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An x-ray structural investigation of searlesite, NaBSi205, (OH)2 has been carried out. A new
type of boron-silicon-oxygen layer has been found, which contains five-membered rings. A
detailed description of the structure is given together with a comparison of the structure with
those of certain other silicates.

To understand the geochemistry and mineralogy
of boron it is essential to be aquainted with its crys-
tallochemical properties and behavior under various
physicochemical conditions, and so a study of the
crystal structures of its natural compounds, inpar-
ticular the borosilicates, is of undoubted interest.

We have determined [1] the crystal structure
of searlesite, NaBSi20a' H20, which is met with.in
some deposits of boron [2, 3, 4]. In ourinvestiga-
tion we used platy mica-like crystals of searlesite
from deposits at Green River, Wyoming, andacic-
ular crystals from Cave ~ring, Nevada, U. S. A.
These specimens were kindly placed at our disposal
by Prof. M. G. Valyashko. The unit cell constants
and space group of searlesite had been previously
determined by Fahey and Axelrod [2]. The mineral
is monoclinic, with a=7.97, b=7.05, c=4.90 A;
(3=93°57'; Pe = 2.46, Pc=2.46, z=2. Theabsorp-
tions were noticed only for the reflections OkO with k
=2n+1. Of the two possible space groups, P21/mand
P21 , they chose the noncentrosymmetric group P21,
in view of the presence of a piezoelectric effect.

The unit cell constants which we obtained agreed,
within the limits of possible error, with those given
above. The correctness of the choice ofthe noncen-
tro-symmetric group was confirmed by a statistical
analysis of the intensities of the reflections hkl and
hk2 [5], and by analysis of the Patterson projection
on (001). Maxima with coordinates 02yOmustappear
when there is a mirror plane perpendicular to the
y axis. On the P(U, v) projection (Fig. 1), only one
small peak of this type is observed, which supports
the view that a mirror plane is lacking.

The experimental material used in the structure
determination consisted of photographs of the zero,
first, second, third and fourth layer lines, obtained
on rotation about the 9. axis, using as specimenan
acicular crystal measuring ~O. 05 x O. 05 x O. 5 mm,
and using a Weissenberg camera with Moradiation;
and also photographs of the zero and first three
layer lines obtained on rotation about the Q axis.
Because of the perfect cleavage along (100) it was
not possible to find a single crystal for the photo-
graph along the Q axis, and so an approximately
parallel concret~on of two crystals, measuring
~ 0.05 x O.3 x O.2 mm, was used. In all, 1524
independent relections were registered, of which
1258 were nonzero reflections. The small sizes
of the crystals and the insignificant absorption (the
linear attention coefficient was equal to J1=9. 1cm -1)
meant that a correction for absorption was almost
pointless. The intensities were measured visually
using a blackening scale, consisting of 38 spots,
and constructed using the same crystal. After in-
troduction of corrections for the Lorentz and polar-
ization factors, in the usual manner, the values of
the moduli of the structure amplitudes were obtained.

Determination of the structure was begun with
an analysis of the Patterson projection P(uv) along
the short £ axis (Fig. 1). This projection gave the
following coordinates of the interatomic vectors
for the pair of independent atoms A and B: xA -xB'
YA-YB; xA +xB' YA- YB + 1/2. Since the P(uv)
projection is subject to the planar symmetry group
Pmm, the interatomic vectors for a pair of atoms
must lie at equal distances from the line y = 1/4.
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Fig. 1. Patterson
projection on
the (001) plane.
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Fig. 2. Patterson projection on the (010) plane. The dashed
lines are at the zero level.

only two pairs of stronger peaks equidistant from
y = 1/4 , the maxima 1 and 2, and 3 and 4.

