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The new monoclinic oxide borates Na2RE2(BO3)2O (RE = Dy, Ho) were synthesized using stan-
dard solid-state reactions in the temperature range 900 – 950 ◦C. They are isotypic to the known
phases Na2RE2(BO3)2O (RE = Y, La, Nd, Sm-Gd, Er). The single crystal X-ray structure determi-
nation of Na2Dy2(BO3)2O revealed: P21/c, a = 1063.9(1), b = 626.2(1), c = 1025.3(1) pm, β =
117.76(1)◦ , Z = 4, R1 = 0.0221, wR2 = 0.0402 (all data). The corresponding lattice parameters of
Na2Ho2(BO3)2O determined from powder data are a = 1061.2(5), b = 623.7(2), c = 1022.5(3) pm,
and β = 117.7(1)◦. The structure consists of infinite sheets of REO8-polyhedra in the bc–plane,
which are seperated by sodium atoms. The BO3-groups are isolated forming layers in the bc-plane.
The results of IR-spectroscopic investigations, temperature-resolved in-situ powder-diffraction mea-
surements, and DTA/TG measurements on Na2Dy2(BO3)2O are also presented.
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Introduction

In the last years, we paid attention to the synthesis of
new oxoborates under high-pressure/high-temperature
conditions, using a multianvil equipment, which en-
larged our synthetical possibilities by an increased
pressure and temperature range [1, 2]. The success-
ful synthesis of new compounds in the field of rare-
earth oxoborates, e. g. new high-pressure polymorphs
like χ-REBO3 (RE = Dy, Er), which contain layers
built up from non-cyclic [B3O9]9−-anions [3] or new
meta-oxoborates like β -RE(BO2)3 (RE = Dy-Lu) [4]
and γ-RE(BO2)3 (RE = La-Nd) [5], led to new insights
into the preparative possibilities under these extreme
conditions. Especially the synthesis of compositions
like RE4B6O15 (RE = Dy, Ho) [6 – 8] and α-RE2B4O9
(RE = Eu-Dy) [9, 10], where the new structural mo-
tif of edge-sharing BO4-tetrahedra was observed for
the first time, favoured systematic investigations in this
field.

One of our aims was to search for quaternary phases
in the system Na-Dy-B-O under high-pressure/high-
temperature conditions. In contrast to an expected qua-
ternary phase, our syntheses resulted in a new poly-
morph β -Dy2B4O9, in which the added Na2O2 or
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Na2CO3 with a surplus of B2O3 acted as flux materi-
als [11]. Therefore, we decided to synthesize a charac-
terizable quaternary precursor material under ambient-
pressure conditions, including the elements sodium,
rare-earth, boron, and oxygen for a following transfor-
mation into a high-pressure polymorph.

Screening the literature for quaternary phases in
the system Na-RE-B-O revealed compositions like
Na3RE(BO3)2 (RE = Y, La, Nd, Gd) [12, 13],
Na18RE(BO3)7 (RE = La, Nd) [14], and an oxide
borate with the composition Na3La9O3(BO3)8 [15],
which exhibits La9O3-rings constituted of three La4O-
tetrahedra, sharing a common La corner. Further-
more, the phases Na3RE2(BO3)3 (RE = La, Nd, Sm)
[14, 16, 17] were synthesized for detailed investiga-
tions of their nonlinear optical properties.

In 1999, Corbel et al. published the new isostruc-
tural family of oxide borates Na2RE2(BO3)2O (RE =
Sm, Eu, and Gd), hunting for new UV transparent
materials with SHG (second harmonic generation)
and/or laser properties [18]. They presented single
crystal data for Na2Gd2(BO3)2O (monoclinic struc-
ture, space group P21/c, Z = 4) and lattice param-
eters for Na2Sm2(BO3)2O and Na2Eu2(BO3)2O. Ad-



G. Heymann et al. · New Sodium Rare-Earth Oxide Borates 1201

Table 1. Crystal data and structure refinement for
Na2Dy2(BO3)2O.

