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Two isotypic layered rare-earth borate phosphates, KsLn[OB(OH),],[HOPOs], (Ln=Yb, Lu), were
synthesized hydrothermally and the crystal structures were determined by single-crystal X-ray
diffraction (R3, Z=3, Yb: a=5.6809(2) A, c=36.594(5) A, V=1022.8(2) A3, Lu: a=5.6668(2) A,
c=36.692(2) A, V=1020.4(1) A®). The crystal structure can be described in terms of stacking of
Glaserite-type slabs consisting of LnOg octahedra interlinked by phosphate tetrahedra and additional
layers of [OB(OH),]” separated by K* ions. Field and temperature dependent measurements of the
magnetic susceptibility of the Yb-compound revealed Curie-Weiss paramagnetic behavior above 120 K
(Uerr=4.7 ug). Magnetic ordering was not observed down to 1.8 K.

© 2011 Elsevier Inc. All rights reserved.

1. Introduction

Recent research in the field of borophosphates has revealed
that mild hydrothermal route is a promising synthetic approach
in the exploration of the systems M,0,-B,03-P,05-(H,0)
(M=metal). This strategy has already resulted in numerous
compounds with new crystal structures [1]. So far, this route of
preparation was restricted to M representing main-group and/or
transition elements. In contrast, our efforts are now focused on
systems containing rare-earth elements. Up to now, the only
reported examples for a rare-earth intermediates are given by the
general formula Ln;0g[BO3]|[PO4]2, (Ln=rare-earth element), pre-
pared by solid state reaction at high temperatures [2].

Herein, we report on the synthesis and structure as well as
physical characterization of two new hydrated rare-earth borate
phosphates, which are obtained for the first time under mild
hydrothermal synthesis conditions.

2. Experimental details
2.1. Hydrothermal synthesis

K5Yb[OB(OH),]o[HOPOs],: Initially, 0.591 g Yb,05; was dis-
solved in 1 mL concentrated HCl. Then, 1.8334 g K,;B405 - 4H,0,
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3.658 g K;HPO,4 and 4 mL H,0 (molar ratio of K:Yb:B:P=18:1:8:7)
were mixed with the above solution, and the pH value was
adjusted to 7 using 0.75 mL concentrated HCI. All starting materi-
als used in the experiments were of analytical grade and were
used without further purification. The mixture was transferred to
a Teflon vessel with a cover, which was placed in a steel
autoclave. The synthesis was conducted at 453 K for 5 days. After
that time the autoclave was directly taken out of the hot oven.
The product was filtered and washed with distilled water several
times and dried at 323 K for 8 h. K3Lu[OB(OH),],[HOPOs],:
1.7340 g LUC13 . 6H20. 1.8336 g [(28407 . 4H20 and 3.6372 g
K;HPO,4 were dissolved in 4 mL water and the pH value was
adjusted to 6-7 using concentrated HCl. The suspension was
transferred into a Teflon autoclave and maintained at 453 K for
3 days. Finally, the autoclave was directly taken out of the oven.
Crystals settled at the bottom of the autoclave were washed with
distilled water several times and dried at 323 K for 8 h.

2.2. Characterization

The chemical compositions of the products were determined
using both inductively coupled plasma-optical emission spectrometry
(ICP-OES) on a VARIAN Vista RL instrument and energy-dispersive
X-ray spectroscopy (EDXS) carried out on a PHILIPS XL 30. ICP-OES
results show that the molar ratio is K:Yb:B:P=2.45:1:1.47:1.78
(calc: 3:1:2:2) for KsYb[OB(OH);],[HOPOs],, which suggests the
presence of impurities not detected by powder X-ray diffraction
(PXRD, Fig. S2). EDXS on three different crystals gave an average
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molar ratio of K:Yb:P=2.83:1:2.31. For KsLu[OB(OH),],[HOPOs], a
molar ratio of K:Lu:B:P=2.95:1:1.93:1.97 is determined by ICP-OES,
which is close to the ratio derived from single-crystal structure
determination.

