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Abstract: High-pressure/high-tempera-
ture conditions of 10 GPa and 1150 �C
were used to synthesize the new rare-
earth oxoborates �-(RE)2B4O9 (RE�
Eu, Gd, Tb, Dy) in a Walker-type multi-
anvil apparatus. Single-crystal X-ray
structure determination of �-(RE)2B4O9

(RE�Eu, Gd, Tb) revealed: C2/c, Z�
20, �-Eu2B4O9: a� 2547.9(5), b�
444.3(1), c� 2493.8(5) pm, ��
99.82(3)�, R1� 0.0277, wR2� 0.0693
(all data); �-Gd2B4O9: a� 2539.0(1),
b� 443.3(1), c� 2490.8(1) pm, ��
99.88(1)�, R1� 0.0457, wR2� 0.0643

(all data); �-Tb2B4O9: a� 2529.4(1),
b� 441.6(1), c� 2484.3(1) pm, ��
99.88(1)�, R1� 0.0474, wR2� 0.0543
(all data). The isotypic compounds ex-
hibit a new type of structure that is built
up of BO4 tetrahedra to form a network
that incorporates the rare-earth cations.
The most important feature is the ex-

istence of the new structural motif of
edge-sharing BO4 tetrahedra next to the
known motif of corner-sharing BO4

tetrahedra, which is realized in the
presented compounds �-(RE)2B4O9

(RE�Eu, Gd, Tb, Dy) for the second
time. Furthermore, we report the tem-
perature-resolved in-situ powder-dif-
fraction measurements, DTA, IR/Ram-
an spectroscopic investigations, and
magnetic properties of the new com-
pounds.
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Introduction

The structural chemistry of oxoborates exhibits a considerable
diversity that results from the ability of boron to bind to three
or four oxygen atoms to form BO3 or BO4 groups. These
groups can occur isolated or linked to groups, chains, bands,
sheets, or complex networks leading to a great structural
diversity.[1, 2] In principle, the structural characteristics are
analogous to those of the silicates with the triangular BO3

group as an additional structural component. In the past seven
decades, nearly 500 oxoborates have been structurally char-
acterized. As a common feature of these oxoborates it can be
pointed out that the BO3 triangles and the BO4 tetrahedra link
to each other only through common corners (oxygen atoms)
and not through common edges or faces. This characteristic
was already postulated in 1967 by Ross and Edwards and was

still valid up until a short while ago.[3, 4] The use of high
pressures (8 GPa) and high temperatures (1000 �C) during the
synthesis enabled us to synthesize the oxoborates (RE)4B6O15

(RE�Dy, Ho), which are the first examples of borates with
edge-sharing BO4 tetrahedra.[5, 6]

Next to the new structural feature of edge-sharing BO4

tetrahedra, these compounds also have a new composition
with a molar ratio of (RE)2O3:B2O3� 2:3. Known composi-
tions in the system (RE)2O3/B2O3 are (RE)3BO6 (3:1) (which
can be regarded as orthoborates ([(RE)O]3BO3)), the ortho-
borates (RE)BO3 (1:1), and the metaborates (RE)B3O6 (1:3)
((RE)(BO2)3).[7] While the orthoborates (RE)BO3

[8±24] and the
metaborates (RE)B3O6

[25±31] have well-defined compositions,
several uncertainties concerning the rare earth borates
(RE)3BO6 exist.[7, 32±35] Until now, experiments to synthesize
an oxoborate with the composition (RE)4B6O15 at normal
pressures were unsuccessful and led directly to the orthobo-
rates (RE)BO3 and additional B2O3.[36] Pressure is evidently a
suitable parameter to vary in order to obtain new composi-
tions in oxoborate chemistry. As this substance class exhibits
interesting properties, for example, materials for second
harmonic generation or host materials for fluorescence, the
extension of possible compositions with new structural
features provides distinctive opportunities for the discovery
and identification of new compounds.[37±39]
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In this work, we report on the syntheses, crystal structures,
and properties of the isotypic rare earth oxoborates �-
(RE)2B4O9 (RE�Eu, Gd, Tb, Dy), which represent the
second example of a new composition ((RE)2O3:B2O3� 1:2)
in the system (RE)2O3/B2O3 that has been synthesized by use
of high pressures. In addition to the new composition, these
oxoborates exhibit a new structural type in which edge-
sharing of BO4 tetrahedra is observed for the second time in
the structural chemistry of oxoborates. We designated these
compounds as �-phases, because in the case of RE�Dy we
were able to synthesize a second polymorph �-Dy2B4O9 in a
flux of B2O3/Na2O2.[40]

Experimental Section

Preparation : The borates were synthesized according to Equation(1). The
starting material for the synthesis of �-(RE)2B4O9 (RE�Eu, Gd, Dy) in
this work was a 1:2 molar mixture of the rare earth oxides (RE)2O3 (RE�
Eu, Gd, Dy) (99.9%, Sigma-Aldrich, Taufkirchen) with B2O3 (from H3BO3

(99.8%,Merck, Darmstadt) fired at 600 �C). For the synthesis of �-Tb2B4O9

we used a mixture of Tb4O7 and B2O3 according to Equation (2).

(RE)2O3� 2B2O3 ��10�0GPa

1150 oC
�-(RE)2B4O9 (RE�Eu, Gd, Dy) (1)

Tb4O7� 4B2O3 ��10�0GPa

1150 oC
2�-Tb2B4O9� 1³2O2 (2)

The starting materials were compressed in a multianvil assembly (14/8)
with a modified Walker module and a 1000-t press. Precast MgO octahedra
(Ceramic Substrates & Components, Isle of Wight, UK) with an edge
length of 14 mm were used as a pressure medium. Eight tungsten carbide
cubes with a truncation of 8 mm, separated by pyrophyllite gaskets,
compressed the octahedra (14/8 assembly in conventional terminology).
The mixtures (each �60 mg) were filled into cylindrical boron nitride
crucibles that were sealed by a boron nitride plate. The sample cylinders
were placed at the center of cylindrical resistance heaters (graphite) that

