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High-pressure/high-temperature conditions of 8 GPa and 1000 °C were used to synthesize
the new rare earth oxoborates RE,BsO;5 (RE = Dy, Ho) in a Walker-type multianvil appara-
tus. The single crystal X-ray structure determination of HosBsO;5s revealed the following
data: C2/c, a=1164.1(1), b =436.7(1), ¢ =1882.5(1) pm, =96.71(1)°, Z =4, R1 =0.0291,
wR2 = 0.0505 (all data). The two isotypic compounds exhibit a new structure type built up
from corrugated layers of BO, tetrahedra. In contrast to all known oxoborates the linking
of the BO, tetrahedra is partially realized via common edges. Regarding the “fundamental
building block”-concept, we introduce a new descriptor “IZN” for edge-sharing BO, tetra-
hedra. Temperature-resolved in situ powder diffraction measurements and IR/Raman-spec-
troscopic investigations on Dy,B¢O;5 are also reported.
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1. Introduction

For the class of oxoborates, the numbers of
synthetic studies, structural characterization, and
materials processing have continuously increased
during the past decade [1—-4]. The structural chem-
istry exhibits a considerable variation that results
from the ability of boron to bind to three or four
oxygen atoms, forming BO; or BO, groups, which
can be linked to a great structural diversity.

Table 1. Known oxoborates in the system RE,O5/B,0s;.

In this context, we are engaged in the synthesis
and characterization of new rare earth oxoborates
under high-pressure/high-temperature conditions.
In the system RE,O3/B,0;, the rare earth oxo-
borates generally have the compositions RE;BOg
(3:1) (and thus can be regarded as orthoborates
((REO);BO3)), REBO; (1:1; orthoborates), and
REB;O¢ (1:3; metaborates (RE(BO,)3) [5]. Table 1
summarizes the existing compounds. While the

Composition RE>O5:B,0; RE Comments

7-REBO; 1:1 Y, Ce—-Nd, Sm-Lu LT Pseudo hex. phases [11, 16]
u-REBO; 1:1 Y, Sm-Lu HT Calcite related structure [11, 16]
A-REBO; 1:1 La-Eu Aragonite structure [13, 22]
B-REBO; 1:1 Sc, Yb, Lu Calcite structure [14, 17-19]
v-REBO; 1:1 Ce-Nd, Sm-Dy Triclinic (H-NdBO,) [12, 15, 21]
x-REBO; 1:1 Dy, Ho, Er Triclinic [36, 37]

H-REBO; 1:1 La, Ce Monoclinic (H-LaBOs3) [20, 21]
RE;BOgq 3:1 Y, La, Pr-Lu ((REO);BO3) [16]
RE26(BO3)8027 13:4 La (8 La3BO()~LaZO3) [31]
RE17'33(BO3)4(B205)2016 about 8.7 : 4 Y, Gd [32, 33]

REB306 1:3 Y, La—Nd, Sm-Lu (RE(B02)3) [23—29]

REB;Oy 1:5 Sm-Er Pentaborates [34]

RE,B,0,, 2:7 La Monoclinic [35]

a-RE>B4Oy 1:2 Eu, Gd, Tb, Dy [39]

ﬁ-RE2B40() 1:2 Dy [41]

RE,B:O;5s 2:3 Dy, Ho [38, this work]

Abbreviations: LT low-temperature; HT high-temperature.
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composition of the orthoborates REBO; [6—22]
and the metaborates REB;Og4 [23-29] is beyond
doubt, there exist several uncertainties concerning
the rare earth borates RE;BOg [5, 30]. Lin et al.
established the crystal structures of “LazBOg”
[31], “Y3BOg” [32], and “Gd;BOg4” [33] where
they found that the composition of the lanthanum
compound is Lays(BO3)30,;, showing a slight
La, 05 excess relative to La;BOg (8§ LazBOg- La,03).
In contrast to these results, the structure of the
yttrium compound Y;733(BO3)4(B,05),0;¢ and
the gadolinium compound Gd,733(BO3)4(B,05),01¢,
determined by X-ray powder diffraction data,
were found to have an excess of borate. Although
the Rietveld refinements resulted in reasonable
residuals, some uncertainties remained. In contrast
to these results, Cohen-Adad and coworkers con-
firmed the compositions RE;BOg (RE =Y, Gd)
[16]. Li ef al. reported new pentaborates with the
composition REBsOy (RE =Sm-Er) prepared
from a decomposition reaction of H;REB¢O;, at
650-700 °C [34]. Recently, Nikelski et al. investi-
gated a monoclinic oxoborate with the composi-
tion LayB;4O,; possessing a network structure
formed of BOs- and BOy-units [35].

