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The rare-earth fluoride borates RE4B4O11F2 (RE = Pr, Nd) were obtained in a Walker-
type multianvil device from the corresponding rare-earth oxides and fluorides, and boron oxide.
Pr4B4O11F2 was obtained under high-pressure/high-temperature conditions of 8.5 GPa/1150 ◦C,
and Nd4B4O11F2 at 8 GPa and 1300 ◦C. The single-crystal structure determinations revealed that
both compounds are isotypic to RE4B4O11F2 (RE = Eu, Gd, Dy), crystallizing in the space group
C2/c (Z = 4) with the parameters a = 1397.3(3), b = 472.78(9), c = 1400.2(3) pm, β = 91.1(1)◦,
V = 0.9248(3) nm3, R1 = 0.0444, and wR2 = 0.0539 (all data) for Pr4B4O11F2, and a = 1389.1(3),
b = 471.2(1), c = 1394.4(3) pm, β = 91.1(1)◦, V = 0.9125(3) nm3, R1 = 0.0286, and wR2 = 0.0601
(all data) for Nd4B4O11F2. The structure type of Gd4B4O11F2 contains BO4 tetrahedra as well as
BO3 groups connected via common corners. Here, we report about the crystallographic characteriza-
tion of both compounds in comparison to the isotypic phases and discuss their IR spectra.
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Introduction

Borates have been the subject of intensive investi-
gation during the past few decades. Due to their abil-
ity to form BO3 groups as well as BO4 tetrahedra,
they exhibit a large structural diversity, possibly ex-
ceeding that of silicates. Presently, more than 1100
different crystal structures of borates are listed in the
Inorganic Crystal Structure Database [1]. The devel-
opment of sophisticated high-pressure synthetic meth-
ods has been the foundation of our work in the past
15 years, which has led to new high-pressure poly-
morphs of known (ambient-pressure) oxoborates, e. g.
β -MB4O7 (M = Ca, Zn, Hg) and χ-REBO3 (RE = Dy–
Er). Besides that, we were also able to synthesize
new compositions like RE3B5O12 (RE = Sc, Er–Lu),
RE4B10O21 (RE = Pr), and RE4B6O15 (RE = Dy, Ho),
the latter showing for the first time the structural motif
of edge-sharing BO4 tetrahedra. In recent years, our re-
search expanded the field towards fluorido borates and
fluorido borates. These compounds, especially “fluo-
roborate” glasses doped with rare-earth elements, are

well known for their interesting luminescence, fluores-
cence, and even dielectric properties. In contrast, less is
known regarding crystalline fluorido borates and fluo-
ride borates, except for naturally occurring minerals
containing more than two cations. A summary of the
achievements reached so far can be found in refs. [2]
and [3].

For the chemical composition RE4B4O11F2, two
different structure types were obtained by high-
pressure/high-temperature syntheses. In 2010, Haberer
et al. presented the compound La4B4O11F2 [4] crys-
tallizing in space group P21/c with the lattice param-
eters a = 778.1(2), b = 3573.3(7), c = 765.7(2) pm,
and β = 113.92(3)◦ (Z = 8). The crystal structure
consists of BO3 groups (∆) which are either isolated
(∆), connected via common corners (∆∆), or connected
via BO4 tetrahedra forming the fundamental building
block (FBB) 2∆�:∆�∆ (after Burns et al. [5]).

Earlier in 2010, Haberer et al. discovered the fluo-
ride borate Gd4B4O11F2 [6] showing the same atomic
composition RE4B4O11F2 but a completely different
crystal structure in space group C2/c. It contains BO3
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groups and BO4 tetrahedra connected via common cor-
ners. The structural motif consists of two BO3 groups
(∆) and two BO4 tetrahedra (�), and can be described
with the fundamental building block 2∆2�:∆��∆,
which represented a novelty in borate chemistry. Later
in 2010, Haberer et al. were able to synthesize two
compounds crystallizing isotypically to Gd4B4O11F2,
namely Eu4B4O11F2 and Dy4B4O11F2 [7].

Here, we report about two new compounds
RE4B4O11F2 (RE = Pr, Nd) in this system, which are
isotypic to RE4B4O11F2 (RE = Eu, Gd, Dy) [6, 7].
The syntheses and crystal structures of RE4B4O11F2
(RE = Pr, Nd) are discussed in comparison to the iso-
typic compounds, and the IR spectra of both new com-
pounds are presented.