A comparison with the centro symmetric pro-
jection along the twofold axis, P(uw), immediately
allows us to settle on the first pair of peaks. The
two strong maxima 1 and 2 (Fig. 2), together with
the weaker peaks 3 and 4, give a set of three peaks
typical of a centrosymmetric pattern [6]. The K
coordinates of the maxima 1 and 2 Pduw), P2(uw)
and P3(uw) confirmed that peaks 3 and 4 correspond
to the vectors between silicon atoms related by a
twofold screw axis.

The subsequent analysis of the projection on
xy did not present any particular difficulties. For
the peaks 1 and 2 (Fig. 1) a ininimalizationopera-
tion was carried out, which gave rough coordinates
for 2 Si and 40 (in the early stages the Na atom was
not differentiated from the 0 atoms). A series of
successive approximations of electron density
allowed us to determine the coordinates of three
more 0 atoms, to distinguish the Na atom among
the 0 atoms, and to lower R(hkO) from its initial
value of 39.5 to 26.8%. The positions of one further
o atom and of the B atom remained undecided. Later
work showed that in this projection they were over-
lapped by other atoms.

Moor finding the signs of the structure ampli-
tudes for the xz projection an attempt was made to
apply the Harker-Casper inequality, but this was
unsuccessful because of the small number of large
structure amplitudes (in all 51 uhoZI?: 0.5 among
261 reflections). To determine the approximate
coordinates of the atoms a minimalization was car-
ried out for the maxima 3 and 4 (Fig. 2). On the
pattern thus obtained, 2 Si peaks and six other
strong peaks were distinguishable, and the ~ co-
ordinates of the latter were in rough agreement
with the values obtained for the 0 atoms in the xy
projection. An attempt to work out the signs from
these eight atoms led to the appearance of several
new maxima on the electron density projection, and
it was difficult to decide which were true maxima.
By using normal and weighted Patterson projections
and minimalized projections a choice was made of
the five most reliable maxima, 2 Si, Na, and 20.
Calculation of the signs from these five peaks, with
fairly accurately determined coordinates, resulted
in a more "ghost-free" electron density projection.

The subsequent refinement was carried out by
the method of successive approximations. Apparent-
ly because of the poor quality of the crystal used
for the ~ axis photographs, the reliability factor
decreased only slowly; after five cycles of refinement

In the first stage of the work it was necessary to
determine the positions of the two heaviest atoms,
the Si atoms, lying in independent parts of the unit
cell (in the group P21 only a general position of
multiplicity 2 is possible).

Interpretation of the projection was aided by
the following fact. The absence of a good cleavage
along (010) suggests that the silicon atoms are inter-
connected along the h axis. Since the Si - Si dis-

tance here must not exceed 2 (Si - 0) ~ 2 x 1.65
= 3.30 A, then if we make the above assumptionwe
must exclude from the analysis the peak 5 (Fig. 1),
and with this we can include peaks 6, 7, and 8 (the
shortest distance between atoms in these cases would'
be not less than b/2 = 3.52 A). Therethenremains



Sir 0.1355 0.5902 0.2097 -0.17 °rv 0.309 0.490 0.308 0.27

Sirr 0.0827 0.0167 0.3102 -0.13 °v 0.023 0.023 0.612 0.58
Na 0.440 0.000 0.981 0.96 OHr 0.356 0.280 0.694 0.51

Or 0.167 0.817 0.258 0.65 OHrr 0.486 0.743 0.700 0.62

°rr 0.085 0.543 0.898 0.58 B 0.3':: 0.298 0.409 0.07

°rrr 0.219 0.174 0.257 0.39
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Atom x 11

TABLE 1. Coordinates and Individual Temperature Factors of the Principal Atoms

I

B
II

Atom
I

x

it was equal to 30. 3, and after five more it came
down to 23.6% (taking into account the "zero,r re-
flections, which were assigned half the intensity of
the weakest spot on the film; sin e /A :S O. 95). The
factor R(hOl) was equal to 20.6% when no account
was taken of the unobserved reflections. It should
be noted that one of the

°
atoms in this projection

was overlapped by a Si atom, and its coordinates
were determined very inaccurately. The determi-
nation of coordinates on the xz projection allowed
the positions of the overlapping atoms on the xy
projection to be found more precisely. The reli-
ability factor for this projection, after refining, was
20.9% when the zero reflections were considered
and 20. 0% when they were not (sin e/A:S O. 96).

