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Crystallographic investigation of the Co–B–O system
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Abstract

The crystalline phases within the Co–B–O system have been investigated with a combination of powder and single crystal X-ray

diffraction. By varying the synthetic conditions, four pure phases can be made by solid-state reaction: Co3(BO3)O2, a homometallic

ludwigite; Co3(BO3)2, an orthoborate with the kotoite structure; Co2(B2O5), a pyroborate; and the tetraborate Co(B4O7). Herein, we

report the first structural refinement of the latter phase (orthorhombic, space group Pbca, a ¼ 8:1189ð7Þ Å, b ¼ 8:621ð1Þ Å,

c ¼ 13:737ð1Þ Å, V ¼ 961:5ð2Þ Å3, Z ¼ 8; R1 ¼ 0:0319; wR2 ¼ 0:0693 [I42sðIÞ]). The pyroborate structure was also refined by

single crystal methods in order to match the calculated powder diffraction pattern with the observed pattern (triclinic, space group

P%1; a ¼ 3:1689ð3Þ Å, b ¼ 6:1530ð5Þ Å, c ¼ 9:2734ð7Þ Å, a ¼ 104:253ð4Þ�; b ¼ 90:821ð4Þ�; g ¼ 92:098ð5Þ�; V ¼ 175:08ð3Þ Å3, Z ¼ 2;
R1 ¼ 0:0159; wR2 ¼ 0:0366 [I42sðIÞ]). Flux growth of Co(B4O7) also yielded single crystals of the new compound Co4(BO2)6O

(cubic, space group I %43m; a ¼ 7:4825ð3Þ Å, V ¼ 418:93ð3Þ Å3, Z ¼ 2; R1 ¼ 0:0176; wR2 ¼ 0:0373 [I42sðIÞ]).
r 2003 Elsevier Science (USA). All rights reserved.
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1. Introduction

Borate compounds have been the subjects of crystal-
lographic study for much of the last century, primarily
due to the myriad of structure types attainable by
boron’s trigonal or tetrahedral coordination. Current
research is focused mainly on anhydrous main group
metal borates for non-linear optical applications, where
the presence of transition metals is avoided to maintain
ultraviolet transparency [1]. Transition metal borates,
however, display such important properties as catalytic
activity [2], unique magnetic behavior [3,4], and
reversible Li-ion uptake [5,6]. We have undertaken a
thorough investigation of the Co–B–O system to
uncover potentially interesting phases, using solid-state
syntheses and flux methods for crystal growth. This
study has already yielded the Na2Co2B12O21 framework,
which consists of a novel metaborate tunnel structure
housing exchangeable sodium ions [7].

The published CoO–B2O3 phase diagram [8] only
exhibits two defined ternary compounds; the orthobo-

rate Co3(BO3)2 and the pyroborate Co2(B2O5). By
measuring the composition dependence of the CoO
chemical potential in CoO–B2O3 mixtures, Hauck and
Muller confirmed the stoichiometries of these stable
phases and identified a third: Co(B4O7), reported to be
isostructural with Mg(B4O7) [9]. The crystal structures
of the first two compounds were originally elucidated by
Berger, and were the first examples of their respective
types [10,11]. Not until several years later was another
compound detected, Co3(BO3)O2, a homometallic lud-
wigite [12]. Both the orthoborate and ludwigite struc-
tures have been refined in recent years [13,14] and single
crystals of all but Co(B4O7) can be grown directly from
the melt.

Binary transition metal borates (or ternary M–B–O
compounds) certainly exhibit greater structural diversity
than those few types listed above. While there is powder
X-ray diffraction (XRD) data for dozens of phases, less
than 20 structure types have been well established. There
is a trend across the first period, as elements switch from
preferring the trivalent to the divalent oxidation state.
The elements early in the period exhibit the calcite
structure MIII(BO3) (M=Sc [15], Ti [16], V [17], Cr [18],
Fe [19]), while Cr and Fe also display the norbergite
structure MIII

3 (BO4)O2 [6,20]. Manganese, iron and
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cobalt can exist in mixed oxidation states in the
ludwigite MIIIMII