Depending on the radius of the rare earth cat-
ion, the orthoborates REBO; occur in several
crystal structures, supplemented by a great variety
of polymorphs, depending on temperature and
pressure conditions. In contrast to the situation
with the well described A-, 8-, v-, and H-REBO;
orthoborates, there were numerous efforts to solve
the structures of the pseudo hexagonal low tem-
perature phases 7-REBQO; (previously designated
as “borates with YBOj structure”) and the high
temperature calcite related phases u-REBOj (also
designated as “vaterite” related), but no com-
pletely acceptable solution was found [11, 16]. Re-
cently, we were able to synthesize the new poly-
morphs y-REBO; (RE =Dy, Ho, Er), which
contain layers built up from the new non-cyclic
[B3Oo]°~-anions exhibiting one trigonal BOs- (A)
and two tetrahedral BOy-groups ([J) according to
1A200:A20 [36, 37].

Now, our studies focus on new compositions in
the system RE,0O5/B,0; via multianvil high-pres-
sure/high-temperature synthesis. Investigations
were started in the system RE,O5/B,O; with the
molar ratios 1:2 and 2:3 leading to oxoborates with
the new compositions RE,B;O9 and RE;B4O5

[38]. In the case of RE,B4O4, we were able to syn-
thesize two polymorphs, e.g. a-RE,B,O9 (RE =
Eu, Gd, Tb, Dy) [39, 40] and 3-RE;B4O9 (RE =
Dy) [41], depending on the reaction conditions.
Beside the new compositions, a-RE,B,09 (RE =
Eu, Gd, Tb, Dy) and RE;BsO;5 (RE = Dy, Ho)
are the first examples exhibiting edge-sharing BO,
tetrahedra next to corner-sharing tetrahedra. In all
other nearly 500 structurally characterized oxo-
borates, the linkage of BO3- and BO,-units occurs
exclusively via corners.

Searching for oxoborates with edge-sharing BO,
tetrahedra in the literature, we were astonished to
find four other independent examples of “edge-
sharing tetrahedra” as quoted in the abstracts. For
the compounds CuTm,[B,0s] [42], CulLn,[B,Os],
(Ln = Er, Lu) [43], NiHo,[B,Os], [44], and
CuHo,[B,0s], [45] the authors refer to two-di-
mensional [B,Os]* -anions. However, none of the
examples contains edge-sharing BO, tetrahedra.
On the contrary, in all compounds there are only
corner-sharing BO, tetrahedra. The mistake arises
from the wrong translation of the German word
“Ecke” into “edge” instead of “corner” in the
English abstracts of those articles.

In this work, we report the synthesis, crystal
structures, and properties of the compounds
RE,BsO;5 (RE = Dy, Ho). To account for the new
structural motif of edge-sharing tetrahedra, we ex-
tend the fundamental building block concept by
a new descriptor. A short communication on the
Dy4BsO;5 structure has appeared [38].

2. Experimental Section

According to eq. (1), the starting material for
the synthesis of HoyB¢O;s in this work was a 3:2
molar mixture of B,O; (from H3;BO; (99.8%,
Merck, Darmstadt) fired at 600 °C) with the rare
earth oxide Ho,Os.

—>8'0 Gf’a Ho,BsOq5 (1)

2 Ho,O3 + 3 B,O
TP 1000 °C

The starting material was compressed and
heated via a multianvil assembly. Details concern-
ing the construction of the assembly can be found
in references [19] and [46—48]. For the synthesis
of Ho4B4Oys, the assembly was compressed within
3 h to 8 GPa and heated to 1000 °C for the
following 10 min. After holding this temperature
for 10 min, the sample was cooled down in another
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10 min. After decompression, the recovered ex-
perimental octahedron was broken apart and the
sample carefully separated from the surrounding
BN. Ho4BsO;5 was obtained as a single phase,
crystalline product. The colour of HosB¢O;5 de-
pends on the light source. In daylight, Ho4B¢O15
has a light beige colour, while in the laboratory
(neon lamps) it appears bright pink (Alexandrite-
effect) [49].

For the synthesis of Dy,;B¢O,5 similar reaction
conditions were used with Dy,O; as starting
material. Details can be found in reference [38].

3. Crystal Structure Analysis

The powder diffraction data of RE4,B¢O,5 (RE =
Dy, Ho) were collected on a STOE Stadi P pow-
der diffractometer with monochromatized Cu-K,,
radiation. The diffraction patterns were indexed
with the program ITO [50] on the basis of a mono-
clinic unit cell. The lattice parameters a = 1167.7(2),
b=4377(1), ¢=18923(3) pm, f= 96.72(2)° for
Dy,BcO;s and a=1163.8(3), b=436.5(1), c=
1888.6(4) pm, f = 96.77(3)° for HoyBsO15 (Table 2)
were obtained from least squares fits of the powder

Empirical formula
Molar mass [g mol~!]
Crystal system

Space group

Powder diffractometer

Ho4BcO15
964.58

monoclinic
C2/c (No. 15)
STOE Stadi P

Table 2. Crystal data and struc-
ture refinement for RE,B¢O;5
(RE = Dy, Ho).