To confirm the correctness of the structure
found, a complete three-dimensional Patterson
synthesis was constructed. The calculations were
made on a high-speed electronic computer using a
program prepared by colleagues at the Computing
Center of the Siberian branch of the Institute of Chem-
ical Physics. The analysis showed that the coordi-
nates obtained were in good agreement with the
Patterson functions. The reliability factor for all
nonzero reflections was 19.9% at this stage, with
a general temperature factor of B = 0.20 A2.

The subsequent structure refinement was car-
ried out by the method of least squares using all the
three-dimensional data in a program also worked
out in the above Computing Center. The refinement
was carried out in stages. The order of refinement
was: the temperature factor and normalizationcoef-
ficient for each.£ axis layer line, the Si atom coordi-
nates, the coordinates of the other atoms, the indi-
vidual :i..c;otropic temperature factors for the Si atoms
and then for the other atoms, and, once again, the
coordinate parameters of all atoms. Table 1 gives
the final values of the coordinates and individual
iSQtropic temperature factors for all the 11 indepen-
dent atoms in the structure. The negative values
of Bj for the Si atoms and the low value of the gen-
eral temperature factor (B = 0.16 A2) are apparently
tied up with the increase in intensity of weak reflec-

tions in the high-angle region. Similar behavior
has also been observed in the refinement of silicate
structures [7, 8].

The reliability factor calculated from the coordi-
nates in Table 1 was equal to 13.9% for all nonzero
reflections and 19. f1fofor all reflections. The fac-
tors, with and without consideration of the zero re-
flections respectrvely, were 15.8 and 15.3% for the
hkO zone, 19.3 and 16.9% for the hOl zone (sin e/A
:S0.95; the "zero" reflections were assigned half
the intensity of the weakest reflection on the x-ray
photograph).

All the atoms lie in general twofold positions.
The structure possesses 32 parameters. The X.
coordinate of the Na atom was chosen as the origin
for the Y axis.

Figure 3 shows a projection of the structure
on the (001) plane, and Fig. 4 a projection on (100).
A characteristic feature of the structure is the pres-
ence of boron-oxygen-silicon layers lying parallel
to (100). The oxygen-silicon tetrahedra form
[Si205bo layers containing six-membered rings.
Three tetrahedra 'in the ring are orientated with
their corners pointing in the same direction, along
the.Q axis, and the three others are arranged so
that they have one edge approximately parallel, and
another edge approximately perpendicular, to the

E. axis. Each tetrahedron in the layer has one corner
left free. The B atom is bonded with two such free
corners of tetrahedra orientated in opposite direc-
tions, and its coordination IS brought up to tetra-
hedral by two hydroxyl groups, which are not part
of the oxygen -silicon arrangement (formula 0+ H20).

The features of the structure emerge clearly
from an examination of the method of connection of
the cation and anion units. The basis of the struc-
ture can be considered as made up of infinite columns
of deformed Na octahedra (Fig. 3), threaded on a
twofold screw axis and connected together through
shared edges. Two neighboring octahedra share
one edge each with the same B02 (OHh tetrahedron.
The marked elongation of neighboring octahedra by
the b?ron-oxygen tetrahedron results in movement
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Fig. 3. Projection of the crystal structure of
searlesite on the (001) plane. The columns
of Na octahedra are shown. The B02(OHh
tetrahedra are striated.

