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KALIBORITE:
AN EXAMPLE OF A CRYSTALLOGRAPHICALLY SYMMETRICAL HYDROGEN BOND
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ABSTRACT

The crystal structure of kaliborite, KMg,H[B;O4(OH)s],(H,0),, monoclinic, & 18.572(6), b 8.466(3), ¢ 14.689(5) A,
B 100.02(3)°, V 2274(1) A3, Z=4, space group C2/c, has been refined by full-matrix least-squares methods to an R index
of 4.4% and a wR index of 4.7% for 2403 unique observed [F = 5o(F)] reflections measured with MoKo X-radiation. The
kaliborite structure contains a 6:(2A + 37) + A fundamental building block (FBB). Each FBB contains a pentaborate (2A + 37)
unit composed of two three-membered (1A + 27) rings and an additional triangle that is attached to the pentaborate unit. The
borate FBBs polymerize, forming zigzag chains along b. The Mg cation is in octahedral coordination, and linked to an adjacent
borate chain. The heteropolyhedral chains are joined through the K atoms, which are in a distorted cubic coordination, and via
hydrogen bonds. Nine of the ten hydrogen atoms provide bonding between the heteropolyhedral chains, the other hydrogen
atom links anions of the same heteropolyhedral chain, Kaliborite is one of two borate minerals that are known to contain a
crystallographically symmetrical hydrogen bond.
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SOMMAIRE

La structure cristalline de Ia kaliborite, KMg,H[B4O4(OH)s],(H,0),, monoclinique, a 18.572(6), b 8.466(3), ¢ 14.689(5) A,
B 100.02(3)°, V 2274(1) A%, Z = 4, groupe spatial C2/c, a été affiné par moindres carrés 2 matrice entidre jusqu’a un résidu
R de 4.4% (wWR = 4.7%) en utilisant 2403 réflexions uniques observées [F 2 56(F)] et mesurées avec rayonnement MoKo.
La structure contient un bloc structural fondamental 6:(2A + 37) + A. Chacun de ces blocs contient une unité a cinq atomes de
bore (2A + 3T) composée de deux anneaux 2 trois membres (1A + 27) et un triangle additionnel rattaché 2 I'unité pentaboratée.
Ces blocs structuraux fondamentaux sont polymérisés en chalnes en zigzag le long de b. Le cation Mg a une coordinence
octaédrique, et est 1ié 2 une chaine de borate adjacente. Les chaines hétéropolyédriques sont articulées par les atomes de K,
qui possédent une coordinence cubique difforme, et par des liaisons hydrogéne. Neuf des dix atomes d’hydrogéne contribuent
2 la liaison entre chaines hétéropolyédriques, et I’autre atome d’hydrog2ne lie les anions au sein d’une méme chaine
hétéropolyédrique. La kaliborite est un de deux borates connus ayant une liaison hydrogéne cristallographiquement
symétrique.

(Traduit par la Rédaction)

Mots-clés: liaison hydrogéne, kaliborite, borate, structure cristalline.

INTRODUCTION using X-ray data recorded on photographic plates, and
they refined the structure to an R index of 9.5%.
Clark & Christ (1977) noted that there are appa-

rently unusual (i.e., crystallographically symmerical)

Kaliborite, KMg,H[BO4(OH);],(H,0),, occurs in
a number of localities, including the salt deposits at

Leopoldshall, at Neustrassfurt, and near Aschersleben,
Saxony, Germany; in the salt deposits at Mte.
Sambuco, Calascibetta, Sicily; at Sallent, Spain; and in
the Inder Lake deposits, Kazakhstan, Corazza &
Sabelli (1966) determined the structure of kaliborite

* Present address: Department of Earth Sciences, University
of Cambridge, Downing Street, Cambridge CB2 3EQ, UK. -

hydrogen bonds in the structures of preobrazhenskite
and kaliborite, although the precision of the X-ray data
collected for these minerals by Rumanova et al.
(1972) and Corazza & Sabelli (1966) precluded the
location of these hydrogen atoms. We have recently
verified that there is a crystallographically symme-
trical hydrogen bond in preobrazhenskite (Burns &
Hawthorne 1994a), and here we report a refinement
of the structure of kaliborite, including a discussion of
the hydrogen bonds.
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EXPERIMENTAL
Collection of X-ray data