Experimental Part

Syntheses

The syntheses of the rare-earth fluoride borates
RE4B4O11F2 (RE = Pr, Nd) were achieved by the reactions
of the oxides Pr6O11 and Nd2O3 with the corresponding
rare-earth fluorides REF3 (RE = Pr, Nd) and B2O3 under
high-pressure/high-temperature conditions according to the
Eqs. 1 and 2.

5Pr6O11 +6PrF3 +18B2O3
8.5 GPa−−−−−−→
1150 ◦C

9Pr4B4O11F2 +5O2 (1)

Fig. 1. Top: experimental powder pattern
of Nd4B4O11F2; the reflections of γ-
Nd(BO2)3 are indicated with asterisks,
one unexplained reflection is marked with
a circle. Bottom: theoretical powder pat-
tern of Nd4B4O11F2, based on single-
crystal diffraction data.

5Nd2O3 +2NdF3 +6B2O3
8.5 GPa−−−−−−→
1300 ◦C

3Nd4B4O11F2 (2)

Stoichiometric mixtures of Pr6O11 (Strem Chemicals,
99.9%) or Nd2O3 (Strem Chemicals, 99.9%) with the corre-
sponding rare-earth fluoride PrF3 (Strem Chemicals, 99.9%)
or NdF3 (Strem Chemicals, 99.9%) and B2O3 (Strem Chem-
icals, 99.9+ %) were ground up in a glove box under in-
ert gas atmosphere and filled into boron nitride crucibles
(Henze Boron Nitride Products GmbH, HeBoSint® P100,
Kempten/Germany). These crucibles were positioned in the
center of 14/8 assemblies and compressed by eight tungsten
carbide cubes (Hawedia, ha-7%Co, Marklkofen/Germany).
A detailed description of the assemblies and their prepa-
ration can be found in refs. [8 – 12]. Pressure was ap-
plied via a Walker-type multianvil device and a 1000 ton
press (both devices from the company Voggenreiter, Main-
leus/Germany). The synthesis of Pr4B4O11F2/Nd4B4O11F2
started by compressing the educt mixtures up to 8.5/8 GPa
in about three hours, and keeping them at this pressure
for the following heating period. The temperature was in-
creased to 1150/1300 ◦C in 10 min. and kept there for
15/10 min. Afterwards, the temperature was lowered to
500 ◦C in 20/25 min and finally to room temperature by
switching off the heating. The decompression of the assem-
blies took about nine hours. The recovered MgO octahedra
(Ceramic Substrates & Components Ltd., Newport, Isle of
Wight/UK) were broken apart, and the surrounding graphite
and the boron nitride crucibles were carefully removed from
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Empirical formula Pr4B4O11F2 Nd4B4O11F2
Mr 820.88 834.20
Crystal system monoclinic
Space group C2/c
Powder diffractometer Stoe Stadi P
Radiation; λ , pm MoKα1; 70.93 (Ge(111) monochromator)
Powder data
a, pm 1396.7(5) 1388.4(4)
b, pm 472.7(2) 470.7(2)
c, pm 1400.0(3) 1392.8(5)
β , deg 91.1(1) 91.1(1)
V , nm3 0.9242(3) 0.9100(3)
Single-crystal diffractometer Nonius Kappa CCD
Radiation; λ , pm MoKα ; 71.073 (graphite monochromator)
Single-crystal data
a, pm 1397.3(3) 1389.1(3)
b, pm 472.78(9) 471.2(1)
c, pm 1400.2(3) 1394.4(3)
β , deg 91.1(1) 91.1(1)
V , nm3 0.9248(3) 0.9125(3)
Formula units per cell Z = 4
Calculated density, g cm−3 5.90 6.07
Crystal size, mm3 0.035× 0.025× 0.015 0.04× 0.02× 0.02
Temperature, K 293(2) 293(2)
Absorption coefficient, mm−1 20.8 22.5
F(000), e 1448 1464
θ range, deg 2.9–37.9 2.9–37.8
Range in hkl −24/+23, −8/+7, −24/+21 ±23, ±8, ±24
Total no. of reflections 7644 8055
Independent reflections / Rint 2464 / 0.0426 2442 / 0.0455
Reflections with I > 2σ(I) / Rσ 1986 / 0.0448 2209 / 0.0373
Data / ref. parameters 2464 / 97 2442 / 97
Absorption correction multi-scan (SCALEPACK [14])
Goodness-of-fit on F2 1.075 1.052
Final indices R1 / wR2 [I > 2σ(I)] 0.0299 / 0.0502 0.0249 / 0.0583
Indices R1 / wR2 (all data) 0.0444 / 0.0539 0.0286 / 0.0601
Largest diff. peak/hole,× 10−6 e pm−3 2.4 / –2.7 2.5 / –2.2

