-ray diffractometer (Table l).
Fahey and Axelrod (1950) found searlesite to be
piezoelectric with space group P2,. This space group
has been confirmed by the structure determination of
Kravchenko (1964) and the structure refinement re-
ported in this paper. Differential thermal analysis
indicates a minor sharp peak at 395'C and a major
one at 425"C, which suggests the presence of two
(OH) radicals rather than a water molecule. A broad
peak at 600"C probably indicates the breakdown of
the searlesite structure.

Collection of intensity data

A needle-shaped crystal of searlesite (0.2 X 0.2 X
0.4 mm) from Cave Springs, Nevada, was used for
the first set of intensity data collection. The intensity
data were collected by the 20-0 scan method on a
computer controlled automatic X-ray diffractometer
with scinti l lation counter (Syntex PT) and MoKa
radiation, monochromatized by reflection from a
graphite "single" crystal. The needle-axis was made
parallel to the phi-axis of the diffractometer. A vari-
able scan rate was used, the minimum scan rate being
0.5o/min. All reflections with 2d less than 65o were
measured, a total of 1694 reflections, of which 24
were below 3o(l), o(I) being the standard deviation of
.f, as measured by the counting statistics. For the
reflections for which 1 is less than 0.7o(1), 1 was set
equal to 0.7o(I), regardless of whether l was positive
or negative. The intensity data were corrected for
Lorentz and polarization factors. An absorption cor-
rection was neglected, since the l inear absorption
coefficient of searlesite for MoKa radiation is small,
7 .04 cm-1.

A second set of data comprising 8l I reflections of
the type hkl, hkl, hkl and hkl were measured with
CuKa radiation on a Picker diffractometer, because
the anomalous scatterins of the searlesite atoms with

T,rsr-E l. Searlesite: Crvstal Data

Searleaite, NaBSi2O5(OH)2: Cave Springs, NeEda, NI,NH #96080

Monocllnlc, colorlesg trangpareDE prisBtic, plezoelectrlc

(Fahey and Arelrod, 1950)

Cu radiation is larger than that with Mo radiation.
Thus the absolute configuration and hydrogen posi-
tions can be determined from these data. These in-
tensities were corrected for Lorentz and polarization
factors but not for absorption (&, CuKa : 65.25
cm- ' ) .

Determination of the hydrogen
positions and absolute configuration

Since searlesite crystallizes in the space group P2t,
two configurations are possible; the first is
represented  by  the  se t  o f  a tomic  pos i t iona l
coordinates x, y, z as given by Kravchenko (1964)
and the second by the set x, y, z. We first attempted to
determine the absolute configuration from reflections
of the type hkl and hkl, measured with MoKo radi-
ation, through refining the structure by the least-
squares method in both configurations, neglecting the
contributions of the hydrogen atoms. For the two
configurations x, y, z and x, y, z, the R factors were
0.038 and 0.037 respectively, which left the question
of the absolute configuration undecided. At this
stage, an attempt to determine the hydrogen posi-
tions from a Difference Fourier map corresponding
to the x, y, z configuration yielded the position of
only one of the two hydrogen atoms. Therefore, using
the atomic coordinates (x, y, z set) of the non-hydro-
gen atoms obtained from the previous refinement,
structure factors were calculated for the Cu data. The
Difference Fourier map subsequently calculated
yielded the positions of both hydrogen atoms clearly.

Refinement of the structure using the Cu data was
carried out for both configurations using anisotropic
temperature factors for all atoms except hydrogen,
for which isotropic temperature factors were used.
After convergence, the R factors for the x, y, z and x,
y, z configurations were 0.050 and 0.044 respectively,
the lower R factor definitely favoring the x, y, z
configuration.

Final refinement of the structure

For all refinements, the full matrix least-squares
program Rrmn (Finger, 1969) was used. The atomic
scattering factors of Na, B, Si, O, and H were taken
from Cromer and Mann (1968). Anomalous dis-
persion factors were taken from Cromer and Liber-
man (1970). The structure factors (F") were weighted
using the formula Fo/o2(Fo), where o(F") is the stand-
ard error of measurement of Fo derived from the
counting statistics.

