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ABSTRACT

The crysral structure of colemanite, CaB3O4(OII)3.H2O, monoclinic, a8.712(2), b 11.247(3), c 6.091(l) A',p ltO.tZ1Z1",V
5ffi.4(2) Ar.Z=4, space group {,1/c, has been refined by full-matrix least-squares to an R index of 2.87o andawRindexof 3.5t/o
for 12108 unique observed t I Fo I > 5o(F6)l reflections measured with MoKcr X radiation. The H-positions were located on
difference-Fourier maps and refined using the "soft" constraints that H-O distances are approximately 0.97 A. Colemanite is a
complex inoborate. Each chain element consists of two B$a (Q: unspecified anion) tetrahedra and a B$3 triangle linked through
comers to fo^rm rings of composition [83O5(OH)3]+; these rings link yia corner-sharing to form chains of composition
[B3O4(OH)3]Z- thar exrend along u001. The eight-coordinat€ Ca polyhedra share comers to form chains parallel to [100]. These
link with the B polyhedral chains ula corner sharing to form complex heteropolyhedral sheets parallel to (010). Thelinkage between
these sheets is weak, consisting ofa small number ofB-{-Ca linkages together with a network ofhydrogen bonds, and accounts
for the perfect {010} cleavage in colemanite. Minimum-energy calculations of the hydrogen positions done with a directionally
isotropic H-O potential function predict the positions of three of the five hydrogen atoms, but fail to give the correct positions for
two hydrogen atoms. This is attributed to the lack ofa directional component in the potential function.

Keywords: colemanite, borate, structure refinement, hydrogen bonding, inoborate, crystal structure, energy minimization.

SOMMARE

Nous avons affin6 la structure cristalline de la colemanite, Ca&O4(OH)3.H2O, phase monoclinique, a 8.712(2), b 11.247(3),
c 6.091(l) A, p I 10.12(2f , v 560.4Q) A3, Z= 4, etroupe spati at P2y'a,par moindres carr6s avec matrice entibre, jusqu'i un indice
R de2.87o (wR = 3.57o) en utilisant 1408 r6flexions uniques observ6es [ | Fo | > so(Fo)], mesur6es avec rayonnement MolKcL la
position des atomes d'hydrogbne a 6t6 localis6e sur des projections de Fourierpar diff6rence, et affin6e suivant la contrainte non
rigoureuse que les distances H-O devraient avoir une longueur d'environ 0.97 A. La colemanite est en fait un inoborate complexe.
Chaque chalne est faite de deux t6traddres BQa (Q: anion non sp&ifi6) et un triangle BQ3 li6s par leun coins pour former un anneau
[QO5(OH)3]G; ces anneaux sont articul6s pax partage de coins pour former des chaines de composition [B3Oa(OH)3]'- le long
de [00]. Les polyddres autour du Ca, h coordinence huit, partagent leun coins pour former des chaines paralldles ] [00]. Celles-ci
sont li6es avec les chalnes de polybdres B par partage de coins pour former des feuillets hdtdropoly6driques complexes parallbles
e (010). Irs liens entre ces feuillets sont faibles, impliquant un petit nombre de liaisons B-fla et un €seau de liaisons
hydrogbne-oxygdne, ce qui rend compte du clivage {010} parfait. Un calcul de la position des atomes d'hydrogdne compatible
avec une dnergie minimum, effectu6 au moyen d'une fonction du potentiel H-O directionnellement isotrope, r6ussit b pr6dire la
position de trois des cinq atomes, mais non des deux autres. Nous attribuons cette situation au manque d'une composante
directionnelle dans I'expression du potentiel utilisde.

(Iraduit par la R6daction)

Mots-clds: colemanite, borate, affinement de la structure, liaisons de l'hydrogdne, structure cristalline, minimisation d'6nergie.

INTRoDUcnoN

Colemanite, Ca33O4(OH)3.H2O, is a complex inobo-
rate mineral that is a common constituent of borate
deposits. Its crystal structure was determined by Christ
et al. (1958) and refined by Cluk et al. (1964).

Considerable effort has recently been focused on
finding a suitable potential energy function for H-bond-
ing in mineral structures (e.9., Abbott 1991, Abbott er
al. 1989). The work has resulted in the development of

a directionally isotropic potential that gives reasonable
H-positions in such minerals as trioctahedral micas,
tremolite and chlorite (Abbott et al. 1989). We have
completed a study of H-positions in colemanite by
energy-minimization methods and compare the results
to the positions determined from X-ray data.