Empirical formula Na2Dy2(BO3)2O
Molar mass [g·mol−1] 504.60
Crystal system monoclinic
Space group P21/c

Powder diffractometer Stoe Stadi P
Radiation Cu-Kα1 (λ = 154.06 pm)
Powder diffraction data
a [pm] 1064.1(2)
b [pm] 626.14(9)
c [pm] 1025.5(2)
β [◦] 117.76(2)
Volume [Å3] 604.7(1)

Single crystal diffractometer Enraf-Nonius Kappa CCD
Radiation Mo-Kα (λ = 71.073 pm)
Single crystal data
a [pm] 1063.9(1)
b [pm] 626.2(1)
c [pm] 1025.3(1)
β [◦] 117.76(1)
Volume [Å3] 604.47(2)
Formula units per cell Z = 4
Temperature [K] 293(2)
Calculated density [g·cm−3] 5.545
Crystal size [mm3] 0.05×0.06×0.07
Detector distance [mm] 40.0
Exposure time per deg [sec] 60
Absorption coefficient [mm−1] 24.665
F(000) 880
θ Range [◦] 4.0 to 35.0
Range in hkl ±17, ±10, ±16
Scan type ϕ/ω
Total no. reflections 22164
Independent reflections 2657 (Rint = 0.0560)
Reflections with I > 2σ(I) 2466 (Rσ = 0.0287)
Data / parameters 2657 / 119
Absorption correction numerical (HABITUS [24])
Goodness-of-fit (F2) 1.158
Final R indices [I > 2σ(I)] R1 = 0.0181

wR2 = 0.0395
R Indices (all data) R1 = 0.0221

wR2 = 0.0402
Extinction coefficient 0.0032(2)
Larg. diff. peak a. hole [e·Å−3] 2.3 / −2.4

ditionally, the authors performed luminescence inves-
tigations into Eu3+-doped Na2Gd2(BO3)2O at 77 K.
In a later work (2000), Ivanova et al. illuminated the
possibilities of synthesizing new members of this fam-
ily with larger and smaller rare-earth cations [19].
In detail, they optimized the synthetic conditions of
Na2RE2(BO3)2O (RE = Y, La, Nd, and Er), taking
two larger (La, Nd) and to smaller (Y, Er) rare-earth
cations into account and presented crystallographic
data from a Rietveld-refinement of a powder-sample
from Na2Y2(BO3)2O. The authors concluded that the

Table 2. Atomic coordinates and isotropic equivalent dis-
placement parameters Ueq [Å2] for Na2Dy2(BO3)2O (space
group: P21/c). Ueq is defined as one third of the trace of the
orthogonalized Uij tensor.

Atom Wyckoff- x y z Ueq
Position

Dy1 4e 0.18397(2) 0.58203(2) 0.08832(2) 0.00756(4)
Dy2 4e 0.01688(2) 0.45939(2) 0.31821(2) 0.00718(4)
Na1 4e 0.5234(2) 0.4424(2) 0.2623(2) 0.0150(3)
Na2 4e 0.3898(2) 0.2613(3) 0.4530(2) 0.0194(3)
O1 4e 0.0276(2) 0.3748(3) 0.9043(2) 0.0089(4)
O2 4e 0.8322(2) 0.2610(3) 0.1349(2) 0.0094(4)
O3 4e 0.1488(2) 0.9582(3) 0.0863(2) 0.0107(4)
O4 4e 0.1498(2) 0.2585(3) 0.2283(2) 0.0109(4)
O5 4e 0.3175(2) 0.2444(4) 0.1359(3) 0.0126(4)
O6 4e 0.3967(2) 0.6618(4) 0.0542(2) 0.0131(4)
O7 4e 0.3693(2) 0.6501(4) 0.3369(2) 0.0135(4)
B1 4e 0.2086(3) 0.1524(5) 0.1493(3) 0.0087(5)
B2 4e 0.3156(3) 0.7503(5) 0.9181(3) 0.0095(5)

compounds with relatively small rare-earth cations can
be synthesized successfully by solid-state reactions
in the range 900 – 1000 ◦C in contrast to the synthe-
ses with large rare-earth cations, which led to mix-
tures with other stable phases in this system. Recently,
Zhang et al. reported photoluminescence properties of
Eu3+-doped Na2Y2(BO3)2O [20].