A final refinement of the structure in the x, y, z
configuration was carried out using the Mo data and

a .  7 . 9 8 1 4 ( 1 2 )  A

b z  7 . 0 6 s 7 ( 8 )  A

c .  4 . 9 0 5 4 ( 4 )  A

B :  9 3 . 9 5 ( 1 )  o

Ce l l  con ten t :  2 [NaBSi rOr (OH)rJ

- 1
D r ,  2 , 4 6  g  c m '

- ?
D " ,  2 . 4 6  g  c n '

U(MoK0) :  7 .04  cn- l

Ce l l  vo lue :  Z lO.gg A3 U(cu l ra ) :  65 .25  cn- l

Space group: P2t
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anisotropic temperature factors for all atoms except
hydrogen, for which isotropic temperature factors
were used. Convergence was reached after three cy-
cles of refinement, at which stage the average shift
versus error was 0.02, the maximum being 0.50,
which involved the y coordinate of the H(l) atom.
The final R factor for 1694 reflections is 0.035. Final
atomic positional and thermal parameters are l isted
in Table 2 and a l ist of observed and calculated
structure factors in Table 3.'

The bond lengths and angles as well as thermal
ell ipsoids and their standard deviations were calcu-
lated using the program Ennon (Finger, private com-
munication, 1972) and are listed in Tables 4 and 5
respectively. The standard deviation in Na-O, Si-O,
and B-O bond lengths is *0.002 A; and in O-Si-O,
O-Na-O, and O-B-O angles +0.06, *0.08, and
+0.15o, respectively. Because the origin of the struc-
ture was defined by fixing the y coordinate of the Na
atom, the standard deviation in O-Na-O angle turns
out to be smaller than that for O-Si-O angles.

Description of the structure

The structure of searlesite consists of borosil icate
sheets running parallel to the (100) plane, held to-

'  For a copy of  Table 3,  order Document AM-76-016 f rom the

Business Office, Mineralogical Society of America, 1909 K Street,
N.W.,  Washington,  D.  C.  20006. Please remit  $1.00 in advance for

the microfiche.

gether by spiral columns of edge-sharing NaOr(OH )n
octahedra. The borosil icate sheet is composed of a

BO,(OH), tetrahedron and two crystallographically
distinct SiO, tetrahedra.

The configuration of the BO"(OH),
tetrahedron and hydrogen bonding

The configuration of the BOdOH), tetrahedron is

shown in Figure l. It is distorted, with bridging B-O

distances 1.492 and 1.4874, while the non-bridging

B-O distances are 1.456 and 1.4544. Kravchenko
(1964) found a much larger distortion with bridging
B-O distances 1.47 and 1.52A, while the non-bridg-

ing B-O distances were reported to be 1.41 and

1.49]\. Our results indicate that the lengths of each of

the two bridging B-O bonds are the same within the

limits of error, as are each of the two non-bridging

B-O bonds. The bridging B-O bonds are significantly
longer by 0.035A compared to the non-bridging ones'

The O-B-O angles range f rom 106.1 to 113.6 ' .  The

deviation from the ideal tetrahedral angle is not sim-
ply related to the deviations in B-O bond distances
from the average value of  1.472A.