2 (BO3)O2 (M=Mn [21], Fe [22] Co
[14]) and warwickite MIIIMII(BO3)O (M=Mn [23], Fe
[3]) phases. Curiously, Mn forms no trivalent borates;
evidence for MnBO3 based on powder diffraction
studies [24] can probably be attributed to the presence
of Mn2(BO3)O. Elements later in the periodic table
produce structures including MII(B4O7) (M=Mn [25],
Zn [26], Cd [27], Hg [28]), MII

4 (BO2)6O (M=Zn [29], Hg
[30]), and MII(BO2)2 (M=Cu [31], Pd [32]). Compounds
with nominal composition MII

3 B2O6 exist, although their
structures differ between Cu [33], Zn [34], Hg [35] and
the kotoite form (M=Mn [36]), Co [13], Ni [13], Cd
[37]). Zinc forms the unique phase Zn4(BO3)2O [38]
under hydrothermal conditions, while cadmium is the
only transition element other than cobalt shown to form
a pyroborate MII(B2O5) [39]. Other known second and
third transition series anhydrous borates include those
of silver(I) (AgBO2 [40], Ag2B8O13 [41], and two forms
of Ag3(BO3) [42,43]) and those with the zircon structure
MV(BO4) (M=Nb [44], Ta [45]).

In the structures listed above, the borate building unit
has been enclosed in parentheses to denote its geometry.
Thus, frameworks such as calcite, ludwigite, warwickite,
and kotoite only contain isolated borate triangles, while
the norbergite and zircon structures possess discrete
borate tetrahedra. Since the connectivity of polyborates
is not at all denoted by their formulae (i.e., AgBO2),
schemes have been proposed to better describe and
classify such structures [46].

2. Experimental

2.1. Synthesis

Numerous starting materials were employed for the
solid-state syntheses, including Co(NO3)2 � 6H2O, Co(a-
cac)3, CoCO3 � xH2O, Co3O4 (all from Aldrich), CoO
and B2O3 (Alfa Aesar), CoSO4 � 7H2O and H3BO3

(Baker). Materials were ground in a sialon mortar
mounted on a planetary ball mill (Fritsch) for two
15min periods at moderate speed. Samples were
checked for homogeneity and adhesion to the sides of
the mortar between grinding periods. After preparing
mixtures varying in Co:B stoichiometry from 5:1 to 1:10,
pellets were formed under 10 tons of pressure in a 13mm
diameter KBr die (Aldrich). Pellets were fired either in
air or within a tube furnace under flowing oxygen for
12 h to several days at a chosen temperature between
600�C and 1100�C. Alumina boats (Alfa Aesar) were
used to hold most samples; where melting occurred,
platinum crucibles (Refining Systems, Inc.) were used to
avoid contamination. The cooling rate was also varied,
either by simply shutting off the furnace, utilizing a
programmed rate, or quenching the crucible in air or

water. Optimum syntheses for each phase are described
in Section 3.

Slow cooling a stoichiometric melt containing 10%
excess H3BO3 grew single crystals of most of the
observed phases. When this did not result in the desired
phase, borax (Na2B4O7 � 10H2O, Aldrich) was used as a
flux agent to reduce the fusion temperature. Samples
were fired as powders in platinum crucibles by heating at
10�C/min to the desired temperature (typically 1050�C),
held there for 10 h, then cooled at 2�C/h to 600�C after
which the furnace was turned off.

2.2. Analysis

Fired samples were ground with an agate mortar and
pestle and analyzed in Bragg–Brentano geometry with a
Siemens D500 diffractometer equipped with a diffracted
beam monochromator (CuKa radiation). Single crystal
specimens were mounted with epoxy on glass fibers and
analyzed at room temperature on a Siemens P4
diffractometer using graphite monochromated MoKa
radiation (l ¼ 0:71073 Å). Unit-cell determinations were
typically based on 25 centered reflections. Data were
corrected for absorption using a face-indexed analytical
method after measuring the crystal dimensions. The
Bruker SHELXTL software package was used to solve
the structures (using direct methods) and refine them
with the full-matrix least-squares method using F2

o data.
Details of the data collections and their results are listed
in Table 1. Due to the high quality of the specimens, an
extinction correction was included in the refinement
which converged to a non-negligible value.