In this paper, we describe the syntheses of the new
rare-earth oxide borates Na2RE2(BO3)2O with RE =
Dy and Ho, followed by a detailed structural character-
ization of the dysprosium-phase including its thermal
properties. That way we get a well characterized com-
pound (precursor) for the intended high-pressure/high-
temperature investigations in the quaternary system
Na-Dy-B-O, using Na2Dy2(BO3)2O as starting mate-
rial.

Experimental Section

According to eq. (1), the compounds Na2RE2(BO3)2O
(RE = Dy, Ho) were synthesized by standard solid-state re-
actions using molar mixtures of RE2O3 (RE = Dy, Ho; pu-
rity > 99.9%, Sigma-Aldrich, Taufkirchen), Na2CO3 (purity
> 99.9%, Merck, Darmstadt), and H3BO3 (purity > 99.8%,
Merck, Darmstadt). Additionally, an amount of three mole
Na2CO3 was added as flux-material. All starting materials
were mixed thoroughly under air using an agate mortar.

RE2O3 +2H3BO3 +Na2CO3
Na2CO3-Flux−−−−−−−−→
900−950◦C

Na2RE2(BO3)2O+3H2O+CO2
(RE = Dy, Ho)

(1)

The starting materials were filled into a zirconia crucible,
which was positioned inside a standard quartz-ampoule. To
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Atom U11 U22 U33 U23 U13 U12

Dy1 0.00744(6) 0.00703(6) 0.00798(6) −0.00009(4) 0.00341(5) −0.00016(4)
Dy2 0.00842(6) 0.00616(6) 0.00750(6) −0.00001(4) 0.00417(5) −0.00034(4)
Na1 0.0136(6) 0.0132(6) 0.0166(6) 0.0017(5) 0.0057(5) −0.0014(5)
Na2 0.0140(6) 0.0283(8) 0.0162(7) −0.0033(6) 0.0073(5) −0.0001(5)
O1 0.0107(9) 0.0077(9) 0.0089(9) −0.0017(7) 0.0052(7) −0.0009(7)
O2 0.0076(8) 0.0100(9) 0.0098(9) −0.0011(7) 0.0034(7) −0.0001(7)
O3 0.014(2) 0.0083(9) 0.012(2) −0.0007(7) 0.0074(8) −0.0012(7)
O4 0.0124(9) 0.0095(9) 0.013(2) −0.0015(7) 0.0079(8) −0.0003(7)
O5 0.0094(9) 0.013(2) 0.018(2) 0.0008(8) 0.0084(8) −0.0001(8)
O6 0.011(2) 0.016(2) 0.011(2) 0.0040(8) 0.0043(8) 0.0015(8)
O7 0.013(2) 0.016(2) 0.011(2) −0.0037(8) 0.0057(8) 0.0010(8)
B1 0.011(2) 0.006(2) 0.008(2) 0.000(2) 0.004(2) −0.000(2)
B2 0.009(2) 0.010(2) 0.009(2) 0.001(2) 0.004(2) 0.001(2)

Table 3. Anisotropic displace-
ment parameters [Å2] for
Na2Dy2(BO3)2O (space
group: P21/c).

Dy1-O1a 225.6(2) Dy2-O1b 225.4(2) Na1-O5a 231.7(3) Na2-O5b 233.6(3)
Dy1-O1b 230.3(2) Dy2-O2a 234.5(2) Na1-O6a 236.2(3) Na2-O6a 238.9(3)
Dy1-O3 238.4(2) Dy2-O1a 234.5(2) Na1-O6b 242.0(3) Na2-O4 251.9(3)
Dy1-O2 242.2(2) Dy2-O4a 237.6(2) Na1-O5b 242.6(3) Na2-O7a 252.5(3)
Dy1-O7 242.6(2) Dy2-O2b 237.9(2) Na1-O7a 247.6(3) Na2-O7b 267.4(3)
Dy1-O5 246.6(2) Dy2-O3a 238.2(2) Na1-O7b 260.2(3) Na2-O6b 283.4(3)
Dy1-O6 249.7(2) Dy2-O4b 246.8(2) Na2-O5a 297.4(3)
Dy1-O4 260.5(2) Dy2-O3b 249.0(2)