The non-bridging B-O bonds involve oxygen

atoms,  which are par t  of  (OH) groups.  The

O(6)-H(1) and O(7)-H(2) distances are 0.87 and

0.88A, whi le  the B-O(6)-H(1)  and B-O(7)-H(2)  an-
g les are I14"  and 113o respect ive ly .  The B-O-H an-
gles are close to the ideal tetrahedral angle, which

T,lnu 2. Searlesite, NaBSLO,(OH),: Atomic Positional and Thermal Parameters+

( Standard deuiations in parentheses )

Aton 8rr  Bzz Brr  8r ,  Br :  Bzs

Na 0 .4390  (1 )

B 0.3514(2)

s i ( r )  0 , 1 3 4 6 s ( 6 )
s i ( 2 )  0 . 0 8 3 4 0 ( 6 )

o ( r )  0 . 1 6 5 1 ( 2 )
o ( 2 )  0 . 0 8 s 1 ( 2 )
o ( 3 )  0 . 2 2 0 2 ( 2 )
o  ( 4 )  0 . 3 1 1 4  ( 2 )
o ( s )  0 . 0 2 2 2 ( 2 )
o (6 )  0 .3604 (2 )
o ( 7 )  0 . 4 8 s 8 ( 2 )

H ( 1 )  0 . 2 6 7  ( 4 )
H ( 2 )  0 . 5 7 8 ( s )

0 .0000

0 .  7984  (3 )

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

0 .  1903 (3 )
0 .  4610  (3 )
0 . 8 3 r 4  ( 3 )
0 . 5 1 1 0 ( 2 )
0 . 9 8 4 2  ( 3 )
0 . 1  2 6 L ( 3 )
0 .  2 5 6 3  ( 3 )

0 .  699  (  6 )
0  , 4 2 4 ( 6 )

0 .  9812  (2 )

0 .  3984  (3 )

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

o .2492 (4 )
0 . 8 9 3 1  ( 2 )
0 . 2 s 6 6 ( 3 )
0 .  3087  (3 )
0 . 6 1 7 7  ( 3 )
0 . 6 9 5 3  ( 3 )
0 . 7 0 0 5 ( 3 )

0 . 7 6 9 ( 7 )
0 .  416  (8  )

r . 662  (L2 )

0 . 6 0 8  ( 2 0 )

0 .  501  (7  )
0 .  44  I  ( 6 )

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

-0 .  e  ( 5 )
- 0 . s ( 6 )

7r ( r )  68(2)

r9(2) z8(2)

r 5 ( r )  2 4 ( L )
1 3 ( 1 )  2 0 ( 1 )

s0(2)  25(2)
2 2 ( 2 )  7 L ( 2 )
4 r ( 2 )  4 7  ( 2 )
18  (2 )  23(2)
29  (2 )  102 (3 )
3e(2)  74(2)
25(r7) ss(2)

197  (3 )  - 6  ( 1 )

8 3 ( 4 )  - 2 ( 2 )

67  (L )  - 4  ( t )
63  (1 )  I  ( 1 )

2 2 3 ( 6 )  - L 6 ( 2 )
6 4  ( 3 )  3 ( 2 )

137  (4 )  30  (18 )
141 (4 )  - 3 (1 )

7 r  ( 3 )  - 3 (2 )
84 (3)  -L5(2)

1 1 1 ( 4 )  L 6 ( 2 )

32(2) 37 (2)

- 1 ( 2 )  - 3 ( 3 )

-6  ( 1 )  s  ( 1 )
1 ( r )  2G)

-13 (3 )  27  (3 )
-3 (2 )  r 3 (2 )

7  ( 2 )  3 ( 2 )
- L 2 ( 2 )  - r 0 ( 2 )

r 3 ( 2 )  - 3 ( 3 )
4  ( 2 )  - r 1  ( 2 )
6 ( 2 )  r 3 ( 2 )

*Equivalent isotropic

re f ined d i rec t l y .

