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KALIBORITE:
AN EXAMPLE OF A CRYSTALLOGRAPHICALLY SYMMETRICAL HYDROGEN BOND
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ABSTRACT

The crystal structure of kaliborite, KMz, H[B;03(0H)s]»(H20),, monaclinic, @ 18.572(6), & 8.466(3), ¢ [4.689(5) A,
- B 100.02¢3)°, V 2274(1) Al z=4, space group C/¢, has been refined by full-matrix lenst-squares methods to an R index
¢ of 4.4% and a wR index of 4.7% for 2403 unique observed [F = 5a(F)] reflections measured with MoKt X-radiation. The
kaliborite structure containg a 6:(2A + 37) + A fundamental building block (FBB). Each FBE contains a pentaborate (24 + 3T)
<+ 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 adjncent
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 sume heteropolyhedral chain. Kaliborite is one of two borate minerals thut are known to contain a

crystallographically symmetrical hydrogen bond.
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SOMMAIRE

La structure cristalline de lu kaliborite, KMg,H[B¢Oy(OF);15(H,0),, moneclinigue, o 18.572(6), b 8.466(3), ¢ 14.689(3) A,
P 100.02(3)°, V 2274(1} A%, Z = 4, groupe spatial C2/c, a été affiné par moindres carrés A matrice entiére jusqu'a un résidu
R de 4.4% (wR = 4.7%) en utilisunt 2403 réflexions uniques observées [F> 2 56(F)] et mesurées avec rayonnement MoKo.
La structure contient un bloc structural fondamental 6:(2A + 370 + A. Chacun de ces blocs contient une unité cing atomes de
bore (24 - 37} composée de denx annesux 3 trojs membres (1A + 27) et un trisngle additionnel ratiaché i I'unité pentaboratée.
Ces blocs structuraux fondamentoux sont polymérisés en chaines en zigzag le Jong de b. Le cation Mg a une coordinence
octuédrique, et est li€ & une chaine de borate adjacente, Les chaines hétéropolyédriques sont articulées par les atomes de K,
qui possédent une coordinence cubique difforme, et par des linisons hydrogéne. Neuf des dix atomes d"hydrogéne contribuent
A la linison entre chaines hétéropolyédriques, ct 1"autre atome d’hydrogéne lie les anions au sein d'une méme chaine
hétéropolyédrique. La kaliborite est un de deux borates connus ayant une lisison hydrogéne cristallographiquement

symétrique.

(Trnduit par 1a Rédaction)

Mots-clés: linison hydrogéne, kalibarite, borate, structure cristalline.

INTRODUCTION

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, Uni\;ersity
of Cambridge, Downing Street, Cambridge CB2 3EQ, UK,

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 symmetrical)
hydrogen bonds in the structures of precbrazhenskite
and kaliborite, although the precision of the X-ray data
collected for these minerals by Rumanova er 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 &
Huowthorne 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° < 28 < 27° were centered using graphite-mono-
chromated MoKa. 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 8-26 scan method with a 2,2° 208 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 <1 < 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 oceurred during data collection. An empiri-
cal absorplion-correction based on 36 psi-scans for
each of 10 reflections over the range 11° < 28 < 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 spectrascopy

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 um, About
2 mg of sample was mixed with 150 mg of KBr by
grinding in @n alumina mortar. The resulting mixture
was pressed in an evacuated die into a [3-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 accusate to 0.01 cm™!, according to the manu-
facturer,

TASLE 1. MISCELLANEOUS INFORMATION FOR KALIBQRITE

Spece group C2/c Crystal Slze mm} 0.12 x0.16 x 0.24
a {A} 1B.572(6) Total ref, 3642

b 1A} H.466(3) [F > Bolfl) 2403

£ 1A 14.688(5) Final & 4.4

ai% 100.02(3) Final wR 4.7

v (A% 2274{11 GOF" a5

Unit-cell contants  4{KMgHIB,0p,(0H1,];1H,0L]}
R = H|R| - |F[VEIR]
Wi = [EwWl|F.| - |F|FEWEI", w = /1A

