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HP-KB;O5 Highlights the Structural Diversity of Borates: Corner-Sharing
BO3/BO4 Groups in Combination with Edge-Sharing BO, Tetrahedra
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The new compound HP-KB3;O5 was synthesized under high-
pressure/high-temperature conditions. It is the first com-
pound exhibiting all three possible conjunctions simulta-
neously: corner-sharing BOj; groups, corner-sharing BO,

units, as well as edge-sharing BO, tetrahedra. Calculations
of harmonic vibrational frequencies and ''B solid-state NMR
measurements were performed for the first time with a com-
pound exhibiting edge-sharing BO, tetrahedra.

Introduction

The vast majority of syntheses in solid-state chemistry
are performed by the variation of the thermodynamic pa-
rameters, composition, and temperature. The technically
much-more demanding manipulation of the parameter
pressure opens up tremendous possibilities for the synthesis
of new materials. In the last decade, our high-pressure re-
search focused on the substance class of borates, which led
to a variety of new polymorphs and compounds with new
compositions, not attainable under ambient-pressure condi-
tions.ll In contrast to ambient-pressure borates, in which
trigonal BO; groups occur next to BO, tetrahedra, the new
high-pressure borates predominantly exhibit boron fourfold
coordinated by oxygen anions as a result of the pressure
coordination rule.>31 Most striking was the discovery of
edge-sharing BO, tetrahedra (B,Og4 units) in Dy,B¢O;s.14
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Meanwhile, this motif was observed in three different struc-
ture types represented by the high-pressure compounds
RE4B6015 (RE = Dy, HO),[4‘5] G-RE2B409 (RE = Sm-
Ho),[0-8 and B/HP-MB,O,4 (M = Fe, Ni, Co).>"''l With the
compounds MB»,039'H,O (M = Fe, Co), intermediate
states between corner- and edge-sharing BO, tetrahedra
could also be isolated.l'? To our astonishment, the struc-
tural feature of edge-sharing BO, tetrahedra was recently
found in the compound KZnB;Oy, synthesized under ambi-
ent pressure conditions.['>!¥l Thus, the structural motif of
edge-sharing BO, tetrahedra is no longer a domain of high-
pressure chemistry, but is still favored under these condi-
tions, as there are eleven different compounds with three
structure types prepared under high-pressure conditions
and only one compound synthesized under ambient-pres-
sure conditions. However, the synthesis of KZnB;O4!'3-'4
leads to the question, in principle, whether it is possible
to synthesize a borate exhibiting all the above-mentioned
structural motifs (corner-sharing BOs/BO, groups and
edge-sharing BO, tetrahedra) simultaneously. With HP-
KB;05 (HP = high pressure), we synthesized a new borate,
in which the two well-known fundamental structural motifs,
alias BO; and BO, groups, and all noted conjunctions,
namely corner-sharing of BOs/BO, groups and corner- as
well as edge-sharing of BO, tetrahedra, are discovered in
one crystal structure for the first time. This occurred in the
scope of pressure-induced crystallization experiments on
glass forming alkali borates, whilst investigating the ternary
system K-B-O, where six different crystal structures are
known: KsB1905;,11% KB5sOg, 10171 ¢-K B5Og, 81 K,B,40-,[1°1
K;B;04,2%211 and KB;05.?>23 The latter (ambient-pres-
sure modification) is built up from rigid triborate rings con-
sisting of two corner-sharing BOj; triangles and a corner-
sharing BO, tetrahedron.
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Results and Discussion

We succeeded in synthesizing the high-pressure modifica-
tion HP-KB;O5 by a high-pressure/high-temperature reac-
tion at 3 GPa and 600 °C in a modified Walker module.
The compound was obtained as a colorless crystalline solid.
The crystal structure of HP-KB3;O5 was solved and refined
by single-crystal X-ray crystallography. The crystal struc-
ture (Figure 1; view along [110]) consists of ribbons of BO,
tetrahedra, which run along the ¢ axis.