Form o f  an iso t rop ic

B,  ca lcu la ted  f rom an iso t rop ic  tempera ture  fac to rs  except  fo r  H(1)  and I t (2 )  where  B was

3 3
I Xtempera ture  fac to rs  (x tO 

q) :  
exp  {  - ' rh 

JB rrj
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Tlsl-n 4. Searlesite, NaBSLO,(OH)r: Interatomic
Distances (A) and Angles (')

( S tandard deuiations in parentheses )

Na - 1ctahedlq

AND C WAN

means that the bonding of oxygen atoms 0(6) and
O(7) involve the hybridized sp3 state. H(l) is hydro-
gen bonded to O(2), a corner of the adjacent Si(l )Oa
tetrahedron (Fig. l). The H(l)-O(2) distance is

2.324., and the angle O(6)-H(l )-O(2) is 147'. HQnce,
the hydrogen bond is a bent bond, the hydrogen
position deviating considerably from the 0(6)-O(2)
direction. H(2) is hydrogen bonded to O(4), which
forms another corner of the Si(l )On tetrahedron (Fig.
l ) .  H ( 2 ) - O ( 4 )  d i s t a n c e  i s  2 . 0 4 ] \  a n d  t h e
O(7)-H(2)-O(4) angle is 170o, indicating a small de-
viation of the hydrogen position from the straight
O-H' . .O bond.  The hydrogen atom H( l )  br idges
corners from a borate to a sil icate tetrahedron within
the same borosil icate sheet, whereas H(2) bridge cor-
ners of borate and silicate tetrahedra from different
but adjacent borosil icate sheets (Fig. 1).

TABLE 5. Searlesite, NaBSi,Ou(OH),: Thermal Ellipsoids
( Standard deuiations in parentheses )

t { a  -  o ( 3 ' )
N a  -  o ( 4 )
N a  -  0 ( 6 )
N a  -  0 ( 6 ' )
N a  -  o ( 7 )
N a  -  o ( 7 r )

Ilen

o ( 6 )  -  o ( 4 )
0 ( 6 )  -  o ( 7 )
o ( 6 )  -  o ( 3 ' )
o ( 6 )  -  o ( 7 ' )
o ( 4 )  -  o ( 7 )
0 ( 7 )  -  o ( 3 ' )
o ( 3 ' ) -  0 ( i ' )
0 ( 7 ' ) -  o ( 4 ' )
o ( 6 ' ) -  o ( 7 )
0 ( 6 ' ) -  o ( 3 )
0 ( 6 ' ) -  o ( 7 ' )
0 ( 6 ' ) -  o ( 4 )

llean

B  -  o ( 3 )
B  -  o ( 4 )
B -  0 (6)
B  -  o ( 7 )

U@n

o ( 3 )  -  0 ( 4 )
o ( 3 )  -  o ( 6 )
o ( 3 )  -  o ( 7 )
o ( 4 )  -  o ( 6 )
o ( 3 )  -  o ( 7 )
0 ( 6 )  -  o ( 7 )

Mean

2 .  s 6 6 ( 2 )
2. s2r(2)
2 .442(2)
2 .694(2)
2 ,3L6(2)
2 .369 (2 )
2 . 4 8 5

2.436(2)
3 . 4 6 0  ( 2 )
2 . 4 6 7  ( 2 )
3 .130 (2 )
2 .91L(2)
2 .395(2)
4 .702(3)
2 .368(2)
3 . 1 3 0 ( 2 )
3 . !25(2)
3 .460 (2 )
3 .298 (2 )
3 . 0 7  4

L .492(2)
r . 4 8 7  < 2 )
1 .456(2)
r .4s4<2 ' )
1 - .472

2,382(2)
2 ,467 (2 )
2 .39s(2)
2 .436(2)
2 .369 <2)
2 , 3 7 L ( 2 )
2 . 4 0 3

s i ( l ) -  o (1)  r ,676(2)
s i ( 1 ) -  o ( 2 )  1 . 6 1 6 ( 1 )
s i ( 1 ) -  o ( 4 )  1 . 6 0 2 ( 1 )
s1(1) -  o (5)  r .621<2)

l l l ean  l ,6 f4

o ( 1 )  -  o ( 2 )  2 . 6 J 4 ( 2 )
o ( 1 )  -  o ( 4 )  2 . 5 s 2 ( 2 )
o(1)  -  o (s )  2 .660<3)
o(2)  -  o (4)  2 .64e(2)
o ( 2 )  -  o ( s )  2 . 6 0 2 ( 2 )
o(4)  -  o (5)  2 .7 r r (2 )