Dy,BsO;s [38]
954.86

Radiation Cu-K,, (4 = 154.06 pm)
a [pm] 1163.8(3) 1167.7(2)
b [pm] 436.5(1) 437.7(1)
¢ [pm] 1888.6(4) 1892.3(3)
B [°] 96.77(3) 96.72(2)
Volume [nm?] 0.953(1) 0.960(2)
Single crystal diffractometer IPDS 1T
Radiation Mo-K,, (4 = 71.073 pm)
a [pm] 1164.1(1)
b [pm] 436.7(1)
¢ [pm] 1882.5(1)

° 96.71(1)
Formula units per cell Z=4
Calculated density [g cm 3] 6.741
Crystal size [mm] 0.03 x 0.03 x 0.04
Detector distance [mm?] 100.0
Exposure time 8 min
Integration Parameters Coef. A 12.0

Coef. B 8.0
EMS 0.040

Omega range 0-180°
Increment 0.5°
Absorption coefficient [mm~1] 33.05
F(000) 1672
6 Range [°] 2 to 29
Range in hkl +15, £5, +24
Total no. reflections 4233

Independent reflections
Reflections with 7 > 20(T)
Data/parameters
Absorption correction
Transm. ratio (max/min)

1247 (Rin, = 0.0397)

1066 (Rsigma = 0.0309)
1247/115

numerical (HABITUS [52])
0.0395/0.0997

Goodness-of-fit on F? 1.010

Final R indices [ > 20(1)] R1=0.0223
wR2 = 0.0487

R Indices (all data) R1 =0.0291
wR2 = 0.0505

Extinction coefficient i 0.0036(2)

Largest diff. peak and hole [e A=3]  2.20 and -1.25
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data. The correct indexing of the patterns was con-
firmed by intensity calculations [51] taking the
atomic positions from the structure refinement. The
lattice parameters, determined from the powder and
the single crystal, agreed well (Table 2).

Small single crystals of HoyBsO,5 were isolated
by mechanical fragmentation and examined by
Buerger precession photographs. Single crystal in-
tensity data were collected from a regularly shaped
colorless crystal (block) at room temperature by use
of an IPDS II (Mo-K,, radiation (71.073 pm)). A
numerical absorption correction (HABITUS [52])
was applied to the data. All relevant information
concerning the data collection is listed in Table 2.
The starting positional parameters were taken from
the structure solution of Dy,B¢O;5 [38]. The struc-
ture of HoyB¢O,5 was successfully refined with ani-
sotropic atomic displacement parameters for all
atoms using SHELXL-97 (full-matrix least-squares
on F?) [53]. Final difference Fourier syntheses re-
vealed no significant residual peaks (see Table 2).
The positional parameters and interatomic distances
of the refinements are listed in the Tables 3, 4,
and 5. Listings of the observed/calculated structure
factors and other details are available from the

Fachinformationszentrum Karlsruhe, D-76344 Eg-
genstein-Leopoldshafen (Germany), email:
crysdata@fiz-karlsruhe.de, by quoting the registry
number CSD-412041 for Dy,BsO;s and CSD-
412991 for HoyBsO;s.

4. Results and Discussion

The structure of RE4BsO5 (RE = Dy, Ho) is
built up from corrugated layers of linked BO,
tetrahedra (Fig. 1). The RE®* ions are positioned
between the layers. The linkage of the BO, tetra-
hedra inside the layers is realized via common cor-
ners as well as common edges (Fig. 6, centre). In
detail, two pairs of edge-sharing tetrahedra (dark
polyhedra) are linked via two additional corner-
sharing BO, tetrahedra (light polyhedra) to form
six-membered rings. The linkage of these rings by
further corner-sharing BO, tetrahedra leads to
rings consisting of ten BO, tetrahedra forming
corrugated layers.

Inside the corner-sharing BO, tetrahedra of
Ho4BsO;5 [Dy4BsO;5] the B—O bond lengths vary
between 142 and 152 pm [143 and 153 pm] (Ta-
ble 4). The B,O, ring lies on a centre of inversion

Table 3. Atomic coordinates and

Atom  Wyckoff-  x y z Ueq Ueq [A?] for Ho4BsO15 (space group
position C2/c). For comparison, the data of

Hol  &f 0.86244(2)  021267(2)  0.69646(2)  0.0098(1) }23)436015 [38] are also listed (ital

Dyl 0.86202(2)  0.21214(4)  0.69642(1)  0.00515(6) :

Ho2  &f 0.13225(2)  0.20810(6)  0.59841(2)  0.0100(2)

Dy2 0.13125(2)  0.20810(4)  0.59788(1)  0.00533(7)

o1 4e 0 0.868(2) Y 0.009(2)

Ol 0 0.8658(8) Vi 0.0044(6)

02 8f 03192 02391(9)  0.6388(2)  0.0104(8)

02 03185(2)  0.2372(6)  0.6380(2)  0.0073(5)

03 8 02097(3)  07042(9)  0.55002)  0.0111(8)

03 0.2089(2) 0.7046(5) 0.5491(2) 0.0049(5)

04 8f 0.0138(3)  0.8244(9)  0.6211(2)  0.0113(8)

04 0.0133(2)  0.8246(6)  0.6218(2)  0.0064(5)

05 8 0.9360(3)  04018(9)  0.8030(2)  0.0108(8)

