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The lanthanum(III)-decaborate La4B10O21 was synthesized under high-pressure/high-temperature
conditions of 2.6 GPa and 750 ◦C in a Walker-type multianvil apparatus. The single-crystal structure
determination revealed that La4B10O21 is isotypic to Pr4B10O21. La4B10O21 crystallizes monoclin-
ically with four formula units in the space group P21/n with the lattice parameters a = 716.7(2),
b = 1971.5(4), c = 958.3(2) pm, and β = 93.7(1)◦. The three-dimensional boron-oxygen framework
consists of [BO4]5− tetrahedra and trigonal-planar [BO3]3− groups. The structure contains four crys-
tallographically different lanthanum ions. Two of the ions are surrounded by 10, one by 11, and the
fourth one by 12 oxygen anions. In addition to IR-spectroscopic investigations, DFT calculations
were performed to support the assignment of vibrational bands.

Key words: High Pressure, Borate, Crystal Structure, DFT

Introduction

The system La-B-O is represented by four com-
positionally different oxoborates with the formulae
LaBO3 for λ -LaBO3 [1] and the high-temperature
modification H-LaBO3 [2], LaB3O6 for one normal
pressure oxoborate [3] and two high-pressure mod-
ifications, namely γ-LaB3O6 [4] and δ -LaB3O6 [5],
La4B14O27 [6], and La26O27(BO3)8 [7]. Except for
the two high-pressure modifications of the lanthanum-
meta-borate γ-LaB3O6 and δ -LaB3O6, all known lan-
thanum oxoborates are synthesized by heating of
stoichiometric mixtures of La2O3 and B2O3 under
ambient pressure conditions. As a common trend
in high-pressure oxoborates, the boron atoms fa-
vor the fourfold coordination with increasing pres-
sure. In the majority of cases, the trigonal-planar
[BO3]3− groups transform into tetrahedral [BO4]5−
groups at a pressure higher than 10 GPa. Beyond
this threshold, only a few compounds are known
which contain trigonal-planar [BO3]3− groups, e. g.
Ho31O27(BO3)3(BO4)6 [8]. Additionally, our team ob-
served that these tetrahedra, which are normally linked
via common corners, can share common edges to re-
alize denser structures [RE4B6O15 (RE = Dy, Ho)
[9 – 11] and α-RE2B4O9 (RE = Sm–Ho)] [12 – 14]).
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Furthermore, under high-pressure conditions the rare-
earth ions can show increased coordination num-
bers (CN), and also the coordination numbers of
the oxygen atoms can be enhanced from two-fold
coordinated (O[2]) to three-fold coordinated (O[3]).
With the high-pressure/high-temperature synthesis of
La4B10O21, we add a new compound to the existing
lanthanum-oxoborates. This compound is isotypic to
Pr4B10O21 [15]. In the following, we describe the syn-
thesis, the single-crystal structure determination, IR
spectroscopic investigations, and quantum-chemical
calculations of harmonic vibrational frequencies of
La4B10O21.

Experimental Section

Synthesis

The synthesis of La4B10O21 was achieved under high-
pressure/high-temperature conditions of 2.6 GPa and 750 ◦C
during experiments to synthesize new lanthanum fluorido-
and fluoride borates. For the synthesis, a non-stoichiometric
mixture of partially hydrolyzed La2O3, LaF3, and B2O3
(all chemicals from Strem Chemicals, Newburyport, USA,
99.9 %) in a molar ratio of 2 : 1 : 6 was finely ground and
filled into a boron nitride crucible (Henze BNP GmbH,
HeBoSint R© S100, Kempten, Germany). The crucible was
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placed into an 18/11-assembly and compressed by eight
tungsten carbide cubes (TSM-10, Ceratizit, Reutte, Aus-
tria). To apply the pressure, a 1000 t multianvil press
with a Walker-type module (both devices from the com-
pany Voggenreiter, Mainleus, Germany) was used. The as-
sembly and its preparation are described in refs. [16 –
20]. The mixture of the starting materials was compressed
to 2.6 GPa within 1 h and kept at this pressure. Dur-
ing the heating period, the temperature was increased
to 750 ◦C in 10 min, kept there for 10 min, and low-
ered to 450 ◦C within 15 min, followed by quenching
to r. t. The decompression of the assembly required three
hours. The recovered octahedral pressure medium (MgO,
Ceramic Substrates & Components Ltd., Newport, Isle of
Wight, UK) was broken apart, and the sample was separated
from the surrounding boron nitride crucible. The compound
La4B10O21 was found in the form of colorless air-stable
crystals.