Figure 1. Crystal structure of HP-KB3;Os with edge-sharing BO,
units; view along [110]. Large light spheres: K*, corners of polyhe-
dra: 0%, small grey spheres: B3*.

Within the ribbons, the BO, tetrahedra are connected
through common corners and edges. The ribbons are inter-
connected by trigonal-planar BOs groups to form channels,
in which the tenfold coordinated potassium ions are situ-
ated. The recently published KZnB;O!3!'4l shows remark-
able similarities to our compound and is built up from
[B¢O1,]¢ groups (two rings of two BO; and one BO, unit,
linked by edge-sharing BO, tetrahedra), which are con-
nected by ZnO, tetrahedra to form a three-dimensional net-
work. Figure 2 depicts a comparison of the crystal struc-
tures of HP-KB;Os and KZnB;O4.['>'4 In HP-KB;Os
(Figure 2, left), the edge-sharing BO, tetrahedra (light poly-
hedra) connect to two BO; and four BO, groups through
common corners. Two of the BO,4 groups are situated at the
common edge of the B,Og¢ unit. It is for the first time that
oxygen ions, involved in the edge-sharing of BO, tetrahe-
dra, are observed to bridge three BO, tetrahedra (OP)). In
KZnB;04'3'4 (Figure 2, right), there are also edge-sharing
BO, tetrahedra and BO; groups, but no corner-sharing BO4
groups. Here, the edge-sharing BO, tetrahedra (light poly-
hedra) connect to four BOj3 units; two ZnOy4 groups are sit-
uated at the common edge of the B,O¢ unit (highlighted
with arrows).

The mean B-O distance in the BO, tetrahedra and the
BO; groups of HP-KB;O5 is 147.7 and 137.3 pm, respec-
tively, which agrees with the average B-O distance of the
BO,; and BOj units in borates (BOy: 147.6 pm, BOs:
137.0 pm).?4261 Figure 3 (left) shows that the B-O dis-
4148
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Figure 2. Comparison of the central structural motifs of HP-
KB;Os (left) and KZnB;Og!'>4 (right) (90% probability ellip-
soids). The arrows point to the BO, (HP-KB;0s) and ZnO, tetra-
hedra (KZnB;Og), which are located at the common edge of the
edge-sharing BO, groups.

tances inside the B,O, rings of the B,Og unit are larger
[154.8(1) and 151.4(1) pm] than those outside the rings
[141.2(1) and 144.6(1) pm]. The B-B distance inside the
B>Og¢ unit of HP-KBsO5 is 221.5(1) pm, which is signifi-
cantly larger than the values found in other high-pressure
borates that exhibit edge-sharing BO, tetrahedra, e.g.
Dy,BsO;5 [207.2(8) pm],”* 0-Sm,B40y [207.1(9) pm],1®! B-
FeB,0, [208.3(5) pm],) and KZnB;O, [207.9(4) pm].[13-14]
The reason for this increased value lies in the different coor-
dination spheres of the O ions at the common edge of the
B>O¢ unit (O1). As depicted in Figure 3 (right), the O1
anions in B-FeB,04°! are coordinated tetrahedrally in the
form of two covalently bound boron atoms and two coordi-
nating metal ions (242 coordination). In HP-KB;05 (Fig-
ure 3, left), the Ol anions are bound covalently to three
boron atoms (O?), which lead to enhanced distances inside
the B,Og ring and therewith to a remarkably enlarged B---B
distance.

Figure 3. Comparison of selected distances [pm] and angles [°] in
the B,Og group of HP-KB;O5 (left) and B-FeB,O, (right).

The potassium ions are coordinated by ten oxygen ions
with distances between 264-341 pm (av. 300 pm). These val-
ues correspond to those in KV3;Og (272-331 pm; av.
301 pm)P7 and K5Vs0,4 (273-335 pm; av. 300 pm).128!