05 0.9362(2) 0.4015(5) 0.8034(2) 0.0062(5)

06 8f 0.4152(3)  0.8735(9)  0.5695(2)  0.0116(3)

06 0.4151(2)  0.8751(6)  0.5695(2)  0.0063(5)

o7 8 0.1275(3)  0.1199(9)  0.4791(2)  0.0097(7)

07 0.1273(2)  0.1196(6)  0.4783(2)  0.0051(4)

08 8f 0.6811(4)  03688(9)  0.7037(2)  0.0115(8)

08 0.6805(2)  0.3654(6)  0.70372)  0.0067(5)

Bl 8f 0.0973(5)  0.296(2) 0.4129(4)  0.009(2)

BI 0.0973(3)  0.2948(8)  0.4127(2)  0.0045(7)

B2 8f 0.9322(5)  0.726(2) 0.8056(4)  0.011(2)

B2 0.9335(3)  0.7277(9)  0.8059(2)  0.0047(7)

B3 8f 03309(5)  0.639(2) 0.5254(4)  0.010(2)

B3 0.3300(3) 0.6912(9) 0.5257(2) 0.0059(7)
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Table 4. Interatomic distances [pm] in
Hol-08a  223.7(4) Ho2-02 222.4(4) Ho,B¢O;s calculated with the single crystal
Hol-0O5a  224.4(4) Ho2-04 224.3(4) lattice parameters (Standard deviations in pa-
Hol-01 233.8(3) Ho2-05 226.6(4) rentheses).
Hol-O2a  236.2(4) Ho2-07  227.4(4)
Hol-O5b  248.7(4) Ho2-08  248.7(4)
Hol-08b  250.4(4) Ho2-O3a  255.5(4)
Hol-0O2b  256.6(4) Ho2-03b  258.4(4)
Hol-06 263.2(4) Ho2-06 262.4(4)

0 =242.1 O = 240.7
B1-02 146.2(7) B2-05 141.6(7) B3-07 145.6(7)
B1-07 147.0(8) B2-08 145.2(8) B3-06 144.3(7)
B1-04 147.1(7) B2-04 151.1(9) B3-03a 151.0(8)
B1-06 149.1(7) B2-01 151.6(7) B3-03b 153.7(7)
0 =1474 0 =1474 O = 148.7
Table 5. Interatomic angles [°] in
02-B1-07 113.4(5) 0O5-B2-08 117.2(5) 0O7-B3-06 109.7(4) Ho,BsO;s calculated with the
02-B1-04 106.9(5) 0O5-B2-04 107.8(5) 0O7-B3-03a 107.1(5) single crystal lattice parameters
O7-B1-04 107.0(4) 0O8-B2-04 105.2(5) O7-B3-03b 111.7(4) (Standard deviations in paren-
02-B1-06 109.8(4) 0O5-B2-0O1 111.4(5) 06-B3-03a 119.7(5) theses).
O7-B1-06 109.8(5) 08-B2-0O1 1062(5) 06-B3-03b 113.3(5)
04-B1-06 109.8(4) O4-B2-0O1 108.6(4) O3a-B3-03b 94.4(4)
O =109.5 0 =109.4 0 =109.3

and thus is rigorously planar. The edges of the
B,0, ring are slightly longer with values of
151.0(8) and 153.7(7) pm [150.7(5) and 153.3(5) pm]
(Fig. 2). The average B—O distance of 147.8 pm in
REBsO;5 (RE =Dy, Ho) is in good agreement
with the average B—O bond length of 147.6 pm in
simple BO, tetrahedra [54]. In contrast to the
B---B distances between corner-sharing BO, tetra-
hedra, which cover a range of 252-262 pm, the
transannular B---B distances across the B,O, ring
(207 pm) are markedly shorter in both com-

Fig. 1. Crystal structure of RE4;BsO;5s (RE = Dy, Ho),
view along [010]. The structure is built up from corru-
gated layers of corner (light) and edge-sharing (dark)
BO, tetrahedra. The RE>* ions are positioned between
the layers.

Fig. 2. Interatomic distances [pm] and angles [°] inside
the edge-sharing BO, tetrahedra of Ho,B4Os.

pounds. O-B-0O angles in corner-sharing BO,
tetrahedra vary between 106 and 117° [107 and
116°] (Table 5). The edge-sharing tetrahedra (B3)
exhibit a small and a large angle with values of
94.4(4)° and 119.7(5)° [94.1(3)° and 118.6(3)°].
The average over all angles is 109.4° in both struc-
tures.

In molecular chemistry, only five crystal struc-
tures containing four-membered B,0O, rings have
been reported: {{HPPh;]*},[B4F100,]?~ [55], the por-
phyrin complex [B,O,(BCl;),(TpClpp)] (TpClpp =
dianion of 5,10,15,20-tetra-p-chlorophenyl-por-
phyrin) [56], the neutral diboroxane [Me,B-
O-BMe,], [57], 2,4-bis(2,2,6,6-tetramethylpiper-
idino)-1,3,2 4-dioxadiboretane [58], and the 4-oxa-
3-borahomoadamantane dimer [59]. In contrast to
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the tetrahedral oxygen coordination of boron in

Table 6. Interatomic distances [pm] and angles [°] in B,O,-rings of different molecules in comparison to the B,O,-

ring in H04B6015 and DY4B(,015.