Table 1. Crystal data and struc-
ture refinement of RE4B4O11F2
(RE = Pr, Nd) (standard devia-
tions in parentheses).

the samples. Pr4B4O11F2 and Nd4B4O11F2 were obtained as
green/purple air- and water-resistant crystals.

Crystal structure analyses

Pr4B4O11F2 and Nd4B4O11F2 were identified by pow-
der X-ray diffraction in transmission geometry from plane
samples of the reaction products, using a Stoe Stadi
P powder diffractometer with Ge(111)-monochromatized
MoKα1 radiation (λ = 70.93 pm). Fig. 1 shows the pow-
der pattern of Nd4B4O11F2 with some weak reflections
of the byproduct γ-Nd(BO2)3 [13] (marked with aster-
isks). The experimental powder pattern (top) is in good
agreement with the theoretical pattern (bottom) simu-
lated from the single-crystal data. By indexing the re-
flections of the praseodymium fluoride borate, the pa-
rameters a = 1396.7(5), b = 472.7(2), c = 1400.0(3) pm,
β = 91.1(1)◦, and a volume of 0.9242(3) nm3 were ob-
tained. The indexing of the corresponding neodymium

fluoride borate powder diffraction pattern led to the pa-
rameters a = 1388.4(4), b = 470.7(2), c = 1392.8(5) pm,
β = 91.1(1)◦, and a volume of 0.9100(3) nm3. These vali-
dated the lattice parameters received from the single-crystal
X-ray diffraction data for Pr4B4O11F2 and Nd4B4O11F2 (Ta-
ble 1).

For the single-crystal structure analyses, small trape-
zoid platelets of both Pr4B4O11F2 and Nd4B4O11F2 were
isolated by mechanical fragmentation. The intensity data
of the single-crystals were collected at room temperature
with a Kappa CCD diffractometer (Bruker AXS/Nonius,
Karlsruhe) equipped with a Miracol fiber optics collimator
and a Nonius FR590 generator (graphite-monochromatized
MoKα radiation, λ = 71.073 pm). Semiempirical absorption
corrections based on multi-scans were performed with the
program SCALEPACK [14]. The positional parameters of the
isotypic compound Gd4B4O11F2 were used as starting val-
ues [6]. The parameter refinements (full-matrix least-squares
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Atom Wyckoff x y z Ueq
position

Pr1 8 f 0.05876(2) 0.52333(4) 0.37081(2) 0.00590(6)
Pr2 8 f 0.27884(2) 0.02056(4) 0.37149(2) 0.00612(6)
B1 8 f 0.9073(3) 0.9801(8) 0.2849(3) 0.0069(7)
B2 8 f 0.0942(3) 0.9519(9) 0.5275(3) 0.0085(7)
O1 8 f 0.9125(2) 0.8740(5) 0.3921(2) 0.0070(5)
O2 8 f 0.1703(2) 0.8191(6) 0.2576(2) 0.0083(5)
O3 8 f 0.0791(2) 0.6634(5) 0.5367(2) 0.0078(5)
O4 4e 0 0.8563(8) 1/4 0.0065(6)
O5 8 f 0.1126(2) 0.0586(6) 0.4382(2) 0.0103(5)
O6 8 f 0.9001(2) 0.2787(5) 0.2739(2) 0.0090(5)
F1 8 f 0.2305(2) 0.5240(5) 0.4255(2) 0.0126(5)