All efforts to synthesize La4B10O21 under ambient pres-
sure conditions were not successful. The high-temperature
syntheses were performed in boron nitride crucibles (Henze
BNP GmbH, HeBoSint R© S100, Kempten, Germany) which
were placed into a silica glass tube. This assembly was
heated under ambient-pressure conditions in a tube furnace
from the company Carbolite.

Crystal structure analysis

The powder diffraction pattern was obtained in transmis-
sion geometry, using a Stoe Stadi P powder diffractome-
ter with Ge(111)-monochromatized MoKα1 (λ = 70.93 pm)
radiation. The diffraction pattern showed reflections of
La4B10O21 and LaF3. Fig. 1 shows the experimental pow-
der pattern that matches well with the theoretical pattern
simulated from the single-crystal data. Small single crystals
of La4B10O21 were isolated by mechanical fragmentation.

Fig. 1. Experimental powder pattern (top) and the pattern of
LaF3 (top, lines), compared with the theoretical powder pat-
tern of La4B10O21 (bottom), simulated from single-crystal
data.

Table 1. Crystal data and structure refinement of La4B10O21
(standard deviations in parentheses).
Empirical formula La4B10O21
Molar mass, g mol−1 999.74
Crystal system monoclinic
Space group P21/n
Single crystal diffractometer Enraf-Nonius Kappa CCD
Radiation; wavelength λ , pm MoKα ; 71.073

(graphite monochromator)
Single-crystal data
a, pm 716.7(2)
b, pm 1971.5(4)
c, pm 958.3(2)
β , deg 93.7(1)
V, Å3 1351.4(5)
Formula units per cell, Z 4
Calculated density, g cm−3 4.91
Crystal size, mm3 0.045×0.025×0.015
Temperature, K 293(2)
Absorption coefficient, mm−1 12.5
F(000), e 1784
θ range, deg 2.1 – 32.5
Range in hkl −10 < h < 10, −29 < k < 29,

−14 < l < 13
Total no. of reflections 17750
Independent reflections / Rint / Rσ 4898 / 0.0479 / 0.0355
Reflections with I ≥ 2σ(I) 4198
Data / ref. parameters 4898 / 317
Absorption correction multi-scan [21]
Goodness-of-fit on F2

i 1.135
Final R1 / wR2 [I ≥ 2σ(I)] 0.0275 / 0.0532
R1 / wR2 (all data) 0.0376 / 0.0639
Largest diff. peak / hole, e Å−3 2.01 / −1.24

The single-crystal intensity data were collected at r. t. using
a Nonius Kappa-CCD diffractometer with graphite-mono-
chromatized MoKα radiation (λ = 71.073 pm). A semiem-
pirical absorption correction based on equivalent and redun-
dant intensities (SCALEPACK [21]) was applied to the in-
tensity data. All relevant details of the data collection and
evaluation are listed in Table 1. According to the systematic
extinctions, the monoclinic space group P21/n was derived.
Because La4B10O21 is isotypic to Pr4B10O21 [7], the struc-
tural refinement was performed via the positional parame-
ters of Pr4B10O21 as starting values [SHELXL-97 [22, 23]
(full-matrix least-squares on F2)]. All atoms were refined
with anisotropic displacement parameters, and the final dif-
ference Fourier syntheses did not reveal any significant peaks
in the refinement. Tables 2 – 5 list the positional parame-
ters, anisotropic displacement parameters, and interatomic
distances.

Further details of the crystal structure investigation
may be obtained from Fachinformationszentrum Karlsruhe,
76344 Eggenstein-Leopoldshafen, Germany (fax: +49-7247-
808-666; e-mail: crysdata@fiz-karlsruhe.de, http://www.fiz-
karlsruhe.de/request for deposited data.html) on quoting the
deposition number CSD-424159.
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Table 2. Atomic coordinates (Wyckoff positions 4e for all atoms) and equivalent isotropic displacement parameters Ueq (Å2)
of La4B10O21 (space group: P21/n) with standard deviations in parentheses. Ueq is defined as one third of the trace of the
orthogonalized Ui j tensor.