had a variable (stepped) wall thickness to minimize the thermal gradient
along the sample. MgO rods filled the space on the top and bottom of the
samples. Thermal insulation was provided by a cylindrical zirconia sleeve
that surrounded the furnace. The assemblies were positioned inside the
octahedra and were placed in contact with a molybdenum ring at the top
and a molybdenum plate at the bottom. The experimental temperature was
monitored bymeans of a Pt/Pt87Rh13 thermocouple that was inserted axially
into the octahedral assemblies, with the hot junction in contact with the
boron nitride cylinder. More details concerning the construction of the
assembly can be found in references [21, 41 ± 43]. For the synthesis of �-
(RE)2B4O9 (RE�Eu, Gd, Tb, Dy), the assemblies were compressed for 3 h
to 10 GPa and heated to 1150 �C in the following 10 min. After holding at
this temperature for 10 min, the samples were cooled to room temperature
over a further period of 10 min. After decompression, the recovered
experimental octahedra were broken apart and the samples carefully
separated from the surrounding BN. The oxoborates �-(RE)2B4O9 (RE�
Gd, Tb, Dy) were obtained as colorless, crystalline phases (�35 mg per
run). In contrast to the single-phase products �-(RE)2B4O9 (RE�Gd, Tb,
Dy), the powder pattern of �-Eu2B4O9 exhibited an additional phase that
was identified as EuB4O7. Quantitative analysis of �-(RE)2B4O9 (RE�Gd,
Tb) with respect to the rare earth elements gadolinium, terbium, and boron
with ICP (Inductively Coupled Plasma) on a VARIAN-VISTA-Spectrom-
eter led to 62.7 wt% Gd (64.2%)/8.7% B (8.6%) in �-Gd2B4O9 and
60.5 wt% Tb (62.9%)/8.6% B (8.6%) in �-Tb2B4O9 (theoretical values in
parentheses).

X-ray diffraction investigations : The powder diffraction data of �-
(RE)2B4O9 (RE�Eu, Gd, Tb, Dy) were collected on a STOE StadiP
powder diffractometer with monochromatic CuK�1 radiation. The obtained
diffraction patterns were indexed with the program ITO on the basis of a
monoclinic unit cell.[44] The lattice parameters (�-Gd2B4O9: a� 2538.9(3),
b� 443.3(1), c� 2490.8(4), �� 99.88(1)� ; �-Tb2B4O9: a� 2527.9(6), b�
441.2(1), c� 2482.3(7) pm, �� 99.89(2)� (Table 1); �-Dy2B4O9: a�
2520.2(4), b� 440.6(1), c� 2478.2(6) pm, �� 99.90(1)�) were obtained
from least-square fits of the powder data. The correct indexing of the
patterns was ensured by intensity calculations taking the atomic positions
from the structure refinements.[45] The lattice parameters, determined from
the powders and the single crystals, agreed well (Table 1). For indexing the
isotypic europium phase �-Eu2B4O9, which exhibited additional reflections
of EuB4O7 in the powder pattern, only corresponding reflections were used.
The lattice parameters (a� 2547.8(3), b� 444.3(1), c� 2493.0(3) pm, ��
99.80(1)� (Table 1)) were obtained from least-square fits of the corre-
sponding reflections.

Small single crystals of �-(RE)2B4O9 (RE�Eu, Gd, Tb) were isolated by
mechanical fragmentation and examined by Buerger precession photo-
graphs. Single-crystal intensity data were collected from regularly shaped
colorless crystals (rods) at room temperature by means of an Enraf-Nonius
KappaCCD equipped with a rotating anode (MoK� radiation (��
71.073 pm)). A numerical absorption correction (HABITUS)[46] was
applied to the data. All relevant information concerning the data collection
are listed in Table 1. According to the systematic extinctions hkl with h �
k�2n, h0l with h,l�2n, and 0kl with k�2n, the space groups Cc (No. 9)
and C2/c (No. 15) were derived. The centrosymmetric group was found to
be correct during the structure refinement, while the noncentrosymmetric
solution exhibited negative anisotropic displacement parameters and large
correlation matrix elements indicating missing symmetry. This was
confirmed with the ADDSYM routine of the program PLATON.[47] The
starting positional parameters were deduced from an automatic interpre-
tation of direct methods with SHELXS-97[48] and the structures were
successfully refined with anisotropic atomic displacement parameters for
all atoms with SHELXL-97 (full-matrix least-squares on F 2).[49] Final
difference Fourier syntheses revealed no significant residual peaks in all
refinements (see Table 1). The parameters for the single-crystal structure
measurements of �-(RE)2B4O9 (RE�Eu, Gd, Tb) are listed in Table 1.
Because the compounds are isotypic, the positional parameters (Table 2),
anisotropic displacement parameters (Table 3), interatomic bond lengths
(Tables 4 and 5), and angles (Table 6) were only listed for �-Gd2B4O9.
Further details on the crystal structure investigations may be obtained from
the Fachinformationszentrum Karlsruhe, 76344 Eggenstein-Leopoldsha-
fen, Germany (fax: (�49)7247-808-666; e-mail : crysdata@fiz-karlsruhe.
de), on quoting the depository number CSD± 412898 for �-Eu2B4O9, CSD-
412896 for �-Gd2B4O9, and CSD-412897 for �-Tb2B4O9.

Abstract in German: Mit Hilfe einer Multianvil-Apparatur
(Walker-Typ) gelang uns unter Hochdruck/Hochtemperatur-
Bedingungen von 10 GPa und 1150 �C die Synthese der neuen
Selten-Erd Oxoborate �-(RE)2B4O9 (RE�Eu, Gd, Tb, Dy).
Die Rˆntgenstrukturanalyse an Einkristallen zeigt, dass die
Verbindungen monoklin mit den folgenden Parametern kri-
stallisieren: C2/c, Z� 20, �-Eu2B4O9: a� 2547,9(5), b�
444,3(1), c� 2493,8(5) pm, �� 99,82(3)�, R1� 0,0277, wR2�
0,0693 (alle Daten); �-Gd2B4O9: a� 2539,0(1), b� 443,3(1),
c� 2490,8(1) pm, �� 99,88(1)�, R1� 0,0457, wR2� 0,0643
(alle Daten); �-Tb2B4O9: a� 2529,4(1), b� 441,6(1), c�
2484,3(1) pm, �� 99,88(1)�, R1� 0,0474, wR2� 0,0543 (alle
Daten). Die isotypen Verbindungen weisen einen neuen Struk-
turtyp auf, welcher aus einem Netzwerk von BO4-Tetraedern
aufgebaut ist, in dem die Seltenerd-Kationen eingelagert sind.
Das herausragendste Merkmal dieser Struktur ist das Struk-
turmotiv kantenverkn¸pfter BO4-Tetraeder, welches in den
neuen Verbindungen �-(RE)2B4O9 (RE�Eu, Gd, Tb, Dy) erst
zum zweiten Mal beobachtet wird. Weiterhin berichten wir
¸ber temperaturabh‰ngige in-situ Pulverbeugungsexperimente,
DTA, IR/Raman und magnetische Untersuchungen an den
neuen Verbindungen.
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Results and Discussion

