





STRUCTURE OF HYDROBORACITE

TABLE 4., ANISOTROPIC TEMPERATURE FACTOR COEFFICIENTS *

TABLE 5. SELECTED INTEPATOMIC DISTANCES

77

atom 31y B2 B33 B2 213 B as

Mg 123(7) 363(22) 383(15) -26(10) 62(8) -16(14)
Ca 78(4) 359(13) 224(9) o 64(5) [
0(1) 176(16) 605(47) 439(34) o 121(19) [¢]

0(2) 224(13) 619(34) 730(29) 49(16) 162(15) 80(25)
0(3) 154(11) 584(32) 482(26) ~75(15) 132(13) ~-211(22)
0(4) 163(11) 513(32) 297(23) -74(14) 131(13) ~48(20)
0(5) 149(11) 603(32) 351(23) 69(15) 116(13) 134(21)
0(6) 135(11) 541(31) 298(22) -19(14) 73(12) 15(21)
0(7) 140(10) S70(32) 366(23) =-65(15) 113(12) -109(22)
0(8) 262(12) 534(33) 433(24) -21(16) 67(13) 145(23)
0¢9) 144(12) 524(31) 496(26) ~72(15) 96 (13) -124(22)
B(1) 131(16) 408(45) 217(33) ~-24(21) 36 (18) 4(30)
B(2) 120(16) 397(46) 298(33) -~12(21) 70(18) -15(31)
B(3) 111(15) 438(47) 205(30) 54(22) 41(17) 71(31)

* all values x 10 5.

dual peaks attributable to the six hydrogen atoms
were recognized on this map. Unfortunately
these maxima were rather diffuse and therefore
did not give sufficiently reliable indications for
an accurate positioning of the H atoms; it was
considered preferable to locate H atoms at cal-
culated positions ¥5 of the distance from the
donor oxygen toward the acceptor oxygen along
the hydrogen bridges previously recognized on
the basis of O—O distances. Inclusion of these
atoms in the structure factor calculations with
rough coordinates and B=4.5A? reduced R to
0.042 for observed reflections and to 0.060 for

a£ﬁi;‘

Mg octahedron

B(1) tetrahedron

Mg~0(1),0(1%Y) 2.219(1) A B(1)~0(3) 1.491¢5) &
ng-0(2¥4y,002%%)  2.554(5) B(1y-0¢a¥iy 1,460 (8)
Mg-0(3¥itly 03 2.020(6) B(1)-0(5)  1.508(8)
Mean 2.008 B(1)-0(6) 1.440(4)
Ca polvhedron Mean .. 1.477
ca-0(67Ty,0(6%4 4y 2.351¢4) 0(3)-0¢4V Yy 2,374 (%)
ca~0(73,0(7") 2.425(4) 0(3)~0(5) 2.446(2)
ca~0¢9),0(8") 2.424(3) 0(3)-0(6) 2.404(9)
ca-0(oity, 000"ty 2.643(5) 04V ty-0(5) 2.374(4)
Mean 2461 0¢s" )-0(6) 2.446(9)
0(5)-0(6) 2.419(9)
B(3) triangle
B(3)-0(4) 1.372(6) Mean 2.410
B(3)-0(7) 1.367(4) B(2) tetrahedron
3(3)-0(5) 1.374(9) B(2)-0(6)  1.461(8)
Mean 1.371 B(2)-0(7) 1.502(9)
0(43-0(7) 2.398(8) B(2)-0(8) 1,466 (4)
0(4)-0(5) 2.335(4) B(2)-0(9)  1.470(5)
0(7)-0(5) 2.390(9) Mean 1,475
Mean 2.374 0(6)-0(7) 2.430(6)
B-B distances 0(6)~0(8) 2.489(3)
BLO-B(3)  2.519(4) 0(6)-0(9)  2.386(9)
B(1)-B(2) 2.447(9) 0(7)-0(8)  2.458(2)
B(1)-B(3) 2.498(9) 0(7)-0(9) 2.342(9)
0(8)~0(9) 2.460(9)
Mean 2.424
Symmetry code:
none x ¥ z vi) -x ¥y j-z
i) 1-x 2~y 1l-z vii) x 1~y 4z
ii) 1-x 1l-y 1l-2z viii) X l-y ~i+z
iii) -x l-y -z ix) ® -~y  —i+z
iv) B3 -y -z z) ~x -l+y t-z
v) 1-x xi)  x 2~y -i+z

y -z

Fi6. 2. ‘Anva-axis l‘sroject-ior‘lk 6f two Mg—O chains connected with two over-
laid B-O chains, to form a sheet parallel to bc plane.
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FiG. 3. A c-axis projection of the structure. Dotted lines indicate hydrogen
bonds. Small numbers label the hydrogen atoms (small black circles);
larger numbers designate the oxygens (open circles) belonging to two
water molecules and to the three hydroxyl groups.

all data. Because of some inconsistencies in the
shifts, the hydrogen atom parameters were not
refined.