Atom x y z Ueq Atom x y z Ueq

La1 0.37376(3) 0.20021(2) 0.83910(2) 0.00541(6) La2 0.89590(3) 0.29516(2) 0.82397(2) 0.00507(6)
La3 0.36452(3) 0.41818(2) 0.84153(2) 0.00488(6) La4 0.84809(3) 0.07973(2) 0.85067(3) 0.00555(6)
B1 0.0184(6) 0.4068(2) 0.0537(5) 0.0046(8) B2 0.8092(6) 0.4784(2) 0.8927(5) 0.0050(8)
B3 0.0294(6) 0.4063(2) 0.5544(5) 0.0042(8) B4 0.2979(6) 0.0247(2) 0.8952(5) 0.0051(8)
B5 0.7035(6) 0.4216(2) 0.6349(5) 0.0042(7) B6 0.5483(7) 0.3112(2) 0.5462(5) 0.0054(8)
B7 0.7127(7) 0.2053(2) 0.1220(5) 0.0053(8) B8 0.1971(7) 0.0728(2) 0.6292(5) 0.0056(8)
B9 0.5660(7) 0.3215(2) 0.0473(5) 0.0060(8) B10 0.6830(6) 0.2012(2) 0.6195(5) 0.0059(8)
O1 0.3026(4) 0.5213(2) 0.9806(3) 0.0057(5) O2 0.6333(4) 0.1576(2) 0.0183(3) 0.0057(5)
O3 0.3562(6) 0.1180(2) 0.6287(3) 0.0054(5) O4 0.1300(4) 0.3446(2) 0.0181(3) 0.0054(5)
O5 0.8793(4) 0.3864(2) 0.6392(3) 0.0054(5) O6 0.0508(4) 0.1776(2) 0.8989(3) 0.0066(5)
O7 0.1704(4) 0.0415(2) 0.7674(3) 0.0059(5) O8 0.4576(4) 0.0709(2) 0.9131(3) 0.0055(5)
O9 0.5721(5) 0.3121(2) 0.9070(3) 0.0079(6) O10 0.9604(4) 0.4300(2) 0.9133(3) 0.0066(5)
O11 0.6944(4) 0.1869(2) 0.7568(3) 0.0060(6) O12 0.2199(4) 0.3176(2) 0.7634(3) 0.0061(6)
O13 0.1363(4) 0.4521(2) 0.1383(3) 0.0060(5) O14 0.8917(4) 0.2344(2) 0.0806(3) 0.0067(5)
O15 0.3239(4) 0.5398(2) 0.2317(3) 0.0054(5) O16 0.5450(4) 0.3728(2) 0.6297(3) 0.0065(6)
O17 0.0185(4) 0.1150(2) 0.6008(3) 0.0065(5) O18 0.6798(4) 0.4694(2) 0.5174(3) 0.0070(6)
O19 0.7269(4) 0.2678(2) 0.5812(3) 0.0073(6) O20 0.0912(4) 0.2314(2) 0.6393(3) 0.0081(6)
O21 0.1636(4) 0.4525(2) 0.6229(3) 0.0072(6)

Atom U11 U22 U33 U12 U13 U23
La1 0.0042(2) 0.0068(2) 0.0053(2) −0.00008(8) 0.00112(8) 0.00044(8)
La2 0.0042(2) 0.0065(2) 0.0046(2) 0.00028(8) 0.00095(8) −0.00030(8)
La3 0.0056(2) 0.0046(2) 0.0045(2) −0.00028(8) 0.00065(8) −0.00004(8)
La4 0.0054(2) 0.0050(2) 0.0063(2) −0.00021(8) 0.00063(8) 0.00001(8)
B1 0.004(2) 0.004(2) 0.005(2) 0.001(2) 0.001(2) 0.000(2)
B2 0.006(2) 0.004(2) 0.005(2) −0.001(2) −0.001(2) 0.001(2)
B3 0.001(2) 0.004(2) 0.007(2) −0.003(2) −0.001(2) 0.002(2)
B4 0.003(2) 0.007(2) 0.006(2) 0.001(2) 0.001(2) 0.002(2)
B5 0.003(2) 0.004(2) 0.005(2) −0.001(2) 0.000(2) 0.001(2)
B6 0.005(2) 0.006(2) 0.005(2) −0.000(2) 0.000(2) −0.000(2)
B7 0.009(2) 0.005(2) 0.002(2) 0.000(2) 0.002(2) −0.002(2)
B8 0.006(2) 0.006(2) 0.005(2) 0.001(2) −0.001(2) 0.000(2)
B9 0.004(2) 0.007(2) 0.007(2) 0.001(2) −0.001(2) 0.000(2)
B10 0.006(2) 0.004(2) 0.008(2) −0.000(2) 0.000(2) 0.001(2)
O1 0.008(2) 0.005(2) 0.004(2) 0.001(2) 0.003(2) 0.001(2)
O2 0.006(2) 0.007(2) 0.004(2) 0.000(2) −0.001(2) −0.002(2)
O3 0.005(2) 0.007(2) 0.005(2) −0.002(2) 0.001(2) 0.001(2)
O4 0.004(2) 0.006(2) 0.007(2) 0.000(2) 0.001(2) 0.001(2)
O5 0.003(2) 0.006(2) 0.007(2) 0.002(2) 0.001(2) 0.001(2)
O6 0.005(2) 0.009(2) 0.006(2) −0.001(2) 0.002(2) −0.002(2)
O7 0.005(2) 0.009(2) 0.004(2) 0.001(2) 0.002(2) 0.000(2)
O8 0.005(2) 0.007(2) 0.004(2) −0.001(2) 0.000(2) −0.001(2)
O9 0.009(2) 0.008(2) 0.006(2) 0.000(2) 0.001(2) 0.002(2)
O10 0.007(2) 0.007(2) 0.006(2) 0.001(2) 0.002(2) 0.001(2)
O11 0.006(2) 0.008(2) 0.005(2) 0.001(2) 0.001(2) 0.002(2)
O12 0.006(2) 0.008(2) 0.005(2) −0.001(2) 0.001(2) 0.001(2)
O13 0.008(2) 0.005(2) 0.004(2) 0.000(2) 0.000(2) −0.003(2)
O14 0.005(2) 0.007(2) 0.008(2) 0.000(2) 0.002(2) −0.001(2)
O15 0.006(2) 0.006(2) 0.005(2) −0.001(2) 0.002(2) 0.000(2)
O16 0.006(2) 0.007(2) 0.007(2) −0.006(2) 0.002(2) −0.002(2)
O17 0.004(2) 0.006(2) 0.009(2) 0.004(2) 0.000(2) 0.001(2)
O18 0.009(2) 0.008(2) 0.004(2) 0.001(2) 0.003(2) 0.003(2)
O19 0.007(2) 0.005(2) 0.010(2) 0.001(2) 0.001(2) −0.001(2)
O20 0.009(2) 0.007(2) 0.008(2) −0.002(2) 0.001(2) −0.004(2)
O21 0.007(2) 0.004(2) 0.009(2) 0.002(2) −0.006(2) −0.003(2)