* 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 parameters 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 shounld be
~0.96 A was imposed by adding extra weighted
ohservational 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
vig unconstrained refinement of X-ray data normally
fall well outside the range found wsing 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 vig constrained refinement of X-ray data, and we
have found (Burns & Hawthorne 19934, 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
052,
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TABLE 2. ATOMIC COORDINATES AND EQLIVALENT ISOTAQFIC TAELE 4, SFLECTED INTERATOMIC DISTANCES (A) AND ANGLES (%) FDR KALIBDRAITE
DISPLACEMENT PARAMETERS FOR KALIBORITE
K~-C{4]a,b 2.025(2) 22 Bi3)-0812} 1.47043)
x y z ., K-GH{10l2,b 28282 x2 B(3)-0t5 1.500¢3)
K-OWI141,2 20EE(N x2 B(31-0(#g 1.41803)
K 0 0.1187{1) 14 282(3) K~OWI16a,b 2,BBALH a2 B(31-0(5) 151608
Mg 0.13784{5)  0.4234(1) 016721161 973 <K-0> 2048 <8E@-0> 1.478
B(1} 0.5005{1} 0.1473(4) 0,1077(21 10717} Mp-0(8] 29412 B(4)-8(5)h 1,388{3)
Bi3} 0.0881{2} 0.637B14) 0,0255(2)  143(A) Mg-R7) FRREFH] B(#-0(6h 1,343
Blal 0.1109{1) 0.7855(3) 0.1984(21 947 Mg-QHI1 2064121 RiA-0 138803
Mg-aHI13} 20781 <Big]-0> 1.372
Bi4] 0,.2628{1) 0,2025(3) 0.2546(2} 107(7) Mg-0W(13) 208218
BI5) 0.3047{1) 0.4681(3) 0.1828(2) 88(7) Mg=OW(15]h 20711 BIE)~0(4) 143143}
BIB) 0.239942) 0.487414} 0.02368(2)  173(8} <Mg-0= 2.088 5:::'3{3} 1-:?;:‘;:
o 0.0134¢3 0.731042} 0.0241{1)  153(8} Bi11-0(1d 1.47304 BI51-DIE) 1.482(3)
oH2y 0.03811(1) 0.734042} 0.1888{1)  111{8} . AnI-oH2ld 1.45814) <B(b]-0> 1.471
043} 0.117140) 0.8722i2) 0.1054{1)  130(8] B:::-g::?l“ ::Zfﬁ: BE-a -
B~ I . - .
aid) 0.37643(8)  0.3894(2) 0.2268(1)  112(8) <Bi)-0> T BEI-DH 231 TasHE
L[1)] 0.1688(1) 0.6612{2) G.2086(1)  116(6) BI@1-0HKIT3) 1.37%0151
[al{:1] 0.2946(1) 0.B0964{2) 0.2380{1)  176(E) B(2)-0t1 1.37214) <B(8)-0> 1.388
Bi21-0t3 1.378(3)
aen 0.246611) 0.3461(2) 0.2104{1)  1178) ai)-oHioH Tasni
Qi) 0,29981(1} 0.4883(3) 0.0914{1) 17616) < B{Z]-O0> 1388
OH(8} Q.421401) 0.1352(2) 0.107311) 14515) Hydrogon banding
.4278(1 X X
OH(10} 0.427801) 0.5820(3) G.05BB(1)  270(7) OH{2Ih-H) 1,212t0 Hi1)-gHi2i 1.212(7)
aH{11E - 08.032111) 0.4888(2) 0.112811)  152(5) OHIZI-OHIZII 2,52114) OW{RIh-HIT1-OHIZH 173631
aHt12h 0.255701} 3.8580(4) 0.0647(1) 327(8) QHIBI-HIZ) 0.85(3) HI21-0t4) 2.1414)
OHI3) a.971001) 0.4836(3) 0.043111  200(8) OHIg)-DI4} 3040631 OHIB-HIZI-0(4) 15844}
pW(14]  0,088B(1) 0.2048(3) 0.1204(2}  230(8) OH1 D1=HI3) 0.98(3) H3}-0t8] 1.74)
DW(15]  0.3892(%) 0.8757(3) 0.2046(1}  20418) QHI10)-0I8) 2.884(3) OH{1G}-HI3)-0i8| T7a15)
H(1} o 0.257{8) 3/4 564(48)* " OHI111-HI4) 0,900 H4R-ai1) £.36(4)
Hi2) 0.408(3) 0.235(3) 0.130(3} 5E4(48) OHI1-0(1 2,76043) OH{T D-HA-01)] 156(4)
H3) 0,383(1) 0.546(6) 0.067(3) 564(48) QHI12)-H(5) 0.95¢31 HISH-04) 1,80(3)
HES) 0.0032) 0.425) 0.068(2} 64148} OHIT21-013) 2.83663) OHIT2-H{E-0[3) 17114)
HI5) 0.207(%) 0.939(6) 0.076(3)  5G64(48) DHLAI-HIE] .95 Hig;-oHigIk 1.75(3)
—OHIBIk g ~HIG}- 5913