Thermal investigations (DTA/TG) were carried out in argon
atmosphere with heating rates of 5 K/min up to 1273 K (NETZSCH
STA 449). The FT-IR spectrum was recorded at room temperature
using a Spectrum 100 Optical (PerkinElmer) with universal ATR
sampling accessory. The magnetization measurements were per-
formed on a SQUID-magnetometer (Quantum Design, MPMS XL-7)
in the temperature range of 1.8-400 K using various external
magnetic fields.

2.3. Crystal structure determination

Hexagonal platelets (Fig. S1) of the isotypic compounds
K3Ln[OB(OH);]>[HOPOs], (Ln=Yb, Lu) were selected under a light
microscope. Single-crystal X-ray diffraction data were collected
on a Rigaku AFC7 (Mercury CCD detector) diffractometer using
graphite-monochromated Mo Ko radiation (A=0.71073 A) at a
temperature of 295 K. The isotypic structures were solved by
direct methods and refined using the programs SHELXS-97 [3]
and SHELXL-97 [3] included in the program suite WinGX [4]. The
crystal structure of K3Lu[OB(OH),],[HOPOs], was refined as a
twin. The lattice parameters were determined by PXRD using LaBg
as internal standard [5]. The final refinement by full-matrix least-
squares methods led to: K3Yb[OB(OH),],[HOPOs],, M=603.95
g/mol, trigonal, R3 (No. 148), a=5.6809(2) A, c=36.594(5) A,
V=1022.8(2) A3, Z=3, 2119 measured and 757 independent
reflections, R1=0.023 and wR2=0.054 for all data and KsLu[O-
B(OH),],[HOPOs],, M=605.9 g/mol, trigonal, R3, (No. 148),
a=5.6668(2) A, c=36.692(2) A, V=1020.4(1) A3, Z=3, 3185
measured and 789 independent reflections, R1=0.027 and
wWR2=0.050 for all data. Further details are summarized in
Table 1. Atomic positions and displacement parameters for
K5Yb[OB(OH),],[HOPO3], are given in Table 2. The crystallo-
graphic data were deposited at FIZ Karlsruhe under the CSD
number 422902 (K5Yb[OB(OH),],[HOPOs],) and 422903 (KsLu[OB
(OH)2[2[HOPOs]s).

Table 1

3. Results and discussion
3.1. Crystal structure

Since both crystal structures are isostructural only the
Yb-compound shown in Fig. 1 is discussed in detail. Ytterbium
exhibits an octahedral coordination with a unique Yb-0O distance
of 2.202(2) A (cf. selected bond lengths in Table 3) and two
slightly different O-Yb-0O angles of 88.2° and 91.8° (site symme-
try Cs;). Phosphorous is in a distorted tetrahedral coordination of
oxygen. Three corners of each tetrahedron are shared with three
YbOg octahedra, and the corresponding P-O1 distances amount
to 1.530(2)A (3x, P site symmetry 3). A longer distance
(1.551(4) A) is observed for the remaining vertex (02). These
two types of polyhedra form a common 2D arrangement char-
acteristic for the mineral Glaserite (Aphthitalite) [6], K3Na(SO4)-.
This structure type is adopted by a number of rare-earth com-
pounds with the general formula A3Ln(X04), (A=Na, K, Ln=rare-
earth element, X=P, V, As). The Glaserite-type layers can show
different degrees of distortion [7]. The terminal P-O distance in
the crystal structure of the Glaserite analog KsLu(PO4), [8]
amounts to 1.505A and is shorter than the distance to the
bridging oxygen atoms reflecting a general trend in the crystal
chemistry of phosphates [9]. The three short O2 - - - 03 distances

Table 2

Fractional atomic coordinates and equivalent displacement parameters (A2) for
K5Yb[OB(OH),],[HOPO;]s.