EXPERIMEIITAL

Colemanite from San Bernardino County, California,
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was obtained from the R.B. Ferguson Mineralogy
Museum at the University of Manitoba. A small cleav-
age fragment was mounted on a Nicolet R3rn automated
four-circle diffractometer. Twenty-five reflections were
centered using graphite monochromated MoKcr X radia-
tion. The cell dimensions (Table 1) were derived from
the sening angles of twenty-five automatically aligned
reflections by least-squares techniques. A total of 1819
reflections was measured over the range (3o < 20 <60),
with index ranges 0 S ft < l2,O S k < 15, -9 S I < 9. Two
standard reflections were measured every fifty reflec-
tions; no significant changes in their net intensities
occuned during datacollection. An empirical absorption
correction based on 11 reflections measured at 10o
intervals in Y was applied, reducing R(azimuthal) from
2.7Vo to l.8c/o. T\e data were corrected for Lorentz.
polarization and background effects; ofthe 1819 reflec-
tions measured, there were 1408 unique observed reflec-
t i ons I lFo l>so6o11 .

STRUC"TURE REnNEMENT

Scattering curves for neutral atoms, together with
corrections for anomalous dispersion, were laken from
Cromer & Mann (1968) and Cromer & Liberman
(1970), respectively. The Siemens SHELXTL PLUS
(PC version) system ofprograms was used throughout
this work.

Refinement of the structure was carried out in the
space group P21/a, with the stnrcture parameters given
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tuu 5. tN-w'Mlala @ @t@ scheme of structure factors and a correction for isotropic
extinction, converged to a finAl R index of2.8Vo anda
wR index of 3.57o. Final positional parameters and
equivalent isotropic-displacement factors are given in
Table 2, anisotropic displacement factors in Table 3,
selected bond-distances, bond angles and polyhedral
edgeJengths in Table 4, and a bond-valence analysis in
Table 5. Observed and calculated structure-factors are
available from the Depository of Unpublished Data
CISTI, National Research Council of Canada Ottawa,
Ontario K1A 0S2.

DIScUSSIoN

Description of the structure

Colemanite contains three unique boron positions.
B(1) is triangularly coordinated by three oxygen anions
at a mean distance of 1.368 A, a typical value for I3IB-O
triangles. B(2) and B(3) are tetrahedrally coordinated by
three oxygen atoms and one hydroxyl group, and two
oxygen atoms and two hydroxyl groups, respectively;
the mean I41B-o distances, 1.473 and 1.475 A, respec-
tively, fall in the typical range for [4]-coordinate boron
polyhedra. These three boron-(O,OH) polyhedra link by
sharing corners to form a ring of composition
[83O5(OI!3]4- (Fig. lA) that can be considered a
fundamental building block of the structure. These rings
link by sharing vertices between the (BQ) and (B0+)
polyhedra (Q: unspecified anion) to form borate chains
of composition [B3Oa(OH)3]2- that extend parallel to
[l00] (Fie.2).
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by Christ aral. (1958) as the starting model. Refinement
of the positional parameters and isotropic displacement
parametgrs convergedto anRindex of 5.37o. Conversion
to an anisotropic displacement model, together with
refinement of all parameten, converged to an R index of
3.27o. A tbree-dimensional difference-Fourier map was
calculated at this stage of the refinement, and the
positions of the five hydrogen atoms were determined.
Subsequent cycles ofrefinement showed that the hydro-
gen positions were not well behaved, as indicated by
anomalously short O-H bond distances, a common
feature of hydrogen positions refined using X-ray data.
The "soft" constraint that each O-H bond distance
should be -0.97 A was imposed by adding the con-
straints as additional weighted observations in the
least-squares matrix. Note that only the O-H distances
were constrained, and that each H position was free to
refine around the associated oxygen. Refinement of all
parameters, with the inclusion of a refinable weighting

Ftc. l. The |B3O5(OHLI+ rings (A) and CaQ3 @) polyhedra in colemanite.
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Frc. 2. The heteropolyhedral sheet in colemanite. Calcium potyhedra are shaded with
random dot patlem, and boron tetrahedra and triangles are shaded with parallel lines.