3. Results and discussion

Four different cobalt borate phases could be prepared
by solid-state syntheses: Co3(BO3)O2, Co3(BO3)2,
Co2(B2O5), and Co(B4O7). In general, it was found that
all Co precursors were useful in preparing the first three
phases by firing stoichiometric mixtures at 950�C for
1 day. As expected, samples are more prone to
contamination by unreacted material when either of
the cobalt oxides is used. The carbonate was found to be
the most favorable precursor, as it is already quite finely
ground and less hygroscopic. Boric acid was preferred as
the boron source as it grinds well in the ball mill (in
contrast to hand grinding), and the texture of the
powdered mixtures is much more amenable to pressing
than ones made with B2O3. The latter gives gritty,
hygroscopic mixtures that often bind the shaft of the die.
Pressing was not found to be essential for good product
purity, but it made handling the samples much more
convenient. Metal borates also have the advantage that
when excess boric acid is used, the unreacted boron
oxide can be easily removed by washing in hot water
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without destroying the target phase. Thus, for the
highest purity Co3(BO3)O2, Co3(BO3)2, and Co2(B2O5),
samples were prepared from stoichiometric mixtures of
CoCO3 and H3BO3; i.e., the extra hydrate mass in the
carbonate salt was ignored, resulting in precursors that
contained a slight excess of boric acid. After firing, the
products were ground and stirred in hot water for
15min, filtered and dried at 150�C.

For samples with a B:Co ratio of 5:1 or greater, a new
phase was observed. Comparison of the diffraction
pattern with that calculated for Mn(B4O7) [25] indicated
probable isomorphism, and this was confirmed by single

crystal analysis (see below). This phase forms between
600�C and 890�C, above which it decomposes to the
pyroborate and molten boron oxide. The pure form is
best prepared by firing a mixture of 5 H3BO3: 1 CoCO3

for 1 day at 880�C, then grinding, washing, and drying
the product as above. Due to its thermal instability,
however, single crystals of this compound cannot be
grown from the melt.

By using flux methods, single crystals of Co(B4O7)
and two new phases were fortuitously prepared. A mixture
of 10 H3BO3: 1 CoCO3 was fired in air for 2 days at 800�C,
ground and weighed. A mass of Na2B4O7 � 10H2O
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Table 1

Crystal data and refinement results for Co(B4O7), Co4(BO2)6O, and Co2(B2O5)

Empirical formula CoB4O7 Co4B6O13 Co2B2O5

Formula weight 214.17 508.58 219.48

Crystal system, space group Orthorhombic, Pbca Cubic, I %43m Triclinic, P%1

Unit-cell dimensions a ¼ 8:1189ð7Þ Å a ¼ 7:4825ð3Þ Å a ¼ 3:1689ð3Þ Å, a ¼ 104:253ð4Þ�
b ¼ 8:621ð1Þ Å b ¼ 6:1530ð5Þ Å, b ¼ 90:821ð4Þ�
c ¼ 13:737ð1Þ Å c ¼ 9:2734ð7Þ Å, g ¼ 92:098ð5Þ�

Volume (Å3) 961.5(2) 418.93(3) 175.08(3)

Z, calculated density (g/cm3) 8, 2.959 2, 4.032 2, 4.163

Absorption coefficient (mm�1) 3.548 7.878 9.362

F(000) 824 484 208

Crystal color, habit Purple plate Dark violet dodecahedron Purple needle prism

Crystal size (mm3) 0.30� 0.24� 0.08 0.16� 0.16� 0.16 0.21� 0.04� 0.04

y range for data collection (deg) 2.97–34.99 3.85–44.53 2.27 to 34.99

Limiting indices 0php13; 0pkp13; 0plp22 0php14; 0pkp14; 0plp14 �5php5; �9pkp9; �14plp14