Bond-valence sums were calculated for all atoms by using
the CHARDI (charge distribution in solids, YQ)?! and
bond length/bond strength concepts (2.7).3%31 The formal
charges of the ions were confirmed by the calculations of
both concepts.
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Taking into account the synthetic conditions (3 GPa,
600 °C), we investigated the assumed metastable character
of the high-pressure phase HP-KB;Os. Temperature-pro-
grammed X-ray powder diffraction experiments reveal that
HP-KB;Ojs is stable up to 550 °C under ambient-pressure
conditions (Figure S1). Higher temperatures lead inter alia
to the normal pressure phase KB;Os.??l DTA measure-
ments confirm the temperature stability of HP-KB;O5 (Fig-
ure S2).

Vibrational spectroscopic measurements and calculations
of harmonic vibrational frequencies at the I” point yield
modes involving mainly the corner-sharing BOsz groups
above 1320 cm™, stretching vibrations of the corner- and
edge-sharing BO, tetrahedra between 950-1215 cm™!, bend-
ing and complex vibrations of both BO3 and BO, units be-
tween 200-905 cm ™!, and lattice vibrations involving potas-
sium below 185 cm™! (Figure 4).

Intensity / Transmission

1600 1400 1200 1000 BOO 600 400 200
‘Wavenumber / cm!

Figure 4. FTIR-ATR (top) and confocal Raman (bottom) spectra
of HP-KB;Os. For a better comparability, the ATR-units were
transformed into transmission.

The calculations enabled for the first time a precise as-
signment of the previously discussed vibrational modes of
these B,Og groups.3>!2I For example, bands at 1213, 1205,
1161, and 1013 cm™! for the Raman-active modes and at
1105, 1070, and 1001 cm ™! for the IR-active modes can now
be assigned to modes involving strong movements of the
two common oxygen ions within the two edge-sharing tetra-
hedra. The Raman-active mode at 1213 cm™! exhibits the
strongest vibration within the B,Og unit.

The Raman-active modes of B,O4 groups were investi-
gated previously on HP-NiB,O4,” 0-Gd,B40,,° and
Dy4BO;s.1 The spectra of these compounds reveal several
bands in the range 1200-1450 cm™!, which normally corre-
spond to BO; or OB; groups (the latter is not part of a
B,O¢ group). As none of the three compounds with edge-
sharing BO, tetrahedra contain three-coordinate boron
atoms or three-coordinate oxygen atoms, these peaks are
assumed to likely be Raman-active modes of the B,Og unit.
A comparison of the different spectra indicates two bands
that probably could be assigned to modes of edge-sharing
BO, tetrahedra (1262 and 1444 cm™! in HP-NiB,O,, 1253
and 1431 cm™! in a-Gd,B4O,, and 1271 and 1435 cm™! in
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Dy4B4O;5). Even for the recently published KZnB;Og,!'314]
Jin et al. found an absorption band in the range 1400 cm™!,
but missed the weak B,Og vibration at 1210 cm~'. Further
calculations are necessary to reveal whether the B,Og units
of the above-mentioned phases show bands in the region of
1400 cm™!. The here discussed HP-KB;O5 exhibits no band
around 1400 cm™!, which is caused by the vibrations of the
B,Og unit. This difference in the spectra from those of other
compounds comprising edge-sharing BO, tetrahedra might
be due to the increased boron coordination of Ol. Vi-
brational spectroscopy of HP-KBsO5 confirms the absence
of water in the structure.

Until 2009, only paramagnetic compounds with edge-
sharing BO, tetrahedra could be obtained, on which solid-
state ''"B NMR spectroscopic investigations are impossible.
Such "B solid-state NMR investigations would be of para-
mount interest to answer the question whether the chemical
shift values and quadrupolar coupling constants of !'B are
sensitive enough to unequivocally identify the structural
motif of the edge-sharing BO, tetrahedra. This would sig-
nificantly simplify the investigation of technically important
borate glasses. Up to now, edge-sharing BO, tetrahedra are
unknown in borate glass chemistry.l*3-3* With the two dia-
magnetic compounds HP-KB;05 and KZnB;O!>14 1B
solid-state NMR measurements now become possible for
the first time.