There is one unique Ca position that is coordinated
by three oxygen atoms, four hydroxyl gloups and an
HrO group" the anions being in an irregular dodecahe-
dral arrangement (Fig. lB). The Ca$s polyhedra link by
sharing corners to form chains extending along [100].
The [B3Oo(OH)r]2- and [Ca2O5(OI!r(H2O)2]-r6 chains
link by sharing edges and corners to form a heteropoly-
hedral sheet of composition [Cap3O(OHXH2O)] paral-
lel to (010) @g. 2). Bonding within these sheets is quite
strong, whereas the bonding between the sheets is much
weaker. These sheets stack in a staggered arrangement
along [010] (Frg. 3). Cross-sheet linkage occurs uia
corner-sharing between a BQa tetrahedron and a Ca$g
polyhedron (Fig. 4, tvro linkages per unit-cell repeat
along [00]) and through an extensive network of
hydrogen-bonding. This weak linkage between the
sheets accounts for the perfect {010} cleavage of
colemanite.

Hydrogen bonding in colemanite

The constrained refinement of hydrogen positions
resulted in a hydrogen-bonding scheme that is reason-
able in terms ofbond distances, bond angles (Table 4)
and bond-valence requirements ofboth the anions and
the hydrogen atoms (Table 5). Hydrogen is an important
feature of the colemanite structure, as linkage between
the heteropolyhedral sheets occurs largely vla hydrogen
bonding, and most hydrogen bonding is directed be-
tween the sheets. The arrangement ofhydrogen bonds is
illustrated in Figure 5, with the O-H bonds shown as

solid lines and the H...O bonds shown as broken lines;
their contributions to the bond-valence requirements of
the anions are shown in Table 5.

The hydrogen bonds involved in the OH(3)-
H( I )...O(5) and OH(7)-H(3)...O(5) configurations di-
rectly link adjacent sheets, and play a major role in the
satisfaction of the bond-valence requirements around the
O(5) anion (Table 5); without the bond-valence contri-
butions by hydrogen, the bond-valence sum around O(5)
would be 1.566 v.u., and it is only as an acceptor anion
ofthe two hydrogen bonds that its bond-valence require-
ments canbe satisfied. The OH(6) anionistheonly anion
directly bonded to adjacent sheets @g. 5). The OH(6F
H(2)...O(2) configuration involves a hydrogen bond to
the sheet that is more weakly linked to OH(2) lthrough
the Ca-OH(2) bondl, and theH(2)...O(2) hydrogen bond
thus provides additional intersheet linkage, albeit
weaker than is the case for the other OH groups (Table
5).

The hydrogen-bonding scheme involving the H2O
group [OW(8)] in colemanite is a little more complicated
than is the case for the OH groups. The H(4) hydrogen
is involved in a simple OW(8)-H(4)...OH(7) configura-
tion that hydrogen bonds across adjacent sheets (Fig. 5).
However, the H(5) hydrogen is involved in an OW(8)-
H(5)...OW(8) configuration, whereby adjacent H2O
groups hydrogen-bond to each other, forming a four-
bond ring of the form "donor - acceptor - donor -
acceptor" (Fig. 5). As the two H2O groups involved in
the ring bond to Ca aloms in different sheets, this
arangement also results in intersheet linkage via hydro-
gen bonding.
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Ftc. 3. The structure of colemanite projected onto (100). Shading as in Figure 2.

301

Frc.4. The structure of colemanite projected onto (@l). Shading as in Figure 2.
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Flc. 5. The structure ofsolemanite pmjected onto (001). H-O are given as heavy solid tines, and H...O bonds are given as broken
lines. Calcium atoms are shaded wlth parallel lines, simple oxygen atoms with regular dot pattern, oH oxygen atoms with
crossed lines, H2O oxygen atoms (larggr eircles) with a regular dot pattem, and hydrogen atoms are open circles.

It should be emphasized that theso hydrogen bonds
are not minor features of thO Strueture. These bonds
control many of the physical and chemical properties
(e.9., thermal stability, solubility) of the mineral, and a
mechanistic interpretation of dissolution and crystal-
lization must take hy&ogen bonds into account.