Figure 1 gives a view of the crystal structure of �-(RE)2B4O9

(RE�Eu, Gd, Tb, Dy) along [010]. The structure exhibits a
complex network of linked BO4 tetrahedra. This new
structure of �-(RE)2B4O9 (RE�Eu, Gd, Tb, Dy) is the
second example after (RE)4B6O15 (RE�Dy, Ho)[5, 6] of an
oxoborate in which the BO4 tetrahedra are linked by common
corners as well as by common edges. For a clearer represen-
tation, the corner-sharing tetrahedra are drawn as light
polyhedra and the edge-sharing tetrahedra as black polyhe-
dra. Figure 2 represents the centrosymmetric fundamental
building block consisting of 18 corner-sharing and two edge-
sharing BO4 tetrahedra.
In the last decade, a new fundamental building block (FBB)

concept was introduced by Burns, Grice, and Hawthorne that
struck a successful balance between the amount of informa-
tion conveyed and the complexity of the descriptor.[50, 51]

Although this method does not always result in a unique
descriptor for the fundamental building block, it does provide
considerably more information than previous schemes. The

Figure 1. Crystal structure of �-(RE)2B4O9 (RE�Eu, Gd, Tb, Dy), view
along [010].

Table 1. Powder diffraction, single-crystal data, and structure refinement for �-(RE)2B4O9 (RE�Eu, Gd, Tb).
�-Eu2B4O9 �-Gd2B4O9 �-Tb2B4O9

Mr [gmol�1] 491.16 501.74 505.08
crystal system monoclinic monoclinic monoclinic
space group C2/c (No. 15) C2/c (No. 15) C2/c (No. 15)

powder diffraction data
a [pm] 2547.8(3) 2538.9(3) 2527.9(6)
b [pm] 444.3(1) 443.3(1) 441.2(1)
c [pm] 2493.0(3) 2490.8(4) 2482.3(7)
� [�] 99.80(1) 99.88(1) 99.89(2)
V [nm3] 2.781(1) 2.761(1) 2.728(1)

single-crystal data
a [pm] 2547.9(5) 2539.0(1) 2529.4(1)
b [pm] 444.3(1) 443.3(1) 441.6(1)
c [pm] 2493.8(5) 2490.8(1) 2484.3(1)
� [�] 99.82(3) 99.88(1) 99.88(1)
Z 20 20 20
T [K] 293(2) 293(2) 293(2)
� [g cm�3] 5.864 6.034 6.136
crystal size [mm] 0.06� 0.04� 0.03 0.04� 0.02� 0.01 0.04� 0.02� 0.02
detector distance [mm] 35.0 30.0 30.0
exposure time [s ��1] 180 60 220
� [mm�1] 22.37 23.84 25.69
F(000) 4360 4400 4440
� range [�] 3.3 ± 32.5 3.3 ± 32.5 3.3 ± 37.5
hkl range � 37/� 38, �6, �37 � 38, �6, �37 � 42, �7, �42
scan type �/� �/� �/�
reflections 34418 32091 45034
independent reflections 5038 (Rint� 0.0898) 5011 (Rint� 0.0642) 7203 (Rint� 0.0628)
observed reflections [I� 2	(I)] 4710 (R	� 0.0432) 4062 (R	� 0.0505) 5785 (R	� 0.0534)
data/parameters 5038/340 5011/340 7203/340
absorption correction numerical (HABITUS[46])
min./max. transmission ratio 0.91/0.99 0.52/0.70 0.50/0.62
GOF on F 2 1.135 1.070 1.029
final R indices [I� 2	(I)]
R1 0.0250 0.0306 0.0306
wR2 0.0657 0.0560 0.0506
R1 indices (all data)
R1 0.0277 0.0457 0.0474
wR2 0.0693 0.0643 0.0543
extinction coefficient 0.00048(1) 0.00012(1) 0.00013(1)
largest diff. peak/hole [eä�3] 3.52/� 2.09 2.55/� 2.63 2.37/� 1.98
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Figure 2. Fundamental building block of �-(RE)2B4O9 (RE�Eu, Gd, Tb,
Dy).

concept of Burns et al. is based on the assumption that the
polymerization of adjacent polyhedra involves corner-sharing
only. As we were able to synthesize oxoborates exhibiting
edge-sharing BO4 tetrahedra,[5, 6] the known descriptors used
by Burns et al. had to be extended with a symbol for this new
structural motif. For geometrical and graphical reasons, we
introduced the new descriptor for two edge-sharing BO4

tetrahedra.[6] This symbol can be used to describe the
fundamental building block of �-(RE)2B4O9 (RE�Eu, Gd,
Tb, Dy) with the descriptor 20 :[ ]��4 	� �3 	 

� �5 	 
� �4 	� �3 	 
� �5 	 
 . In detail, the edge-
sharing tetrahedra represent the centre of the FBB ™[ ]∫.
On each of the two longer sides of this center, a six-membered
ring �4 	 is built by four additional corner-sharing
tetrahedra. On each of the shorter sides, one of the edge-
sharing tetrahedra builds a five-membered ring with four
additional corner-sharing tetrahedra �5 	, from which two
tetrahedra already belong to the six-membered rings on the
longer sides. On the outer side of the six-membered rings, an
additional three-membered ring �3 	 is built by means of two
common corner-sharing tetrahedra. Both, the six- and five-
membered rings are additionally connected to a single outer
tetrahedron in such a way that the centrosymmetry of the
fundamental building block is fulfilled.
The fundamental building blocks are linked together by the

single outer tetrahedron and the one tetrahedron of the five-
membered rings, which is neither linked to the single outer
tetrahedron nor is part of one of the six-membered rings. The
linkage of the fundamental building blocks gives rise to
further rings. Additional seven-membered rings on the sides
of the five-membered rings and additional fourteen-mem-
bered rings on the sides of the six-membered rings form a
stretched ™S∫ (Figure 1). These rings form planes that are
linked to the corresponding planes above and below. The
complex connection of these planes forms even more rings.
To examine the ring sizes topologically, we calculated the

cycle class sequence for �-(RE)2B4O9 (RE�Eu, Gd, Tb)
specifying the relative abundance of BnOn ring sizes (for n�
2 ± 19) per unit cell.[52±55] The results are given in Table 7.
The rare earth ions (Eu3�, Gd3�, Tb3�, Dy3�) are positioned

in the channels formed by the ring system. The five crystallo-
graphically different RE3� ions are surrounded by 8, 9, 10, or
11 oxygen atoms (Figure 3). In the case of RE3��Gd3�, the
bond lengths in the coordination polyhedra vary between 225
and 306 pm (Table 5). For �-Eu2B4O9 and �-Tb2B4O9 the bond
lengths lie in the range 226 ± 304 pm and 223 ± 307 pm,
respectively.
The B ±O bond lengths in �-(RE)2B4O9 (RE�Eu, Gd, Tb)