Compound Reference d(B-0) d(B---B) £ 0-B-O £ B-0O-B

{[HPPh;]*}o[B4F100,]2~ [55] 149.8(2)  2102(3) 88.8(2) 91.2(2)
150.5(2)

[B,0,(BCls)>(TpClpp)] [56] 150.8(12)  211.9(6) 88.8(7) 91.2(7)
149.8(13)

[Me,B-O-BMe,), [57] 158.0(1)  231.12 86.1(1) 93.9(1)

2,4-Bis(2,2,6,6-tetra-methylpiperidino)-  [58] 141.7(4) 186.6(6) 97.5(2) 82.5(2)

1,3,2,4-dioxadiboretane 141.2(4)

4-Oxa-3-borahomoadamantane dimer [59] 153.4(4) not mentioned  85.2(4) 94.8(4)
155.2(4)

Ho,BsO5 [this work] — 151.0(8) 207(1) 94.4(4) 85.6(4)
153.7(7)

Dy,B4O:s [38] 150.7(5)  207.2(8) 94.1(3) 85.9(3)
153.3(5)

4 No standard deviation was given.

RE B¢O;5 (RE = Dy, Ho), none of these examples
shows boron exclusively coordinated by oxygen.
With the exception of the dioxadiboretane [58],
the oxygen atoms in the B,O, ring have a trigonal
planar coordination. Table 6 gives a comparison of
the interatomic distances and angles in the B,O,
rings of the different molecules. The B-O dis-
tances of the B,O, rings of RE BsO5 (RE =
Dy, Ho) are comparable to those found in
{[HPPh3]*}5[B4F100,]*~ (149.8(2) and 150.5(2) pm),
[B,O,(BCl;),(TpClpp)] (150.8(12) and 149.8(13)
pm), and the 4-oxa-3-borahomoadamantane dimer
(153.4(4) and 155.2(2) pm). Correspondingly,
the B---B distances of 207 pm in RE; B¢Oqs
(RE =Dy, Ho) are comparable to the values in
{[HPPh;]"}o[B4F100,]>~  (210.2(3) pm) and
[B>O,(BCl3),(TpClpp)] (211.9(6) pm). In contrast,
the distances in [Me,B-O-BMe,], (d(B-0):
158.0(1) pm; d(B---B) 231.1 pm) and 2,4-bis-
(2,2,6,6-tetramethylpiperidino)-1,3,2,4-dioxa-
diboretane [d(B-0O): 141.7(4) and 141.2(4) pm;
d(B---B) 186.6(6) pm] show strong deviations from
the average values of 151.7 pm [d(B-0O)] and 209.8
pm [d(B---B)] from the former compounds. Obvi-
ously, the B,O, rings are highly flexible.

In the crystal structures of RE4;BO5 (RE = Dy,
Ho) there are two crystallographically different
RE?*ions, each coordinated irregularly by eight
oxygen atoms. The distances vary between 222 and
263 pm in HoyB¢O15 and between 224 and 265 pm
in Dy,B¢O;s5. Fig.3 shows the coordination
spheres.

Fig. 3. Coordination spheres of RE>* (grey spheres) in
the crystal structures of RE,BsO,5 (RE = Dy, Ho).

MAPLE-values (Madelung Part of Lattice En-
ergy) [60-62] were calculated for Dy4BgO;s
(Ho4BgO;5) to compare the data with those of
Dy,05 [63] (Ho,O5 [64]) and the high-pressure
modification B,O3-11 [65]. For Dy,BO,5 we calcu-
lated 96058 kJ/mol as compared to 96212 kJ/mol
starting from the binary oxides (2xDy,O3
(15199 kJ/mol) + 3 x B,O3-II (21938 kJ/mol)), a
deviation of 0.2%. Calculations on HosB¢O;5 led
to 96116 kJ/mol compared to 96364 kJ/mol (devia-
tion: 0.3%).

Bond-valence sums were calculated for all
atoms using the bond-length/bond-strength (V)
[66, 67] and the CHARDI concept (Charge Distri-
bution in Solids) (£Q) [68]. As bond-valence
parameters for the former we used R;; = 137.1 for
B-0O bonds, R;j=203.6 for Dy—O bonds, and R;; =
202.5 for Ho—O bonds [67]. Table 7 gives a com-
parison of the charge distribution calculated with
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Table 7. Charge distribution in Dy,BsO;5s and Ho,BO;5s calculated with the bond-length/bond-strength concept

(2V) [66,67] and the CHARDI concept (£Q) [68].