Nd1 8 f 0.05836(2) 0.52277(3) 0.37077(2) 0.00563(5)
Nd2 8 f 0.27902(2) 0.02088(3) 0.37156(2) 0.00592(5)
B1 8 f 0.9074(3) 0.9802(6) 0.2850(2) 0.0058(5)
B2 8 f 0.0945(2) 0.9530(7) 0.5266(2) 0.0064(5)
O1 8 f 0.9125(2) 0.8744(4) 0.3928(2) 0.0054(3)
O2 8 f 0.1714(2) 0.8178(4) 0.2575(2) 0.0077(3)
O3 8 f 0.0797(2) 0.6658(4) 0.5361(2) 0.0074(3)
O4 4e 0 0.8558(6) 1/4 0.0052(4)
O5 8 f 0.1130(2) 0.0590(5) 0.4376(2) 0.0087(4)
O6 8 f 0.9003(2) 0.2794(4) 0.2747(2) 0.0085(3)
F1 8 f 0.2306(2) 0.5236(4) 0.4244(2) 0.0134(4)

Table 2. Atomic coordinates and
isotropic equivalent displace-
ment parameters (Ueq in Å2) for
RE4B4O11F2 (RE = Pr, Nd) (space
group: C2/c) (standard deviations
in parentheses). Ueq is defined
as one third of the trace of the
orthogonalized Uij tensor.

against F2) were achieved by using the SHELXS/L-97 soft-
ware suite [15, 16]. All atoms were refined with anisotropic
displacement parameters. Final difference Fourier syntheses
did not reveal any significant residual peaks. All relevant de-
tails of the data collections and evaluations are given in Ta-
ble 1. The positional parameters, interatomic distances, and
interatomic angles are listed in the Tables 2 – 4.

Further details of the crystal structure investigations
may be obtained from the Fachinformationszentrum Karls-
ruhe, 76344 Eggenstein-Leopoldshafen, Germany (fax: +49-
7247-808-666; e-mail: crysdata@fiz-karlsruhe.de, http://
www.fiz-informationsdienste.de/en/DB/icsd/depot anforde-
rung.html) on quoting the deposition numbers CSD-425572
and CSD-425573 for Pr4B4O11F2 and Nd4B4O11F2, respec-
tively.

Vibrational spectroscopy

The ATR-FT-IR spectra of Pr4B4O11F2 and Nd4B4O11F2
were measured from small amounts of the grinded products
utilizing a Bruker ALPHA-P “Platinum-ATR” FT-IR spec-
trometer with a spectral resolution of less than 2 cm−1. The
IR radiation with a wavelength of 850 nm was produced by
a HeNe laser, and the reflected beam was detected by a DTGS
detector at room temperature. For the measurements, the
samples were positioned between two small diamond crys-
tals of the IR spectrometer. 360 scans of each sample and the
background were acquired using the OPUS 7.0 [17] software.

Results and Discussion

As reported for the isotypic phases RE4B4O11F2
(RE = Eu, Gd, Dy) [6, 7], the new compounds
RE4B4O11F2 (RE = Pr, Nd) also form in a wide pres-
sure and temperature range. In many syntheses with
varying pressure and temperature conditions, the de-
sired phases RE4B4O11F2 (RE = Pr, Nd) were the
main products, but contained small amounts of the
corresponding high-pressure rare-earth metaborates γ-
RE(BO2)3 (RE = Pr, Nd) [13]. Pr4B4O11F2 could be
obtained under pressure conditions reaching from 5.5
to 10.5 GPa and temperatures from 850 to 1150 ◦C.
Nd4B4O11F2 was the main product arising at re-
action conditions of 8 to 11.5 GPa and 1150 to
1300 ◦C. Obviously, this composition and the associ-
ated Gd4B4O11F2 structure type seem to have a re-
markable tendency towards formation under these ex-
treme conditions for both small and large rare-earth
cations. Up to now, only La4B4O11F2 as a stoichio-
metrically identical but structurally completely differ-
ent rare-earth fluoride borate is known. It crystallizes
in a different structure type in the space group P21/c.