Figure 5 shows a ''B MQMAS spectrum for HP-KB5Os.
The MQMAS technique allows the separation of the indi-
vidual resonances of the typical broad 1D "B MAS spec-
tra. While the F2 dimension retains the full interaction in-
cluding the chemical shift and second-order quadrupole in-
teraction, for the F1 dimension, only the isotropic chemical
and quadrupolar induced shifts are relevant. For HP-
KB;0s, both inequivalent BO4 as well as the BO5 units can
be distinguished (Table 1). Furthermore, an evaluation of
slices at o(F1) values of 0.5, 2.5, and 22 ppm gives access to
the isotropic chemical shift d;,, the quadrupole coupling
constant Cq, and the asymmetry parameter 7 for each in-
dividual boron site (Figure 5 and Table 1). These data were
then used to determine the intensity ratios by deconvoluting
an 1D "B MAS spectrum recorded with selective excitation
(Figure 5). In a similar procedure, the data for
KZnB;04!'3'4 depicted in Table 1 were also collected. Al-
though data analysis of KZnB;O4 was hampered by a sub-
stantial impurity of boronic acid, values for d;s,, Cq, and
nq for the trigonal planar and tetrahedral boron units could
be derived.

On the basis of investigations of minerals, some empirical
values are reported for both BO5 and BO, units.3>-381 While
BOj; units typically are observed between 14 and 23 ppm
(diso) and exhibit large Cq, values (2.4 to 2.9 MHz), tetrahe-
drally coordinated boron atoms usually range from -1 to
3.5ppm and 0.2 to 0.5 MHz for d;5, and Cq, respectively.
The asymmetry parameter # largely depends on local dis-
tortions and connectivities and can vary between 0 and 0.8
for both units. The observed values (Table 1) for HP-KB3O5
and KZnB;Oy fit quite well into these regions. Since for
KZnB;04!'3'4 only edge-sharing BO, units exist, the iso-
4149
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Figure 5. '"B MAS NMR spectra for HP-KB;0s. 2D MQMAS
spectrum (top) and 1D MAS spectrum with selective excitation as
well as three horizontal slices of the MQMAS spectrum (bottom).
The experimental data and the simulations are depicted with open
circles and solid lines, respectively. The relevant refinement param-
eters are given in Table 1.

Table 1. Results of the refinement of the ''B MQMAS and selective
1D spectra for HP-KB305 and KZnB;Og. Details of the fitting
procedure are given in the text.

Unit diso / ppm  Cq / MHz 7 1
HP-KB;05s BO, 0.31(2) 0.95(5) 0.55(4) 1.08(6)
BO, 1.75(2) 1.2(1) 0.74(5)  0.85(6)
BO;s(T,) 16.8(2) 2.5(1) 0.17(3)  0.98(6)
KZnB;Og BO4 2.4(1) 0.8(1) 0.4(1) -
BOs(T,) 18.1(3) 2.4(1) 0.32) -

tropic shift of 2.4 ppm can be assigned to those units. Prob-
ably, the resonance at & = 1.75 ppm might accordingly be
assigned to the edge-sharing BO, tetrahedra for HP-
KB3Os. Nevertheless, because there are only slight varia-
tions for the second BO, unit, this assignment is not un-
equivocal. It is at least questionable whether it will be pos-
sible to detect edge-sharing tetrahedral units on the basis
of "B chemical shift data. In a forthcoming study, we will
combine NMR spectroscopic analysis with quantum chemi-
cal calculations of the chemical shift and the electric field
gradient tensor to get a more detailed picture of the rel-
evant interactions.