Fig. 4. Projection of the crystal structure of
searlesite on the (100) plane. Only one tetra-
hedron layer is shown. The B02(OHh tetra-
hedra are striated.

a

Fig. 5. The two methods ofattach-
ing the triple-tetrahedron chains to
the Ca octahedra in wollastonite
(according to [11J).

apart of the opposite corners of the octahedra, mak-
ing them a very convenient distance apart for the
attachment of a Si207 group. These diorthogroups
and the boron-oxygen tetrahedra are connected into
chains of composition BSi207(OHh, analogous to the
triple-tetrahedron chains (Dreierkettes [9]) in wol-
lastonite [10]. In wollastonite, Ca3Si2+10s, these
chains are attached to infinite columns of Ca octa-
hedra in two ways (Fig. 5a and 5b [11]). Insearlesite
the second method is used. Here the difference is
clearly seen between the Si207 diorthogroups and
isolated Si04 tetrahedra in wollastonite and the
B02 (OH)2 in searle site .

Condensation of these chains into a infinite layer
is achieved in searlesite with the aid of a twofold
screw axis passing approximately through the vertices
of the diorthogroup tetrahedra. This results in an

.. infinite layer of composition [BSi205(OHhhoo con-
taining five-membered rings (Fig. 4). Each five-
membered ring is made up of four oxygen-silicon
tetrahedra and one boron-oxygen tetrahedron. The
ocygen-silicon tetrahedra do not have free corners,
while the two free corners of the boron-oxygen tetra-
hedron are accoupied by OH groups. In this method
of condensation the oxygen-silicon tetrahedra of
neighboring triple-tetrahedron chains in a layer are
connected up parallel to the Q. axis into metasilicate
chains, which differ from.those in pyroxenes inhav-
ing a different pitch to the tetrahedron screw and a
shorter repeat distance (4.9 A instead of ~ 5.2 A).
A similar situation was noted [12] in another layer
silicate with large cations, namely sanbornite,
BaSi205 [13].

.
The £ and £.lattice constants of the

searlesite layer are thus closely related in their
scheme of formation. A somewhat reduced £con-
stant along the axis of the triple-tetrahedron chain
(7.05 A compared to 7.27A in wollastonite) is con-
nected with the replacement of a Si04 tetrahedron
with the smaller B~(OH)2 tetrahedron.

It is interesting to compare searle site with
another layer silicate containing five-membered
rings [14], namely melilite, (Ca, Na)2[(Mg, AI) (Si,
AI)207] [15]. Belov has shown [16] thatthemelilite
layer is formed oil condensation of symmetrized
wollastonite chains (Fig. 6a), also through the me-
dium of a twofold screw axis. The difference from
searle site is that the 21 axis connects, not the ver-
tices of the two diorthogroup tetrahedra, but a vertex
of one of the single tetrahedra and one of the vertices
of the diorthogroup tetrahedra. In this case there
is formed, perpendicular to the axis of the triple-
tetrahedron chain, not a metasilicate chain but a
chain exactly similar to the original, in accordance
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Fig. 6. a) Symmetrized wollastonite chains. cut from a melilite layer (after [16]); b)
the melilite layer (after [15]).

with the tetragonal symmetry of the mineral. The
tetrahedra of the diorthogroup in the melilite layer
each have one free corner, all pointing in the same
direction. The single (third) tetrahedron does not
have a free corner. It is somewhat larger in size
than the diorthogroup tetrahedra.

The existence of a large number of isomorphous
melilite compounds in due to the extensive possibil-
ities of replacing the cations in the single tetrahedra
[replacement of the formula (Mg,Al) by Zn, Fe, Be,
Co, Ca, etc.]. It is an interesting point that, in the
synthetic boron analog of melilite, CaB2Si07, the
boron apparently occupies the single tetrahedra and
one of the diorthogroup tetrahedra [17], thus making
the second diorthogroup oxygen-silicon tetrahedron
a "special" tetrahedron. The difference in anion
arrangements between searlesite and melilite is
easy to explain, in the face of their undoubted simi-
larities, by the different'layout of their cations (in
accordance with the principles of the second division
of silicate crystallochemistry [11]); in searle site
the Na octahedra form infinite columns along the

Q. axis, while in melilite the eight-cornered Ca poly-
hedra give infinite networks parallel to (001), lead-
ing to the higher symmetry of the tetrahedral layer ..
The balance of valences in the structure of searlesite
is shown in Table 2.