The synthesis of “Ce4B4O11F2” as the missing link
between La4B4O11F2 and Pr4B4O11F2 has been at-
tempted several times in our group using various reac-
tion conditions, but without any success. The products

mailto:crysdata@fiz-karlsruhe.de
http://www.fiz-informationsdienste.de/en/DB/icsd/depot_anforderung.html
http://www.fiz-informationsdienste.de/en/DB/icsd/depot_anforderung.html
http://www.fiz-informationsdienste.de/en/DB/icsd/depot_anforderung.html
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Pr1–O6a 241.1(3) Pr2–O2a 237.9(3) B1–O6 142.3(5)
Pr1–O3a 242.6(3) Pr2–O2b 241.0(3) B1–O2 144.4(5)
Pr1–O4 244.2(2) Pr2–O6 247.7(3) B1–O4 151.1(4)
Pr1–O5a 250.2(3) Pr2–O3 250.1(3) B1–O1 158.3(5)
Pr1–F1 250.6(3) Pr2–O1 251.9(3) ∅ = 149.0
Pr1–O3b 250.3(3) Pr2–O5 252.6(3)
Pr1–O2 264.5(3) Pr2–F1a 256.1(2) B2–O5 137.7(5)
Pr1–O1 265.3(3) Pr2–F1b 259.1(2) B2–O3 138.6(5)
Pr1–O5b 279.9(3) Pr2–F1c 285.5(3) B2–O1 139.9(5)
Pr1–O6b 282.5(3) ∅ = 253.5 ∅ = 138.7

∅ = 257.1

F1–Pr1 250.6(3)
F1–Pr2a 256.1(2)
F1–Pr2b 259.1(2)
F1–Pr2c 285.5(3)

∅ = 262.8
Nd1–O6a 240.9(2) Nd2–O2a 236.4(2) B1–O6 142.1(4)
Nd1–O3a 241.5(2) Nd2–O2b 239.2(2) B1–O2 145.2(4)
Nd1–O4 243.0(2) Nd2–O6 245.9(2) B1–O4 150.3(3)
Nd1–O5a 248.8(2) Nd2–O3 248.8(2) B1–O1 158.5(4)
Nd1–F1 249.3(2) Nd2–O5 250.6(2) ∅ = 149.0
Nd1–O3b 249.9(2) Nd2–O1 250.6(2)
Nd1–O1 264.0(2) Nd2–F1a 255.0(2) B2–O5 136.6(4)
Nd1–O2 264.3(2) Nd2–F1b 257.4(2) B2–O3 137.5(4)
Nd1–O5b 279.3(2) Nd2–F1c 285.9(2) B2–O1 139.2(4)
Nd1–O6b 279.6(2) ∅ = 252.2 ∅ = 137.8

∅ = 256.1

F1–Nd1 249.3(2)
F1–Nd2a 255.0(2)
F1–Nd2b 257.4(2)
F1–Nd2c 285.9(2)

∅ = 261.9

Table 3. Interatomic distances (pm) in
RE4B4O11F2 (RE = Pr, Nd) (space group:
C2/c), calculated with the single-crystal
lattice parameters (standard deviations in
parentheses).

O6–B1–O2 115.3(3) O5–B2–O3 118.4(3) Pr1–F1–Pr2a 99.6(1)
O6–B1–O4 114.1(3) O5–B2–O1 122.1(3) Pr1–F1–Pr2b 99.4(1)
O2–B1–O4 107.7(3) O3–B2–O1 119.5(3) Pr1–F1–Pr2c 104.0(1)
O6–B1–O1 114.8(3) ∅ = 120.0 Pr2a–F1–Pr2b 133.2(1)
O2–B1–O1 104.1(3) Pr2a–F1–Pr2c 112.3(1)
O4–B1–O1 99.2(3) Pr2b–F1–Pr2c 103.9(1)

∅ = 109.2 ∅ = 108.7
O6–B1–O2 115.5(3) O5–B2–O3 118.6(3) Nd1–F1–Nd2a 99.9(1)
O6–B1–O4 114.4(3) O5–B2–O1 122.4(3) Nd1–F1–Nd2b 99.6(1)
O2–B1–O4 107.8(2) O3–B2–O1 118.9(2) Nd1–F1–Nd2c 103.6(1)
O6–B1–O1 114.2(2) ∅ = 120.0 Nd2a–F1–Nd2b 133.7(1)
O2–B1–O1 104.0(2) Nd2a–F1–Nd2c 111.9(1)
O4–B1–O1 99.3(2) Nd2b–F1–Nd2c 103.6(1)

∅ = 109.2 ∅ = 108.7

Table 4. Interatomic angles (deg) in
RE4B4O11F2 (RE = Pr, Nd) (space group:
C2/c), calculated with the single-crystal
lattice parameters (standard deviations in
parentheses).

of the reactions were γ-Ce(BO2)3 and a not yet iden-
tified phase. Apparently, the cerium cation has an ex-
ceptionally low tendency to form fluoride borates. To
the best of our knowledge, no cerium fluoride borate is
known up to now.