Table 3. Anisotropic displace-
ment parameters of La4B10O21
(space group: P21/n) with
standard deviations in paren-
theses.
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La1–O6 246.1(3) La2–O12 246.9(3) La3–O12 233.9(3) La4–O6 244.2(3)
La1–O11 249.0(3) La2–O5 252.2(3) La3–O1a 248.6(3) La4–O11 252.2(3)
La1–O3 258.5(3) La2–O9 252.3(3) La3–O15 252.4(3) La4–O18a 253.1(3)
La1–O2 259.0(3) La2–O19 261.0(3) La3–O21 255.6(3) La4–O13 253.9(3)
La1–O12 264.4(3) La2–O4 261.2(3) La3–O9 262.0(3) La4–O7 260.4(3)
La1–O9 268.1(3) La2–O11 263.4(3) La3–O16 263.3(3) La4–O15 261.8(3)
La1–O19 268.4(3) La2–O20 264.4(3) La3–O7 265.1(3) La4–O2 276.1(3)
La1–O8 270.4(3) La2–O6 264.9(3) La3–O17 273.3(3) La4–O17 284.4(3)
La1–O20 276.6(3) La2–O14 273.8(3) La3–O4 285.6(3) La4–O8 290.5(3)
La1–O14 280.3(3) La2–O10 282.2(3) La3–O10 302.8(3) La4–O18b 294.2(3)

La3–O1b 308.2(3) La4–O21 306.7(3)
La4–O16 308.8(3)

∅ 264.1 ∅ 262.2 ∅ 268.3 ∅ 273.9

Table 4. Interatomic lanthanum-oxygen
distances (pm) in La4B10O21 (space
group: P21/n) calculated with the
single-crystal lattice parameters (stan-
dard deviations in parentheses).

B1–O13 144.2(6) B2–O10 144.8(5) B3–O5 144.3(5) B4–O21 146.4(5)
B1–O10 145.6(6) B2–O13 146.2(5) B3–O21 145.1(5) B4–O8 146.4(5)
B1–O3 148.8(5) B2–O1 149.7(5) B3–O8 148.7(6) B4–O18 149.3(5)
B1–O4 151.6(5) B2–O15 152.1(6) B3–O2 151.4(5) B4–O7 151.7(6)

∅ 147.6 ∅ 148.4 ∅ 147.4 ∅ 148.5

B5–O5 143.7(5) B6–O6 143.0(6) B7–O12 142.6(5) B8–O3 144.7(5)
B5–O18 146.9(5) B6–O16 145.5(5) B7–O2 145.8(6) B8–O1 146.3(5)
B5–O16 148.7(5) B6–O14 149.1(5) B7–O14 148.2(5) B8–O7 148.5(5)
B5–O15 151.1(5) B6–O19 155.9(6) B7–O20 153.7(5) B8–O17 153.6(6)

∅ 147.6 ∅ 148.4 ∅ 147.6 ∅ 148.3

B9–O9 136.0(6) B10–O11 134.3(6)
B9–O20 136.9(6) B10–O4 136.3(6)
B9–O17 140.3(5) B10–O19 140.3(5)

∅ 137.7 ∅ 137.0

Table 5. Interatomic boron-oxygen dis-
tances (pm) in La4B10O21 (space group:
P21/n) calculated with the single-
crystal lattice parameters (standard de-
viations in parentheses).