A sample of kaliborite from Kazakhstan was
obtained from the Canadian Museum of Nature
(sample number 53372). A small cleavage fragment
was mounted on a Nicolet R3m automated four-circle
diffractometer. Twenty-two reflections over the range
11° < 20 < 27° were centered using graphite-mono-
chromated MoKo. X-radiation. The unit-cell dimen-
sions (Table 1) were derived from the setting angles of
the twenty-two automatically aligned reflections by
least-squares techniques. Data were collected using
the 6-20 scan method with a 2.2° 20 scan range and a
variable scan-rate ranging from 4 to 29.3° 20/min. A
total of 3642 reflections was measured; the index
ranges 0 £ £ €26, 0<%k <11, 20 <! <20 were
covered, and reflections forbidden by the C-centering
were omitted. Two standard reflections were measured
every fifty reflections; no significant change in their
intensities occurred during data collection. An empiri-
cal absorption-correction based on 36 psi-scans for
each of 10 reflections over the range 11° < 20 < 56°
was applied, reducing R(azimuthal) from 2,55 to
2.04%. The data were corrected for Lorentz, polariza-
tion, and background effects; of the 3642 reflections
measured, there were 2403 classed as observed

[F 2 50(F)].
Infrared spectroscopy

A powdered sample was prepared by grinding
about 20 mg of kaliborite in an alumina mortar until
the grain size was generally less than 2 pm. About
2 mg of sample was mixed with 150 mg of KBr by
grinding in an alumina mortar. The resulting mixture
was pressed in an evacuated die into a 13-mm pellet.
A high-resolution infrared spectrum was recorded on a
Bomen Michelson 100 Fourier-transform interfero-
metric infrared spectrometer. Frequency measure-
ments were calibrated internally against a He-Ne laser
and are accurate to 0.01 cm™, according to the manu-
facturer.

TABLE 1. MISCELLANEOUS INFORMATION FOR KALIBORITE

Space group  C2/c Crystal Size (mm) 0.12x0.16 x 0.24
a(A) 18.672(6) Total ref. 3642

biA) 8.466(3) [F > BolA] 2403

cld) 14.689(5) Final R 4.4

8% 100.02(3) Final wR 47

V(AY 2274(1) GOF* 2.6

Unit-cell contents 4{KMg,HIBe0,(OH)gl,(H,0),}
R = X(|F,| - |FIVEIF,|
WR = [Ewl[F,) - |FIPEWFA, w = 1164

* GOF = Goodness of fit
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STRUCTURE REFINEMENT

Scattering curves for neutral atoms, together
with anomalous-dispersion corrections, were
taken from Cromer & Mann (1968) and Cromer &
Liberman (1970), respectively. The Siemens
SHELXTL PLUS (PC version) system of programs
was used throughout this study. The R indices are of
the form given in Table 1 and are expressed as
percentages.