Atom  Wyckoff X y z Ueq
position

Yb1 3a 0 0 0 0.011(1)
K1 3b 1/3 2/3 1/6 0.022(1)
K2 6c 13 2/3 0.0574 (1) 0.024(1)
P1 6¢ 2/3 1/3 0.0468(1) 0.010(1)
B1 6¢ 0 0 0.1159 (2) 0.018(1)
01 18f 0.3713(4) 0.1840(5) 0.0336 (1) 0.019(1)
02 6¢ 2/3 1/3 0.0891(1) 0.015(1)
03 18f 0.2093(5)  0.2637(5)  0.1167 (1) 0.023(1)

Crystal structure data and refinement parameters for K3Ln[OB(OH),]|,[HOPOs], (Ln=Yb, Lu).

Empirical formula B2 K3Yb Oq4 P> Hg

Formula weight 603.95
(g/mol)
Temperature (K) 295

B, Ks Lu Oq4 P, Hg?
605.9

295

Crystal size (mm?)
Radiation (A)

Crystal system, space group
Unit cell parameters °

z

Calculated density pca (g/cm?)
Absorption coefficient x (mm™1)
F(000)

0 range for data collection
Limiting indices

Reflections collected/unique
Goodness-of fit on F?

R1,WR2 [I> 26(])]

R1,wR2 (all data)

Largest diff. peak and hole

0.080 x 0.080 x 0.010
Mo Ko, 0.71073

Trigonal, R3 (No. 148)

a=5.6809(2) A

c=36.594(5) A

V=1022.8(2) A®

3

2.942

8.079

855

3.34° to 32.08°

-8 <h<6 -4<kx<6 -52<1<53
2119/757 [R(int)=0.0270]

1.067

0.0213, 0.0534

0.0227, 0.0536

0.838 and —1.412 ¢/A®

0.065 x 0.065 x 0.008
Mo Ko, 0.71073
Trigonal, R3 (No. 148)
a=5.6668(2) A
c=36.692(2) A
V=1020.4(1) A3

3

2.958

8.479

858

3.33° to 32.23°

-6 <h<8 -8<k<6®6 -52<1<52

3185/789 [R(int)=0.0373]
1.076

0.0238, 0.0497

0.0267, 0.0504

0.967 and —2.142 e/A—3

2 K3Lu[OB(OH);],[HOPOs]; refined as twin with 110/0-10/001 matrix and BASF=0.53.
b Refined from X-ray powder diffraction pattern with LaBg as internal standard using the program WinCSD [5].
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Fig. 1. Crystal structure of K3Yb[OB(OH),],[HOPOs], viewed along [0 1 0]. Glaser-
ite-type slabs are represented as YbOg octahedra (blue) sharing common corners
with HOPOs tetrahedra (orange). White, red, and green spheres represent K-, O-,
and B-atoms, respectively. The unit cell is shown as a black frame. (For
interpretation of the references to color in this figure legend, the reader is referred
to the web version of this article.)

Table 3
Selected interatomic distances (A) for K5Yb[OB(OH),],[HOPO3]5.

Atom 1 Atom 2 Count Distance/A
Yb1 -01 6 x 2.202(2)
P1 -01 3x 1.530(2)
-02 1x 1.551(4)
K1 -03 6 x 2.735(2)
K2 -01 3x 2.968(3)
-01 3 x 2.986(2)
-03 3x 2.968(3)
B1 -03 3x 1.370(2)

of 2.625(4) A in the title compound clearly indicate the presence
of protons in the crystal structure (Fig. 2). Therefore, the chemical
composition “KzYb[BO3],[PO4]3 ~ " as determined by X-ray single-

a -8

2.625(4) A

Fig. 2. Cut-out of the crystal structure of K3Yb[OB(OH),],[HOPOs], showing (a) the
attachment of two OB(OH), units to a Glaserite-type slab (d(P-02)=1.551(4) A) and
(b) two neighboring hydrogen phosphate and dihydrogen borate layers with labeled
O- - -0 distances (—: possible O-H- - - O bridges). For further details see text.