Mean 2.635

s l ( 2 ) -  0 ( 1 )  1 . 6 1 3 ( 2 )
s i ( 2 ) -  o ( 2 ' )  L . 6 2 6 ( L )
s i ( 2 ) -  o ( 3 )  r . 5 7 9 ( 2 )
s i ( 2 ) -  o ( s )  1 . 5 1 2 ( 1 )

llean 1.608

o(1)  -  0 (2 ' )  2 .623<2)
o( r . )  -  o (3)  2 .s69(2)
0 ( 1 )  -  o ( s ' )  2 . 6 3 4 ( 2 )
0 ( 2 ' ) -  0 ( 3 )  2 . 6 s 3 ( 2 )
o ( 2 ' ) -  o ( 5 ' )  2 . 6 0 2 ( 2 )
0 ( 3 )  -  o ( 5 ' )  2 . 6 7 4 ( 2 )

I{@n 2.626

H ( 1 )  -  0 ( 6 )  0 . 8 7 ( 3 )
H(1)  -  0 (2)  2 ,32(4)

l H ( l )  -  B  1 . 9 8 ( 3 ) l
H ( 2 )  -  o ( 7 )  0 . 8 8 ( 4 )
r { (2 )  -  o (4)  2 .04(4)
H ( 2 )  -  B  r . 9 8 ( 4 )

0 ( 6 ) - l . I a - 0 ( 4 )
0 ( 6 ) - N a - o ( 7 )
0 ( 6 ) - N a - o ( 3 )
0 ( 6 ) - N a - o ( 7 r )
o ( 4 ) - N a - o ( 7 )
o ( 7 ) - N a - 0 ( 3 )
0 ( 3 ' ) -  N a  -  o ( 7 ' )
o ( 7 ' ) -  N a  -  o ( 4 )
0 ( 6 ' ) -  N a  -  o ( 4 )
0 ( 6 ' ) -  N a  -  0 ( 7 )
0 ( 6 ' ) -  N a  -  0 ( 3 )
0 ( 6 r ) -  N a  -  o ( 7 ' )

14ean

B - Tet?qhedT@

0 ( 3 ) - B  - o ( 4 )
o ( 3 ) - B  - o ( 5 )
o ( 3 )  -  B  -  o ( 7 )
0 ( 4 ) - B  - 0 ( 6 )
0 ( 4 ) - B  - 0 ( 7 )
0 ( 6 ) - B  - o ( 7 )

lleen

- Iet?ahedr@

o ( r ) - s 1 ( 1 ) - o ( 2 )
o ( 1 ) - s i ( 1 ) - o ( 4 )
o ( 1 ) - s 1 ( 1 ) - o ( 5 )
o ( 2 ) - s i ( 1 ) - 0 ( 4 )
o ( 2 ) - s 1 ( 1 ) - o ( 5 )
o ( 4 ) - s i ( 1 ) - o ( s )

Mean

Si(z) - Tetuahedr@

Hgd?ogn B@ds

ms
Axis anplitude

(A)

Angle  ( " )  w i th  respec t  to

+a +b +c

81.60(5)
8 s . 9 6 ( 6 )

1 r r . 2 1 ( 6 )
7  6 .93(6)

102 . 5s (6)
s 7 . 9 0  ( s )

L44.65<7 )
5 8 . 4 6 ( 5 )
8 3 . 2 8  ( 6 )
8 1 . 1 8  ( 6 )
7 1  , r 7  ( 6 )

1 0 8 . 8 2 ( 7 )
8 9 . 1 5

1 0 9 . 1 5 ( 9 )
1 0 4 . 9 1 ( 8 )
110.50  (10)
1 1 0 . 7 6 ( 8 )
1 0 6 . 9 5 ( 7 )
r14 ,  52  (8 )
709.47