vary between 139 ± 159 pm (�-Eu2B4O9), 138 ± 160 pm (�-
Gd2B4O9), and 139 ± 158 pm (�-Tb2B4O9). The highest and the
lowest bond lengths slightly exceed the typical B ±O bond
lengths in BO4 tetrahedra.[56] Both bond lengths appear in the
tetrahedron B8, which is directly linked to the edge-sharing
tetrahedra. A view of the thermal ellipsoids around B8 in �-
Gd2B4O9 shows no discrepancies in their dimensions (Fig-
ure 4). Despite of the large ranges, the average B ±O bond
lengths with the values 148.0 pm (RE�Eu), 147.9 pm (RE�
Gd) (Table 4), and 147.8 pm (RE�Tb) correspond to the
known average value of 147.6 pm for oxoborates.[56] The O-B-O

Table 2. Atomic coordinates and isotropic equivalent displacement pa-
rameters Ueq [ä2] for �-Gd2B4O9 (space group C2/c). Ueq is defined as one
third of the trace of the orthogonalized Uij tensor.

Atom Wyckoff
position

x y z Ueq

Gd1 8f 0.06461(2) 0.20268(7) 0.07152(2) 0.00615(7)
Gd2 8f 0.21555(2) 0.20561(7) 0.12986(2) 0.00685(7)
Gd3 8f 0.01244(2) 0.67098(7) 0.17880(2) 0.00597(7)
Gd4 8f 0.35900(2) 0.17638(7) 0.20786(2) 0.00749(7)
Gd5 8f 0.15455(2) 0.22907(7) 0.96094(2) 0.01070(8)
B1 8f 0.2417(3) 0.722(2) 0.0382(3) 0.007(2)
B2 8f 0.2511(3) 0.172(2) 0.2815(3) 0.007(2)
B3 8f 0.9275(3) 0.300(2) 0.0301(3) 0.006(2)
B4 8f 0.1473(3) 0.721(2) 0.0581(3) 0.007(2)
B5 8f 0.0991(3) 0.172(2) 0.1927(3) 0.007(2)
B6 8f 0.3545(3) 0.193(2) 0.3368(3) 0.007(2)
B7 8f 0.9482(3) 0.179(2) 0.2254(3) 0.005(2)
B8 8f 0.3046(3) 0.659(2) 0.1330(3) 0.008(2)
B9 8f 0.9697(3) 0.815(2) 0.0652(3) 0.008(2)
B10 8f 0.9084(3) 0.130(2) 0.1236(3) 0.007(2)
O1 8f 0.2712(2) 0.525(1) 0.0813(2) 0.0065(8)
O2 8f 0.1988(2) 0.884(1) 0.0551(2) 0.0061(8)
O3 8f 0.2235(2) 0.562(1) 0.9861(2) 0.0075(8)
O4 8f 0.0626(2) 0.379(1) 0.9787(2) 0.0061(8)
O5 8f 0.4040(2) 0.790(1) 0.2534(2) 0.0067(8)
O6 4e 0 0.318(2) 1/4 0.006(2)
O7 8f 0.0622(2) 0.144(1) 0.8891(2) 0.0067(8)
O8 8f 0.0212(2) 0.690(1) 0.0852(2) 0.0076(8)
O9 8f 0.3810(2) 0.354(1) 0.2990(2) 0.0080(8)
O10 8f 0.3702(2) 0.327(1) 0.3909(2) 0.0069(8)
O11 8f 0.9744(2) 0.120(1) 0.0428(2) 0.0060(8)
O12 8f 0.9351(2) 0.3136(9) 0.1689(2) 0.0044(8)
O13 8f 0.1065(2) 0.852(1) 0.0157(2) 0.0059(8)
O14 8f 0.1527(2) 0.405(1) 0.0556(2) 0.0074(8)
O15 8f 0.1080(2) 0.701(1) 0.9274(2) 0.0064(8)
O16 8f 0.0466(2) 0.176(1) 0.1596(2) 0.0081(9)
O17 8f 0.2956(2) 0.238(1) 0.3270(2) 0.0084(9)
O18 8f 0.3028(2) 0.970(1) 0.1336(2) 0.0084(9)
O19 8f 0.9483(2) 0.858(1) 0.2263(2) 0.0062(8)
O20 8f 0.2126(2) 0.021(1) 0.3131(2) 0.0076(8)
O21 8f 0.2295(2) 0.458(2) 0.2569(2) 0.0117(9)
O22 8f 0.3638(2) 0.861(1) 0.3354(2) 0.0085(9)
O23 8f 0.3574(2) 0.506(1) 0.1361(2) 0.0065(8)
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angles in the corner-sharing BO4 tetrahedra vary between
99.5 ± 118.9� for �-Eu2B4O9, 99.4 ± 119.0� for �-Gd2B4O9

(Table 6), and 99.4 ± 119.4� for �-Tb2B4O9. The B ±O bond
lengths and angles in the edge-sharing BO4 tetrahedra (Fig-
ure 5) are of special interest. Table 8 gives a comparison

between the data of �-(RE)2B4O9 (RE�Eu, Gd, Tb) and that
of (RE)4B6O15 (RE�Dy, Ho). The B ¥¥¥ B distances in the
edge-sharing tetrahedra are 204(2) pm in �-Gd2B4O9,
205.3(9) pm in �-Eu2B4O9, and 205.9(9) pm in �-Tb2B4O9.
These are even shorter than in (RE)4B6O15 (RE�Dy, Ho)

Table 3. Anisotropic displacement parameters [ä2] for �-Gd2B4O9 (space group C2/c).

