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Monoclinic Tb3B12019(OH)7 was obtained by multianvil high-pressure/high-temperature syntheses at 6 GPa and
650 °C. The crystal structure was investigated by single-crystal X-ray diffraction methods and space group C2
(no. 5) with the unit cell parameters a = 24.2299(5) &, b = 4.4667(1) &, ¢ = 7.0964(2) A, § = 94.58(1)°, and two
formula units per cell were revealed. Powder X-ray diffraction, infrared spectroscopy and the investigation of its
second harmonic generation properties support the proposed structural model.

1. Introduction

Crystalline borates are known for their ability to form a plethora of
various crystal structures, by the connection of linear [BO], trigonal
planar [BOs], and tetrahedral [BO4] groups via common corners or
edges. This and their wide optical transparency window combined with
their chemical stability make them appealing materials for use in
modern lighting technologies, non-linear optical applications, as well as
laser and birefringent materials [1,2]. Lanthanoid borates in general and
terbium borates especially already display a large variety of known
crystal structures depending on the synthetic conditions. Under ambient
pressure conditions, terbium plays the role of a transition point in the
series of lanthanoid meta borates, in which the earlier elements form the
a-Ln(BO2)3 (Ln = La-Nd, Sm-Tb) structure type [3-11], crystallizing in
the monoclinic space group I2/a (no. 15), while smaller lanthanoids
form the orthorhombic f-Ln(BO3)3 (Ln = Tb, Dy) structure [12-14] in
the space group Pnma (no. 62). However, terbium can not only be found
in both structure types depending on the ratio of terbium to boron
during the synthesis [8], but the monoclinic phase a-Tb(BOs) also
displays polymorphic behavior at low temperatures, where it undergoes
a phase transition to space group P2;/c (no. 14) [15]. Additionally, the
p-structural variant was found for Nd-Lu at elevated pressures [13,16,
17]. Outside the series of ortho- and meta-borates, several terbium bo-
rates were characterized. These include the high-pressure phase
a-TboB4Og [18], featuring the rare structural motif of edge-sharing
[BO4] tetrahedra and the hydroxyl-containing borate TbBsOg(OH)s

[19], which was synthesized in a flux of boric acid using steel auto-
claves. Recently, we have also reported on another hydroxyl-containing
terbium borate Tb3B;(017(OH)s which was synthesized at 650 °C and
11 GPa in a multianvil high-pressure device [20]. In related experi-
ments, we found that a certain pressure threshold is needed for the re-
action to yield Tb3B;¢p017(OH)s, while a different crystal structure is
formed at lower pressures. The product of these experiments,
Tb3B12019(0OH)7, will be discussed in this article. Next to the determi-
nation of its crystal structure based on single-crystal X-ray diffraction, an
infrared spectroscopic investigation and the second harmonic genera-
tion properties of the new compound will be presented.

2. Experimental section
2.1. High-pressure/high-temperature synthesis

High-pressure/high-temperature syntheses of Tb3B15019(OH); were
carried out in a modified Walker-type multianvil device (Max Voggen-
reiter GmbH, Mainleus, Germany), on which detailed information is
available in the literature [21-23]. The starting materials Tb4O; and
H3BO3 were carefully weighed, intimately ground, and placed in an
18/11 assembly using a platinum capsule. Within 180 min, the sample
was compressed to 6 GPa, subsequently heated to 650 °C in 10 min, and
then the temperature was kept constant for the following 75 min. After
quenching the reaction, the sample was decompressed within 540 min to
ambient conditions and further isolated from the platinum capsule.

* Corresponding author. Department of General, Inorganic and Theoretical Chemistry, University of Innsbruck, Innrain 80-82, 6020, Innsbruck, Austria.

E-mail address: Hubert.Huppertz@uibk.ac.at (H. Huppertz).

https://doi.org/10.1016/j.solidstatesciences.2023.107373

Received 13 October 2023; Received in revised form 12 November 2023; Accepted 12 November 2023

Available online 16 November 2023
1293-2558/© 2023 The Authors.

(http://creativecommons.org/licenses/by-nc-nd/4.0/).

Published by Elsevier Masson SAS. This is an open access article under the CC BY-NC-ND license


mailto:Hubert.Huppertz@uibk.ac.at
www.sciencedirect.com/science/journal/12932558
https://www.elsevier.com/locate/ssscie
https://doi.org/10.1016/j.solidstatesciences.2023.107373
https://doi.org/10.1016/j.solidstatesciences.2023.107373
https://doi.org/10.1016/j.solidstatesciences.2023.107373
http://crossmark.crossref.org/dialog/?doi=10.1016/j.solidstatesciences.2023.107373&domain=pdf
http://creativecommons.org/licenses/by-nc-nd/4.0/

T.A. Teichtmeister et al.
2.2. X-ray diffraction structure determination

Single-crystals of the new compounds were isolated under a polari-
zation microscope. Measurements were carried out on a Bruker D8
Quest equipped with a Photon III C14 area detector. The programs
SAINT (V8.40B) [24] and APEX4 (v2021.4.0) [25] were used for data
collection and processing. A multi-scan absorption correction was car-
ried out using the program SADABS (2016/2) [26,27], and the structure
was solved via SHELXT (2018/2) [28,29] algorithms. According to the
systematic extinctions, the possible space groups were C2/m (no. 12), C2
(no. 5), and Cm (no. 8). Space group C2 (no. 5) was finally derived since
structure solution was only possible under these symmetry conditions.
Structure refinements were calculated using SHELXL [30] algorithms
incorporated into the program OLEX2 (Version 1.5) [31]. During the
refinement of the crystal structure, seven reflections were omitted from
the refinement due to their high deviation. O-H-distances within the
crystal structure solutions were fixed at 0.83(2) A. Symmetry checks of
the final structures were performed employing the program package
PLATON [32-36]. All atoms, excluding hydrogen, were refined aniso-
tropically, and the structure and refinement data are shown in
Tables 1-5..