�242.0 �238.0 �243.4 �260.7

O1-Dy1a 225.6(2)
B1-O3 138.4(4) B2-O7 136.1(4) O1-Dy1b 230.3(3)
B1-O4 140.1(4) B2-O2 140.6(4) O1-Dy2a 225.4(2)
B1-O5 135.7(4) B2-O6 137.1(4) O1-Dy2b 234.5(2)

�138.1 �137.9 �229.0

Table 4. Interatomic distances
[pm] calculated with the sin-
gle crystal lattice parameters
in Na2Dy2(BO3)2O (Standard
deviations in parentheses).

prevent reactions between the crucible and the wall of the
ampoule, the zirconia crucible was outside coated with a
nickel foil. For the dysprosium phase, the resistance furnace
was heated up to 900 ◦C in steps of 1 ◦C per minute and to
950 ◦C for the synthesis of Na2Ho2(BO3)2O, respectively. In
the case of Na2Dy2(BO3)2O, the temperature was hold for
8 days, followed by slow cooling (1 ◦C/min) to room temper-
ature. This procedure led to a nearly single phase, colourless,
crystalline product. By the X-ray powder diffraction pattern a
small amount of Dy2O3 was identified as a byproduct. Quan-
titative analytical investigations, using energy dispersive X-
ray analysis (EDX), confirmed the ratio Na:Dy = 1:1.

For the synthesis of Na2Ho2(BO3)2O, the temperature
of 950 ◦C was hold for 17 hours, leading to a mixture of
Na2Ho2(BO3)2O and a new phase, which has not been iden-
tified until now. In analogy to former characterized phases,
containing the rare-earth element holmium, we observed dif-
ferent colours of Na2Ho2(BO3)2O. In daylight, the crystals
show a light beige colour, while indoors (neon lamps) they
appear bright pink (Alexandrite-effect) [21].

Crystal Structure Analysis

The powder diffraction data of the monoclinic com-
pounds Na2RE2(BO3)2O (RE = Dy, Ho) were collected
on a STOE Stadi P diffractometer with monochro-

matized Cu-Kα1 radiation. The diffraction pattern of
Na2Dy2(BO3)2O was indexed with the program ITO
[22] on the basis of a monoclinic unit cell. The lat-
tice parameters a = 1064.1(2), b = 626.14(9), c =
1025.5(2) pm, and β = 117.76(2)◦ (Table 1) were ob-
tained from least-squares fits of the powder data. The
correct indexing of the pattern was confirmed by in-
tensity calculations [23], taking the atomic positions
from the structure refinements for Na2Dy2(BO3)2O.
The lattice parameters, determined from the powder
and the single crystal, agree well. Indexing the diffrac-
tion pattern of Na2Ho2(BO3)2O, we got the follow-
ing lattice parameters: a = 1061.2(5), b = 623.7(2),
c = 1022.5(3) pm, and β = 117.7(1)◦.

Some small single crystals of Na2Dy2(BO3)2O were
isolated by mechanical fragmentation and examined
by Buerger precession photographs. The single crystal
intensity data were collected from a regularly shaped
colorless crystal at room temperature by use of an
Enraf-Nonius Kappa CCD, equipped with a rotating
anode [Mo-Kα radiation (71.073 pm)]. A numerical
absorption correction (HABITUS [24]) was applied to
all data. All relevant information of the data collec-
tion is listed in Table 1. According to the systematic
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Table 5. Interatomic angles [◦] calculated with the single
crystal lattice parameters in Na2Dy2(BO3)2O (Standard de-
viations in parentheses).