Atom U11 U22 U33 U12 U13 U23

Gd1 0.0058(2) 0.0072(2) 0.0056(2) 0.0008(1) 0.0014(1) 0.0007(1)
Gd2 0.0066(2) 0.0061(2) 0.0081(2) 0.0000(1) 0.0018(2) � 0.0002(1)
Gd3 0.0070(2) 0.0058(2) 0.0055(2) 0.0001(1) 0.0021(1) � 0.0001(1)
Gd4 0.0078(2) 0.0075(2) 0.0069(2) 0.0006(2) 0.0004(2) 0.0008(2)
Gd5 0.0081(2) 0.0097(2) 0.0144(2) � 0.0010(2) 0.0022(2) � 0.0043(2)
B1 0.005(3) 0.008(3) 0.007(3) 0.002(2) 0.001(2) � 0.003(2)
B2 0.004(3) 0.008(3) 0.008(3) 0.000(2) 0.001(2) � 0.002(2)
B3 0.008(3) 0.005(3) 0.004(3) 0.001(2) 0.002(2) 0.001(2)
B4 0.008(3) 0.005(3) 0.009(3) 0.002(2) 0.000(2) � 0.001(2)
B5 0.008(3) 0.007(3) 0.008(3) 0.000(2) 0.006(2) 0.001(2)
B6 0.009(3) 0.007(3) 0.005(3) 0.000(2) 0.000(2) 0.000(2)
B7 0.005(3) 0.004(3) 0.005(3) 0.002(2) 0.001(2) 0.002(2)
B8 0.006(3) 0.008(3) 0.011(3) 0.002(2) 0.002(3) 0.000(3)
B9 0.005(3) 0.008(3) 0.012(3) � 0.001(2) � 0.001(2) � 0.001(3)
B10 0.005(3) 0.005(3) 0.011(3) 0.000(2) 0.004(2) � 0.003(2)
O1 0.006(2) 0.007(2) 0.005(2) � 0.001(2) � 0.001(2) 0.001(2)
O2 0.005(2) 0.006(2) 0.007(2) 0.001(2) 0.000(2) � 0.002(2)
O3 0.008(2) 0.008(2) 0.007(2) � 0.002(2) 0.002(2) � 0.003(2)
O4 0.008(2) 0.006(2) 0.004(2) 0.000(2) � 0.003(2) 0.002(2)
O5 0.007(2) 0.008(2) 0.006(2) 0.006(2) 0.003(2) 0.002(2)
O6 0.008(3) 0.005(3) 0.005(3) 0 0.000(2) 0
O7 0.007(2) 0.006(2) 0.006(2) 0.003(2) 0.001(2) 0.002(2)
O8 0.008(2) 0.007(2) 0.010(2) 0.002(2) 0.006(2) 0.001(2)
O9 0.013(2) 0.006(2) 0.005(2) 0.000(2) 0.001(2) � 0.002(2)
O10 0.007(2) 0.007(2) 0.006(2) � 0.003(2) � 0.001(2) � 0.001(2)
O11 0.008(2) 0.006(2) 0.005(2) � 0.001(2) 0.002(2) � 0.000(2)
O12 0.005(2) 0.003(2) 0.004(2) � 0.002(2) � 0.001(2) 0.001(2)
O13 0.007(2) 0.006(2) 0.005(2) 0.000(2) 0.000(2) 0.000(2)
O14 0.007(2) 0.008(2) 0.007(2) � 0.001(2) 0.000(2) � 0.002(2)
O15 0.004(2) 0.009(2) 0.006(2) 0.004(2) 0.000(2) 0.004(2)
O16 0.010(2) 0.009(2) 0.004(2) � 0.002(2) � 0.001(2) 0.000(2)
O17 0.002(2) 0.010(2) 0.013(2) � 0.001(2) 0.000(2) � 0.004(2)
O18 0.010(2) 0.006(2) 0.010(2) 0.001(2) 0.001(2) 0.000(2)
O19 0.004(2) 0.007(2) 0.008(2) � 0.002(2) 0.001(2) 0.002(2)
O20 0.008(2) 0.008(2) 0.007(2) � 0.002(2) 0.001(2) � 0.002(2)
O21 0.014(2) 0.012(2) 0.011(2) 0.003(2) 0.007(2) 0.004(2)
O22 0.010(2) 0.006(2) 0.011(2) 0.001(2) 0.008(2) 0.000(2)
O23 0.004(2) 0.010(2) 0.006(2) 0.003(2) 0.001(2) 0.001(2)

Table 4. Interatomic bond lengths [pm] calculated with the single-crystal lattice parameters in �-Gd2B4O9 (standard deviations in parentheses).[a]

B1�B1 204(2)
B1�O2 142.6(8) B2�O21 148.8(8) B3�O11 142.4(8) B4�O14 140.7(8)
B1�O1 148.4(8) B2�O17 148.5(8) B3�O4 146.8(8) B4�O13 146.7(8)
B1�O3a 150.1(8) B2�O21 147.3(8) B3�O13 147.1(8) B4�O10 149.2(8)
B1�O3b 148.1(8) B2�O20 151.5(8) B3�O15 150.4(8) B4�O2 150.7(8)

�147.3 �149.0 �146.7 �146.8
B5�O16 144.4(8) B6�O9 143.8(8) B7�O19 142.1(8) B8�O18 137.8(8)
B5�O5 145.6(8) B6�O10 146.4(8) B7�O12 151.4(8) B8�O23 149.5(8)
B5�O9 149.8(8) B6�O17 148.7(8) B7�O6 148.6(7) B8�O1 153.6(8)
B5�O22 151.8(8) B6�O22 149.2(8) B7�O5 150.3(8) B8�O20 160.2(9)

�147.9 �147.0 �148.1 �150.3
B9�O8 142.8(8) B10�O15 147.2(8)
B9�O11 147.7(8) B10�O12 145.8(8)
B9�O7 151.6(9) B10�O7 149.1(8)
B9�O4 151.5(8) B10�O23 148.9(8)

�148.4 �147.8

[a] Average of all B�O bond lengths: 147.9 pm.
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(207.2(8) and 207(1) pm). The angles in the planar B2O2 ring
exhibit average values of 86.5� and 93.5� (Table 8). Thus the
bond lengths and angles inside the edge-sharing BO4 tetrahe-
dra of �-(RE)2B4O9 (RE�Eu, Gd, Tb) and (RE)4B6O15

(RE�Dy, Ho) are similar.
For further insight, we calculated bond-valence sums for �-

(RE)2B4O9 (RE�Eu, Gd, Tb) with the bond-length/bond-

strength concept (Table 9).[57, 58] The formal ionic charge of the
atoms, acquired by the X-ray structure analysis, are in
agreement within the limits of the concept. Additionally, we
calculated MAPLE values (Madelung part of lattice ener-
gy)[59±61] for �-(RE)2B4O9 (RE�Eu, Gd, Tb) to compare them
with the MAPLE values from the binary components
(RE)2O3 (RE�Eu, Gd, Tb) and the high-pressure modifica-
tion B2O3-II.[62] We calculated a value of 58715 kJmol�1 for �-
Eu2B4O9, 58810 kJmol�1 for �-Gd2B4O9, and 58909 kJmol�1

for �-Tb2B4O9 compared with 58788 kJmol�1 for �-Eu2B4O9,
58860 kJmol�1 for �-Gd2B4O9, and 58969 kJmol�1 for �-
Tb2B4O9 starting from the binary oxides (1� (RE)2O3 (RE�
Eu (14912 kJmol�1), Gd (14984 kJmol�1), Tb
(15093 kJmol�1) � 2�B2O3-II (21938 kJmol�1)) resulting
in a deviation of 0.12% for �-Eu2B4O9, 0.08% for �-Gd2B4O9,
and 0.10% for �-Tb2B4O9.