4150
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Conclusions

Systemic investigations in the field of high-pressure
borates led to the synthesis of HP-KBsOs, the first borate
exhibiting all three possible conjunctions: corner-sharing
BO; groups, corner-sharing BO, units, as well as edge-
sharing BO, tetrahedra. Vibrations of the B,Og4 unit could
be assigned in a measured spectrum through calculations of
the harmonic vibrational frequencies at the I” point. With
the two diamagnetic compounds HP-KB;Os and
KZnB;O¢, ''B solid-state NMR-measurements were per-
formed for the first time for compounds exhibiting edge-
sharing BO, tetrahedra.

Experimental Section

Synthesis: The title compound was prepared by grinding a stoichio-
metric mixture of K,CO3 (ChemPur GmbH, Karlsruhe, Germany,
99.9%) and H3;BO; (Merck KGaA, Darmstadt, Germany, 99.5%)
and heating it at 900 °C for 12 h to expel H,O and CO,. To obtain
HP-KB;O0s, the amorphous reaction product was compressed and
heated in a multianvil assembly. Therefore, the sample was re-
ground and filled into a boron nitride crucible (Henze BNP GmbH,
HeBoSint® S10, Kempten, Germany). The crucible was placed
into the pressure medium: a MgO octahedron (Ceramic Sub-
strates & Components, Isle of Wight, UK) with an edge length of
18 mm. The octahedron was compressed via eight tungsten carbide
cubes (TSM-10, Ceratizit, Reutte, Austria) with a truncation edge
length of 11 mm (18/11 assembly). Pressure was applied by a
Walker-type multianvil device and a 1000 t press (both devices from
the company Voggenreiter, Mainleus, Germany). A detailed de-
scription of the assembly and its preparation can be found in
ref. 3943 For the synthesis of HP-KB;Os, the assembly was com-
pressed to 3 GPa over 1.25 h and kept at this pressure for the heat-
ing period. The sample was heated to 600 °C over 10 min, kept
there for 10 min, and cooled down to 400 °C over 40 min. After-
wards, the sample was naturally cooled down to room temperature
by switching off the heating, followed by a decompression period
of 3.75 h. The recovered pressure medium was broken apart, and
the surrounding boron nitride crucible removed from the sample.
The compound HP-KB;05 was obtained as an air-resistant, color-
less crystalline solid.

X-ray Structure Determination: Crystal structure analysis of HP-
KB;Os: M, = 151.53 gmol!, colorless block, 0.12X0.11X
0.06 mm, monoclinic, space group: C2/c, a = 9.608(2), b = 8.770(2),
¢ =9.09902) A, g =104.4(1)°, V = 742.83) A3, Z = 8, peatea. =
2.710 gem>, Nonius Kappa CCD, Mo-K, radiation (. =
0.71073 A); graphite monochromator, F(000) = 592, x = 1.33 mm ',
T = 293(2) K, multiscan, 1647 measured reflections in the range
3.2 <20 <35.0° 1502 unique reflections with I < 2o(l), Ry, =
0.0237; the crystal structure was solved by direct methods
(SHELXS-97) and anisotropically refined by a least-squares pro-
cedure against F? with all data, 82 refined parameters, R, = 0.0266
and wR, = 0.0635 for F,> > 2 (F,?); R, = 0.0312 and wR, = 0.0650
for all F,2, residual electron density between —0.61 and 0.44 e A 3,
GOF = 1.107. Further details on the crystal structure investigations
may be obtained from the Fachinformationszentrum Karlsruhe
(FIZ, 76344 Eggenstein-Leopoldshafen, Germany; Fax: +49-7247-
808-666; E-mail: crysdata@fiz-karlsruhe.de), on quoting the de-
pository number CSD-423027.