The structure reported here verifies much of the
previous work of Clark et al. 09e). However, due ro
thepoorquality of theirdata (l? = l4%o),Clarket al. were
unable to obtain direct information on hydrogen posi-
tions; the assignment of possible hydrogen-bond donor
and acceptor pairs was based on anion-anion separa-
tions. This study provi{es directly determined hydrogen
positions that verify most of the hydrogen bonding
assignments given by CIuk et al. 09e\ except in the
case of the QH(6)-H(4,p(2) donor-acceptor pair,
which Clark et al. (1964) gave as OH(6)-H(2)...O(I;.
Clark et al. ( 1964) assumed that OW(8) acceprs a proton
half the time from OW(8)g, and donares a proton half
the time to OW(8)g, with the ner result being that half
the time there is one proton of the OW(8) group that does
not make a hydrogen bond. The hydrogen bonding
scheme reported here indicates that adjaeent OW(8)

groups hydrogen-bond to each other forming a four-
bond oodonor - acceptor - donor - acceptor" ring that
does not include any part-time bonds or protons that do
not form hydogen bonds.
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Energy minimization of H-positions

Energy minimization of the H-positions was canied
out with the program WMIN (Busing 1981). The Br+,
02- and Ca2* ions were held fixed during energy

minimization, whereas the minimum-energy positions
for all H+ ions were obtained simultaneously by six
cycles of steepest-descent minimization followed by six
cycles of minimization by Newton's method. The H-O
and H...O interactions were modeledusing the direction-
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ally isotropic potential proposed by Abbott e t al. (1989) ,
where the energy I7,; for the ion pair i1 is given as

W;i=Wg, i i+Wp, i j  (1)

where W".u is the Coulombic electrostatic energy, and
Wqtis the short-rangerepulsive energy. The Coulombic
electrostatic energy is given by:

Wg,;i = qgi / r;i .2)

where q,and q, are the formal charges ofions i andl and
ru is the interluclear separation. The Born-type short-
range repulsion energy (Born & Huang 1954) is given
by:

lVs.;; = l.;pxp(1/p;;) (3)

where \ and p, are pair-specific parameters. Through-
out their work, Abbott et at. (1989) used p,, = 0.25 A
for H-O and H...O interactions. They fouid that the
value of l,;; is structurally dependent; 30000 kJ/mol was
found to work well for trioctahedral micas and tremolite.
whereas 24250 kJlmol was found to work best for
chlorite.

Energy minimizations of H-positions in colemanite
were done with p = 0.25 A and l,;; rangrng from2425}
to 30000 kJ/mol, the best agreem6nt with the X-ray-re-
fined positions being obtained for 1,,, = 26500 kJ/mol.
The minimum-energy positions for the H(l), H(3) and
H(4) ions agree well with the positions obtained from
the constrained X-ray refinement (Table 6). However,
the minimum-energy positions for the H(2) and H(5)
positions are markedly different from the X-ray posi-
tions (Table 6).

Concerning the disagreement between the X-ray
positions and the minimum-energy positions for the
H(2) and H(5) ions, there are two possibilities: (l) the
calculated minimum-energy positions are not where the
H ions are located, or (2) the H ions are located at the
calculated minimum-energy positions, and the X-ray-
derived positions are incorrect.

To resolve which of these is the case" difference-
Fourier maps were calculated around the H(2) and H(5)
positions with the hydrogen positions vacant. The
resulting maps are given in Figure 6, and indicate that
tlte electron density is located along the O-H bonds, as
indicated by the X-ray structure refinement. The mini-
mum-energy positions also are shown in Figure 6 and
lie outside the electron density atributable to the H+ ions.
It seems reasonable to conclude that the minimum-en-
ergy positions for the H(2) and H(5) ions are not the true
positions of the hydrogen atoms.

The potential given by Abbott er oL (1989) is
specifically for OH- interactions, and has not been
previously tested for HrO interactions. However, the
H(2) position belongs to a hydroxyl group, and also is
not well predicted. Hence, there must be some factor
affecting the application of this specific O-H potential.
In Figure 6, it can be seen that for both H(2) and H(5),

there is more than one anion position sufficiently close
to the H position to form a hydrogen bond. In each case,
the minimum-energy hydrogen has taken up a much
more central position with respect to the surrounding
anions, as in fact would be predicted from simple
Coulombic arguments. It is well known that the hydro-
gen bond has a very strong directional character, and it
may not always be appropriate in the energy-minimiza-
tion procedure to consider all possible O...H interac-
tions. This point should become clearer on application
of this type of potential to a large number of OH- and
H2O-bearing minerals.
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