Table 5. Interatomic Gd�O bond lengths [pm] calculated with the single-crystal lattice parameters in �-Gd2B4O9 (standard deviations in parentheses).[a]

Gd1�O11 230.7(4) Gd2�O2 232.6(4) Gd3�O19 232.4(4) Gd4�O5 225.2(4) Gd5�O3 229.3(4)
Gd1�O16 232.0(4) Gd2�O17a 237.4(4) Gd3�O8 238.1(4) Gd4�O23 230.3(4) Gd5�O15a 247.6(4)
Gd1�O10 242.1(4) Gd2�O14 239.5(4) Gd3�O6 242.6(4) Gd4�O18 232.1(4) Gd5�O14 249.2(4)
Gd1�O4 243.2(4) Gd2�O22 242.5(4) Gd3�O16a 243.7(5) Gd4�O20 236.3(4) Gd5�O4 253.8(4)
Gd1�O13 244.9(4) Gd2�O18 243.7(4) Gd3�O7 245.4(4) Gd4�O19 237.5(4) Gd5�O1 257.0(4)
Gd1�O8a 247.6(4) Gd2�O1 245.9(4) Gd3�O16b 247.6(4) Gd4�O9 237.7(4) Gd5�O13 259.1(4)
Gd1�O14 250.4(4) Gd2�O20 253.2(4) Gd3�O12 250.1(4) Gd4�O21 272.6(5) Gd5�O23 260.1(4)
Gd1�O8b 257.3(4) Gd2�O17b 262.8(5) Gd3�O19 254.2(4) Gd4�O12 281.3(4) Gd5�O15b 269.0(4)
Gd1�O22 278.0(5) Gd2�O10 272.7(4) Gd3�O9 278.9(5) Gd5�O7 272.1(4)

Gd3�O5 299.5(4) Gd5�O2 286.2(4)
Gd5�O18 306.0(4)

�247.4 �247.8 �253.3 �244.1 �262.7

[a] Average of all bond lengths: 251.7 pm.

Table 6. Interatomic angles [�] calculated with the single-crystal lattice parameters in �-Gd2B4O9 (standard deviations in parentheses).

B1-O3-B1 86.1(5)

O2-B1-O3b 111.1(5) O21-B2-O17 109.2(5) O11-B3-O4 114.7(5)
O2-B1-O1 113.6(5) O21a-B2-O21b 115.0(5) O11-B3-O13 105.9(5)
O3b-B1-O1 113.2(5) O17-B2-O21b 108.9(5) O4-B3-O13 115.0(5)
O2-B1-O3a 109.3(5) O21a-B2-O20 111.7(5) O11-B3-O15 114.9(5)
O3b-B1-O3a 93.9(5) O17-B2-O20 99.4(5) O4-B3-O15 104.3(5)
O1-B1-O3a 114.1(5) O21b-B2-O20 111.4(5) O13-B3-O15 101.5(5)

�109.2 �109.3 �109.4
O14-B4-O13 115.0(5) O16-B5-O5 109.4(5) O9-B6-O10 108.5(5)
O14-B4-O10 113.4(5) O16-B5-O9 110.4(5) O9-B6-O17 113.3(5)
O13-B4-O10 102.2(5) O5-B5-O9 106.4(5) O10-B6-O17 101.7(5)
O14-B4-O2 112.6(5) O16-B5-O22 108.4(5) O9-B6-O22 112.4(5)
O13-B4-O2 106.5(5) O5-B5-O22 111.2(5) O10-B6-O22 113.8(5)
O10-B4-O2 106.2(5) O9-B5-O22 111.2(5) O17-B6-O22 106.7(5)

�109.3 �109.5 �109.4
O19-B7-O6 114.2(5) O18-B8-O23 119.0(6) O8-B9-O11 111.0(5)
O19-B7-O5 108.7(5) O18-B8-O1 112.5(5) O8-B9-O4 112.4(5)
O6-B7-O5 110.6(5) O23-B8-O1 103.1(5) O11-B9-O4 108.3(5)
O19-B7-O12 114.1(5) O18-B8-O20 111.1(5) O8-B9-O7 111.0(5)
O6-B7-O12 104.8(5) O23-B8-O20 98.8(5) O11-B9-O7 105.3(5)
O5-B7-O12 103.9(5) O1-B8-O20 111.3(5) O4-B9-O7 108.5(5)

�109.4 �109.3 �109.4
O12-B10-O15 114.2(5)
O12-B10-O23 110.6(5)
O15-B10-O23 104.0(5)
O12-B10-O7 115.8(5)
O15-B10-O7 108.0(5)
O23-B10-O7 103.1(5)

�109.3

[a] Average of all O�B�O angles: 109.4�.

Table 7. Cycle-class sequences of �-(RE)2B4O9 (RE�Eu, Gd, Tb).[52±55]

n[a] 2 3 4 5 6 7 8 9 10
�-(RE)2B4O9 2 4 ± 4 12 16 4 36 71

n[a] 11 12 13 14 15 16 17 18 19
�-(RE)2B4O9 106 227 434 905 1860 3502 6466 12382 25202

[a] n� ring size.
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In-situ powder diffraction and thermoanalytical measure-
ments : To investigate the metastable character of the high-
pressure phases �-(RE)2B4O9 (RE�Eu, Gd, Tb, Dy), tem-
perature-dependent in-situ X-ray diffractometry was per-
formed on a STOE powder diffractometer StadiP (MoK� ; ��
71.073 pm) with a computer-controlled STOE furnace. The
heating element consisted of an electrically heated graphite
tube holding the sample capillary vertically with respect to the
scattering plane. Bores in the graphite tube permitted
unobstructed pathways for the primary beam and the
scattered radiation. The temperature, measured by a thermo-
couple in the graphite tube, was kept constant to within 0.2 �C.

Figure 3. Coordination spheres of RE3� (gray spheres) in the crystal
structure of �-(RE)2B4O9 (RE�Eu, Gd, Tb, Dy).

Figure 4. Distortion of the B(8)O4 tetrahedron in �-Gd2B4O9 next to the
two edge-sharing tetrahedra with thermal ellipsoids given at 70%
probability.

Figure 5. Interatomic bond lengths [pm] and angles [�] inside the edge-
sharing BO4 tetrahedra of �-Gd2B4O9.