Vibrational spectra

The FTIR-ATR (Attenuated T otal Reflection) spectra of
single crystals were measured with a Bruker Vertex 70 FT-
IR spectrometer (spectral resolution 4 cm−1), equipped with
an MCT (mercury cadmium telluride) detector and attached
to a Hyperion 3000 microscope in the spectral range of 600 –
4000 cm−1. As mid-infrared source, a Globar (silicon car-
bide) rod was used. A frustum-shaped germanium ATR crys-
tal with a tip diameter of 100 µm was pressed on the surface
of the borate crystal, which crushed it into small pieces of
µm-size. 32 scans of the sample were acquired. A correction
for atmospheric influences using the OPUS 6.5 software was
performed. A mean refraction index of the sample of 1.6 was
assumed for the ATR correction.

DFT calculations

In addition to the experimentally recorded IR spectrum,
quantum-chemical computations of harmonic vibrational
frequencies were performed using the CRYSTAL 09 pro-
gram [24 – 26]. An important step of a quantum-mechanical
calculation of frequencies is the choice of an adequate ba-
sis set. A compromise has to be found balancing compu-
tational effort and accuracy of the results. To reduce the
computational effort, a basis set with an effective core po-
tential (ECP) for the lanthanum atoms was chosen. The

best basis set was found based on geometry optimizations
and calculations of harmonic vibrational frequencies of the
high-pressure modification δ -LaB3O6 [6]. To consider the
meta-stability of high-pressure modifications, the cell vol-
ume was kept constant during the geometry optimization.
Out of these results, a well tested basis set for barium [27]
including HAYWSC [28 – 30] for the inner electrons, was
modified by adding one electron. All-electron basis sets were
employed for boron [31] and oxygen [32]. All calculations
were performed with the PBESOL functional [33] for the
correlation- and exchange-functionals. The test calculation
for δ -LaB3O6 using the above settings yielded a deviation
less than one percent for the lattice parameters and atom posi-
tions. The PBE functional [34] was also tested for δ -LaB3O6
and La4B10O21, but poorer results were obtained. The over-
all computation time for the calculations of harmonic vibra-
tional frequencies of La4B10O21 amounted to four weeks on
a node with 16 Opteron dual-core 2.8 GHz processors.

Results and Discussion

Synthetic conditions and reproducibility

All efforts to receive La4B10O21 from a stoichio-
metric mixture of the pure oxides La2O3 and B2O3
under normal- and high-pressure conditions were not
successful. Obviously, additional LaF3 in the role
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Conditions of synthesis Identified products
Partially hydrolyzed

La2O3 La2O3 La(OH)3 B2O3 LaF3 T (◦C) p (GPa) Main products By-products
0 2 0 5 0 700 2.7 δ -LaB3O6
0 1 0 3 1 1000 2.6 α-LaB3O6; LaF3
2 0 0 6 1 800 2.6 α-LaB3O6; LaF3
2 0 0 6 1 800 2.6 α-LaB3O6; LaF3
2 0 0 6 1 750 2.6 La4B10O21; LaF3
0 0 1 2 0 750 2.6 δ -LaB3O6 La4B10O21
0 2 0 5 0 750 2.6 δ -LaB3O6 λ -LaBO3
0 2 0 5 0 550 2.2 α-LaB3O6
0 2 0 5 0 750 3.0 δ -LaB3O6
1 0 0 1 1 1200 n. p.a α-LaB3O6; LaF3
1 0 0 4 2 800 n. p.a λ -LaBO3; LaF3
1 0 0 1 0 750 n. p.a λ -LaBO3

Table 6. List of experiments
which were performed to pre-
pare La4B10O21.

a n. p. = normal pressure.

of a flux during the synthesis is necessary to yield
La4B10O21 as the main product. A detailed schedule
of all performed syntheses, including educts, reaction
conditions, and products is shown in Table 6. The
normal-pressure experiments yielded α-LaB3O6 and
λ -LaBO3. Under high-pressure/high-temperature con-
ditions, the lanthanum-meta-borates α-LaB3O6 and δ -
LaB3O6 were the main-products while syntheses at
higher temperatures led to α-LaB3O6. This systematic
approach led to the conclusion that the new lanthanum
oxoborate La4B10O21 is just synthesizable in a small
range of pressure and temperature using LaF3 as a flux
material.