106.13(14)
1 1 3 .  s 8 ( 1 s )
1 0 8 . 7 4 ( 1 5 )
111.  74  ( ]s )
L07.26<L4)
r 0 9 . 1 5 ( 1 5 )
1 0 9 . 4 3

Aton

o ( t )  -  s i ( 2 )  -  o ( 2 ' )  1 0 8 . 1 4 ( 8 )  S 1 ( 2 )
o ( r )  -  s r ( 2 )  -  o ( 3 )  1 0 7 . 1 2 ( 9 )
o ( r )  -  s 1 ( 2 )  -  o ( s )  1 0 9 . 5 5 ( 1 0 )
o ( 2 ' ) -  s l ( 2 )  -  0 ( 3 )  1 1 1 . 7 2 ( 8 )

3[3i': Slli] - 3[i] il3:i3[3] oo)
l lea 109.45

0  (2 )

0 (3 )

B

s i ( 1 )

"Lt 2
rJ

f1

12
?3

- ?

T1

r,2
r3

TZ
2,3

n2

11

x2
T3

z'L
T,2
r a

1,L
Tz
r'3

?L
T2
r3

T2
p 3

0 .107  68  (3 )
0 .1s0  38  ( s )
0 .171  118  (4 )

0 . 0 7 s  1 s 3 ( 2 0 )
0.085 rr7 (2J)
0 . 1 0 1  8 r ( 7 )

o .062  r ^s3 (s )
0 .076  10s (5 )
0,097 66(2)

0 . 0 6 3  L 6 2 ( 7 )
0 .072  72 (8 )
0 .087  87  (2 )

0 .064  108 (3 )
o .Lzs  24 (3 )
0 .174  69 (2 )

o .077  r . 40 (16 )
0 .092  131 (13 )
0 .136  93 (2 )

0 . 0 5 3  4 8 ( 3 )
0 .128  96  ( s )
0 .14s  137  (6 )

0 .063  138  (12 )
0.081 L29 <2)
0 . 1 3 s  7  5 < 2 )

0 .082  s0 (8 )
0 .103  39  (11 )
0 . 1 6 0  8 7  ( 2 )

0 .097  1 r8  ( 19 )
0.105 138(32)
0 .14s  6s  ( 3 )

0 .074  150 (4 )
0 .112  108 (6 )
0 .L32  114 (s )

L37 (2)  s7 (2)
s7  (5 )  75 (4 )
68(2) 34 (3)

54  ( r 9 )  81 (7 )
L52(23) 95(10)
e8  (8 )  15 (e )

65 (s)  78 (3)
148  (3 )  51 (3 )

69 (3)  36(2)

108(8) 8e(2)
1 6 0 ( 8 )  8 3 ( 3 )
83 (3 )  r o (3 )

zrQ) ee (1)
76<3) 113(3)
76<2) 2e(2)

101 (4 )  48 (15 )
84 (3)  13s (13)
L2 (2 )  78 (2 )

43(3)  ee(z)
86(4)  170(3)
4 7  < 6 )  8 6 ( 5 )

so(10)  76(5)
L4L<r2) 88(4)
9 7  ( 2 )  2 o ( 2 )

9L(2) 44(8)
94(2)  133(11)
4 ( 2 )  e 2 ( 2 )

68(12) 34(14)
75(18)  124(34)
26(3) e7(2)

Lzo(4)  87(3)
70(5)  150(6)
35(s )  64(s )

Cati,@-Cation Dietmeee (<3. 5N

Na-B 2.970(2)

0 ( 6 )  -  H ( 1 )  -  o ( 2 )  1 4 6 . 6 ( 3 . 7 )
B -  0 (6)  -  H( r )  rL4 .2(2 .3)
N a  -  0 ( 6 )  -  H ( 1 )  9 1 . 6 ( 2 . 6 )
N a  -  0 ( 6 )  -  H ( 1 )  e 6 . 4 ( 2 . s )  O ( 4 )
o(7)  -  r { (2 )  -  o (4)  170.02(3 .8)
B -  o (7)  -  H(2)  LL3.27(2 .5)
N a  -  o ( 7 )  -  H ( 2 )  9 8 . 1 ( 2 . 8 )
Na '  -  o (7)  -  H(2)  L34.7(2 .6)  O(5)