crystal diffraction data has been completed to K;Yb[OB(OH);],
[HOPOs]; in order to keep the whole crystal structure neutral and
avoid layers of neutral B(OH); molecules. Boron adopts a three-
fold planar coordination with oxygen (03) at equal distances of
1.370(2) A similar to reported values for the two polymorphs of
boric acid [10]. The shortest O-.-0O distance between the
OB(OH), units in the dihydrogen borate layer of the title com-
pound is d(03- - -03)=3.517(5) A, (Fig. 2(b)), indicating only a
weak hydrogen bonding interaction. In contrast, the shortest
intermolecular O- - -O distance in layers of boric acid has been
reported in the literature as d(O - - -0)=2.71 A [10].

Potassium is located on two different crystallographic sites.
The first coordination sphere around K1 is made up by six oxygen
atoms from neighboring OB(OH), units forming an octahedron
(d(K1-03)=2.735(2) A, Fig. 1). Nine oxygen atoms are surround-
ing the K2 position with distances K2-0 ranging from 2.968(2) to
2.986(3)A. The resulting coordination polyhedron can be
described as a bisected cuboctahedron with a triangle of O3
atoms as the base and a hexagon of O1 atoms on the opposite
side. OB(OH), units and HOPOs tetrahedra are separated from
each other by potassium layers. According to these experimental
observations, the title compound should be classified as a borate-
phosphate [1].

As a consequence of the R-centered crystal lattice, the overall
crystal structure can be rationalized by dividing it into slabs,
which are stacked along [00 1] with the sequence ...ABC...
(Fig. 1). The Glaserite-type slabs are coordinated at their borders
by OB(OH), units together with K*-ions in between. The attach-
ment of the OB(OH), groups to the Glaserite-type slabs is
assumed to take place via hydrogen bonds (see O - - - O distances)
as schematically shown in Fig. 2.

The structural elements of the title compound known from
pure phosphates as well as from pure borates are combined as an
intergrowth structure. This new structure type is a remarkable
layered member of the small group of borate-phosphates [1]. So
far, crystal structures with isolated borate and phosphate units
were only reported for M4[BO5][PO4] (M"=Mg [11,12], Co [13],
Zn [12,14]), Ln;04[BO3][PO4], (Ln=La, Pr, Nd, Sm, Gd, Dy) [2], and
the mineral Seamanite, Mns(OH),[B(OH)4][PO4] [15]. The number
of crystal structures containing isolated planar OB(OH), units is
rather low [16-19]. The first crystal structure determination was
reported for Cu,(OH);[OB(OH);] [16], a compound which later on
was also found to exist as a mineral (Jacquesdietrichite) [20].
Interestingly, the single-crystal structure determination using a
natural mineral crystal of the Cu-phase revealed a longer B-O
distance to the non-protonated oxygen (1.38(2) A), which is in
contradiction to the previous structure determination [16] and



1520 Y. Zhou et al. / Journal of Solid State Chemistry 184 (2011) 1517-1522

other crystal structures, e.g. (NEts),[OB(OH),],-B(OH)s-5H50
[17] and (NMe,4)[OB(OH);] - 2(NH;),CO - H,0 [18].

In the title compound, K3Yb[OB(OH),],[HOPOs],, only one
averaged B-O value of 1.370(2) A is observed due to the higher
crystallographic site symmetry of the dihydrogen borate ion.