Dyl Dy2 B1 B2 B3 01 02 O3 04 O5 06 o7 08
V. 4290 +3.10 +3.03 +3.05 +292 -222 -199 -180 -2.11 -220 -190 -2.07 -191
2Q 4290 +2.99 4298 +287 +326 -2.17 -2.04 -1.66 -2.04 -227 -1.84 -217 -192

Hol Ho2 B1 B2 B3 o1 (0)) O3 O4 O5 06 o7 08
2V 4293 4312 +3.03 +3.05 +294 -221 -200 -1.78 -2.09 -225 -194 -2.07 -1.93
2Q +2.89 +3.00 +3.00 +2.87 +325 -214 -201 -167 -197 -231 -190 -212 -194

both concepts. The values confirm the formal ionic
charges of Dy>*, Ho*, B3*, and O?".

Extension of the “Fundamental Building Block”-
descriptors

The use of hierarchical sequences for organising
crystal structures has long been recognized. Bragg
started to classify silicate structures according to
the geometry and linkage of (Si,Al)Oy, tetrahedra
[69]. This concept was generalized by Zoltau [70]
and Liebau [71]. Specifically for borate structures,
there have been numerous classifications over the
past decades starting with work by Edwards and
Ross (1960) [72] and Christ (1960) [73]. Further
developments of these concepts were performed
by Tennyson (1963) [74], Ross and Edwards (1967)
[75], Heller (1970) [76], and Christ and Clark
(1977) [77]. Their classifications were reviewed by
Christ and Clark [77]. Although the concepts were
useful for small polyhedral boron units, they gave
no indication about the topology or about the
translation throughout the crystal structure. Units
with identical numbers of B®; triangles and B®,
tetrahedra (@: unspecified anion) always have
identical descriptors, even where the structural ar-
rangements are very different. The lack of topo-
logical characteristics of the linkage has been the
main weakness of these notations. Therefore, a
more detailed descriptor for fundamental borate
building blocks that includes information on the
connectivity of the BOj triangles and BO, tetra-
hedra was required. In the last decade, a new fun-
damental building block concept was introduced
by Burns, Grice, and Hawthorne striking success-
fully a balance between the amount of information
conveyed and the complexity of the descriptor [78,
79]. Although this method does not always result

in a unique descriptor for the fundamental build-
ing block, considerably more information is in-
cluded than in previous schemes.

The descriptor for the characterization of funda-
mental building blocks (FBB) proposed by Burns
et al. [78, 79] is based on the form A:B, where A
gives the specific number of BOj triangles (sym-
bolized by A) and BO, tetrahedra (symbolized by
) in the FBB leading to the notation iAj], where
i and j are the numbers of triangles (A) and tetra-
hedra (O), respectively. The information on the
connectivity is included in the B part of the de-
scriptor representing a character string. This string
contains the connectivity information of the poly-
hedra. For example adjacent A or [ (or both) rep-
resent polyhedra that share corners. Where the
polyhedra form a ring this is indicated by the de-
limiters <>. Sharing of polyhedra between rings is
indicated by the symbols —, =, =, etc., for one, two,
three or more polyhedra, respectively. Fig. 4a gives
an example for the FBB with the descriptor
1A30:<30>=<A20> which contains one triangle
and three tetrahedra. There are two three-mem-
bered rings of polyhedra, in which the first con-

1A30:<30>=<A20> 30:[ojalaial
o\ /o
o 9 o
B |
i Y
0—B—0—B—O0 o o) o
| | ~p7 N
NG o] [T
\B/ O (0]
a) (I) b)

Fig. 4. Examples for the representation of fundamental
building blocks in borate units with the help of descrip-
tors after Burns et al. {78, 79].
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tains three tetrahedra while the other one contains
one triangle and two tetrahedra. Both rings have
two tetrahedra in common indicated by the sym-
bol “=”. In oxoborate structures, most oxygen
atoms are not bonded to more than two boron
atoms. However, in some cases an oxygen atom
is bonded to three (e.g., tunellite (SrBgOo(OH), -
3 H,0) [80, 81]) or four boron atoms (e.g., high-
temperature form of boracite [82]). Therefore any
anion (@) that is more than [2]-connected may be
enclosed in the delimiters [ ] in the character string
B followed by a list of polyhedra that are con-
nected to the central unit. Each unit that is sepa-
rately connected to the central unit is terminated
by the symbol |, where the order of the listing is
not important. For example an oxygen atom
(Fig. 4b) that is shared among three BO, tetrahe-
dra is represented by 300:[O]0J|0|O]. For a more
detailed description the reader is referred to refer-
ences [78] and [79].

The concept of Burns et al. [78, 79] is based on
the assumption that the polymerisation of adjacent
polyhedra involves only corner-sharing. As this
work deals with the first oxoborates exhibiting
edge-sharing BO, tetrahedra, the known descrip-
tors used by Burns et al. have to be extended intro-
ducing a symbol for this new structural motif. For
geometrical and graphical reasons (Fig. 5), we pro-
pose the new descriptor “I’N” for two edge-shar-
ing BO, tetrahedra. Using this symbol, the fun-
damental building block of RE;BsO;s (RE =
Dy, Ho) can be characterized by the descriptor
120:20N40N20 (Fig. 6, bottom). This unit is
repeated only by translation to give the corrugated
layer of corner- and edge-sharing BO, tetrahedra
(Fig. 6, centre). The top of Fig. 6 has an alter-
native for a fundamental building block describ-
ing the layer in RE,;B¢Os (RE = Dy, Ho):
120:[<O0EN0OPN> 20| 0|20 | O] . This formulation
refers to a six-membered ring built of two pairs
of edge-sharing tetrahedra linked via two corner-
sharing BO, tetrahedra. This ring is decorated

C—F

Fig. 5. The new descriptor N for edge-sharing tetra-
hedra.