The structure refinement was performed with
the CII 10070 computer using a modified ver-
sion of the full-matrix least-squares program
ORFLS (Busing et al. 1962). Neutral-atom
scattering factors for Mg, Ca, O and B were
taken from Cromer & Waber (1965), while for
H the values by Stewart et al. (1965) were used.
The positional and isotropic thermal parameters
are given in Table 3; anisotropic thermal para-
meters appear in Table 4. A table of structure
factors may be obtained at nominal charge from

the Depository of Unpublished Data, CISTI,
National Research Council of Canada, Ottawa,
Ontario K1A 082.

DiscussioN

Figures 1, 2 and 3 show the atomic arrange-
ment in the structure of hydroboracite. Inter-
atomic distances and angles are given in Tables
5 and 6 respectively.

The Mg atoms lie on symmetry centers and
are octahedrally coordinated by four water
molecules (O(1), O(2) and their symmetry equi-
valents) and two hydroxyls (O(3) and its sym-

TABLE 6. SELECTED INTERATOMIC ANGLES
CLa polyhedron Mg_octahedron B(2) tetrahedron
oc6” ity ca-ocetly 109.1(1)° 0(1) - Hg-0(2¥h) 88.0(1)° 0(7)-B(2)~0(8) 111.8(2)°

0(7) 76.0(1) o(3vtily 86.8(1) 0(9) 104.1(2)
o¢7Yy 133.1(1) o(2i%y 92.0(1) 0(6) 110.2(2)
0(9) 132.4¢10) 0(3%) 93.2(1) 0(8)-B(2)-0(9) 113.8(2)
0(9Y) 95.8(1) 02 )-ng-0(3viti) 88.0(1) 0(6) 108.0(2)
o(slly 89.3(1) o1ivy 92.001) 0(9)-B(2)-0(5) 109.0(2)
osily 56,701y 0(3%) 92.0(1)

0(7) - ca-0(6ity  133.101)
0¥y 135.4(1) B(1) tetrahedron B(3) triasngle
0(9) 57.8(1) 0(3) - 3(-04"4y  106.6¢2)° 0(4)-B(3)~0(7) 122,2¢2)°
o(sY) 91.5(1) 0(5) 109.3(2) 0(5) 116.5(2)
o(stty 77.1(1) 0(6) 110.2¢2) 0(7)~B(3)~0(5) 121.3(2)
ooty yay 001y 0ty g01y-005) 105.8(2)

0(9) - ca-0(9%) 96.2(1) 0(8) 114.5(2)
ocotly 70.8(1) 0(5) - B(1)-0(6) 110.2(2)
ovithy 465,901y
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metry equivalent). These Mg(H:0).(OH): octa-
hedra are linked to each other through O(1)
corners into chains that extend along c. An
interesting feature is the greater length of the
Mg-O(1) distance (2.219A) in the ¢ direction in
relation to the Mg—O distances perpendicular to
the chain (2.020 and 2.054A). The mean value
of 2.098A is close to the values found for octa-
hedrally coordinated magnesium in other struc-
tures. The coordination polyhedron is regular,
the greatest deviation from 90° being 3.2°.
The Mg-Mg distance in the chains is 4.12A.

The Ca atom lies on a twofold axis and is 8-
coordinated by four hydroxyls and four oxygen
atoms. The Ca—O distances range from 2.351 to
2.643A; the average is 2.461A, slightly less than
the sum of effective ionic radii given by Shan-
non (1976). The Ca polyhedron was well de-
scribed by Rumanova & Ashirov (1964); in shape
it is halfway between a right orthorhombic prism
and an orthorhombic antiprism. Each Ca poly-
hedron lies on the two-fold axis and shares its
hydroxyls (O(9) and its symmetry equivalents)
with adjacent Ca polyhedra to form a chain of
edge-shared polyhedra running parallel to the
Mg chains and at %x, Y4y from them. The
Ca—Ca distance is 4.13A.

The structure of hydroboracite contains the
" [BsO4(OH)s}* polyanion consisting of two boron
—oxygen tetrahedra and a boron—oxygen triangle,
corner-linked in such a way as to build up a
boron—oxygen ring. These groups are linked to
each other to form infinite boron—oxygen chains.
The structural unit, consisting of a pair of te-
trahedra and one triangle (2t, A), is a very com-
mon B—-O group found in polyborate structures
and is evidently a particularly stable configura-
tion. Examining the mutual arrangement of the
boron tetrahedra in these rings, Rumanova
(1972) stated that the boron—oxygen radicals be-
long to two forms defined on the basis of the
respective orientations of the two tetrahedra in
the ring, either both oriented in the same direc-
tion or alternating in direction. This fact can
lead to a better description of borate compounds
that contain this elementary unit either as an
isolated polyanion or in polymerized forms.
The radical found in hydroboracite and the one
present in colemanite, which shows the same
characteristic boron-oxygen chains (Christ et
al. 1958), are close to the first limiting form in
Rumanova’s scheme. As seen especially in Fig-
ure 1 but also in Figures 2 and 3, both tetrahe-
dra are oriented in the same direction; more
than that, the distance (2.749A) between the
corners O(3) and O(B) of the two tetrahedra is
very short compared with the same distance in
other compounds with this arrangement of te-