HiE) 0.14602) 0438151 -0.02001} BE44a) QHN3)-OHE) 2,883} QHII31HIBI-OHISIk 15813)
AW &-HI7) 096631 HI7}-Q13i 1861
R 6.12012) 010143} g.1z36@ 5B4148) awl14)-013)1 84843} OWIEA-HIZH-03Ii 155(8)
Hia} 0.077[2} 0.7196(8} 0.0571%) 564(48) OW(14)-Hia] 0.98(2) HIB)-013% 1.08(4)
Hi9) .40413) 0.884(4) 0.172(3}) 564(48) awir4)-0i1y 2753 OW{14)-H{B}-D{1]] 13719
HI10) 0.34111) 0.B51(6) 0,173(3) 554{48) HIZI-HIB} 1,38{5] HI71-OW(143~HIE) g4(8)
P U = U x 1 aw(1s1-Hial 0,864 HIB)-OHiBIm 178144
** A single U,, was rofined for all H. aw(151-OH(BIm 2,74313) OWUISI-HIB-0HIZIm  17414)
owns)-Hi1a) 0.8513) HIT0)-CHIN2) 2.2313)
QW(151-0H(12) amanE) OWUISI-HI0)-OHO21 138141
TABLE 3, ANISOTROPIC HSPLACEMENT PARAMETEAS FOR KALIBORITE Higl-Hi1GH 1,518} HiBI-OWITEI-H(10 104141
Uy Uy Us,y Usy Hia ey K palyhad
K 241(6)  202(6)  284(5) o 50{4) o © Gl b-O0KOOE 3268143 x2 O(4)8,b-K-CH(1D0Jab  &7.7(%} w2
Otaa bOWHI4),0 3.4023) 22 Did)n,b-K-OW(t 43,8 0705 a2
Mg 874 gat4l 10414} -2(3) Bt -7 Qf40,b-0W[IS],b  4,DES) xa Ol b-K-OWitElah  BEGITH x2
a[1) 88(11}  130{13) 23111 18010 -6(9 -8{10} OHI1PIR,b-OWI1ska  3.20%3) x3 OK{1alnb-K-OW(14ha  BE.DIY =2
B(2) 127112) 161{14) 130(13) 8011 31101 -20{t1} OHOI0)a,b-GW(151a.b  3.307{31 x2 - OH{1Qa,b-K-OW(1Ela,h  70.9{1} =2
_ OWi14L0-OWI1Eiab 2024031 %2 OWI14le-K-OW(TEla, b 588111 2
Bl 1oo(12) - EFh2l 840 BlIO:  1aia) o) OW(15Ie-OWIEID  4.008¢3) DWIISla-K-OW(1ElE  BE.BILI
Bl4} 116013 ga{131 1031121 -4{10y 13(10} 12{1D0} =0-0 3.445 <0-K-D> 71.8
Bi5} 790170 B212) 8 T8} -GG 1600 Mg octabodron _
EE) 180013 2837} 108013) fna  -enm o -14t2) 0IE-017) 306863 DI5)-Mg-017) B2.0(1]
0i1] 16718} 17708} 1038} kiril -6(7} -&58(8} Qis-oH 1 3.011631 DI5}-Mg-DH T} B1.5{1)
OH(2) So(B} 151181 BB{8) 287} 48y -3z27 ais)-oH(1al 28043 DI5}=Mg=DH[M 3} 80.301)
03 123{8) 151(B} 11018} 1807} 5(7} -3B(7) O15)-0WI15)b 2.894(3) 0|5}~Mp~OW[16)h 50.68¢1)
07)-0Ht13) 2.816(3) OI7}-My-OH13) 84.4(1)
o B7(8) 1078 138(8) 387 -1l 1148} aF-owal 3.074(31 O17}-Mg~OW(15) 54.801]
ats) 918 82(B)  158(8)  -1B(7} -21{7) 1217} O(7)-0W1 Elb 301313 O(7)-Mg-OW(15]b 52,1011
Qg 158 114@ 28111 -B@E}  —16{8) a7 DH{11}-CHI13) 2.957(3) OH(111-Mg-0H13) B1,101]
HHI1T-BW{14] 2.888(%) CH1)-Mg-OWi14) 81.7(1)
o a7(8} 2118y 16719 25(7) 416} A6 OHIT1I-OWEBIh 2882131 OHI-Mg-OW(IEId  B2.3(1)
ot8) 118481 2780111 134(8] 838y -237) -30(8) QHIN3I-OW{14] 2916131 CHI131-Mg-0Wi18) B9.5(1)
OH(8) B4lB) 1821100 158()  -2B(BF -B(7)  ~20{7 OWL14)-OWI1Elb 2823(3) OWI(13)-Mg-OW(I5Ib  80.101)
QHIO}  2E11t) 403014 137(A) 8810} -18{8) -14B(10) <a-0> 2453 <0-Mg-0=> 400
QH(111" 132180 11418)  1BB(8)  -30(BF  -36{7) 1017 B3} tetrohadron
QHMZ) 182480}  &76[19) 131{10) 120(11) -&A) -43{13} oOItjd-ahi2ld 2,384(3) o{11d~B(1}-0H21d 108,82
_ _ olbId-aHsl 2407131 O11d-811:-0H3I . doaza
OHIT3l 1238 34813 117(9) ey -1en 46i8) QIt1-0H(11)a 2421131 ©{11d-813-0H{1 Hia iz
own4) 2040110 118010) 2781170 -17(BF  -9E{9) 1718) DH|21d-DHIB: 2.40513) CHIZi-BI)-OHIS) ~  110.3(2)
OWI15] 228030} 20301710 18101100 -16(B} 33\ -4818) OHI2Id-OHI1 130 2.354(3) CHIZN-BH1-CHM1Je  107.68(2)
DHI8I-0H{11|e Z.38913) CHIE-BI1)-0H{1 11a 108,1121