Refinement of the structure was done in the space
group C2/c using the atomic parameters of Corazza &
Sabelli (1966) as the starting model. Refinement of the
atomic positional parameters and isotropic displace-
ment pararneters gave an R index of 8.2%. Conversion
to an anisotropic displacement model, together with
refinement of all parameters, gave an R index of 5.3%.
At this stage of the refinement, a three-dimensional
difference-Fourier map was calculated, and the posi-
tion of ten hydrogen atoms was determined. Subse-
quent cycles of refinement showed that the hydrogen
positions were not well-behaved, as indicated by
anomalously short O—H bond lengths, a common
feature of hydrogen positions refined using X-ray data.
The “soft” constraint that O-H distances should be
~0.96 A was imposed by adding extra weighted
observational equations to the least-squares matrix.
Only the O-H distance is constrained, and each H
position is free to refine around the oxygen atom.
Neutron-diffraction studies (i.e., Hamilton & Ibers
1968) of structures containing hydrogen bonds have
shown that donor-hydrogen bond lengths do vary
somewhat with the hydrogen—acceptor bond length.
However, the donor-hydrogen bond lengths obtained
via unconstrained refinement of X-ray data normally
fall well outside the range found using neutron data,
and this makes the hydrogen bonding in the structure
difficult or impossible to interpret. Neutron-diffraction
studies of borate minerals are limited owing to
extreme absorption effects. Therefore, the most appro-
priate way to obtain information on hydrogen bonding
is via constrained refinement of X-ray data, and we
have found (Burns & Hawthorne 1993a, b, 1994b) that
this approach gives realistic hydrogen-bonding
schemes for various borate minerals. Refinement of all
parameters gave a final R index of 4.4% and a wR
index of 4.7%. Models including a refinable weighting
scheme of structure factors and an isotropic extinction
correction were tried, but did not improve the results.
Final atomic positional and equivalent isotropic dis-
placement parameters are given in Table 2, anisotropic
displacement parameters in Table 3, selected inter-
atomic distances and angles in Table 4, and a bond-
valence analysis is given 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.
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TABLE 2, ATOMIC COORDINATES AND EQUIVALENT ISOTROPIC TABLE 4. SELECTED INTERATOMIC DISTANCES (A) AND ANGLES (°) FOR KALIBORITE
DISPLACEMENT PARAMETERS FOR KALIBORITE
K-O14la,b 2.925(2) x2 B{3)-OH(2) 1.470(3)
x y z Uy, K-OH(10la,6 2.928(2) x2 B8(3)-0(3) 1.508(3)
K-OW(14le 2,968(3) x2 B(3)-0(41g 1.418(3)
K 1} 0.1187(1) 1/4 262(3) K-OWt1Bla,b 2.889(2) x2 B(2)-0(6) 1.518(3)
Mg 0.13784(6)  0.4234(1)  0.16721(6) 87(3) <k-o> 2840 <B@-0> 1478
B(1) 0.5006(1) 0.1473(4) 0.1077(2)  107(7) Mg-01(8) 2.141(2) Bl4)-0{B)b 1.388(3)
B(2) 0.0891(2) 0.8378(4) 0.0266(2) 143(8) Mg-0(7) 2.113(2) 8(4)-016)b 1.343(4)
3 0.1 . . Mg-OH(11} 2.084(2) Bl#1-0(7} 1.386(3)
B(3) 108(1) 0.7865(3) 0.1984(2) 94(7) Mg-GH{13} 2.079(2] <BIa)-0> a7z
B4} 0.2628(1) 0.2025(3) 0.25486(2) 107(7) Mg-OW(14} 2,082(2)
B(5) 0.3047(1) 0.4591(3) 0.1928(2) 89(7) Mg~OW(18)b 2.071(3t B(B)-0(4) 1.4313)
B(6) 0.2399(2)  0.4974(4)  0.0236(2) 173(8) <Mg-0> 2.088 BE1-0(@) 1asa
BIBI-O(7} 1.490(3)
ot} 0.0134{1) 0.7310(2) 0.0241(1)  163(5) — 1.47318) B0} 1.492(3)
OH(2) 0.0361(1) 0.7340(2) 0.1889(1}  111(8) B(1)-OH(2)d 1.458(3) <B{B)-0> 1.471
0(3) 0.1171(1) 0.8722(2) 0.1064(1)  130(6) B‘”"°:‘°’m ::; f:j; 2610 1.382(3)
B{1)-OH(1 1.461(4) .
04} 0.37643(9) 0.3994(2) 0.2268(1) 112(6) <B1}-0> 1.468 BE)-OH(1 21 1,36714)
01(8) 0.1668(1) 0.6812(2) 0.2086(1)  116(8} B(6}-OH(13} 1.379(4)
0(8) 0.2946(1) 0.6096(2) 0.2380(1)  176(6) B(2)-0(1) 1.372(4) <B{8}-0> 1.368
o 0.2466(1)  0.3461(2)  0.2104(1) 117(6) B0 La7ae
- " y B(2)-OH(T0) 1.358(4)
o(s) 0.2981(1) 0.4863(3) 0.0914(1)  176(6) <B(2)-0> 1369
OHI9)  0.4214(1)  0.1362(2) 0.1073(1)  145(5) Hydrogen bonding
OH(1 . . X
