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In the course of our structural investigations of borates
synthesized under high-pressure, high-temperature condi-
tions, we discovered several new high-pressure modifica-
tions[1–5] with interesting structural features and physical
properties, for example, a new non-centrosymmetric modifi-
cation of bismuth triborate (d-BiB3O6).

[6] Along with the
investigation of these phase transitions, we aim to synthesize
borates with new compositions, whose existence is presum-
ably based on high-pressure conditions during synthesis.
Examples are the borates RE3B5O12 (RE= Tm–Lu),[7]

RE4B6O15 (RE= Dy, Ho),[8–10] a-RE2B4O9 (RE= Sm–
Ho),[11–13] b-RE2B4O9 (RE=Gd, Dy),[14,15] and Pr4B10O21,

[16]

which have no corresponding ambient-pressure modifica-
tions. To our surprise, the borates RE4B6O15 (RE= Dy,
Ho)[8–10] revealed edge-sharing as well as corner-sharing BO4

tetrahedra; such edge-sharing tetrahedra had been previously
unknown in the varied structural chemistry of borates. Later
on, we discovered a second type of structure, a-RE2B4O9

(RE=Sm–Ho),[11–13] that also display this new structural
feature. Herein, we report the synthesis and characterization
of a new nickel borate HP-NiB2O4, in which each BO4

tetrahedron shares a common edge with a second BO4

tetrahedron.

In the system NiO–B2O3, there is only one nickel borate,
of the composition Ni3(BO3)2.

[17–20] This compound displays
trigonally coordinated boron atoms and Ni2+ ions with
octahedral coordination. Recently, Pompetzki and Albert
found a new synthetic route to pure Ni3(BO3)2; they
employed the thermal decomposition of a mixture of
NiCO3·2Ni(OH)2·4H2O and H3BO3.

[21] In our own investiga-
tions of the Ni-B-O ternary system, we synthesized a second
borate of the composition b-NiB4O7

[22] under high-pressure
conditions of 7.5 GPa and at a temperature of 1000 8C; this
compound has a structure analogous to the high-pressure
modification b-ZnB4O7.

[5] With HP-NiB2O4, we have now
found a third composition in the Ni-B-O ternary system,
which accentuates the performance of high-pressure synthesis
in solid-state chemistry.

HP-NiB2O4 was synthesized in a high-pressure, high-
temperature reaction at 7.5 GPa and 680 8C in a modified
Walker module (multianvil assembly) starting from the oxides
NiO and B2O3 [Eq. (1)].[23]

NiOþ B2O3!HP-NiB2O4 ð1Þ

The compound was obtained as an air- and water-stable,
light-green crystalline solid. The crystal structure of HP-
NiB2O4 was solved and refined on the basis of single-crystal
data.[24] Figure 1 shows the structure, which consists of layers
of BO4 tetrahedra connected by strings of edge-sharing NiO6

octahedra. The layers spread out in the bc-plane, while the
strings of NiO6 octahedra run along the c-direction.

Figure 2 shows a single layer of edge-sharing BO4

tetrahedra. Boron is coordinated by oxygen in a distorted

Figure 1. Crystal structure of HP-NiB2O4 viewed along [001̄]. Gray
spheres: Ni2+, light spheres: O2�, light polyhedra: BO4 tetrahedra, grey
polyhedra: NiO6 octahedra.
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tetrahedral fashion. Two tetrahedra form a B2O6 dimer
through edge-sharing. These dimeric units are linked to
each other through common vertices, resulting in a layer with
the composition 2

1[B2O2O
2�
4=2]. Inside the layer, “sechser”

rings[25] are formed from four B2O6 dimers, and each dimer is
part of four “sechser” rings. Similar layers of edge-sharing
tetrahedra were observed in the compounds b-Ca3[Al2N4],

[26]

Ca3[Al2As4],
[27] Sr3[Al2P4],

[28] Ba3[In2P4],
[29] and a-

Ca3[Ga2N4].
[30] However, the layers in all of these compounds

are corrugated, and the metal content between the layers is
three times as high as in HP-NiB2O4, thus leading to a
different crystal structure.