TR TR <o-0> 2393 <0-EBit)-0> 108.8
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TABLE 4 — {Continued)

B12] triangle

om-aidy 2.402(3) DI)~Bi2}-0H3) 121.813)
oi1-akooit 2.302(3) ONI-Bi2i-oHNON 115.412)
oi3-oui1an 2.40313) DR3-Bi2i-aHian 123.113)
<g-0=> 1368 <0-Bi21-0> 1200
B{3) tstrahodran

OH(Z}~0r3l 2.404{3] OH(2H-8(3-0(3) 107.8(2)
QHtZ1-0(4k 23343 OH-B(N-0131g 107.6(2)
OH{2)-aE) 2455131 OH()-813)0{5) 110,612
DOi3)1-0islg 2AEB3| 0{31-813)-Cislg 114212
0(3)-0IE) 2414} 3)-2131-0(8) 106.012}
Qld)g-0is) 241713 0{4)g-BIA-0IH 1108025
<D-0> 2413 <G-B3-0> 164.4
B4} tiangla

ai6Ih-DIGIb 2.306131 Q151b-A{4)-tHA}: 122.612|
alsib-0e7t 2.41813) Ql6lh-al4)-0i7) 121.2121
QI0Ih-007t 231743 aEk-gl41-0fh 118.212)
<D-0> 2378 < D-Bigi~0> 120.9
B(S) totrshadron