Reflections collected/unique 2115/2115 [Rint ¼ 0:0000] 988/201 [Rint ¼ 0:0393] 3041/1521 [Rint ¼ 0:0132]

Completeness to ymax 100.0% 100.0% 99.2%

Max. and min. transmission 0.754 and 0.460 0.409 and 0.370 0.734 and 0.639

Data/restraints/parameters 2115/0/110 201/0/14 1521/0/83

Goodness-of-fit on F 2 1.966 2.275 1.673

Final R indices [I42sðIÞ] R1 ¼ 0:0319; wR2 ¼ 0:0693 R1 ¼ 0:0176; wR2 ¼ 0:0373 R1 ¼ 0:0159; wR2 ¼ 0:0366

R indices (all data) R1 ¼ 0:0401; wR2 ¼ 0:0698 R1 ¼ 0:0176; wR2 ¼ 0:0373 R1 ¼ 0:0192; wR2 ¼ 0:0367

Extinction coefficient 0.0145(4) 0.063(5) 0.0552(16)

Absolute structure parameter — �0.04(3) —

Largest diff. peak and hole (e/Å3) 0.969 and �0.896 0.569 and �0.744 0.543 and �0.720

Table 2

Atomic coordinates (� 104), isotropic and anisotropic displacement parameters (Å2� 104) for Co(B4O7)

Atom x y z Uiso U11 U22 U33 U23 U13 U12

Co(1) 1108(1) 1189(1) 1180(1) 81(1) 88(1) 86(1) 68(1) 19(1) 14(1) �13(1)

O(1) 988(2) 4379(2) 2007(1) 79(2) 103(6) 66(5) 69(5) 25(4) 21(5) 24(5)

O(2) 3510(2) 1611(2) 1068(1) 66(2) 73(5) 50(5) 73(6) 27(4) �7(4) �5(4)

O(3) 3193(2) 3919(2) 35(1) 97(3) 84(6) 86(6) 121(6) 43(5) �39(5) �19(5)

O(4) 4768(2) 4035(2) 1439(1) 84(3) 136(6) 58(6) 58(5) 5(4) �20(5) �5(5)

O(5) 5209(2) 1885(2) 2507(1) 96(3) 162(6) 58(5) 69(5) 5(5) �45(5) �12(5)

O(6) 5694(2) 2561(2) 42(1) 85(2) 97(6) 81(5) 78(5) 26(5) 37(5) 23(5)

O(7) 6227(2) 486(2) 1134(1) 118(3) 99(6) 137(6) 119(6) 64(5) 45(5) 42(5)

B(1) 4218(3) 2979(2) 631(2) 66(3) 80(8) 57(8) 61(7) 6(6) �8(6) �8(7)

B(2) 5315(3) 3456(2) 2312(2) 69(3) 73(8) 67(8) 67(8) �3(6) 4(6) 5(6)

B(3) 4721(3) 783(2) 1664(2) 73(3) 83(8) 63(8) 74(8) 5(7) �10(7) �1(7)

B(4) 6701(3) 1367(2) 377(2) 79(3) 81(8) 90(9) 67(8) 3(7) 13(7) 6(7)
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equal to one-half of the product mass was dehydrated
overnight at 300�C, then mechanically ground with
the product mixture and fired in a gold crucible. The
temperature was raised 10�C/min to 800�C, held
there for 10 h, then cooled at 2�C/h to 600�C
after which the furnace was turned off. This yielded a
mixture of parallel-grown bright purple plates of
Co(B4O7), pink fragments of Na2Co2B12O21 [7], color-
less shards of unreacted flux, and a few tiny dark
purple dodecahedra. Single crystal analysis of this
last phase identified it as Co4(BO2)6O, another new
compound.

Many attempts were carried out to produce bulk
quantities of Co4(BO2)6O by solid-state synthesis;
however, none were successful. It is predicted that the
conditions necessary to form this phase include higher
pressure, just as for the Hg analogue [30]. The structure
contains boron only in tetrahedral coordination, and
research has shown that this is favored by increased
pressure, yielding other interesting phases such as the
zircon analogs [44,45], the fascinating new Dy4B6O15

phase [47], and polymorphism in CaB2O4 [48]. As
discussed below, the structure of this compound implies
magnetic frustration [49] on the cobalt ion sites, and
studies of its properties are highly desirable.