Figure 3 illustrates the linkage of the distorted NiO6

octahedra, in which the Ni2+ ions are coordinated by six

oxygen atoms with bond lengths of 203–218 pm. These
distances correspond well to the known Ni�O bonds in
Ni3(BO3)2 (202–213 pm[20]) and Na2Ni2B12O21 (197–
233 pm[21]). On the right-hand side of Figure 3, the bond
lengths and angles inside the B2O6 dimers of HP-NiB2O4 are
shown. Obviously, the B�O bond lengths inside the B2O2 ring
(B1�O1: 151.6(2) and 153.1(2) pm) are larger than those
outside the “zweier” rings[25] (B1�O2: 144.5(2) and
144.3(2) pm). The average B�O bond length of 148.4 pm is
slightly higher than the average of 147.6 pm in tetrahedral
BO4 groups of borates.[31,32] The B···B separation inside the

edge-sharing tetrahedra of HP-NiB2O4 is 208.8(2) pm, which
corresponds to the values found in the other two structure
types that exhibit edge-sharing BO4 tetrahedra, for example,
RE4B6O15 (RE= Dy: 207.2(8) pm; Ho: 207(1) pm)[8–10] and a-
RE2B4O9 (RE= Sm: 207.1(9) pm; Gd: 204(2) pm; Eu:
205.3(9) pm; Tb: 205.5(9) pm; Ho: 204(3) pm).[11–13]

Bond-valence sums were calculated for all atoms using the
bond-length/bond-strength (�V)[33,34] and CHARDI concepts
(charge distribution in solids, �Q).[35] A comparison of the
charge distribution, calculated with both concepts, confirms
the formal charges of Ni2+ (�V= + 1.90; �Q= + 2.04), B3+

(�V= + 2.97; �Q= + 2.98), and O2� (O1: �V=�1.91, �Q=

�1.87; O2: �V=�2.00, �Q=�2.13).
In the 1990s, Burns, Grice, and Hawthorne introduced a

new concept of fundamental building blocks (FBB) to
describe complex borate structures.[36,37] In 2003, we extended
the descriptors used by Burns et al. by the symbol “ ” for
the new structural motif of edge-sharing BO4 tetrahedra.[9]

The application of this concept to HP-NiB2O4 leads to a
fundamental building block characterized by the descriptor
4&: . Figure 2 shows this fundamental building block
(dark polyhedra) inside the borate layer of HP-NiB2O4.

Considering the synthetic conditions (7.5 GPa and
680 8C), we investigated the assumed metastable character
of the high-pressure phase HP-NiB2O4. Temperature-pro-
grammed X-ray powder diffraction patterns of HP-NiB2O4

revealed that the compound is remarkably stable up to 750 8C
in ambient-pressure conditions.[38] At higher temperatures,
HP-NiB2O4 decomposes into the normal-pressure nickel
borate Ni3(BO3)2 and presumably boron oxide. Further
heating (up to 1100 8C) and subsequent cooling to room
temperature did not succeed in producing any phase other
than Ni3(BO3)2.

In former work, we tried to determine the Raman-active
modes of the new B2O6 unit from the Raman spectra of
Dy4B6O15

[9] and a-Gd2B4O9.
[12] These spectra revealed several

peaks in the range 1200–1450 cm�1 that normally correspond
to BO3 groups. As neither compound contains boron in
threefold coordination, these bands are probably Raman-
active modes of the B2O6 unit of the edge-sharing BO4

tetrahedra. Figure 4 shows the Raman spectra of
Dy4B6O15,

[9] a-Gd2B4O9,
[12] and HP-NiB2O4.

[39]

As HP-NiB2O4 possesses only BO4 tetrahedra with a
common edge to a second tetrahedron, a comparison of the
intensities of all three compounds should lead to an agree-
ment about those peaks that belong exclusively to Raman-
active modes of the B2O6 group. Figure 4 shows that the
peaks, which are marked with an arrow, occur in all three
spectra of the compounds with edge-sharing tetrahedra.
These peaks do not occur in a spectrum of b-NiB4O7,

[22]

which exhibits only corner-sharing BO4 tetrahedra. Thus,
the bands at 1262 and 1444 cm�1 (HP-NiB2O4), 1253 and
1431 cm�1 (a-Gd2B4O9), and 1271 and 1435 cm�1 (Dy4B6O15)
can presumably be assigned to Raman-active modes of the
edge-sharing BO4 tetrahedra.