As depicted in Fig. 2, the structure of RE4B4O11F2
(RE = Pr, Nd) contains BO3 groups and BO4 tetrahe-

dra connected via common corners. Two BO3 groups
(∆) and two BO4 tetrahedra (�) build up the main
structural motif, including a twofold rotation axis as
a symmetry element. The structure has first been dis-
covered in the phase Gd4B4O11F2 and can be de-
scribed with the fundamental building block 2∆2� :
∆��∆. A detailed depiction of the crystal structure of
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Fig. 2 (color online). Crystal structure of RE4B4O11F2
(RE = Pr, Nd) showing the fundamental building block
2∆2�:∆��∆.

RE4B4O11F2 (RE = Pr, Nd) can be found in the de-
scription of the isotypic compound Gd4B4O11F2 [6].
This paper gives a comparison of the five isotypic com-
pounds RE4B4O11F2 (RE = Pr, Nd, Eu, Gd, Dy).

Fig. 3 shows a comparison of the lattice parame-
ters of Pr4B4O11F2, Nd4B4O11F2, Eu4B4O11F2 [7],
Gd4B4O11F2 [6], and Dy4B4O11F2 [7]. The exact val-
ues are given in Table 5. The variation of the lat-
tice parameters corresponds to the decreasing ionic
radii (lanthanoid contraction) of the rare-earth cations.
The values for the ionic radii of ninefold coordi-
nated cations are as follows: Pr3+ (131.9 pm), Nd3+

(130.3 pm), Eu3+ (126.0 pm), Gd3+ (124.7 pm), and
Dy3+ (122.3 pm) [18]. Since the size differences

Compound a b c β V
Pr4B4O11F2 1396.7(5) 472.7(2) 1400.0(3) 91.1(1) 0.9242(3)
Nd4B4O11F2 1388.4(4) 470.7(2) 1392.8(5) 91.1(1) 0.9100(3)
Eu4B4O11F2 1368.2(3) 465.4(1) 1376.6(3) 91.2(1) 0.8765(3)
Gd4B4O11F2 1361.3(3) 464.2(2) 1374.1(3) 91.3(1) 0.8681(3)
Dy4B4O11F2 1349.5(3) 460.9(1) 1362.5(3) 91.3(1) 0.8472(3)

Table 5. Comparison of the single-crystal
lattice parameters (pm, deg) and volumes
(nm3) of RE4B4O11F2 (RE = Pr, Nd, Eu,
Gd, Dy) (standard deviations in parenthe-
ses).

Fig. 3 (color online). Visualization of the progression of the
lattice parameters (pm) of RE4B4O11F2 (RE = Pr, Nd, Eu,
Gd, Dy) with the typical decrease due to the lanthanoid con-
traction.

are not too large, the bond lengths and angles of
RE4B4O11F2 (RE = Pr, Nd) are comparable to the
values found in the other isotypic compounds [6,
7]. In Pr4B4O11F2, the Pr–O/F distances are within
237.9(3) – 285.5(3) pm and in Nd4B4O11F2, the Nd–
O/F distances are in the range 236.4(2) – 285.9(2)
pm. Compared to the values of 230.0(3) – 283.7(3) pm
for Gd–O/F in Gd4B4O11F2, the bond lengths in
Pr4B4O11F2 and Nd4B4O11F2 are slightly but signifi-
cantly shorter, just as expected. The crystal structure of
RE4B4O11F2 (RE = Pr, Nd, Eu, Gd, Dy) contains a dis-
torted tetrahedron that was interpreted as a BO3 group,
in which the boron atom is drawn towards a fourth oxy-
gen atom, resulting in a long B–O bond [6]. This long
B1–O1 bond measures 157.3(5) pm in Eu4B4O11F2,
159.0(6) pm in Gd4B4O11F2, and 156.6(8) pm in
Dy4B4O11F2. The corresponding B–O distances in
Pr4B4O11F2 and Nd4B4O11F2 are nearly identical with
values of 158.3(5) and 158.5(4) pm, respectively. Ob-
viously, the changing ionic radii of the rare-earth
cations have no influence on the B1–O1 bond length.
The BO3 groups in RE4B4O11F2 (RE = Pr, Nd) have
average B–O distances of 138.7 and 137.8 pm, respec-
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Table 6. Charge distribution in RE4B4O11F2 (RE = Pr, Nd),
calculated according to the BLBS (ΣV ) [20 – 24] and
CHARDI concepts (ΣQ) [22, 23, 25].