(10) 0.4278(1) 0.5820(3) 0.0668(1)  270(7) OHIZIh-H 1,212 Hi11-OHI) 121201
OH(11)  0.0821(1) 0.4888(2) 0.1128(1)  152(6) OH(2)~CH(2} 242114 OHZIN-H(1}-CH(2il 173
OH(12)  0.2657(1)  0.9580(4)  0.0647(1) 327(8) OHBI-H2) 0.05@) HI2)-014) 2148
OH(13) 0.1710(1) 0.4836(3) 0.0411(1)  200(6) OH19)-0(4} 3.049(3) OH(9)-H(2)~0{4} 168(4)
‘OW(14)  0.0988(1) 0.2048(3) 0.1204(2)  230(6) OHI10)-H(3) 0.96(3) H(3)-0(8) 1.733)
OW(18)  0.3892(1) 0.8757(3) 0.2046(1)  204(6) OH(10)-0(8) 2.884(3) OH(10)-H(3)-0(8) 173(6)
H() o 0.267(8) 3/4 564(48)** OH(11)-H4) 0.96(4) H(4)-001} 1.86(4
H2) 0.408(3) 0.235(3) 0.130(3) 564(48) OH(11)-011)] 2.760(3) OH(11)-H(41-0(1}] 166(4)
H(3) 0.383(1) 0.548(6) 0.067(3)  564(48) OH{12)-H(B) 0.95(3) H{B)-0(3) 1.88(3)
Hi4) 0.003(2) 0.422(5) 0.068(2) 564(48) OH(12)-0(3) 2.836(3) OH(12)-H(B1-0(3) 1714
HiB) 0.207(1) 0.939(6) 0.076(3)  564(48) CHI13)-+(E) 0.95(3) HIBI-OH(O 1.75(3)
. OH(13)-H(E)-OHIOK 1593
Hie) 0.146(2) 0.439(6)  -0.020(1)  564(48) oHas-oHelk 2683 (7‘1 -He-oHien o
OW(141-H(7) 0.86(3) H)-0@) 1.86(2)
Rz 0-12002) 0.101(3) 0.1233) 564(48) OW{14)--0(3) 2.849(3) OW(14)-H(7)-0(3)i 156(4)
H(8) 0.077{2) 0.196(6) 0.057(1) 564(48) OW(14)-H{8) 0.96(2) H(8)-01)] 1.88(4)
H(9) 0.404{3) 0.964(4) 0.172(3)  564{48) OW(14)-0(1)] 2.757(3) OW(141-H(8)-01)j 1374)
H(10} 0.341(1) 0.851(8} 0.173(3) _ BBA48) HIT-HE) 1.396) HE7)-OW(14)-HE) 844
" Uy = Uy x 10° OW(1B}-H{B) 0.96(4) H(@)-OH(BIm 1,794
** A single U,, was refined for ail H. OW(16)-OH{9Im 2.743(3) OW(16)-H(9)-OH(®)m 174(4)
OW(18)-H(10) 0.95(3) H{10)-0H(12) 2.23(3)
OW(16)-0H(12) 3.014(3) OW1BI-HI10)-0H(12)  138(4)
TABLE 3. ANISOTROPIC DISPLACEMENT PARAMETERS FORKALIBORITE 36, 1110 1.51(8) H(B)}-OW(15}-H(10) 104(4)
Uy (2% Uss Uz Ui Uy K polyhadron
€ am mae a0 s o Suotom uome  oseranom s 2
Mg &7(a) 8041 104 -23) 8@  -703) Ol1e.b-OWIBILD  4.056(3) x2 Oldle,b-K-OW(1BIsb  86.6(1) x2
B(1) 89(11) 130(13) 23(11)  ~18(10) -B(9) -8(10} OH(10la,b-OW(14),2  3.201(3) x2 OH(10)a,b-K-OW(14),a  68.0(1) x2
B(2) 127(12) 181{14) 130(13) -8{11)  -3(100 -20{11) OH(10}a,b-OW(1BJa,b  3.387(3) x2 OH{10la,b-K-OW(1B)a,b  70.1(1) x2
OW(141,5-OW(1Blab  2.824(3) x2 OW(14),a-K-OW(1Bla,b  B3.0(1) x2
B(3) 100012y 87012} 8411} -8(10)  14(9) on0) OW(1Bla-OW(1BIb  4.088(3) OW(18la-K-OWI1BD 86,8011
B4 116(13)  99(13) 103(12)  -4(10) 13(10)  12(10) <0-0> 3.443 <0-K-05> 71.6
B(B) 79011} 8212) 87111 7(9)  -8(8)  -18(9) Mg ootahedron
B(6) 150(13) 263(17)  108(13) 812)  -8(11) -14(12) 0101 2.05008) OB}-Mg-07) s2.001)
o) 167(9)  177¢9)  1038) 7 -8 -68(8) OlB)-OH{11) 3.011(®) O(B)-Mg-OH(11) 21.5(1)
OH(2} 80(8} 161(9) 88(8) ~-28(7) 4(6) -32(7) O(B)-0H(13) 2.891(3) O18)-Mg-~OH(13} £0.3(1)
_ O{B)-OW(1B1b 2.094(3) O(B}-Mg-OW(15)b 90.6(1)
0{3) 123(8)  161(0) 1108} 19(7) 5(7) 38(7) OU7I-OM(13) 28160 07} -M5-OH{13) saat)
0(4) 87(8) 107(8) 136(8) 365(7) ~1(8) 11(6) 0(7}-OW(14) 3.074(3) O(7)-Mg-OW(14) 24.8(1)
o5} 91(8) 82(8)  1B9(9)  -18(7) -21(7) 12(7) O(7)-OW{15)p 3.013(3) O(7)-Mg-OW(15)b 02.1(1)
o8) 116(8) 114(9) 281(11) -69(8) -18(8) 27) OH(11)~0H(13} 2.857(3) OH{11}-Mg~OH(13) 9111
OH(11]-OW(14) 2.688(3) OH(11)-Mg-OW(14) 81.7(1)
o o78) 918 - 167(9) 25(7) 46} 3(6) OH(111-OW{18)b 2.982(3) OH(11)-Mg-OW(1B)b  82.3(1)
o) 119(8)  278(11)  114(8) 638 -23(n  -30(8) OH(13)-0W(14) 2.916(3) OHI13-Mg-OW(14)  89.5(1)
OH(e) 84(8)  182(10) 159(9) -28(8) -8(7)  -20(7) OW(14)-OW(1E)  2.824(3) OW(14)-Mg-OW(1BI>  80.1(1)
OH(I0) 2B1(11) 403(14) 137(9)  98(10) -19(8) -146(10)  <0-0> 2.883 <0-Mg-0> 800
OH(11) 182(8)  114(9)  188(9)  ~30(8) -~36(7) 10(7) B(1) tetrahedren
OH{12) 162(10) 6768(19) 131110) 120(11) -5(8) -43(12) Ol 11d~0H(2d 2.384(3) O(1)d-B(1}-0H(21d" 108.9(2)
- _ 0(1)d-0H(9) 2.407(3) 0(1)d-B{1)-0H(9) 109.7(2)
OH(13}) 123(9)  348(13) 117(9) 118 -18(7) 46(8) QUYoH 1 24213 Ol )4-B11-OH(1 110 112,202
OwW(14) 244(1 ‘{) 11910}  278{11) -17(8) -96(9) 17(8) OH(2)d~OH(B) 2.406(3) OH(2)4-B(1)-OH(B) 110.3(2)
OW(15) 228(10) 203(11) 181(10) -15{8)  33(8)  -46(9) OH(2)d-OH(11)e 2.364(3) OH(2)d-B(1)-CH(11)e.  107.8(2)
OH(B)-OH(1 1)e 2.389(3) OH(9)-B(1)-OH(11le 109.142)