In summary, five phases in the Co–B–O system have
been detected, four of them attainable by simple solid-
state reaction. Only three of these are indicated on the
original CoO–B2O3 phase diagram: Co3(BO3)2,
Co2(B2O5), and the additional phase which we have
confirmed to be Co(B4O7). Reaction of B2O3 with CoO
(or any other Co source) also forms the Co3(BO3)O2

phase, but requires temperatures greater than 800�C to
improve purity. No phases were found with Co solely in
the trivalent state, even when precursors (such as
Co(acac)3) were fired under pure oxygen, nor was there
any detection of a mixed-valent warwickite phase. This
preference for divalence mirrors the cobalt oxides, where
Co3O4 decomposes to CoO with temperature and no
strong evidence for Co2O3 has been provided [50].

3.1. Description of the structures

Initial searches of the Powder Diffraction File using
product powder XRD patterns yielded poor matches,
with the exception of samples containing Co3(BO3)2.
Consequently, we undertook a study of single crystal
samples, both to identify the unknown phases and to
refine some of the older structures. Where applicable,
the labeling scheme from the original example of each
framework has been used.

The tetraborate Co(B4O7) exhibits the Cd(B4O7)
structure [27], also known for Mn [25], Zn [26], Hg
[28], and Mg [51]. Atomic coordinates and anisotropic
thermal parameters are listed in Table 2. The structure
contains cobalt in highly distorted tetrahedral coordina-
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Fig. 1. Thermal ellipsoid plot of the cobalt and boron coordination

environments within Co(B4O7) at the 80% probability level. Symmetry

labels correspond to those defined in Table 3.

Table 3

Bond lengths (Å) and angles (deg) for Co(B4O7)

Cobalt coordination

Co(1)–O(2) 1.990(1) O(2)–Co(1)–O(4A) 121.78(6)

Co(1)–O(4A) 2.020(1) O(2)–Co(1)–O(6B) 90.07(6)

Co(1)–O(6B) 2.023(1) O(4A)–Co(1)–O(6B) 125.29(6)

Co(1)–O(5C) 2.036(1) O(2)–Co(1)–O(5C) 111.45(6)

Co(1)–O(3A) 2.574(2) O(4A)–Co(1)–O(5C) 89.34(6)

O(6B)–Co(1)–O(5C) 121.23(6)

Boron coordination

B(1)–O(2) 1.442(2) O(3)–B(1)–O(2) 118.2(2)

B(1)–O(3) 1.422(2) O(3)–B(1)–O(6) 107.2(2)

B(1)–O(4) 1.504(2) O(2)–B(1)–O(6) 110.4(2)

B(1)–O(6) 1.489(2) O(3)–B(1)–O(4) 104.7(2)

B(2)–O(1D) 1.344(2) O(2)–B(1)–O(4) 107.9(2)

B(2)–O(4) 1.373(2) O(6)–B(1)–O(4) 108.0(2)

B(2)–O(5) 1.383(2) O(1D)–B(2)–O(4) 121.6(2)

B(3)–O(1A) 1.421(3) O(1D)–B(2)–O(5) 118.0(2)

B(3)–O(2) 1.465(2) O(4)–B(2)–O(5) 120.4(2)

B(3)–O(5) 1.549(3) O(1A)–B(3)–O(7) 111.0(2)

B(3)–O(7) 1.446(3) O(1A)–B(3)–O(2) 109.4(2)

B(4)–O(3E) 1.359(3) O(7)–B(3)–O(2) 111.8(2)

B(4)–O(6) 1.392(3) O(1A)–B(3)–O(5) 112.2(2)

B(4)–O(7) 1.343(2) O(7)–B(3)–O(5) 105.6(2)

O(2)–B(3)–O(5) 106.9(2)

O(7)–B(4)–O(3E) 118.3(2)

O(7)–B(4)–O(6) 120.3(2)