Temperature-Programmed X-ray Powder Diffraction: Temperature-
programmed X-ray powder diffraction experiments were performed

Eur. J. Inorg. Chem. 2011, 4147-4152



HP-KB;05 Highlights the Structural Diversity of Borates

Eur/IC

on a STOE Stadi P powder diffractometer (Mo-K,) with a com-
puter controlled STOE furnace. The sample was enclosed in a
silica-glass capillary and heated from room temperature to 500 °C
in steps of 100 °C and from 500 to 1100 °C in steps of 50 °C. After
reaching 1100 °C, the sample was cooled down to 500 °C in steps
of 50 °C and further on to room temperature in steps of 100 °C.
At each step, a powder diffraction pattern was recorded.

DTA/TG: The simultaneous differential thermal analysis and ther-
mogravimetric (DTA/TG) measurements were performed with a
Setaram TG-92 simultaneous thermal analyzer equipped with a
protected DTA/TG rod (P-type thermocouple, maximum operating
temperature = 1600 °C). Temperature calibration was achieved in
reference to melting points of metal standards. The measurements
were conducted in a helium atmosphere.

Calculations of the Vibrational Frequencies: The vibrational fre-
quencies were computed from first principles, by using the program
CRYSTAL 06,11 Gaussian basis sets, and the B3LYP Hybrid HF-
DFT functional.

IR and Raman Spectroscopy: The confocal Raman spectra of single
crystals in the range 100~1500 cm™! were obtained with a HORIBA
JOBIN YVON LabRam-HR 800 spectrometer. The sample was ex-
cited by the 532 nm emission lines of a 30 mW Nd:YAG laser. The
size and power of the laser spot on the surface were approximately
1 um and 5 mW. The spectral resolution, determined by measuring
the Rayleigh line, was 1.4 cm™!. Raman bands were fitted by the
built-in spectrometer software LabSpec 5 to convoluted Gauss-Lo-
rentz functions. The accuracy of Raman line shifts was in the order
of 0.5 cm™'. The FTIR-ATR (Attenuated Total Reflection) spectra
of single crystals in the range 6004000 cm ! were recorded with a
Bruker Vertex 70 FTIR spectrometer (spectral resolution 4 cm™),
attached to a Hyperion 3000 microscope. A germanium ATR-crys-
tal with a tip diameter of 100 pm was pressed on the surface of the
borate crystal with a power of 5N, which crushed it into pieces
that were pum-sized. Spectra were corrected for atmospheric influ-
ences, and an enhanced ATR correction, with the OPUS 6.5 soft-
ware, was performed. Background correction and peak fitting fol-
lowed via polynomial and folded Gaussian-Lorentzian functions.

1B Solid-State NMR Spectroscopy: The !'B solid-state NMR spec-
tra were acquired under magic angle spinning conditions with a
Bruker Avance 500 spectrometer operating at a resonance fre-
quency of 160.461 MHz. The peak positions are given with respect
to BF;3(OEt,) at 0 ppm. The 1D spectra were recorded with a
2.5mm triple resonance MAS probe (Bruker) by applying three
soft back-to-back 90 ° pulses (v, = 10 kHz) to ensure selective
excitation, while simultaneously suppressing unwanted resonances
from the probe.*] Spinning speed and recycle delay were set to
25 kHz and 40 s, respectively. To collect the MQMAS spectra, we
worked with a 3.2 triple resonance MAS probe (Bruker) and a spin-
ning speed of 20 kHz. A three-pulse sequence with two leading
hard pulses (v, = 180 kHz) and a selective 90 ° pulse (Vpue =
10 kHz) was used.[*?] The pulse lengths were optimized to 3.4, 1.3,
and 25 ps. The 30-fold phase cycle ensured that only the desired
coherence pathway 0 — +3 — 0 — —1 was selected. To obtain pure
absorptive spectra, we invoked the States scheme. In total, 178 fids
with 60 repetitions were recorded by using a recycle delay of 6.
The simulations of the 1D spectra and the slices of the MQMAS
spectra were carried out with the program package SIMPSON.[+7]

Supporting Information (see footnote on the first page of this arti-
cle): Temperature-programmed powder pattern as well as DTA
curve of HP-KB;Os.
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