O5-B1-O3 123.7(3) O7-B2-O6 124.3(3) Dy2-O1-Dy1 138.2(2)
O5-B1-O4 119.3(3) O7-B2-O2 120.0(3) Dy2-O1-Dy1 104.5(1)
O3-B1-O4 117.0(3) O6-B2-O2 115.7(3) Dy1-O1-Dy1 104.9(1)

�120.0 �120.0 Dy2-O1-Dy2 94.6(1)
Dy1-O1-Dy2 107.2(1)
Dy1-O1-Dy2 102.9(1)

�108.7

extinctions h0l with l = 2n, 0k0 with k = 2n, and 00l
with l = 2n the space group P21/c (No. 14) was de-
rived. The starting positional parameters were deduced
from an automatic interpretation of direct methods
with SHELXS-97 [25]. A successful refinement with
anisotropic displacement parameters using SHELXL-
97 [26] (full-matrix least-squares on F2) was possible
for all atoms. The final difference Fourier syntheses re-
vealed no significant residual peaks in the refinement
(Table 1). All relevant parameters for the intensity data
collection of the dysprosium-phase are listed in Ta-
ble 1. The positional parameters, anisotropic displace-
ment parameters, interatomic distances, and angles of
the final refinement are listed in the Tables 2 – 5. Fur-
ther details for Na2Dy2(BO3)2O are available from the
Fachinformationszentrum Karlsruhe, D-76344 Eggen-
stein-Leopoldshafen (Germany), email: crysdata@fiz-
karlsruhe.de, by quoting the registry number CSD-
414226.

Results and Discussion

The crystal structures of Na2RE2(BO3)2O (RE =
Dy, Ho) are isotypic to the former published com-
pounds Na2RE2(BO3)2O (RE = Y, La, Nd, Sm-Gd,
Er) [18, 19]. Therefore, the structure will be described
just briefly, emphasizing structural aspects, which
were not described until now. Figure 1 shows the
crystal structure of Na2RE2(BO3)2O (RE = Dy, Ho)
(view along [010]), exhibiting isolated triangular BO 3-
groups, which share edges and corners with the poly-
hedra of the rare-earth and sodium atoms. In detail,
the grey RE(1)O8-polyhedra form RE(1)2O14-dimers
(Fig. 1). These dimers are inserted into a sheet of
RE(2)O8-polyhedra (white), which lies in the bc-plane
(Fig. 2, right). The RE(2)O8-polyhedra are connected
via common edges along c and via triangular faces
along b. As Corbel et al. [18] pointed out, this struc-
tural motif was also observed in ThI4, where similar
layers of distorted ThI8 antiprisms were found [27].

Fig. 1. Crystal structure of the monoclinic sodium rare-
earth oxide borates Na2RE2(BO3)2O (RE = Dy, Ho), view
along [010]. The RE(1)O8-polyhedra appear grey and the
RE(2)O8-polyhedra white. Sodium atoms are represented by
grey spheres, oxygen and boron atoms by white and small
black spheres, respectively.

Fig. 2. Connection of the RE(2)O8-polyhedra (RE = Dy, Ho)
(white) inside the bc-plane with inserted RE(1)2O14-dimers
(RE = Dy, Ho) (grey). For a better understanding of the struc-
ture, the grey dimers are only inserted on the right side of this
illustration.

In Na2RE2(BO3)2O (RE = Dy, Ho), the connection
between the two different rare-earth-polyhedra takes
place via common edges. Along a, these sheets are
separated by sodium atoms (grey spheres in Fig. 1).
The sodium atoms are coordinated by six (Na(1)) and
seven oxygen atoms (Na(2)). The distorted Na(1)O 6-
octahedra (white) are connected to chains via common
faces along b. Figure 3 shows, how these chains share
common faces with the Na(2)O7-polyhedra (grey),
leading to a layer in the bc-plane. Figure 4 gives an-
other view of the crystal structure of Na2RE2(BO3)2O
(RE = Dy, Ho), emphasizing the layer of distorted
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Fig. 3. Connection between the distorted Na(1)O6-octahedra
(white) and the Na(2)O7-polyhedrons (grey) in the bc-plane.

Fig. 4. Crystal structure of the monoclinic sodium rare-earth
oxide borates Na2RE2(BO3)2O (RE = Dy, Ho), view along
[010]. The distorted Na(1)O6-octahedra are shown as white
polyhedra, whereas the Na(2)O7-polyhedra appear grey. Ad-
ditionally, the distorted ORE4-tetrahedra (white polyhedra
with large black spheres (RE)) are drawn.