O(3E)–B(4)–O(6) 121.3(2)

Symmetry transformations used to generate equivalent atoms: A:

�x þ 1=2; y � 1=2; z; B: x � 1=2;�y þ 1=2;�z; C: x � 1=2; y;�z þ
1=2; E: x þ 1=2; y;�z þ 1=2; F: x þ 1=2;�y þ 1=2;�z:
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tion, with an additional long contact by O(3) at 2.57 Å
(see Fig. 1 and Table 3). This coordination explains the
vivid purple color of the compound, as d-d electronic
transitions are Laporte allowed. The isolated coordina-
tion sites of cobalt link two interpenetrated metaborate
networks, as shown in Fig. 2. This interpenetration was
noted in the original Cd(B4O7) structural analysis, and
several other examples exist [52]. In addition, it is
instructive to note the basic symmetry buried within the
structure: each net is formed by the condensation of

approximately tetrahedral B4O9 units, giving rise to the
cubic diamond topology illustrated in Fig. 3.

The metaborate oxide Co4(BO2)6O is the most
intriguing compound in these findings, despite its low
yield. It is isostructural with the Zn compound [29] and
there is evidence for a Hg analogue formed under high-
pressure [30], and chalcogenide-containing compounds
[53,54]. Atomic coordinates and anisotropic thermal
parameters are listed in Table 4. The structure consists
of m4-oxo centered cobalt tetrahedra housed within
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Fig. 3. The two interpenetrated networks in Co(B4O7), shaded light and dark in (a), have been deconstructed as identical cubic diamond topologies

in (b) by drawing connections between the centers of each tetraborate building unit.

Fig. 2. (a) View along [010] of the connectivity within Co(B4O7), with cobalt sites shown as distorted tetrahedra, boron, and oxygen atoms shown as

light and dark cylinders, respectively. (b) The same view, with the omission of the cobalt ions, illustrating the two interpenetrated tetraborate

networks.

Table 4

Atomic coordinates (� 105), isotropic and anisotropic displacement parameters (Å2� 104) for Co4(BO2)6O

Atom x y z Uiso U11 U22 U33 U23 U13 U12

Co(1) 15 340(3) 15 340(3) 15 340(3) 51.8(8) 51.8(8) 51.8(8) 51.8(8) –4.1(6) –4.1(6) –4.1(6)

O(1) 0 0 0 55(5) 55(5) 55(5) 55(5) 0 0 0

O(2) 14 067(11) 14 067(11) 41 641(14) 49(1) 55(2) 55(2) 37(3) 54(2) 54(2) 21(3)

B(1) 25 000 50 000 0 48(3) 52(6) 46(4) 46(4) 0 0 0
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cages of an infinite metaborate framework (see Fig. 4
and Table 5). Boron is found in tetrahedral coordination
yielding a sodalite topology; consequently, this network
has inspired researchers searching for borate open
frameworks [38,55]. The structure is clearly quite dense,
but it is the isolation of the Co4O units that interests us.
This tetrahedral array predicts interesting magnetic
behavior, as superexchange between adjacent atoms
cannot satisfy antiparallel coupling for all of them. This
behavior has been studied for a number of compounds
where the interaction extends across the entire lattice,
including the ‘‘spin ice’’ pyrochlores [49,56], but it
is unknown how these isolated frustrated clusters
would behave. Clearly, study of these properties begs
the development of a high yield synthesis for this
compound.

The pyroborate Co2(B2O5) has been known for some
time [11], and the present structure determination refines
the crystallographic parameters and bond lengths of this
compound. In doing so, we have generated a structure
(see Tables 6 and 7) for which the calculated powder
XRD pattern exactly matches that of the solid-state

reaction product. In addition, the bond lengths within
the pyroborate unit, shown in Fig. 5, have been
accurately determined and illustrate the asymmetry in
bonding between the terminal and bridging oxygens.
The two BO3 triangles are essentially planar, and are 16�

out of planarity with each other. They serve to bridge
the 4� 1 sheets of edge-shared CoO6 octahedra by both
corner- and edge-sharing as illustrated in Fig. 6. The
magnesium [57] and cadmium [39] analogues of this
compound have been established, although the latter is
most likely in the incorrect space group.