Crystal structure of La4B10O21

The structure of La4B10O21 is composed of trig-
onal [BO3]3− and tetrahedral [BO4]5− groups. Eight
of ten crystallographically different boron atoms are
coordinated by four oxygen ions. The [BO3]3− and
[BO4]5− groups are linked to a highly condensed three-
dimensional network. Fig. 2 shows the structure along

Fig. 2 (color online). Projection of the crystal structure of
La4B10O21 along [1̄00].

Fig. 3 (color online). Crystal structure of La4B10O21 as
viewed along [001̄], showing the boron-oxygen network and
the two different building units.

[1̄00]. The [BO3]3− and [BO4]5− groups form corru-
gated layers in the ab plane, which are marked by dif-
ferently colored tetrahedra. These layers are linked via
corner-sharing [BO4]5− groups. Each layer consists
of two different building blocks. The building blocks
and their linkage to the layers are illustrated in Fig. 3.
The first building block (Fig. 3, top left) consists of
ten tetrahedral [BO4]5− groups. Six tetrahedral groups
form a so called central “vierer” ring and two “dreier”
rings [35]. On each “dreier” ring, two [BO4]5− tetrahe-
dra are added. The second building block (Fig. 3, top
right) is built up similarly to the first building block
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and consists of four trigonal [BO3]3− and six tetrahe-
dral [BO4]5− groups. The six tetrahedral groups form
the same central “vierer” ring and two “dreier” rings
like the first building block. The [BO3]3− groups sub-
stitute the four [BO4]5− tetrahedra on the outside of
the central rings. The two building blocks are linked
via the outer [BO4]5− tetrahedra and [BO3]3− groups.

The boron-oxygen distances inside the eight distin-
guishable [BO4]5− groups vary between 142.6(5) (B7–
O12) and 155.9(6) pm (B6–O19) with a mean value
of 148.0 pm. The trigonal groups show boron-oxygen
distances of 136.0(6)– 140.3(5) pm with a mean value
of 137.4 pm. The mean values of the boron-oxygen
distances correspond well with the known average
values for B–O distances in [BO4]5− and [BO3]3−
groups [36 – 38].

The four crystallographically distinguishable rare-
earth cations are located in channels between the lay-
ers (Fig. 2). The rare-earth ions La1 and La2 are
coordinated by 10 oxygen atoms between 246.1(3)
and 280.3(3) pm for La1 and between 246.9(3)
and 282.2(3) pm for La2. These values fit well to
the La–O distances of α-La(BO2)3 [d(La–O) = 243 –
285 pm (CN = 10)] [39] and to the tenfold coor-
dinated lanthanum ions in La4B14O27 [d(La–O) =
240.9 – 285.1 pm (CN = 10)] [5]. The third La3+

ion (La3) is coordinated by 11 oxygen atoms in the
range 233.9(3) – 308.2(3) pm. The fourth lanthanum
ion (La4) in La4B10O21 is surrounded by 12 oxygen-
atoms with lanthanum-oxygen distances of 244.2(3)–
308.8(3) pm. All distances are listed in the Tables 4
and 5.

The bond-valence sums of La4B10O21 were calcu-
lated from the crystal structure for all ions, using the
bond-length/bond-strength concept (ΣV ) [40, 41]. The
calculation revealed values of: +2.93 (La1), +3.23
(La2), +3.06 (La3), and +3.04 (La4) which fit well
for the formal ionic charges. For the boron ions, the
values vary between 2.95 and 3.04. The oxygen ions
show values from −1.86 to −2.24.

Furthermore, the MAPLE values (MAdelung Part
of Lattice Energy) [42 – 44] of La4B10O21 were cal-
culated to compare them with the MAPLE values re-
ceived from the summation of the binary compo-
nents La2O3 [45] and the high-pressure modification
B2O3-II [46]. The value of 138125 kJ mol−1 was
obtained in comparison to 138160 kJ mol−1 (devia-
tion = 0.03 %), starting from the binary oxides [La2O3
(14234 kJ mol−1) + B2O3-II (21938 kJ mol−1)].