Na(1)O6-octahedra (white) and Na(2)O7-polyhedra
(grey) in the middle, flanked on each side by RE 4O-
tetrahedra. In contrast to Fig. 1, this representation is
accentuated by the coordination polyhedra RE 4O of the
single oxygen atom O(1), which is not bonded with
boron. Figure 5 demonstrates the layer built up from
corner- and edge-sharing RE4O-tetrahedra inside the
bc-plane. Due to the large size of the oxygen atoms
and their rather low charge, corner- and edge-sharing
of oxocentred tetrahedra [OM4] can be found in sev-
eral crystal structures of inorganic compounds [28].

All triangular BO3-groups are isolated forming lay-
ers in the bc-plane, in which one half is standing at the
base and the other half is standing at the top (Fig. 6).
The B-O bond-lengths inside the BO3-groups of
Na2Dy2(BO3)2O vary between 135 and 141 pm with
an average value of 138.0 pm, which corresponds to the

Fig. 5. Layer of corner- and edge-sharing RE4O-tetrahedra
(RE = Dy, Ho) inside the bc-plane of Na2RE2(BO3)2O (RE =
Dy, Ho).

Fig. 6. Ordering of the BO3-groups in the crystal structure of
Na2RE2(BO3)2O (RE = Dy, Ho), view along [010].

known value of 137.0 pm for oxoborates within BO 3-
groups [29, 30]. The Dy-O distances inside the two dif-
ferent DyO8-polyhedra (Fig. 7) vary between 225 and
261 pm with an average value of 240 pm (Table 4). Due
to the smaller size of the dysprosium-cation, the dis-
tances are slightly shorter than the Gd-O distances in
the isotypic compound Na2Gd2(BO3)2O, which vary
between 228 and 262 pm [18]. The distances Na-O
range from 231 – 260 pm inside the distorted Na(1)O 6-
octahedra and from 233 – 297 pm in the Na(2)O 7-
polyhedra (Fig. 8 and Table 4), which correspond to the
values found in Na2Gd2(BO3)2O (Na1: 233 – 263 pm;
Na2: 235 – 300 pm) [18] and Na2Y2(BO3)2O (Na1:
224 – 273 pm; Na2: 239 – 299 pm) [19]. Inside the
distorted Dy4O-tetrahedra, the Dy-O1 distances vary
between 225 – 235 pm. These values agree with the
data found for the centred rare-earth tetrahedron in
Na2Gd2(BO3)2O (228 – 236 pm) [18], taking into ac-
count the larger size of Gd3+.
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Table 6. Charge distribution in Na2Dy2(BO3)2O, calculated with the bond-length/bond-strength concept (ΣV ) [31, 32] and
the CHARDI concept (ΣQ) [33].

Dy1 Dy2 Na1 Na2 O1 O2 O3 O4 O5 O6 O7 B1 B2
ΣQ +3.02 +3.02 +0.99 +1.00 −1.94 −2.04 −2.03 −1.95 −2.10 −1.98 −1.96 +2.96 +3.01
ΣV +2.91 +3.17 +1.10 +0.91 −2.00 −2.07 −2.02 −1.97 −2.00 −1.94 −1.87 +2.90 +2.92

Oxide borate a [pm] b [pm] c [pm] β [◦] V [Å3] Reference
Na2Y2(BO3)2O 1059.78(3) 623.04(3) 1022.41(6) 117.76(3) 593.37(6) [19]
Na2Nd2(BO3)2O 1082.04(7) 642.97(6) 1046.17(9) 117.96(3) 642.87(9) [19]
Na2Sm2(BO3)2O 1075.4(2) 636.9(2) 1038.1(2) 117.85(2) 628.6(2) [18]
Na2Eu2(BO3)2O 1072.1(7) 634.3(6) 1034.7(7) 117.84(5) 622.1(6) [18]
Na2Gd2(BO3)2O 1069.5(6) 632.0(4) 1032.8(6) 117.80(4) 617.5(9) [18]
Na2Dy2(BO3)2O 1063.9(1) 626.2(1) 1025.3(1) 117.76(1) 604.47(2) this work
Na2Ho2(BO3)2O 1061.2(5) 623.7(2) 1022.5(3) 117.7(1) 599.0(5) this work
Na2Er2(BO3)2O 1057.57(2) 620.99(2) 1019.75(2) 117.74(2) 592.7(2) [19]

Table 7. Cell parameters of
the sodium rare-earth oxide bo-
rates Na2RE2(BO3)2O.