L Y

1202040720

Fig. 6. View of a corrugated layer of BO, tetrahedra in
RE,BsO;s (RE = Dy, Ho). The linkage of the tetrahedra
to rings is realized via common corners as well as via
common edges.

with six additional tetrahedra. In contrast to the
former fundamental building block, this formula-
tion captures more of the structural flavour of
RE,BsO5 (RE = Dy, Ho). A disadvantage of this
description is the fact that next to translation also
rotation of the fundamental building block has to
be performed to build up the layer. There are
several examples in the literature (e.g.: fabia-
nite: 2A40:<A20>=<40>=<A2[1> [83] or brian-
roulstonite: 6A6LL:<ADAOAOADAOAL> [84)),
where the authors [79] preferred a graphically
clearer fundamental building block using the
smallest possible rings instead of a unique unit,
which would need only translation elements.

A general description with the help of funda-
mental building blocks should be independent of
the substance class. As RE,B¢O;5 (RE = Dy, Ho)
exhibits exclusively BO, tetrahedra, a classifica-
tion using fundamental building units in the sense
of Liebau [71] (for silicates), is an alternative.
Consequently, the fundamental building block
shown at the bottom of Fig. 6 represents a funda-
mental chain (FC) of lowest periodicity, from
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which the anion can be generated by successive
linkage. In terms of Liebau, this fundamental
chain is an unbranched zwdlfer chain, and the fun-
damental ring (FR) shown at the top of Fig. 6 rep-
resents an openbranched sechser ring*.

For the description of RE4;BsO5 (RE = Dy, Ho),
we prefer 1200:200N400N200 (Fig. 6, bottom),
because it represents the unique fundamental
building block to construct the corrugated layers
of BO, tetrahedra by translation only.

In situ powder diffraction

To investigate the metastable character of the
high-pressure phase Dy,B¢O;s, temperature de-
pendent measurements were performed on a
STOE powder diffractometer Stadi P (Mo-K; 4 =
71.073 pm) with a computer-controlled STOE fur-
nace. The heating element consisted of an electri-
cally heated graphite tube holding the sample cap-
illary vertically with respect to the scattering
plane. Bores in the graphite tube permitted unob-
structed pathways for the primary beam as well as
for the scattered radiation. The temperature meas-
ured by a thermocouple in the graphite tube was
kept constant to within 0.2 °C. The heating rate

* The terms “zwolfer” chain and “sechser” ring were
coined by Liebau [71].

between different temperatures was set to 22 °C/
min. For temperature stabilization, a time of three
minutes was allowed before start of each data
acquisition. Successive heating of the metastable
high-pressure phase Dy,BsO;s (Fig.7) in the
range up to 800 °C led to a decomposition into
the normal pressure modifications 7-DyBO; and
u-DyBOj [6]. Further heating showed complete
transformation into the high-temperature modifi-
cation u-DyBO; above 950 °C. Subsequent cooling
gave both orthoborate phases around 600 °C fol-
lowed by a complete transformation into the room
temperature modification 7-DyBOs.

Infrared and Raman spectroscopy

The infrared (IR) spectrum of Dy,BO,5 was re-
corded on a Bruker IFS 66v/S spectrometer scan-
ning a range from 400 to 2000 cm~!. The sample
was thoroughly mixed with dried KBr (5 mg sam-
ple, 500 mg KBr) in a glove box in a dry argon
atmosphere. The Raman spectrum was measured
on a Dilor XY 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 to 8000
cm~1). In the upper range of both spectra (4000 to
2000 cm~!), no vibrational bands due to OH
groups or water were detectable.

Intensity
0 200 400 600 800 1000 1200 1400
T/°C
20
100
300 I
Dy,B¢O15
500 |
.
700+ : S
9004 n+u-DyBO5
950
1000+
10504
1100
1000 u-DyBO,
9004
7004 —
n+-DyBO;
-DyBO. .
TOYEDs Fig. 7. Temperature dependent X-ray
v , thermodiffractometric powder patterns
T T T T T (A=71.073 pm) of the decomposition of
10 1 13 14 15 2Theta/®

Dy4BeOss.
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1085 —
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942 —
903 —
796 —

Transmission / %

1400 1200 1000 800 600
Wavenumber / cm’”