Table 7. Comparison of the isotypic structures La4B10O21
and Pr4B10O21.
Empirical formula La4B10O21 Pr4B10O21
Molar mass, g mol−1 999.74 1007.74
Unit cell dimensions
a, pm 716.7(2) 710.2(2)
b, pm 1971.5(4) 1948.8(4)
c, pm 958.3(2) 951.6(2)
β , deg 93. 7(1) 93.27(3)
V , Å3 1351.4(2) 1314.9(5)
Coordination number (CN)
RE1 (RE = La, Pr) 10 10
RE2 (RE = La, Pr) 10 10
RE3 (RE = La, Pr) 11 10
RE4 (RE = La, Pr) 12 12
av. RE1–O (RE = La, Pr) distance, pm 264.1 260.7
av. RE2–O (RE = La, Pr) distance, pm 258.0 258.0
av. RE3–O (RE = La, Pr) distance, pm 268.3 260.5
av. RE4–O (RE = La, Pr) distance, pm 273.9 272.1
av. B–O distance in [BO3]3− groups, pm 137.4 136.8
av. B–O distance in [BO4]5− groups, pm 148.0 147.5

Despite their isotypy, there is one large difference
in the structures of La4B10O21 and Pr4B10O21. Ta-
ble 7 compares the unit cells, the coordination numbers
of the rare-earth metal ions, and the bond lengths. A
closer look at the lattice parameters a, b, and c reveals
the typical rise due to the higher ionic radius of La3+.
The coordination numbers of RE1, RE2, and RE4
(RE = La, Pr) are equivalent. In contrast, the coordi-
nation number of RE3 is different. Fig. 4 shows the re-
lationship between the RE–O distances in La4B10O21
and Pr4B10O21. As expected, the RE–O distances in
La4B10O21 are higher, because of the larger ionic ra-
dius of La3+. For RE3, the distance to the eleventh
oxygen atom differs widely. In contrast to the trend, the
oxygen O1b is closer to the metal ion in La4B10O21.

Fig. 4 (color online). RE-oxygen distances of Pr3 and La3.
Due to the larger ionic radius of La3+, the distances La–O
are larger except for the oxygen atom O1b. This deviation
yields to a higher coordination number of La3 than Pr3 in
RE4B10O21 (RE = La, Pr).
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Fig. 5 (color online). Coordination spheres of the RE3 ions
in La4B10O21 (left) and Pr4B10O21 (right).

Hence, the coordination number of La3 is higher than
the coordination number of Pr3. Fig. 5 shows the dif-
ferent coordination spheres of the ions La3 and Pr3.

Vibrational spectroscopy

The spectrum of the FTIR-ATR measurement of
La4B10O21 is displayed in Fig. 6. The assignments
of the vibrational modes are based on a compari-
son with the experimental data of borate glasses and
crystals, containing trigonal [BO3]3− and tetrahedral
[BO4]5− groups [47 – 51], and on quantum-mechanical
calculations. For borates in general, bands in the re-
gion of 800 – 1100 cm−1 usually apply to stretch-
ing modes of boron which is tetrahedrally coordi-
nated to oxygen atoms [52, 53]. Absorption bands
at 1200 – 1450 cm−1 are expected for borates contain-
ing [BO3]3− groups [1, 54].

In the FTIR spectrum of La4B10O21, several groups
of absorption bands of the boron-oxygen tetrahe-
dra were detected between 680 and 1135 cm−1.
The [BO3]3− modes are found between 1250
and 1450 cm−1. Furthermore, no OH or water bands
could be detected in the range of 3000 to 3600 cm−1.

Fig. 6 (color online). FT-IR reflectance spectrum of a sin-
gle crystal of La4B10O21 (black) and calculated vibrational
bands (red lines).

Table 8. Comparison and assignment of theoretical and ex-
perimental bands in the spectrum of La4B10O21

a.
Theoretical Experimental Assignment
band band or region
1423 1402 s(B-O)BO3 ,s(O-B-O)BO3
1374 1352 s(B-O)BO3 ,s(O-B-O)BO3
1323 1311 s(B-O)BO3 ,s(O-B-O)BO3
1223 1210 s(O-B-O)BO4 ,s(O-B-O)BO4 ,b(B-O-B)
1176 1165 s(B-O)BO4
1138 1160 – 1110 s(B-O)BO4
1127 1160 – 1110 s(B-O)BO4 ,s(O-B-O)
1122 1160 – 1110 s(B-O)BO4
1108 1160 – 1110 s(B-O)BO4
1050 1035 – 980 s(B-O)BO4
1032 1035 – 980 b(O-B-O)
1026 1035 – 980 s(B-O-B)
1024 1035 – 995 s(B-O)BO4
1012 993 s(B-O)BO4 ,s(O-B-O)
990 980 – 940 s(O-B-O)
971 980 – 940 s(B-O)BO4
963 980 – 940 s(B-O)BO4 ,b(B-O-La),b(O-B-O)
941 935 – 925 s(O-B-O)
937 935 – 925 s(B-O)BO4 ,s(B-O-B),b(O-B-O)
905 900 – 885 b(O-B-O)
885 880 – 860 s(B-O)BO4
857 845 b(B-O-La),b(O-B-O),s(B-O)BO4
852 845 b(B-O-La),b(O-B-O),s(B-O)BO4
843 825 – 815 s(O-B-O)
837 825 – 815 s(O-B-O),s(B-O)BO4
831 825 – 815 s(B-O-B)
810 792 b(B-O-B),s(B-O)BO4
782 758 b(O-B-O)
732 745 – 695 s(O-B-O)
721 745 – 695 s(B-O-La)
681 665 b(B-O-La),b(O-B-O)