Fig. 7. Coordination spheres of RE(1)3+ (left) and RE(2)3+

(right) in the crystal structure of Na2RE2(BO3)2O (RE = Dy,
Ho).

Fig. 8. Coordination spheres of Na(1)+ (left) and Na(2)+

(right) in the crystal structure of Na2RE2(BO3)2O (RE = Dy,
Ho).

For further clarification, we calculated bond-valence
sums for Na2Dy2(BO3)2O with the bond-length/bond-
strength concept and the CHARDI concept (Ta-
ble 6) [31 – 33]. The formal ionic charges of the
atoms, acquired by the results of the X-ray struc-
ture analysis, are in agreement within the limits of
the concepts. Additionally, we calculated MAPLE
values (Madelung Part of Lattice Energy) [34 –
36] for Na2Dy2(BO3)2O to compare them with the

MAPLE value of the binary components Dy2O3, Na2O
and the normal-pressure modification B2O3-I [Dy2O3

(15199 kJ mol−1) + B2O3-I (21924 kJ mol−1) + Na2O
(2912 kJ mol−1)]. The deviation of the calculated value
of 39945 kJ mol−1 comes to 0.2% in comparison to
the MAPLE value obtained from the binary oxides
(40035 kJ mol−1).

In order to compare the lattice parameters of
Na2RE2(BO3)2O (RE = Dy, Ho) with those of the iso-
typic compounds, we summarized all data in Table 7
and Fig. 9. These data clearly show the lanthanoid con-
traction. For the lanthanum compound, lattice parame-
ters were not available.

Infrared spectroscopy

The infrared (IR) spectrum of Na2Dy2(BO3)2O
(Fig. 10) was recorded on a Bruker IFS66/v spectrom-
eter, scanning a range from 400 to 4000 cm−1. The
samples were thoroughly mixed with dried KBr (5 mg
sample, 500 mg KBr) in a glove box under dried ar-
gon atmosphere. Figure 10 shows the section 400 –
2000 cm−1 of the infrared spectrum. Generally, iso-
lated planar BO3-groups with trigonal symmetry ex-
hibit four fundamental modes of vibration [37]: the
symmetric stretching (ν1 = 900−1000 cm−1), the out
of plane bending (ν2 = 700−780 cm−1), the antisym-
metric stretching (ν3 = 1100−1300 cm−1), and the in
plane bending (ν4 = 590− 680 cm−1). Both, ν3 and
ν4 are doubly degenerated and ν1 is ordinarily inactive
in the infrared. Due to the crystalline environment, ν 1

may become active and the degeneracy of the out of
plane (ν3) and in plane (ν4) vibration can be removed.

Having a look at the recorded IR-spectrum (Fig. 10)
and keeping the above mentioned restrictions in mind,
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Fig. 9. Plot of the lattice parameters of the
monoclinic sodium rare-earth oxide bo-
rates Na2RE2(BO3)2O (RE = Nd, Sm-Gd,
Dy-Er).

Fig. 10. IR-spectrum of Na2Dy2(BO3)2O.

it can be concluded that the strong, broad absorp-
tions in the region 1170 to 1400 cm−1 correspond to
the asymmetric stretching vibrations (ν3) of the BO3-
groups. These bands belong to the strongest and most
prominent features of the spectrum. In addition, the
strong and usually sharp absorptions derived from the
out of plane bending (ν2) of the trigonal ion occur in
the range 730 – 790 cm−1. The absorptions between
600 – 650 cm−1 are attributed to the in plane bend-
ing (ν4) of the BO3-groups. According to the crys-
talline environment, the vibrations in the range 920 –
940 cm−1 can presumably be classified as symmetric
stretching vibrations.