The Our and Or atoms are bonded to one Na atom,
and the OHr and OHn groups to two. The interatomic
distances in the Si04 tetrahedra are: Si - 0
1. 59-1. 65 A (average value 1.61 A); 0- 0 from
2.55 to 2. 72A (average value 2. 64A); the B- Odis-
tances in the B~ (OH)2 tetrahedron, 1. 47 and 1. 52A;
the B - OH distances are 1. 41 and 1. 49A; the B atom
is displaced from the center of the tetrahedron to-
wards the oxygen of the OHr group; the 0- 0 and
0- OH edges are 2.35- 2. 45 A (average value 2. 40A);

< Sir-~-SinI43°12'; < Sir-O-Sin 148°51';
< B- 0m- Sin 142°51'; < B- e>rv- Sir 128028'. The

Na - 0 distances in the octahedron are 2. 31, 2. 36,
2.48, 2.53, 2.69 and 2. 74A; the 0- 0 edge varies
from 2.40 to 4.81 A. Opposite the face ofthe octa-
hedron formed by the two largest edges there lies,
at a-distance of 2. 94A from the Na atom, the Or
oxygen of the diorthogroup. If this is included in
the coordination sphere of Na, the balance of va-
lences for the OHr and OHn groups becomes even
closer to unity, but for the Or atom an excess ap-
pears in the sum of valence forces, making it
2 1/7. The coordination polyhedron of Na is then
a trigonal prism with a semioctahedron on one of
its faces, and the 0- 0 edges of this polyhedron
vary more widely, from 2.40 to 3. 92A.

The accuracy of determination of the atomic
coordinates was evaluated frum the usual formulas
of Vainshtein [18], using coefficients taken from
Porai-Koshits' book [19]. The values ofthe standard
deviations for the atomic coordinates were:
Si- O.0026; Na - O.0034; for 0- O.0053, and for
B- O.010 A. The probable errors in the interatomic
distances were: Si - 0 = 0.0059; Na - 0= 0.0063;
0- 0 = 0.0077 and B- 0 = 0.011 A.

The physical features of searlesite, i. e. , per-
fect cleavage on (100), and the mica-like nature of
some specimens, are explained easily by the pres-
ence in the structure of boron-silicon-oxygen layers
and by the weak bonds in the Na polyhedra connect-
ing the layers. On the differential thermal analysis
curve of searle site [20], only one endothermic effect
was noted, at '"

4800, accompanied by a loss in
weight. This high-temperature effect is due to the
hydroxyl groups present in the structure, and not
to molecules of water, as suggested earlier.

The author is deeply indebted to G. B. Bokii
for valuable advice and observations during the
course of the work, to M. G. Valyashko for the
gift of the searlesite specimens, to A. Likek and
his laboratory colleagues (of the Institute of Tech-



TABLE 2. Balance of Valences in the Searlesite

Structure

Atom
I

B Na Isumofva-Sir Sin
lence forces

Or 1 2.00

On 1 2.00

°nr
1 0.75 O. '17 1.92

°ry 0.75 0.17 1.92

Oy 2.00

OHr 0.75 0.33 1.08

OHn 0.75 0.33 1.08
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nical Physics of the Czechoslovakian Academy of
Sciences, Prague), to B. L. Tamopolskii, L. E.
Maksimova, V. 1. Andrianov, and Z. A. Safina
(this branch of the Institute of Chemical Physics)
and to F. A. Brusentsev (of this Institute) for help
in carrying out the calculatiqns.
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