a s = stretching; b = bending; in parentheses: pairs of bonded atoms
with large relative motion between them; subscript BO3 and BO4
refer to the group in which the boron is located.

In the case of La4B10O21, one must consider that all
boron-oxygen units are linked to other boron-oxygen
units. Hence, every normal mode inside of one boron-
oxygen unit induces motions in the connected units.
Nevertheless, quantum-chemical calculations (vide in-
fra) of harmonic vibrational frequencies could be use-
ful to assign vibrations of excited groups. Fig. 6 shows
the experimental IR spectrum in the range of 600 –
1500 cm−1 and the calculated modes.

Quantum-mechanical calculations of harmonic vibra-
tional frequencies

Quantum-mechanical calculations of theoretical vi-
brational modes of large systems like La4B10O21
which contain several heavy atoms like lanthanum
are rare. The calculation yields 97 theoretically pos-
sible IR-active and 97 Raman-active modes in the
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range 600 – 1500 cm−1. Furthermore, the intensities
of the IR-active modes were calculated. All calculated
vibrational modes show a shift of about 20 cm−1 to
higher wave numbers. This deviation results out of the
approximations in the DFT method, the relatively low
convergence for the energy (10−7 Eh) and the calcula-
tion of just one unit cell. Calculations of larger systems
(supercells of La4B10O21) were not possible. More-
over, the calculation did not consider the temperature
(297 K for the experiment), and the addition of two
Gaussian peaks in the experimental spectrum led to a
shift of the maxima.

The large number of theoretical modes prevents a
complete assignment of all vibrational modes. The
most intensive bands were evaluated, compared with
the experimental spectrum and listed in Table 8. In
the assignment, the highly condensed boron-oxygen
framework must be considered. An exclusive stretch-
ing or bending motion inside a building unit is
not possible. As expected, in the region of higher
wave numbers the excitation happened inside the
trigonal [BO3]3− groups as boron-oxygen stretch-
ing. At 1223 cm−1 in the calculated spectrum and
at 1210 cm−1 in the experimental spectrum, the first
stretching modes inside of the [BO4]5− tetrahedra are
observed. This is about 100 wave numbers higher than
expected for tetrahedral [BO4]5−. Bands at lower wave
numbers result from motions of boron and oxygen in-

side of tetrahedral [BO4]5− groups. The assignment
to [BO4]5− or [BO3]3− groups took place to those
boron-oxygen units in which the excited bond is lo-
cated. Bands at lower wave numbers become more and
more dominated by bending modes. In the region 940 –
980 cm−1 (calculated at 963 cm−1), the first bending
mode of a boron-lanthanum-oxygen unit is observed.
The first stretching vibrations of the type s(La–O) is
located at 721 cm−1 in the calculated spectrum.

Conclusions

With the synthesis of La4B10O21, the first isotypic
compound to Pr4B10O21 was found and characterized.
In accordance with the relatively mild applied pressure
of 2.6 GPa, the structure consists of [BO4]5− tetrahedra
and [BO3]3− groups. 80 % of the boron-oxygen units
are represented by BO4 tetrahedra. The synthesis of the
missing isotypic compound in the series RE4B10O21
between lanthanum and praseodymium, Ce4B10O21,
will be subject of our future efforts.
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[6] T. Nikelski, M. C. Schäfer, Th. Schleid, Z. Anorg. Allg.
Chem. 2008, 634, 49.

[7] L. H. Lin, M. Z. Su, K. Wurst, E. Schweda, J. Solid
State Chem. 1996, 126, 287.

[8] S. A. Hering, A. Haberer, R. Kaindl, H. Huppertz, Solid
State Sci. 2010, 12, 1993.

[9] H. Huppertz, S. Altmannshofer, G. Heymann, J. Solid
State Chem. 2003, 170, 320.

[10] H. Emme, H. Huppertz, Acta Crystallogr. C 2005, 61,
i23.

[11] H. Emme, M. Valldor, R. Pöttgen, H. Huppertz, Chem.
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