Si-O-si @d B-O-Si angLeq

s i (1 )  -  o (1)  -  s i (2 )  146.82(13)
s1(1)  -  0 (2)  -  s i (2 )  L38.72(9)  0 (6)
s i ( r )  -  o (5)  -  s1(2)  140.80(11)
8  -  0 (3)  -  s i (2 )  L42.s9( r1 )
D - o(4) - si(l) L30,24(L2)

o ( 7 )

3.0r4(2)
Na-s1(2)  3 .353(1)
s i (1 ) -B  2 .803(1)
s l (2 ) -B  2 .090(2)

s1(1)  -  s i (2 )  3 .0946(7)
s1(1)  -  s i (2 ' )  3 ,0343(5)
s l (1 )  -  s l (2n)  3 ,0450(7)
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rahedron. The Si-O distances involving oxygens
bonded to a boron are much shorter t(S(l)-O(4)
1.602A; Si(2)-O(3) l.579Al than those involving oxy-
gens bonded to another sil icon. The latter set of Si-O

distances are very similar to each other and average
I .6 I 8A for Si( I ) and |.6l 7A for Si(2) tetrahedra. The

short Si(l)-O(4) and S(2)-O(3) bonds apparently
have significantly more covalent character than the

other Si-O bonds. This feature can be explained from

the point of view of charge balance, since oxygens

O(3) and O(4) receive a smaller charge contribution
from 83+ as opposed to other oxygens, each ofwhich
are bonded to two sil icons. In terms of O-Si-O an-
gles, the Si(1) tetrahedron is slightly more distorted
than the Si(2) tetrahedron.

The NaOz( OH )n octahedron

The highly distorted octahedral coordination
around Na is achieved by two oxygen atoms and four
(OH) radicals (Fig. l). The Na-O distances range
from 2.442 to 2.694A,. The Na-O( I ) distance, 2.944A,

t27

Bor06i l icate Si-o-B angles ( ' ) Reference

SsrIesl te
NaBSt205(OH) 2

Carrelsi te
NaBs3S12B70t6 (oH) 

4

DatoI iEe
caBsiOO (oH)

Danburi te
CaB2S1208

Reednergnerite
NaBSl3O8

Howli te
ca2siB509 (0H) 

5

1 3 0 . 2 ( 1 ) ,  1 4 2 . 6 ( 1 )

L 2 6 . 9 ( 2 ) ,  L 2 5 . 4 ( 2 )
r28 .4(2) ,  r23 ,1(2)

l.tean 125.0

1 2 3 . 0 ( 1 ) ,  r 2 2 , 4 ( L ) ,  r 2 7 , s ( 7 )
Men 124 . 3

r32 .  4  (L ) ,  126.  3 (1) ,  r28 .1(1)
ilean 128.9

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

L35(2) ,  121<2)

th16 paper

chose, Ulbr lch &
Wan (1975)

Foit ,  Phi l l ips
e eibbs (1973)

Phl l l lpe, Gibbg
& Rtbbe (1974)

AppleMn & Clark
( 1 9 6 5 )

Finney, Kmbasar,
Konnert & Claik
( 1 9 7 0 )

The SiOn tetrahedra

Topochemically both Si(l)O4 and Si(2)On tetra-
hedra are similar. Each SiOo tetrahedron shares three
corners with three different SiOn tetrahedra of the
other kind and a fourth corner with BOz(OH)z tet-