The orthoborate, Co3(BO3)2, and ludwigite, Co3(BO3)O2

structures have been refined recently [13,14] and are
mentioned here for completeness. Both contain edge-
and corner-shared octahedral metal sites surrounding
isolated, parallel borate triangles, as illustrated in Figs. 7
and 8. The magnetic behavior of the orthoborate has
been studied; the compound is antiferromagnetic below
37K and neutron diffraction studies indexed the
magnetic unit cell as a a � 2b � 2c supercell [58]. Some
magnetic measurements have been made on the cobalt
ludwigite, but this has not been studied as exhaustively
as the iron analogue [4].

4. Conclusions

The Co–B–O system has proven to be more structu-
rally diverse than once thought. Its properties follow the
trend along the first transition series, as cobalt prefers a
divalent state in most of its compounds. In total,
five crystalline ternary phases have been observed:
Co3(BO3)O2, Co3(BO3)2, Co2(B2O5), Co(B4O7), and
the new phase Co4(BO2)6O. The only phase that can
be prepared by a solid-state route that contains cobalt in
a higher oxidation state is the mixed-valent ludwigite,
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Fig. 4. (a) Thermal ellipsoid plot of the cobalt and boron coordination environments within Co4(BO2)6O at the 80% probability level, with primes

indicating symmetry generated atoms. (b) Polyhedral view of the metaborate cage within Co4(BO2)6O, housing the Co4O units. Cobalt and boron

coordinations are shown as dark and light tetrahedra, respectively.

Table 5

Bond lengths (Å) and angles (deg) for Co4(BO2)6O

Cobalt coordination

Co(1)–O(1) 1.9881(4) O(1)–Co(1)–O(2) 121.35(4)

Co(1)–O(2) 1.9726(10) O(2)–Co(1)–O(2A) 95.40(5)

Boron coordination

B(1)–O(2A) 1.4725(4) O(2A)–B(1)–O(2B) 107.98(4)

O(2A)–B(1)–O(2C) 112.50(8)

Symmetry transformations used to generate equivalent atoms: A:

y; z;x; B: �x þ 1=2; y þ 1=2;�z þ 1=2; C: y;�z þ 1;�x:
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even when starting materials are fired under a pure
oxygen atmosphere. The Co4(BO2)6O compound war-
rants magnetic studies as it is predicted to show
frustrated behavior. Attempts at preparing this com-
pound by alternate routes are currently underway.

ARTICLE IN PRESS

Fig. 6. View along [100] of the connectivity within Co2(B2O5), with

cobalt sites shown as dark octahedra, and boron as light triangles. The

pyroborate units pin together the 4� 1 octahedral ribbons by both

edge and corner sharing.

Fig. 5. Thermal ellipsoid plot of the cobalt and boron coordination

environments within Co2(B2O5) at the 80% probability level.

Symmetry labels correspond to those defined in Table 7.

Table 7

Bond lengths (Å) and angles (deg) for Co2(B2O5)

Cobalt coordination

Co(1)–O(5A) 1.985(1) O(2)–Co(1)–O(2D) 88.22(4)

Co(1)–O(5B) 2.046(1) O(3)–Co(1)–O(2) 79.31(4)

Co(1)–O(3) 2.061(1) O(3)–Co(1)–O(2D) 80.24(4)

Co(1)–O(4C) 2.149(1) O(4C)–Co(1)–O(2) 62.43(4)

Co(1)–O(2) 2.268(1) O(4C)–Co(1)–O(2D) 80.40(4)

Co(1)–O(2D) 2.285(1) O(5A)–Co(1)–O(2) 170.82(4)

Co(2)–O(2) 2.028(1) O(5B)–Co(1)–O(2) 83.33(4)

Co(2)–O(1E) 2.074(1) O(5B)–Co(1)–O(2D) 170.13(4)

Co(2)–O(3) 2.113(1) O(5A)–Co(1)–O(2D) 84.25(4)