0i4)-005) 228603 Oi4)-BISI-018) 109.5(2]
D{4)-t47 242303 O[4|-B{5}=0[7} 1117121
0{41-01E) Z3549(3) 0(4}-Bis}-018} 107.8{2
0|&-o171 2410(5 Qle-Bi5)-017) 108.842)
O|6I-0181 2407431 oig-ain1-0{8) 100.012)
Q7-0lat 24513) Q(?7)~BIGI-0{B) 110143
«0-0> 2407 <O-BE-0> 108.5
BB tAangla

O(R)1-aH{120F 2.388(31 0|8-Bi{si-UH1 2)f 122.8{3)
olB)-oH{13) 237313 ojep-B{s1-0H(13) 120.8(3)
o1 2it-0H113 2335131 aHO 2 -B8-aH 3) 1165121
=0-0> 2,366 < 0-Bith-02> 1200

Awarh,y-H.% b ox, =¥, N oy, B d =K R B
by, z i = B TR, T g = Byt B B ke LT+, T+u =
FHlLzeB i = L V#LT k= bk By T lex y=loz m o=yl
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DESCRIFTION OF THE STRUCFURE
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(0,0H);] triangles
in the FBB. The B(1)O(OH);, B(3)0;(0OH), and
B(5)0, tetrahedra have <B-~-0> distances of 1.466,
1.478, and 1.471 A, respectively, and the B(2)0,(0OH),
B(4)O4, and B(6)O(OH}), triangles have <B-0>
distances of 1.369, 1.372, and 1.366 A, respectively.
These distances are within the ranges typical of
<MB-0> and <P1B-0> ohserved in minerals.

The FBB contains two three-membered rings that
contain two tetrahedra and one triangle (Fig. 1). The
(1A + 27) rings form a pentaborate unit by sharing the
B(3)0;(OH) tetrahedron. Using the notation of Christ
& Clark (1977), this pentaborate unit may be written
as (2A + 37). The kaliborite FBE has an additional
[B(0,0H);] triangle that is attached to the pentaborate
unit vig corner-sharing (Fig. 1); thus the FBB may be
written as 6:(2A + 37) + A. Such a FBE has not been
observed in other borate minerals, but the (2A + 37)
penteborate unit is quite common. It occurs a$ 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. BONB-VALENCE® ANALYSIS FOR KALIBORITE

® Mg B{1) B2} B3t Blat A&} 1@ Hi Hi2l Hi{Z) HI4) HIE) HiBI Hi{7} HIB) H{\ HOOF %

ans @.760 0,997 0,18 0.15 2.088
OHIZ) 0.780 0.765 0504 2.055
o 0,887 0.890 0.7 0,18 2.007
o D17 0.881 0.850 012 1.888
0151 0.208 0.876 0,955 1.928
oi6! 1.079 0778 1.857
o 0,329 0960 0.708 1.089
oiel 0,721 1053 0.20 1674
oH(E) 0.761 0.88 0.20 0.18 2.031
OHUOl D116 1.038 0,80 1.852
oK1 0,367 0.784 0.82 1.871
oHna 1.011 .83 010 1.841
oKb 0,362 0.879 0.80 213
OWI14] 0,108} 0,369 0.84 0.85 2167
OW(15) 0.089"7F 0,380 041 090 288
I 08B0 2.067 3.084 3.020 3.012 2.884 3,057 3,043 1.00 100 .00 1.00 1.00 1.00 1.00 100 1.00 1.00

* paramatars from Brown B Altermart [1985)
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Fig, 1. The fandamental building bloek in kaliborite,

Mg and K coordinations

The kaliborite structure coniains 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-0> 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 4 center of
symmetry. It is coordinated by two oxygen anions,

two hydroxyl groups and four {H,0) groups located at
the corners of a distorted cube, The <K-0Q> distance is
2.949 A, and individual bond-lengths range from
2,925 10 2.989 A.