The inverse magnetic susceptibility of HP-NiB2O4 showed
Curie–Weiss behavior between room temperature and
approximately 150 K.[40] From the Curie constant, we deter-
mined an effective magnetic moment of 3.50(1) mB per nickel

Figure 2. A layer of edge-sharing BO4 tetrahedra in HP-NiB2O4 viewed
along [100]. The dark polyhedra represent the fundamental building
block of HP-NiB2O4.

Figure 3. Left: String of NiO6 octahedra linked through common edges
along [001]. Right: Distances [pm] and angels [8] in the edge-sharing
BO4 tetrahedra of HP-NiB2O4.
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atom. This value is at the upper limit observed for Ni2+ (2.80–
3.50 mB),

[41] which may be due to crystal field effects or to an
incomplete correction for ferromagnetic impurities (traces of
metallic Ni). The paramagnetic Curie temperature (Weiss
constant) of �83.3(1) K indicated antiferromagnetic interac-
tions among the moments. A sharp upward bend of c�1(T) at
T� 32 K is most likely the onset of antiferromagnetic order-
ing. This conclusion is supported by linear magnetization
isotherms down to 2 K.

The UV/Vis/NIR spectrum of light-green HP-NiB2O4

shows three absorption bands, as expected for Ni2+ ions in
octahedral coordination (E[3A2g!3T2g(F)] = 8620 cm�1,
E[3A2g!3T1g(F)] = 13940 cm�1, E[3A2g!3T1g(P)] =

24600 cm�1).[42] As a consequence of low-symmetry compo-
nents in the ligand field ({NiIIO6} chromophores with
C2 symmetry), the second and third absorption bands are
split. The observed transition energies Do = 8620 cm�1 and
B= 845 cm�1 (b =B/B0 = 0.81) were estimated according to a
procedure described by Lever.[43] It is quite remarkable that
the ligand-field splitting observed for yellow Ni2P4O12 (Do =

7300 cm�1) is significantly smaller, despite its very similar
geometric structure of the {NiIIO6} chromophore.[44] We
attribute this difference to stronger p-donating oxygen
ligands in the phosphate than in the borate. The essentially
negligible p bonding of the oxygen ligands in HP-NiB2O4, a
typical second-sphere ligand-field effect,[45] is a consequence
of the higher coordination number of the oxygen atoms in the
borate (CN(O2�)= 4(2B3+ + 2Ni2+)) than in the phosphate
(CN(O2�)= 2 (2 J ) and 3 (4 J )). With the transition energy of
Do = 8620 cm�1, the nephelauxetic ratio of b = 0.81, and the
spin–orbit coupling parameter for the free ion (z0(Ni2+) =

630 cm�1), a magnetic moment of 3.16 mB per nickel atom
can be calculated.[46]

Systematic investigations in the field of high-pressure
borates led to the synthesis of HP-NiB2O4, the first borate in
which every BO4 tetrahedron shares a common edge with a
second one. This high-pressure borate represents an excellent
candidate for in situ investigations inside a laser-heated

diamond anvil cell. The goal of such investigations under
extremely high pressure is to increase the coordination
number of the boron atoms from four to five or maybe even
six.

Experimental Section
The starting materials for the synthesis of HP-NiB2O4 [see Eq. (1)]
were stoichiometric mixtures of nickel oxide (Avocado Research
Chemicals Ltd, 99.5%) and B2O3 (Strem Chemicals, Newburyport,
USA, 99.9%). The mixture was compressed and heated in a
multianvil assembly. A precast MgO octahedron (Ceramic Substrates
& Components, Isle of Wight, UK) with an edge length of 18 mm was
used as the pressure medium. Eight tungsten carbide cubes (TSM 10,
Ceratizit, Austria) with a truncation of 11 mm, separated by
pyrophyllite gaskets, compressed the octahedron (18/11 assembly).
The reaction mixture (ca. 60 mg) was filled into a cylindrical boron
nitride crucible that was sealed by a boron nitride plate. Further
details of the construction of the assembly can be found in
reference [23].

For the synthesis of HP-NiB2O4, the assembly was compressed
within 180 min to 7.5 GPa and heated to 680 8C in the following
10 min. After holding this temperature for 5 min, the sample was
rapidly cooled to room temperature within 1 min. After decompres-
sion (9 h), the recovered experimental octahedron was broken apart,
and the sample was carefully separated from the surrounding
hexagonal boron nitride. The air- and humidity-stable compound
HP-NiB2O4 was obtained as a crystalline, light-green solid.
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