Co(2)–O(1) 2.143(1) O(3)–Co(1)–O(4C) 137.32(4)

Co(2)–O(1F) 2.154(1) O(5A)–Co(1)–O(3) 104.49(4)

Co(2)–O(3G) 2.164(1) O(5B)–Co(1)–O(3) 103.08(4)

O(5A)–Co(1)–O(4C) 110.93(4)

O(5B)–Co(1)–O(4C) 91.14(4)

O(5A)–Co(1)–O(5B) 103.65(5)

O(1E)–Co(2)–O(1) 83.97(4)

O(1)–Co(2)–O(1F) 83.63(4)

O(1E)–Co(2)–O(1F) 97.11(4)

O(2)–Co(2)–O(1) 171.07(4)

O(2)–Co(2)–O(1E) 102.22(4)

O(2)–Co(2)–O(1F) 101.77(4)

O(3)–Co(2)–O(1) 89.85(4)

O(1E)–Co(2)–O(3) 173.77(4)

O(3)–Co(2)–O(1F) 82.98(4)

O(1)–Co(2)–O(3G) 90.41(4)

O(1E)–Co(2)–O(3G) 83.65(4)

O(1F)–Co(2)–O(3G) 173.87(4)

O(2)–Co(2)–O(3) 83.83(4)

O(2)–Co(2)–O(3G) 83.96(4)

O(3)–Co(2)–O(3G) 95.61(4)

Boron coordination

B(1)–O(3) 1.367(2) O(3)–B(1)–O(4) 118.4(1)

B(1)–O(4) 1.413(2) O(3)–B(1)–O(5) 124.6(1)

B(1)–O(5) 1.342(2) O(4)–B(1)–O(5) 117.0(1)

B(2)–O(1) 1.366(2) O(1)–B(2)–O(2H) 128.6(1)

B(2)–O(2H) 1.350(2) O(1)–B(2)–O(4) 119.8(1)

B(2)–O(4) 1.420(2) O(2H)–B(2)–O(4) 111.6(1)

B(1)–O(4)–B(2) 135.8(1)

Symmetry transformations used to generate equivalent atoms: A:

�x þ 2;�y þ 1;�z þ 1; B: �x þ 1;�y þ 1;�z þ 1; C: x; y � 1; z;

D:x þ 1; y; z; E: �x;�y þ 1;�z; F: �x þ 1;�y þ 1;�z; G: x � 1; y; z;

H: x; y þ 1; z:

Table 6

Atomic coordinates (� 104), isotropic and anisotropic displacement parameters (Å2� 104) for Co2(B2O5)

Atom x y z Uiso U11 U22 U33 U23 U13 U12

Co(1) 7299(1) 2124(1) 3590(1) 65.1(5) 71.4(9) 61.3(9) 59.9(9) 10.8(6) �9.7(6) 1.1(6)

Co(2) 2345(1) 3716(1) 1017(1) 55.7(5) 62.7(9) 53.3(9) 51.1(9) 12.9(6) �4.9(6) 4.0(6)

O(1) 2600(3) 6951(2) 538(1) 68(2) 86(4) 57(4) 53(4) 1(3) �4(3) 6(3)

O(2) 2178(3) 922(2) 1808(1) 84(2) 125(5) 50(4) 78(4) 18(3) �3(3) 13(3)

O(3) 7376(3) 4761(2) 2584(1) 69(2) 89(4) 51(4) 60(4) �1(3) �3(3) 13(3)

O(4) 5593(3) 8599(2) 2984(1) 88(2) 135(5) 53(4) 69(4) 5(3) �38(3) 9(3)

O(5) 7721(3) 7244(2) 5027(1) 86(2) 85(4) 121(5) 47(4) 12(3) �11(3) 13(3)

B(1) 6983(5) 6811(3) 3553(2) 62(2) 65(6) 61(6) 56(6) 8(5) �7(4) �3(5)

B(2) 3334(5) 8798(3) 1692(2) 64(2) 68(6) 63(6) 58(6) 8(5) 7(4) �1(5)
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