Structural connectivity
The borate FBBs polymerize to form chains run-

ning along b (Fig. 2}. The FBAs polymerize by sharing
the O(6) anion, which links the B(3) tetrahedron of
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Fig. 2. The heteropolyhedral chains of kaliborite projected onto (0601), Borate tetrahedra
arc shaded with crosses, borate trinngles are given as solid trirngles, and magnesium
octahedra are cross-hatched.
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Fic, 3, The structure of kaliborite projected oato (010). Borule tetrahedra are shaded with
crogses, borate wiangles are given as open triangles, magnesium oclahedra are cross-
hatehed, and potassium atoms are represented by circles shaded with a random-dot

patteri,

one FBEB and the B(4) trinngle of the next FBB in
the chain. The B(3) tetrahedra and B(4) triangles
alternate along b, and the rest of the FB8 is oriented
such that its long direction is subperpendicular to the
chain. This FBEB linkage results in a zigzag chain
(Fig. 2).

The Mg, (: 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 4
given Mg octahedron, there are two bonds to each of
the adjacent borate FBBs, both of which are members
of the same borate chain; Mg (hus does not provide
any interchain linknge.

The heteropolyhedral chains are linked through the
K cation and vig a network of hydrogen bonds (see
below). The X cation bonds to four different adjacent
chains (Fig. 3). The two heteropolyhedral chains
closest to the K position attach through three bonds
each; twa involve (H,O0) groups of the Mg octahedron,
the third involves the O{4) anion, which bridges
hetween the B(3) and B(5) tetrahedra of the same
borate #88. The K atom also has a bond to two more
distant chains via the OH(1{0) anion, which bonds to
the B(2) cation.

HYDROGEN BONDING

The hydrogen positions obtained via constrained
least-sguares 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 heteropolyhedral chain along
[010].

Hydrogen bonds along {001]

Six hydrogen atoms provide linkages along [001]
between adjacent heleropolyhedral chains {Fig. 4).
The OH(2) position is shared between the B{l) 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 parallel 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 OQH(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 QH(12) anions are honded 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), tespectively, and thus these hydrogen bonds
complete an eight-membered ring of B, O and H. The
OH(10)-H(3)...0(8) and OH(I12)-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 heteropoly-
hedral chains; OH(9) bonds to B{1), and OH(12)
bonds to B(6). The OW(15)~-H(9)...0H(%) 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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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 ns a donor for the H(2)
atom and an acceptor for the H(9) atom. The
OH(13)-H(6)...OH(3) 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-velence requirement at O(1) is
satisfied by accepting the hydrogen bonds. The
OW(11)-H(#)...001) 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 QW(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-
tridal hydrogen bond in precbrazhenskite 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(I) position in kaliborite
shows the presence ol the H(1} atom (Fig. 3), as there
is a significant amount of eleciron 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 & values relative to the refine-
ments done with the H{1) position fixed on the two-
fold oxis. The split H(1)" and H(1)" positions refined
to o separation of 0.7(2) A. Only one of these H(l) .
positions will be locally occupied. The resulting local
configuration has a donor at a distance of 0.58(12) A
and an acceptor at a distance of 1.56(12) A, and the
refined OH(2)h—F(1)...0H(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) doner 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

Fic. 5. Difference-Fourier map of the H{(1) position cal-
culated with the H(1) position vacant. Contour interval is
0.1 efA3,
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in electron density associated with the H(1) site is
attributable to a dynamic disorder of the M 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 cmr! and a broad, poorly
resolved series of peaks centered at —3400 cm™!, with
several preminent sheulders 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 spectrum 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 ocenrs at ~3200 cm, and this was attributed to
a crystallographically symmetrical hydrogen bond.
The kaliborite spectrum also has an intense band
at ~3200 em™! (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 em! is relatively very intense, in line with the

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