Uy = Uyx 10° <0-0> 2.303 <0-B{1}-0> '100.8
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TABLE 4 — (Continued)

B{2) triangle

0O(1)~-0(3) 2.402(3) O1)-B8(2)-0(3) 121.9(3)
O(1)}-OH(10) 2.302(3) O(1)-B(2)~-OHI10) 116.0(2)
O(3)-OH(10)f 2.403(3) G(3)-B(2)-OH{ 10} 123.13)
<0-0> 2.368 <O-B(2)-0> 120.0
B(3} tetrahedron

OH(2}~0(3) 2.404(3) OH(2)-8(3)-0(3} 107.6(2)
OH{2}-0{4)g 2.331(3) OH(2)-BI3)-0l4lg 107.8(2)
OH(2}-018) 2.486(3) OH(2)~B{3)-0(8) 110.8(2}
0(3)-0t4)g 2.488(3) 0{3)-B{3)-0(Ng 114.2(2)
0(3)-0(8) 2.414(3) 0{3)-B{3]-0(8} 108.8(2)
0(419-0(6) 2.4173) Ot4lg~B(3)-0(6} 110.9(2)
<0-0> 2413 <0-B(3)-0> 108.4
B{4} triangle

0(B)b-0(6ib 2,398(3) 0(B)b-B(4)-0(6}b 122.8(2)
OB)b-0(7} 2.416(3) 01{8)b-B(4)-0(7) 121.2(2)
0(8)b-0(7) 2.317(3) 0{8)b-B4)-0(7) 116.2(2)
<0-0> 2.378 <0O-B{4)-0> 120.0
B{B) tetrahsdron

04)-0(8) 2.366(3) C(4)-B(B)-0(8) 108.5(2)
O(4)-0(7) 2.424(3) 0(4)-8{6}-0(7) 111.2(2)
0(4)-018) 2.389(8) 0{4)-BIB)-0(8) 107.6{2}
0(8}-0(7) 2.410(3) 0O18}-B(5)}-0(7) 108.2(2)
0{8}-0(8) 2.407(3) 0(6)-B(B)-01(8) 108.0(2)
0O7)1-01(8) 2.481(3) 0(7)-B{6)-0(8) 110,142}
<0-0> 2,403 <0-B(G)-0> 108.6
B(8} triangle

08)-OH(12)f 2,388(3) 0(8)-B(6)-OH(1 2} 122.9(3)
0(8)-OH(13) 2,373(8) 0(8)-B(6)-OH(13) 120.6(3)
OH(12)t-0H(13) 2,338(3) OH(12)f-B(6)}~OH(13) 118.5(2)
<0-0> 2,368 <0-B{6)-0> 120.0

a=x-Y,y-%z b= b-xy-% %z c=X,v, %2 d=x+h,y+%h, 2 6 =
Xt %, y-%.2 = %X, ¥41%, 7 g = %X, Y+ %, %=z h =X, V41,241 i =X,
V2% =X Y+1,7 k= %X %y, 23 lax,y-1,22 m=x,y+1,2
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DESCRIPTION OF THE STRUCTURE
Fundamental building block

The fundamental building block (FBB) in kaliborite
contains six boron atoms (Fig. 1). There are three
[B(O,0H),] tetrahedra and three [B(O,0H);] triangles
in the FBB. The B(1)O(OH);, B(3)0;(OH), and
B(5)0, tetrahedra have <B-O> distances of 1.466,
1.478, and 1.471 A, respectively, and the B(2)O,(OH),
B(4)0,;, and B(6)O(OH), triangles have <B-O>
distances of 1.369, 1.372, and 1.366 A, respectively.
These distances are within the ranges typical of
<“IB—0O> and <BIB-O> observed in minerals.