3.2. Magnetic properties: magnetic susceptibility and EPR
spectroscopy

The development of y*T with temperature change for K3Yb[O-
B(OH),]>[HOPOs], is shown in Fig. 3(a). A slow and continuous
decrease down to 1.8 K is observed. In the temperature range from
120 to 400 K a modified Curie-Weiss law (y=C/(T—0)+ o) yields
a Curie constant C=2.76 emu K/mol (yo=0.00031 cm?/mol), which
corresponds to an effective magnetic moment of per=4.7 up
close to the expected free-ion moment of 4.54 g for Yb*>*. The

a
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Fig. 3. Temperature and magnetic field dependence of the molar magnetic
susceptibility of K3Yb[OB(OH),],[HOPOs],: (a) Development of y*T (open circles)
with increase of temperature at Hex=2000 Oe. Curie-Weiss fit (black line)
between 120 and 400K with C=2.76(2)emuK/mol, 0=-65(1)K, and
%0=0.00031 cm*/mol. (b) The magnetization moment at 1.8 K at different mag-
netic fields. The solid black line represents a Brillouin function fit with fixed J =1/2
resulting in gesr=3.71(2).

Curie-Weiss temperature of —65(1) K indicates a crystal electric
field interaction [21]. A magnetization isotherm (Fig. 3(b)) at 1.8 K
also indicates no magnetic ordering and shows a saturation of the
paramagnetic magnetization at ~ 1.9 ug for fields above 40 kOe.
However, from a low-field low-temperature Curie-Weiss fit it
might be expected that ordering appears only at temperatures in
the order of 0.1 K (distance d(Yb- - - Yb)=5.68 A). Similar findings
for the temperature dependent behavior of the magnetic suscept-
ibility were reported for other Yb-containing inorganic compounds
for instance Yb(I03); [22] and CusYbs(TeOs3)4Clg [23].

The continuous wave X-band (9.4 GHz) electron paramagnetic
resonance (EPR) spectrum of powdered K;Yb[OB(OH),;],[HOPOs],
is shown for T=5 K in Fig. 4. A broad microwave absorption line
(AH,,=830G) centered around 2200 G is observed. The main
contribution of this line originates from five ytterbium isotopes
(natural abundance 69.6%) without nuclear spin. The isotopes
17yh (I1=1/2) and '72Yb (I=5/2) show a hyperfine interaction,
which leads to a broadening of the absorption line [24] and may
cause the small feature at 950 G. A rough description by a single
Lorentzian-type lineshape results in a g-value of 3.0(2) (J/=1/2)
and a linewidth of 580 G. The g-value considerably deviates from
2.6667 expected for a regular octahedral coordination. This is in
agreement with the result from the single-crystal structure deter-
mination, where Yb occupies a crystal site with Cs;; symmetry.
Further support for a distorted octahedral surrounding of Yb>+
ions is given by the asymmetry of the central absorption line.

3.3. FT-IR spectroscopy

The IR spectrum of K3Yb[OB(OH),]o[HOPOs], with natural
boron isotope ratio is shown in Fig. 5(a) in comparison with
B enriched K3Yb[OB(OH),],[HOPOs], (Fig. 5(b)). The spectral
range is divided into five characteristic regions, which will be
discussed in the following section.

Absorption bands appearing in region A clearly indicate the
presence of OH groups. This is in agreement with the results from
thermal analysis (see below) and charge balance considerations
given in Section 3.1. Similar to pure boric acid [25] four maxima are
observed in region A. They originate from OH groups involved in
hydrogen bonding [26]. Also hydrogen phosphates show absorp-
tion bands in this region. Therefore, an assignment to either
(B)-OH or (P)-OH is not possible. Quantum chemical calculations
on isolated [OB(OH),]~ [27] obtained a shorter distance of 1.3 A

dP / dH / arb. units

0 2000 4000 6000 8000
H/IG

10000

Fig. 4. Derivative (open circles) of the X-band (9.4 GHz) EPR signal for polycrystal-
line K3Yb[OB(OH),],[HOPOs], recorded at 5 K. A fit with a single Lorentzian (black
line) with a linewidth of AH=580 G yielded a resonance field of 2225 G, which
corresponds to g=3.0(2).
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Fig. 5. FT-IR spectra (ATR) of K3Yb[OB(OH),],[HOPOs],: (a) with natural boron
isotope ratio and with (b) ''B enrichment. The different absorption regions are
labeled A-E and are discussed in the text. The absorption bands marked in gray
show a strong isotope effect.