The recorded IR spectrum confirms the pres-
ence of BO3-groups in the crystal structure of
Na2Dy2(BO3)2O. Due to two crystallographically dif-
ferent BO3-groups and crystal field effects, the ab-
sorptions in the spectrum are split. In the upper range
(4000 – 2000 cm−1) no absorption bands due to hydro-
gen (OH) were detectable.

Fig. 11. Temperature-dependent X-ray powder patterns of
Na2Dy2(BO3)2O.

In-situ powder diffraction and thermoanalytical mea-
surements

To investigate the high-temperature behaviour of
the new phase Na2Dy2(BO3)2O, temperature depen-
dent in-situ X-ray diffractometry was performed on a
STOE powder diffractometer Stadi P (Mo-Kα ; λ =
71.073 pm) with a computer-controlled STOE fur-
nace. An electrically heated graphite tube held the
sample capillary vertical with respect to the scatter-
ing plane. Bores in the graphite tube permitted un-
obstructed pathways for the primary beam as well as
for the scattered radiation. The temperature, measured
by a thermocouple in the graphite tube, was kept con-
stant within 0.2 ◦C. The heating rate between differ-
ent temperatures was set to 22 ◦C/min. For tempera-
ture stabilization, a time of three minutes was allowed
before starting each data acquisition. Successive heat-
ing of Na2Dy2(BO3)2O (Fig. 11) shows, that the room
temperature modification is stable up to a tempera-
ture of 700 ◦C. Further heating in the range of 700 –
800 ◦C led to a transformation into a new unidentified
phase. Following heating in the area 800 – 900 ◦C re-
sulted in a decomposition into the high-temperature
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Fig. 12. Differential thermal analysis curve (top) and thermo-
gravimetrical behaviour (bottom) of Na2Dy2(BO3)2O.

orthoborate µ-DyBO3 [38]. This agrees with obser-
vations of Ivanova et al., who pointed out, that even
if the solid-state reactions led to the formation of the
oxide borates Na2RE2(BO3)2O, they melt incongru-
ently [19]. The only exception was Na2Nd2(BO3)2O,
which was assumed to melt congruently at 1190 ◦C.
For Na2Dy2(BO3)2O it was not possible to detect a
crystalline phase at 1000 ◦C. Subsequent cooling to
room temperature revealed no further reflections due
to the formation of a glass. In contrast to former in-
situ powder diffraction studies of ternary systems like
χ-DyBO3 [3], β -Dy2B4O9 [11], and Dy4B6O15 [7],
where it was still possible to detect µ-DyBO3 [38] at

1000 ◦C, the portion of sodium oxide leads to an earlier
melting of µ-DyBO3.

These results were confirmed by thermoanalytical
measurements, which were performed with a com-
bined DTA-TG-thermobalance (TGA 92-2400, Se-
taram, heating rate: 10 ◦C min−1) between room tem-
perature and 1200 ◦C (Fig. 12). While heating, two
sharp endothermic effects (maxima at 761 ◦C and
913 ◦C) and a relatively broad one (start at about
1000 ◦C, maximum at 1060 ◦C) occured in the DTA,
which can be attributed to the transformation into the
unidentified phase (761 ◦C), the decomposition into µ-
DyBO3 [38] (913 ◦C), and melting above 1000 ◦C. Ad-
ditionally, we observed a weight-loss starting at ap-
prox. 1000 ◦C due to the evaporation of the decom-
position products like boron oxide (starting weight:
18.088 mg).

Conclusions

In this paper we described the syntheses of the new
rare-earth oxide borates Na2RE2(BO3)2O with RE =
Dy, Ho. These compounds enlarge the series of iso-
typic compounds by two other members. Former ex-
periments to synthesize a quaternary compound un-
der high-pressure/high-temperature conditions in the
system Na-Dy-B-O, starting from the oxides, resulted
always in the formation of ternary compounds. With
Na2Dy2(BO3)2O, we synthesized a precursor material,
which may allow the access into a quaternary high-
pressure phase in the future.
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