The FBB contains two three-membered rings that
contain two tetrabedra and one triangle (Fig. 1). The
(1A + 27) rings form a pentaborate unit by sharing the
B(3)04(0OH) tetrahedron. Using the notation of Christ
& Clark (1977), this pentaborate unit may be written
as (2A + 37). The kaliborite FBB has an additional
[B(O,0H),] triangle that is attached to the pentaborate
unit via corner-sharing (Fig. 1); thus the FBB may be
written as 6:(2A + 37) + A. Such a FBB has not been
observed in other borate minerals, but the (2A + 37)
pentaborate unit is quite common. It occurs as an
isolated cluster in the structures of garrelsite and
ulexite, and it polymerizes to form chains in the struc-
tures of larderellite and probertite, sheets in the
structure of heidornite, and frameworks in the struc-
tures of the polymorphs of hilgardite.

TABLE 5. BOND-VALENCE® ANALYSIS FOR KALIBORITE

K Mg  B{1} B{2) B3} B4 B5) B{8} H(1) H2) H3) H(4) HB) HE) H(7} HB) H(® HI10 %

o{1) 0.759 0.997 0.18 0.16 2.088
OH(2) 0.7%0 0.765 0.50%¢ 2,065
0(3) 0.987 0.690 0.17 0.16 2.007
o) 0.117%y 0.881 0.850 0.12 1.968
015) 0.298 0.676 0.955 1.929
0{6} 1.079 0.778 1.867
o[y)] 0.321 0.960 0.708 1.989
018) 0.721  1.063- 0.20 1.974
OH(g} 0.761 0.88 0.20 0.19 2.031
OH(10) 0.116°4 1.038 0.80 1.962
OH(11) 0.367 0.784 0.82 1.971
OH(12) 1.011 0.83 0.10 1.841
OH{13) 0.362 0.97¢ 0.80 2.131
OWl14) 0.1082¢ 0.369 0.84 0.85 2.167
OW(15) 0.099%¢ 0.380 0.81 0.80 2.169
b3 0.880 2,067 3.094 3.020 3.012 2.994 3.067 3.043 1.00 1.00 1.00 100 1.00 1.00 1.00 1.00 1.00 1.00

* parameters from Brown & Altermatt {1985)
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FiG. 1. The fundamental building block in kaliborite.

Mg and K coordinations

The kaliborite structure contains one Mg position.
The Mg cation is coordinated by two oxygen anions,
two hydroxyl groups, and two (H,0) groups in an
octahedral arrangement. The <Mg-O> distance is
2.088 A, and individual Mg-O distances range from
2.062 to 2.141 A. The single position occupied by K
in the kaliborite structure is located on a center of
symmetry. It is coordinated by two oxygen anions,

two hydroxyl groups and four (H,O) groups located at
the corners of a distorted cube. The <K—O> distance is
2.949 A, and individual bond-lengths range from
2.925 t0 2.989 A.

Structural connectivity
The borate FBBs polymerize to form chains run-

ning along b (Fig. 2). The FBBs polymerize by sharing
the O(6) anion, which links the B(5) tetrahedron of

—
1

FIG. 2. The heteropolyhedral chains of kaliborite projected onto (001). Borate tetrahedra
are shaded with crosses, borate triangles are given as solid triangles, and magnesium

octahedra are cross-hatched.
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FiG. 3. The structure of kaliborite projected onto (010). Borate tetrahedra are shaded with
crosses, borate triangles are given as open triangles, magnesium octahedra are cross-
hatched, and potassium atoms are represented by circles shaded with a random-dot

pattern.

one FBB and the B(4) triangle of the next FBB in
the chain. The B(5) tetrahedra and B(4) triangles
alternate along b, and the rest of the FBB is oriented
such that its long direction is subperpendicular to the
chain. This FBB linkage results in a zigzag chain
(Fig. 2).

The Mgdg (¢: unspecified ligand) octahedra attach
to the borate chains, forming heteropolyhedral chains
(Fig. 2). The Mg cation bonds to four anions that are
part of the borate chain and to two (H,0) groups. In a
given Mg octshedron, there are two bonds to each of
the adjacent borate FBBs, both of which are members
of the same borate chain; Mg thus does not provide
any interchain linkage.

The heteropolyhedral chains are linked through the
K cation and via a network of hydrogen bonds (see
below). The K cation bonds to four different adjacent
chains (Fig. 3). The two heteropolyhedral chains
closest to the K position attach through three bonds
each; two involve (H,0) groups of the Mg octabedron,
the third involves the O(4) anion, which bridges
between the B(3) and B(5) tetrahedra of the same
borate FBB. The K atom also has a bond to two more
distant chains via the OH(10) anion, which bonds to
the B(2) cation.