between the boron atom and the non-hydrogen bonded oxygen
atom, which is close to the experimental value for the well-
characterized [BO,]~ anion. However, the calculated frequency of
the symmetric ''B-1°0 stretching vibration appears at 1528 cm ™!
[28], which is much lower than that for [BO,] ™. This is compatible
with the recorded IR spectrum of Cu,(OH)s[OB(OH),] [16].

In contrast to the other regions of the spectrum the bands in
region B and D show a strong isotope effect. The same was
observed for matrix isolated boric acid [29]. Elaborate isotope
labeling experiments together with normal mode analysis [29]
led to the conclusion that the band at 1409 cm~! can be assigned
to a !'B-O antisymmetric stretching mode and the band at
680 cm~! to an out-of-plane BO; bending mode.

The broad structured band in region C centered around
1031 cm™~! can be attributed to tetrahedral phosphate anions [30].
The two well-resolved bands at 1204 and 875 cm~ ! seen here were
also observed for boric acid [25] and were assigned to an antisym-
metric B-O-H bending mode and a symmetric B-O stretching mode
[31]. Alternatively, these two bands may also be assigned to HPO;,
which similarly should appear left (P-O-H in-plane bending mode)
and right (symmetric stretching mode P-O(H)) from the broad band
at 1031 cm~! [32].

The results from vibrational spectroscopy are in agreement
with the structural model derived from single-crystal X-ray
diffraction data but a conclusive decision concerning the location
of the hydrogen atoms could not be made.

3.4. Thermal stability

The simultaneously recorded TG and DTA curves of Ks3Yb
[OB(OH),],[HOPOs], are shown in Fig. 6. A steep step of 7.86 wt%
is observed, which is finished at about 770 K. The highest rate of
mass loss coincides with an endothermic peak in the DTA trace. The
total weight loss of 8.63 wt% is in agreement with the calculated
value assuming a loss of 3 moles of water per formula unit (calc.

Iexo
'—
<
532 K
DTA
; DTG
£
T
TG 526 K
100
0.77 wt%
= 98
s
~
- 96 -7.86 wi%
g
E o4
92
L -8.63 wt%
QG 1 i 1 " 1 i 1 i 1
400 600 800 1000 1200
T/K

Fig. 6. DTA, TG and DTG curves of the thermal decomposition of K3Yb[OB(OH),]»
[HOPOs], (heating rate: 5 K/min; atmosphere: argon): Between 420 and 620K a
pronounced weight loss is observed. The total weight loss of 8.63 wt % is close to
the expected mass loss of 3 moles of water per formula unit (calc. 8.94 wt%).

8.94 wt%). The decomposition products were identified by PXRD
(Fig. S3) as YbPO, [33] and monoclinic K3Yb(PO,), [34]. Profile fitting
[35] yielded unit cell volumes of 277.2(1) and 384.6(1) A3, respec-
tively, close to the reported values. No other crystalline compounds
were found, which may indicate the presence of amorphous boron-
containing components. Supporting TG-MS measurements gave no
hint for a substantial evaporation of boron-containing species e.g.
H3BO3; [36] in the investigated temperature range. Similar results
were obtained for KsLu[OB(OH),];[HOPOs], (Fig. S4). The PXRD
pattern can be completely fitted with the unit cell parameters for
LUPO4 [37] and K3Yb(PO4)2 [8]

4. Conclusion

Summarizing our results, we have shown that mild hydro-
thermal conditions are suitable to obtain rare-earth borate
phosphates. The distinct layered character of the intergrowth
structure implies the existence of even other stacking variants,
the possibility of ion exchange activities and the mobility of
protons, respectively.
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