Table 8. Comparison of the interatomic distances and bond lengths [pm] as well as angles [�] inside the edge-sharing tetrahedra of �-(RE)2B4O9 (RE�Eu,
Gd, Tb) and (RE)4B6O15 (RE�Dy, Ho).

B1 ¥¥¥ B1 B1 ±O3a B1 ±O3b B1 ±O2 B1 ±O1 �B1-O3a-B1 �O3a-B1-O3b

�-Eu2B4O9 205.3(9) 150.5(5) 149.5(5) 142.6(6) 148.4(6) 86.4(3) 93.6(3)
�-Gd2B4O9 204(2) 150.1(8) 148.1(8) 142.6(8) 148.4(8) 86.1(5) 93.9(5)
�-Tb2B4O9 205.9(9) 150.0(5) 149.5(6) 142.6(6) 147.6(6) 86.9(3) 93.1(3)
Dy4B6O15

[5, 6] 207.2(8) 150.7(5) 153.3(5) 145.4(4) 146.1(5) 85.9(3) 94.1(3)
Ho4B6O15

[6] 207(1) 151.0(8) 153.7(7) 144.3(7) 145.6(7) 85.6(4) 94.4(4)

Table 9. Bond-valence sums in �-(RE)2B4O9 (RE�Eu, Gd, Tb) calculated
with the bond-length/bond-strength concept (�V).[57, 58]

�V �V �V

Eu1 � 3.18 Gd1 � 3.16 Tb1 � 3.18
Eu2 � 3.15 Gd2 � 3.09 Tb2 � 3.12
Eu3 � 3.19 Gd3 � 3.15 Tb3 � 3.12
Eu4 � 3.19 Gd4 � 3.24 Tb4 � 3.22
Eu5 � 2.76 Gd5 � 2.73 Tb5 � 2.68
B1 � 3.01 � 3.04 � 3.04
B2 � 2.88 � 2.90 � 2.88
B3 � 3.08 � 3.10 � 3.10
B4 � 3.06 � 3.09 � 3.09
B5 � 3.00 � 3.00 � 3.00
B6 � 3.06 � 3.07 � 3.08
B7 � 2.98 � 2.99 � 2.99
B8 � 2.86 � 2.87 � 2.90
B9 � 2.96 � 2.96 � 2.97
B10 � 3.01 � 3.00 � 3.04
O1 � 1.99 � 1.98 � 1.98
O2 � 2.18 � 2.16 � 2.17
O3 � 1.95 � 1.99 � 1.95
O4 � 2.11 � 2.10 � 2.09
O5 � 2.16 � 2.18 � 2.16
O6 � 2.16 � 2.22 � 2.16
O7 � 1.93 � 1.92 � 1.94
O8 � 1.89 � 1.87 � 1.89
O9 � 2.07 � 1.98 � 1.93
O10 � 2.06 � 2.05 � 2.10
O11 � 2.12 � 2.14 � 2.16
O12 � 1.92 � 1.91 � 1.94
O13 � 2.09 � 2.13 � 2.09
O14 � 1.92 � 1.94 � 1.93
O15 � 2.02 � 1.98 � 2.00
O16 � 2.05 � 2.02 � 2.03
O17 � 2.13 � 2.12 � 2.11
O18 � 1.89 � 1.91 � 1.88
O19 � 2.11 � 2.08 � 2.03
O20 � 1.96 � 1.94 � 1.99
O21 � 1.72 � 1.71 � 1.69
O22 � 1.94 � 1.92 � 1.94
O23 � 2.20 � 2.20 � 2.22
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The heating rate between different temperatures was set to
22 �Cmin�1. For temperature stabilization, a time of three
minutes was given before the start of each data acquisition.
Successive heating of the metastable high-pressure phases �-
(RE)2B4O9 (RE�Eu, Gd, Tb, Dy) in the range of 800 ± 900 �C
leads to a decomposition into the high-temperature modifi-
cations �-(RE)BO3 (RE�Eu, Gd, Tb, Dy)[8] and molten
B2O3. Figure 6 shows the results for �-Gd2B4O9. Subsequent

cooling leads to the complete transformation into the room-
temperature modifications 
-(RE)BO3 (RE�Eu, Gd, Tb,
Dy) between 500 ± 600 �C. These results are in agreement with
the thermoanalytical measurements performed with a com-
bined DTA-TG thermobalance (TGA 92-2400, Setaram,
heating rate: 10 �Cmin�1) between room temperature and
1000 �C for �-(RE)2B4O9 (RE�Eu, Gd, Tb). During heating,
broad endothermic effects occur in the DTA between 845 ±
886 �C for �-Eu2B4O9, 817 ± 900 �C for �-Gd2B4O9, and 810 ±
883 �C for �-Tb2B4O9 (Figure 7), owing to decomposition of
the compounds.

Figure 7. Differential thermal analysis curves of �-(RE)2B4O9 (RE�Eu,
Gd, Tb) on heating.

Infrared and Raman spectroscopy : The IR spectrum of �-
Gd2B4O9 was recorded on a Bruker IFS66v/S spectrometer
scanning a range from 400 to 4000 cm�1. The sample was
thoroughly mixed with dried KBr (5 mg sample, 500 mg KBr)
in a glove box under dried argon atmosphere. The Raman
spectrum was measured on a DilorXY spectrometer with the
help of a Raman microscope (Olympus) with an excitation
wavelength of 454.5 nm on an aluminum carrier at room

temperature (scanning range:
170 ± 8000 cm�1). In the upper
range of both spectra (4000 ±
2000 cm�1), no vibrational
bands caused by hydrogen
(OH) or water were detectable.
Because the IR spectra of �-

(RE)2B4O9 (RE�Eu, Tb)
show nearly identical absorp-
tions as �-Gd2B4O9, only the
latter is discussed in the follow-
ing section. Figures 8 and 9
show the 400 ± 2000 cm�1 region
of the IR and Raman spectrum
of �-Gd2B4O9. The observed
spectral data of �-Gd2B4O9 are
given in Table 10. Additional
data of Dy4B6O15,[5, 6] including
edge-sharing BO4 tetrahedra,
and 
-GdBO3,[18, 63] exhibiting
exclusively BO4 tetrahedra in
the form of a cyclic B3O9 ring,
are also given for comparison.
In accordance with the crystal-
lographic data, the IR spectrum