Pr1 Pr2 B1 B2 Nd1 Nd2 B1 B2
ΣV 3.04 3.02 2.94 2.87 3.13 3.00 2.94 2.95
ΣQ 2.98 2.99 3.00 3.03 2.98 3.01 2.99 3.03

O1 O2 O3 O4 O1 O2 O3 O4
ΣV –2.09 –2.07 –2.16 –2.24 –2.10 –2.03 –2.16 –2.26
ΣQ –1.99 –2.04 –2.12 –2.15 –1.97 –2.01 –2.12 –2.20

O5 O6 F1 O5 O6 F1
ΣV –1.87 –1.89 –0.82 –1.89 –1.88 –0.82
ΣQ –1.87 –1.89 –1.03 –1.88 –1.90 –1.02

tively – in perfect agreement with the literature value
of 137.0 pm [19].

We calculated the bond valence sums of all atoms
in RE4B4O11F2 (RE = Pr, Nd) according to the BLBS
(bond length / bond strength, ΣV ) [20 – 24] and
CHARDI (charge distribution in solids) concepts
(ΣQ) [22, 23, 25]. The results of both calculations have
verified the formal valence states in the fluoride bo-
rates. Table 6 shows the formal ionic charges received
from the calculations, which correspond to the ex-
pected values.

Furthermore, we calculated the MAPLE val-
ues (Madelung Part of Lattice Energy) [26 – 28]
of RE4B4O11F2 (RE = Pr, Nd) and compared
them with the values for the binary components.
We obtained 71 630 kJ mol−1 for Pr4B4O11F2,
to be compared with 71 600 kJ mol−1 (devia-

Fig. 4 (color online). ATR-FT-IR spec-
tra of Pr4B4O11F2 (bottom curve) and
Nd4B4O11F2 (top curve).

tion: 0.04%) starting from the binary components
[5/3×Pr2O3 ([29], 14 474 kJ mol−1) + 2 × B2O3-
II ([30], 21 938 kJ mol−1) + 2/3 × PrF3 ([31],
5444 kJ mol−1)]. For Nd4B4O11F2, the resulting value
is 71 766 kJ mol−1 compared to 71 946 kJ mol−1

(deviation: 0.25%) based on the binary components
[5/3× Nd2O3 ([32], 14 564 kJ mol−1) + 2× B2O3-
II ([30], 21 938 kJ mol−1) + 2/3 × NdF3 ([33],
5424 kJ mol−1)].

FT-IR spectroscopy

Fig. 4 shows the absorption bands of Pr4B4O11F2
and Nd4B4O11F2, which are typical for borates ex-
hibiting BO4 tetrahedra and BO3 groups [34, 35]. In
the range from 400 to 1600 cm−1, three groups of
bands can be distinguished: bands around 700 cm−1

typically arise from in-plane and out-of-plane bend-
ing vibrations of BO3 groups, but can also be taken
as an indication for both three- and four-fould co-
ordinated boron atoms [6, 34 – 36]. The strong bands
in the range of 900 – 1100 cm−1 can be assigned
to stretching vibrations of tetrahedrally coordinated
boron atoms [35, 37]. Between 1200 and 1500 cm−1,
absorption bands arise from stretching vibrations of
trigonal borate groups [37, 38]. The FT-IR spectra of
Pr4B4O11F2 and Nd4B4O11F2 clearly show the exis-
tence of both BO4 tetrahedra and BO3 groups in the
crystal structure. Above 1600 cm−1, no further absorp-
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tion bands could be detected, leading to the conclusion
that no substitution of fluoride or oxo anions by hy-
droxide groups has taken place.

Conclusion

With the syntheses of RE4B4O11F2 (RE = Pr, Nd),
the number of compounds with the composition
RE4B4O11F2 has been extended to five. While the

existence of the compound “Ce4B4O11F2” could not
be proven yet, it is very likely for the isotypic com-
pounds Sm4B4O11F2 and Tb4B4O11F2; further stud-
ies on these phases and the possible formation of
RE4B4O11F2 with RE = Ho–Lu are planned.
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