HYDROGEN BONDING

The hydrogen positions obtained via constrained
least-squares refinement of the X-ray data are realistic
in terms of bond lengths and angles (Table 4), as well
as in the bond-valence requirements of the donor and
acceptor anions (Table 5). There are ten hydrogen
positions in kaliborite (Table 2, Fig. 4), nine of which
provide linkages between the heteropolyhedral chains.
Of these, six positions provide linkages along [001],
and three do so along [101]. The other hydrogen atom
links anions of the same heteropolybedral chain along
[010].

Hydrogen bonds along [001]

Six hydrogen atoms provide linkages along [001]
between adjacent heteropolyhedral chains (Fig. 4).
The OH(2) position is shared between the B(1) and
B(3) tetrahedra, which contribute 1.55 v.u. toward
the bond-valence requirements of the oxygen atom;
thus the donor—hydrogen bond must be considerably
weaker than is normally the case (i.e., <<0.8 v.u.).
This requirement is met, as the H(1) position is on a
2-fold rotation axis, and it bonds to two symmetrically
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FIG. 4. The structure of kaliborite projected onto (010). Boron atoms are open circles with shading in the lower-left corners,
magnesium atoms are shaded with paralle] lines, potassium atoms are cross-hatched, oxygen atoms with a regular-dot
pattern, and hydrogen atoms are given as small open circles. Hydrogen bonds are shown as heavy solid and dashed lines.

equivalent OH(2) positions, which occur in adjacent
FBBs. The OH(2)-H(1) and H(1)-OH(2)i bond-
lengths are 1.212(7) A, indicating a very strong hydro-
gen bond. This crystallographically symmetrical
hydrogen bond is considered further below.

The OH(10) and OH(12) anions are bonded to B(2)
and B(6), respectively. The OH(10)-H(3)...0(8) and
OH(12)-H(5)...0(3) bonds bridge along [001]
between adjacent heteropolyhedral chains (Fig. 4).
The O(8) and O(3) anions are bonded to B(6) and
B(2), respectively, and thus these hydrogen bonds
complete an eight-membered ring of B, O and H. The
OH(10)-H(3)...0(8) and OH(12)-H(5)...0(3) bonds
are quite strong, as indicated by the fairly short accep-
tor distances, 1.73(3) and 1.89(3) A, respectively.

The OH(9)-H(2)...0(4) bond is of intermediate

strength, as indicated by an acceptor distance of
2.14(4) A. The bond bridges adjacent heteropoly-
hedral chains along [001]; the OH(9) anion bonds to
B(1), and the O(4) anion is shared between B(3) and
B(5).

The OW(15) anion is the donor of two hydrogen
bonds, each of which bridges between adjacent hetero-
polyhedral chains along [001] (Fig. 4). The OW(15)
anion bonds to the K and Mg cations. The hydrogen-
bond acceptor anions belong to different beteropoly-
hedral chains; OH(9) bonds to B(1), and OH(12)
bonds to B(6). The OW(15)-H(9)...OH(9) bond is
quite strong, as indicated by an acceptor anion at a dis-
tance of 1.79(4) A. The OW(15)-H(10)...0H(12) bond
is significantly weaker, with an acceptor anion at a
distance of 2.23(3) A.
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Hydrogen bonding along [101]

The OH(13)~H(6)...0H(9) bond bridges between
adjacent heteropolyhedral chains along [101] (Fig. 4).
The OH(13) anion bonds to B(6) and Mg. The OH(9)
anion bonds to B(1), and acts as a donor for the H(2)
atom and an acceptor for the H(9) atom. The
OH(13)-H(6)...0H(9) bond is strong, as indicated by
an acceptor distance of 1.75(3) A.

The OW(14)-H(8)...0(1) and OH(11)-H(4)...0(1)
bonds are oriented along [101], and bridge between
anions of adjacent heteropolyhedral chains. The
OW(14) anion bonds to Mg and K, and the OH(11)
anion bonds to B(1) and Mg. The O(1) anion is an
acceptor for both of these hydrogen bonds. The O(1)
anion bonds to B(1) and B(2), which provide 1.756
v.u. toward its anion bond-valence requirements, and
the remaining bond-valence requirement at O(1) is
satisfied by accepting the hydrogen bonds. The
OW(11)-H(4)...0(1) and OW(14)-H(8)...0(1) bonds
are of intermediate strength, as indicated by acceptor
anions at distances of 1.86(4) and 1.98(4) A, respec-
tively.

Hydrogen bonding along [010]

The OW(14)-H(7)...0(3) bond links anions of the
same heteropolyhedral chain (Fig. 4). The OW(14)
anion bonds to Mg and K, and O(3) bonds to B(2) and
B(3). The OW(14)-H(7)...0(3) bond is of intermediate
strength, as indicated by an acceptor anion at a dis-
tance of 1.96(2) A.