(Figure 8) only exhibits absorptions typical for BO4 tetrahe-
dra. Boron, tetrahedrally coordinated to oxygen, displays
stretching modes in the region �� 1100 to 800 cm�1 as in 
-
YBO3, 
-GdBO3, or TaBO4.[13, 64, 65] The most probable
assignment is that the bands belonging to the antisymmetric
stretching mode are centered at �� � 1050 cm�1, while the
symmetric stretching frequency is located in the region 900 ±
850 cm�1.[66] These stretching modes are split because of the
ten crystallographically independent BO4 tetrahedra in �-
Gd2B4O9, which are linked through the corners and edges
inside the network. Therefore, we observe several broad
absorptions that complicate a detailed assignment of the
vibrations. We assume that the absorptions at �� 1102 and
1052 cm�1 correspond to antisymmetric stretching modes
(1085 and 1010 cm�1 in Dy4B6O15,[6] 1030 and 992 cm�1 in 
-
GdBO3

[63]). The Raman spectrum (Figure 9) shows the
corresponding total symmetrical stretching modes of the
BO4 tetrahedra at 1084 and 1031 cm�1 (1099 and 1008 cm�1 in
Dy4B6O15, 1014 and 996 cm�1 in 
-GdBO3). The symmetric
stretching frequencies (�s) in the IR spectrum of �-Gd2B4O9

presumably lie between 990 and 860 cm�1 (between 950 and
790 cm�1 in Dy4B6O15). Furthermore, we observe no signifi-
cant absorption bands in the range 1450 ± 1200 cm�1 in the IR
spectrum of �-Gd2B4O9, which is as expected for oxoborates
that do not contain boron in threefold coordination with
oxygen atoms. On the other hand, the Raman spectrum

Figure 6. Temperature-dependent X-ray thermodiffractometric powder patterns of the decomposition of �-
Gd2B4O9.
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exhibits several peaks in this
range that are normally corre-
lated to BO3 groups. As we
observe similar new absorp-
tion bands in the Raman spec-
trum of Dy4B6O15, these bands
are probably Raman-active
modes of the new B2O6 unit
of edge-sharing BO4 tetrahe-
dra inside the BO4 network.

Magnetic measurements :
Magnetic susceptibility meas-
urements were performed on
polycrystalline and single-
phase samples of �-(RE)2B4O9

(RE�Gd, Tb) in a MPMSXL
SQUID magnetometer
(Quantum Design) at temper-
atures between 2 and 300 K

with magnetic flux densities up to 1 T. The measurements
were carried out in thin-walled silica tubes.
The temperature-dependence of the inverse magnetic

susceptibilities of �-Gd2B4O9 and �-Tb2B4O9 are presented
in Figures 10 and 11. Above 23 K (�-Gd2B4O9) and 80 K (�-
Tb2B4O9), the investigated rare earth oxoborates show
Curie ±Weiss behavior with experimental magnetic moments
of 7.83(1) �B per Gd atom and 10.22(1) �B per Tb atom. These
experimentally determined values are close to the values of
7.94 �B and 9.72 �B for the free Gd3� and Tb3� ions.[67] The
paramagnetic Curie temperatures (Weiss constants) of
15(1) K and 26(1) K were determined by linear extrapolation
of the high-temperature parts of the 1/ versus T plots to 1/�
0. The positive values indicate predominant paramagnetic
interactions (Table 11).

Conclusion

In this paper, we have described the structure and properties
of the new rare earth oxoborates �-(RE)2B4O9 (RE�Eu, Gd,
Tb, Dy) synthesized under high-pressure in a multianvil from
the corresponding rare earth oxides (Eu2O3, Gd2O3, Tb4O7,
Dy2O3) and boron oxide B2O3. In addition to the new
composition, these isotypic compounds are the second
example of an oxoborate structure exhibiting edge-sharing
BO4 tetrahedra. The new structure is built up of a network
of corner- and edge-sharing BO4 tetrahedra. The RE3� (RE�
Eu, Gd, Tb, Dy) ions are positioned in the channels
formed by the rings. The fundamental building block of �-
(RE)2B4O9 (RE�Eu, Gd, Tb, Dy) can be specified by
the descriptor 20 :[ ]��4 	� �3 	 
� �5 	 
�
�4 	� �3 	 
� �5 	 
 . In-situ powder diffraction
measurements and DTA investigations showed that the
compounds �-(RE)2B4O9 (RE�Eu, Gd, Tb, Dy) are stable
up to 800 �C. IR and Raman spectroscopy revealed new data
for the vibrational behavior of edge-sharing BO4 tetrahedra.
Both �-Gd2B4O9 and �-Tb2B4O9 exhibit paramagnetism.

Table 10. Observed vibrational spectral data [cm�1][a] in �-Gd2B4O9 in compar-
ison to Dy4B6O15 and �-GdBO3.[18, 63]

�-Gd2B4O9 Dy4B6O15 �-GdBO3

IR Raman IR Raman IR Raman

1792 (w, br)
1685 (vs) 1634 (vw, br) 1699 (w, br)

1519 (w)
1431 (vs, br) 1435 (s)

1387 (vw) 1355 (vw, br) 1384 (s)
1340 (m) 1334 (s)

1293 (vw) 1271 (w)
1276 (vw) 1253 (m) 1218 (m)
1160 (s) 1199 (s) 1160 (vs)

1147 (s) 1144 (m)
1119 (sh) 1123 (sh)
1102 (vs) (�as) 1084 (vs) 1085 (vs, br) (�as) 1099 (m)
1052 (s) (�as)
1025 (m, br) 1031 (vs) 1033 (vw) 1030 (�as) 1014

993 (w) 1010 (s) (�as) 1008 (m) 992 (�as) 996
979 (m, br) 974 (sh) 972 (vw)
939 (sh) 923 (w) 942 (s, br) 955 (vw)
924 (vs) 911 (sh) 903 (s, br) 916
893 (sh) 896 (br)
850 (m) 869 (vw)
836 (sh) 830 (vw) 840 (br) 842
827 (vs) 816 (br) 824
780 (s) 796 (w)
762 (s) 768 (m)

744 (m) 740
711 (s) 728 (m) 714

691 (m) 698
664 (sh) 667 (m)
647 (s) 646 (sh)
630 (sh)
613 (sh) 623 (w) 616
588 (m) 599 (m)
566 (m) 550 (m)
542 (sh) 524 (sh) 504
508 (m) 488 (w)
477 (w) 478 (sh)
444 (vw) 443 (vw)
431 (w) 430 (m) 422 432
414 (w) 417 (w)

400 (w) 398 410

[a] Abbreviations: s strong; vs very strong; m medium; w weak; vw very weak;
br broad; sh shoulder.

Figure 8. IR spectrum of �-Gd2B4O9.
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Figure 10. Inverse magnetic susceptibility of �-Gd2B4O9.

Figure 11. Inverse magnetic susceptibility of �-Tb2B4O9.
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