trahedra. In. hydroboracite, indeed, this distance
is indicative of a hydrogen bond, with O(3) as
the donor and O(8) as the acceptor oxygens
(Figs. 1 and 3). The interatomic distances and
angles found in the present refinement agree
well with those found for other similar borate
compounds.

As Figures 1 and 2 show, each B-O chain in
hydroboracite runs parallel to ¢ and undulates
in the b direction. Each chain is joined through
the hydroxyl O(3) to the Mg chain at y=0 and
the adjacent Mg chain at y=1 in turn. As Figure
2 illustrates, the unit cell contains two B-O
chains, placed one upon the other, connected to
the same Mg chain; thus each Mg chain, having
the Mg octahedra on symmetry centers, is linked
to two B—O chains on one side and two more
symmetrical B—O chains on the other side,
making up O-B—0-Mg—0-B~O sheets in the bc
plane. Each Ca chain, which also extends along
c approximately at ¥y (Fig. 1), provides the
connections between the sheets bridging two ad-
jacent B-O chains belonging to different sheets.

Further connections are also provided by the
hydrogen-bond system in the following way
(see Fig. 3): the hydrogens H(l) and its sym-
metry equivalent of the first water molecule and
HE®) and H(3) of the second water molecule as
well as H(4) and H(5) belonging to two hydroxyl
groups make intra-sheet connections, whereas
H(6), belonging to the third hydroxyl, is the
only inter-sheet hydrogen bond.

The structure is in accordance with the ob-
served (100) and (010) cleavages of hydrobora-
cite: the first cleavage involves breaking of
O(9)-H(6) . .. O(8) hydrogen bonds and of four
out of the eight Ca—O bonds; the (010) cleavage
breaks Mg—O(3) bonds and three of the remain-
ing H bonds.

A water geometry test using the Ferraris &
Franchini-Angela (1972) scheme was carried
out. In the first water molecule the oxygen O(1),
which lies on the two-fold axis, coordinates twice

TABLE 7. HYDROGEN-BONDING SYSTEM

Donor
atom(D) H

Acceptor
atom(A) D...A D-R HoeowA

0€1)  K(1)  0(4) 2.686(2)A 0.90& 1.792)

114.2(1)°

o1y  r¥My.owvh " " "

0(2) H(2) 0(3) .841(9) .81

) 102,8(1)
89

o) B oty 2.712¢9)

0 (3} H(4) .83

o8) H(s) o) .112(3)

2
2

0(8) 2.749(9)
3 .07
2

o = O o o
o
~

e I

ooty uee)y 08y .743(8) .83
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TABLE 8. CHARGE BALANCE
Atom  Ga Mg B(1) B(2) B(3) H— B Sums
0(1) 0.24%2 0.78 1.02
0(2) 0.37%2 1.61 1.98
0(3) 0.39%% 0,72 0.80 1.91
0(4) 0.76 1.00 0.22  1.98
0(5) 0.70 1.00 0.39  2.09
0(6) 0.32%2 n.82 0.77 0.13  2.04
0(7)  0.26%2 0.70 1.00 1.96
0(8) 0.77 0.87 0.40  2.04
0(9)  0.42% 0.76 0.80 1.98

Bond strengths of first line are to be doubled because

0(1) is in special position.

the Mg cation along the two lone-pair orbitals
with angles €. and & of 42° and 43°, respective-
ly; this water molecule therefore belongs to
class 2, type B. The second water molecule, with
the oxygen O(2) in general position and co-
ordinating only one Mg cation along a lone-pair
orbital, has a e angle of 37° and can be included
in the class 1/, type J. In Table 7 the hydrogen-
bonding system and the donor—acceptor, donor—
hydrogen and hydrogen—acceptor distances are
reported together with the two water angles.

An electrostatic valence balance was computed
according to the method given by Brown &
Shannon (1973). For the H bonds the curve by
those authors quoted in Donnay & Donnay
(1973) was employed. Table 8 shows the con-
tributions of different atoms and the bond-
strength sums (v.u.). As can be seen, the valence
sum for O(1) is slightly positive in spite of the
fact that the shortening of its hydrogen bond is
balanced with the lengthening of the Mg-O(1)
bond.
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