Crystallographically symmetrical hydrogen bond

Crystallographically symmetrical hydrogen bonds
are very rare in borate minerals; only two are known
to date. Clark & Christ (1977) reported that such
hydrogen bonds might occur in the structures of preo-
brazhenskite and kaliborite. Burns & Hawthorne
(1994a) recently verified that a crystallographically
symmetrical hydrogen bond does occur in the struc-
ture of preobrazhenskite. The situation in the preo-
brazhenskite structure is very similar to that reported
here in the kaliborite structure; the hydrogen atom lies
on a two-fold axis, and it bridges between symme-
trically equivalent anions, each of which bonds to two
tetrahedrally coordinated B atoms. The two B atoms
contribute ~1.5 v.u, toward the bond-valence require-
ments of the anion; the rest is provided by the
crystallographically symmetrical hydrogen bond.

The electron density associated with the symme-
trical hydrogen bond in preobrazhenskite was
examined in difference-Fourier maps calculated with
the H position vacant, The peak in the electron density
occurs on the two-fold axis, and there is only one peak
in that vicinity, although the electron density is clearly
anisotropic (see Fig. 4, Burns & Hawthorne 1994a).

THE CANADIAN MINERALOGIST

A three-dimensional difference-Fourier map calcu-
lated around the vacant H(1) position in kaliborite
shows the presence of the H(1) atom (Fig. 5), as there
is a significant amount of electron density between the
symmetrically equivalent OH(2) positions. However,
the electron density shows two well-developed maxi-
ma, located slightly off the OH(2)-OH(2) join, and
separated by about 0.7 A. This feature indicates that
the H(1) position may be disordered off the two-fold
axis.

Several cycles of refinement were done with the
H(1) atom displaced off the two-fold axis to account
for the observed anisotropy of the electron density
around the H(1) position. The refinement converged,
but it did not lower the R values relative to the refine-
ments done with the H(1) position fixed on the two-
fold axis. The split H(1)" and H(1)" positions refined
to a separation of 0.7(2) A. Only one of these H(1)
positions will be locally occupied. The resulting local
configuration has a donor at a distance of 0.88(12) A
and an acceptor at a distance of 1.56(12) A, and the
refined OH(2)h-H(1)...OH(2)i angle is 165(9)°.

There are two possible explanations for the
observed anisotropy in electron density at the H(1) site
in kaliborite: (1) the H(1) atom is dynamically disor-
dered between the H(1)” and H(1)" positions; (2) there
is a local static ordering of the H(1) atom at the H(1)’
or the H(1)” positions. In the latter case, the refined
OH(2)-H(1) donor distance of 0.88(12) A has a bond-
valence of ~0.8 v.u. The OH(2) anion also receives a
total of 1.55 v.u. from the B(1) and B(3) positions, and
such a local configuration would result in an excess of
bond valence at the donor OH(2) anion. In addition, a
significant bond-valence deficiency will occur at the
acceptor OH(2) anion of the same local configuration.
These bonding arguments suggest that the anisotropy

OH(2) . @

©

Fic. 5. Difference-Fourier map of the H(1) position cal-
culated with the H(1) position vacant. Contour interval is
0.1 e/A3.




THE STRUCTURE OF KALIBORITE

02
015 e

01 V4

005 4

Il "._
ol ¥ '
005 1
~01
2600 3400 3000

Frequency (cm’)
FiG. 6. The infrared spectrum of kaliborite in the principal OH-stretching region.

3000

893

in electron density associated with the H(1) site is
attributable to a dynamic disorder of the H atom,
rather than local static ordering of the H(1) atom at the
H(1)’ or H(1)" positions.

Infrared spectrum

The powder infrared spectrum of kaliborite (Fig. 6)
in the principal OH-stretching region shows one
prominent peak at ~3200 cm™! and a broad, poorly
resolved series of peaks centered at ~3400 cm™!, with
several prominent shoulders to the high-frequency side
of the envelope. There are ten distinct hydrogen posi-
tions in kaliborite (Table 2), and the spectrum is too
complex to lead to unambiguous identification of the
positions of individual bands.

The powder infrared spectrumn of preobrazhenskite
(Burns & Hawthorne 1994a) is considerably simpler
than that of kaliborite, and the band positions and
intensities were obtained. The lowest-frequency band
in the principal OH-stretching region in preobrazhen-
skite occurs at ~3200 cm™!, and this was attributed to
a crystallographically symmetrical hydrogen bond.
The kaliborite spectrum also has an intense band
at ~3200 cm™! (Fig. 6), and this band also may be
attributed to the crystallographically symmetrical
hydrogen bond. The broad envelope in the kaliborite
spectrum presumably contains contributions from
the other nine H positions, and thus the band at
~3200 cm™! is relatively very intense, in line with the

relationship of band intensities and band frequencies
reported by Burns & Hawthorne (1994a).
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