Frc. l. A view of the searlesite, NaBSiTOdOH)2 structure, showing the spiral silicate chains and

columns of Na octahedra running parallel to the D axis, connected by BO,(OH)z tetrahedra.
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Frc. 2. The borosilicate sheet in searlesite, NaBSiO,(OH)r, parallel to the (100) plane; the BOr(OH),
tetrahedron is stippled Note the pyroxene type silicate chain parallel to the c axis. The sodium atoms have
been omitted

is larger than the Si(l)-B distance, 2.8034, and is not
considered a bonding distance. The distortion in the
NaOdOH), octahedron is mainly caused by an un-
usually long octahedral edge, O(3')-O(7') 4.1024,
which subtends an angle of 114.7' at Na (Fig. I ). The
other octahedral edges are much smaller and average
2.93A. Two of the shortest Na-O distances, Na-O(7)
2.316A and Na-O(6) 2.442A, involve oxygen atoms
which are part of (OH) radicals. In garrelsite,
NaBa'SirBrO,.(OH), (Ghose et al., 1975), where the
sodium atom has a distorted octahedral NaOn(OH),
coordination, the shortest Na-O bonds (2.321A; also
involve oxygens which are part of (OH) radicals.

The sheet structure

Spiral sil icate chains consisting of alternating Si(l )-
and Si(2)-tetrahedra sharing corners run parallel to
the two-fold screw axis (i.e., b axis) (Fig. 1). The
BOr(OH), tetrahedron shares one oxygen corner each
with Si(l )- and Si(2)-tetrahedra to form infinite
chains of composition BSirOr(OH), also running par-

allel to the b axis (Fig. l). Each sil icate tetrahedron
within this chain shares the fourth corner with an
additional SiOn tetrahedron along the c direction,
thereby forming a sheet parallel to the (100) plane.
Alternately, these sheets may be regarded to consist
of pyroxene-type silicate chains (Zweiereinfachket-
ten), running parallel to the c axis, which are con-
nected by borate tetrahedra (Fig. 2). The pyroxene-
type chains are highly kinked, the O(5)-O(2)-O(5')
and O(2)-O(5)-O(2") angles both being 140.96".
Such a high degree ofkinking results in a chain repeat
distance of 4.9A rather than 5.24 as in pyroxenes
(Kravchenko , 1964).

The NaOr(OH)o octahedron shares two edges,
0(6)-0(7) and 0(6')-0(7') with two adjacent Na
octahedra, thereby forming a spiral column running
parallel to the b axis (Fig. 1). The Na octahedron in
addition shares two edges, O(4)-O(7) and O(7')-O(3)
with two BO,(OH), tetrahedra, and two corners,
O(4) and O(3), with two SiOo tetrahedra; each of the
two B and Si tetrahedra in each case belong to two
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adjacent borosil icate sheets. The Na-O bonds and

the hydrogen bond O(7)-H(2) . .  O(4)  help b ind the

borosil icate sheets together. The very good mi-

caceous (100) cleavage in searlesite apparently breaks

through these bonds, leaving the borosil icate sheets

intact.

The fiue-membered borosilicate rings

One of the most interesting features of the searle-
site structure is the presence of f ive-membered
borosil icate rings, which condense to form the sheet
structure parallel to the (100) plane (Fig. 2). Two
types of rings can be recognized; in an anti-clock-
wise fashion, the first type has the sequence
B-Si(2)-Si (  I  ) -Si (2)-Si (  I  )  and the second type
B-Si(l)-Si(2)-Si(l)-Si(2). Within the first type of
r ing,  the Si (2)-O(5)-Si (1)  angle is  140.8 ' ;  and wi th in
the second type,  the Si ( l ) -O(2)-Si (2)  angle is  138.7" .
The Si(l)-O(1)-Si(2) angle, common to both types of
r ings,  is  146.8 ' .  On the other  hand,  the B-O(3)-Si (2)
angle is 142.6" and the B-O(4)-Si( 1) angle is 130.2'.

The average B-O-Si angle in other well refined
borosil icates (see Table 6) that contain four-mem-
bered borosil icate rings is 127.6" . The B-O(3)-Si(2)
angle, which is much larger than this average value,
can be attributed to the stereochemical requirements
of the formation of a five-membered ring system,
rather than unusual bonding effects.
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