2000 1800 1600

Figures 8 and 9 show the section 400 to 2000
cm~! of the infrared and Raman spectra. The
spectral data of Dy,B4O5 are tabulated in Table 8
in comparison to 7-GdBOj; [16, 85], which exhibits
exclusively BO, tetrahedra in the form of a B3Oy
ring. In accordance with the crystallographic data,
the infrared spectrum (Fig. 8) exhibits exclusively
absorptions typical for BO, tetrahedra. Boron,
tetrahedrally coordinated to oxygen, gives rise to
stretching modes in the region 1100 to 800 cm~1 as
in 7-YBO3, 7-GdBO3, or TaBO, [86—88]. Bands
belonging to the antisymmetric stretching mode
are centred at about 1050 cm~!, while the symmet-
ric stretching mode is located in the region 850—
900 cm~![89]. Due to three crystallographically in-
dependent BO, tetrahedra in Dy,B¢O;5, which are
corner- and edge-sharing, the stretching modes are
split. Absorptions at 1085 and 1010 cm~! probably

Fig. 8. Infrared spectrum of Dy,B¢O;s.

correspond to antisymmetric stretching modes
(1030 and 992 cm~! in 7-GdBO3 [85]). The Raman
spectrum (Fig. 9) shows the corresponding sym-
metrical stretching modes at 1099 and 1008 cm~!
(1014 and 996 cm™~! in 7-GdBO3). The symmetric
stretching frequencies (v,) in the infrared spec-
trum of Dy4B¢O;5 are in the range between 950
and 790 em~!. A sharp and strong Raman peak
at 1160 cm~! is unusual for oxoborates exhibiting
exclusively BO, tetrahedra. As Dy;B¢O;5 is the
first example with edge-sharing BO, tetrahedra,
this peak can be tentatively assigned to the sym-
metrical stretching mode of the B,Og unit. No IR-
absorption bands are observed in the range 1450—
1200 cm~! for Dy4B¢O;s, as expected for oxobor-
ates without boron in threefold oxygen coordina-
tion. On the other hand the Raman spectrum ex-
hibits several peaks in this range, which may be

40000

I 36000

F 32000

F 28000

I 24000

Intensity

- 20000

- 16000

r 12000

I 8000

1400 1200 1000 800 600
Wavenumber / cm’”

2000 1800 1600

4000
400

Fig. 9. Raman spectrum of Dy;B¢Os.
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Table 8. Vibrational spectral data [cm~!] in Dy,B4O;5 in
comparison to 7-GdBO; [16, 85].

Dy4B6015 JT-GdBO:g
IR Raman IR Raman
1634 (vw, br) 1699 (w,br)
1519 (w)
1435 (s)
1355 (vw, br) 1384 (s)
1334 (s)
1271 (w)
1218 (m)
1160 (vs)
1144 (m)
1085 (vs, br) (v,s) 1099 (m)
1033 (vw) 1030 (v,) 1014
1010 (s) (Vas) 1008 (m) 992 (vy) 996
972 (vw)
942 (s, br) 955 (vw)
903 (s, br) 916
896 (br)
840 (br) 842
816 (br) 824
796 (w)
768 (m)
744 (m) 740
728 (m) 714
691 (m) 698
667 (m)
646 (sh)
623 (w) 616
599 (m)
550 (m)
524 (sh) 504
488 (w)
478 (sh)
443 (vw)
430 (m) 422 432
417 (w)
400 (w) 398 410

Abbreviations: s strong; vs very strong; m medium;
w weak; vw very weak; br boad; sh shoulder.

associated with the new B,Og unit. Spectral meas-
urements of the phases a-RE,B4Oy (RE = Eu, Gd,
Tb, Dy) [39], with edge-sharing BO, tetrahedra,
are in progress.

"B NMR spectroscopy

The "B quadrupolar nucleus (I = 3/2) possesses
a large quadrupolar moment (eQ) which couples
with the local electric field gradient (eq) tensor to
yield anisotropic peak shapes in the NMR spectra,
which can be characterized in terms of a quadru-

polar coupling constant, Co = (eQ)(eq)/h, and an
asymmetry parameter, 7, describing the relative
magnitudes of the tensor components [90]. Edge-
sharing of BO, tetrahedra should have interesting
effects on the chemical shift d. Therefore, 1'B solid
state NMR investigations on Dy,;BsO;5 were
performed on a Bruker FI-NMR spectrometer
DSX500 Avance. However, due to the paramag-
netic Dy** ions the spectrum exhibited only ex-
tremely broad signals.

5. Conclusions

In this paper the structure and properties of the
new rare earth oxoborates RE,BsOs5 (RE = Dy,
Ho) synthesized via multianvil high-pressure syn-
thesis from the corresponding rare earth oxides
(Dy,03, Ho,0O3) and boron oxide B,Os are de-
scribed. These isotypic compounds are the first ex-
amples exhibiting edge-sharing BO, tetrahedra.
To extend the framework of the FBB-concept, we
introduced a new graphical descriptor “IN” for
edge-sharing BO, tetrahedra. The fundamental
building block of RE4BsO;5 (RE = Dy, Ho) can be
described by 120:200N40N2. In situ powder
diffraction measurements showed that Dy,B4O5
is stable up to 800 °C. Infrared and Raman spec-
troscopic investigations gave vibrational data,
which can be tentatively assigned to the edge-shar-
ing BO, tetrahedra.
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