Further details of the crystal structure investigation may be obtained
from Fachinformationszentrum Karlsruhe, 76344 Eggenstein-
Leopoldshafen, Germany (fax: +49-7247-808-666; e-mail: crysdata

Table 1

Structural and refinement data for Tb3B;2019(OH)s.
Empirical formula Tb3B12019(0OH);
Molar mass, gemol ! 1029.54
Crystal system monoclinic
Space group C2 (no. 5)
Single-crystal data
a, A 24.2299(5)
b, A 4.4667(1)
¢ A 7.0964(2)
B, deg 94.581(1)
Cell volume, A® 765.57(3)
Formula units per cell 2
Calculated density, g-cm 3 4.466
Temperature, K 302(1)
Diffractometer Bruker D8 Quest Photon III C14
Radiation type; wavelength, pm Mo-K,, 71.073
Absorption coefficient, mm~* 13.879
F(000), e 940
Crystal size, mm® 0.07 x 0.03 x 0.02
Range in 0, deg 3.219-42.142
Range in hkl h=445k=48,1=+13
Reflections collected 42772
Independent reflections 5391
Reflections with I > 26(I) 5364
Rint/Rs 0.0294/0.0166
Completeness to 0 = 25.24°, % 99.1

Refinement method least squares on F?

Data/restraints/parameters 5391/4/203
Flack parameter —0.018(4)
Absorption correction multi-scan

Final R1/wR2 [I > 206(I)] 0.0108/0.0252
Final R1/wR2 (all data) 0.0109/0.0252
Goodness-of-Fit on F> 1.054

Largest diff. peak/hole, eA3 0.964/-0.908
Powder diffraction data

Diffractometer STOE Stadi P
Radiation; 4, pm Mo-K,;; 70.93
a, A 24.3203(4)

b, A 4.48408(7)

¢, A 7.1239(2)

B, deg 94.568(2)
Cell volume V, A® 774.42(3)

20 Range, deg 2.000-40.385
20 Step width, deg 0.015

Resxp 0.0107

Rup 0.0672

R, 0.0506
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Table 2

Atom labels and corresponding Wyckoff-positions, atomic coordinates, and
equivalent isotropic displacement parameters (Ueq) or isotropic displacement
parameters (Ujs,) for all crystallographically different atoms. Ueq is defined as
one third of the trace of the orthogonalized Uj; tensor (standard deviations in
parentheses).

Atom Wyckoff-position x y 4 S.0.F Uey/Uso*
Tbl  4c 0.18085(2) 0.13491(2) 0.16807(2) 1 0.00543(2)
Tb2 2a 0 0.00003(2) 0 1 0.00469(2)
B1 4c 0.06386(7) 0.4890(5) 0.3139(2) 1 0.0054(2)
B2 4c 0.13557(7) 0.2649(5) 0.5445(2) 1 0.0049(2)
B3 4c 0.27673(7) 0.6001(4) 0.2872(3) 1 0.0049(2)
B4 4c 0.31891(7) 0.0904(4) 0.1801(3) 1 0.0049(2)
B5 4c 0.40680(8) 0.0871(4) 0.0170(3) 1 0.0051(2)
B6 4c 0.41276(7) 0.2644(4) 0.3542(2) 1 0.0050(2)
01 4c 0.51786(5) 0.7728(4) 0.2740(2) 1 0.0091(2)
02 4c 0.09986(5) 0.0781(3) 0.6460(2) 1 0.0060(2)
03  4c 0.11554(5) 0.3277(3) 0.3509(2) 1 0.0056(2)
04  4c 0.19112(5) 0.1511(3) 0.5342(2) 1 0.0059(2)
05 4c 0.27392(5) 0.2859(3) 0.2238(2) 1 0.0059(2)
06  4c 0.28290(5) 0.1769(3) 0.6911(2) 1 0.0069(2)
07  4c 0.29635(5) 0.7905(3) 0.1367(2) 1 0.0056(2)
08 4c 0.34812(5) 0.1924(3) 0.0173(2) 1 0.0059(2)
09 4c 0.36125(5) 0.0666(3) 0.3501(2) 1 0.0041(2)
010 4c 0.40734(5) 0.7555(3) 0.0200(2) 1 0.0060(2)
011 4c 0.44038(5) 0.2097(3) 0.1800(2) 1 0.0050(2)
012 4c 0.44948(5) 0.1671(3) 0.5182(2) 1 0.0054(2)
013  4c 0.56815(6) 0.1887(3) 0.1515(2) 1 0.0071(2)
H6  4c 0.286(2) 0.17(2) 0.582(5) 1 0.019(9)*
H10 4c 0.401(2) 0.68(2) 0.120(4) 1 0.03(2)*
H12 4c 0.483(2) 0.16(2) 0.49(2) 0.5  0.01(2)*
H1 4c 0.487(2) 0.84(2) 0.290(8) 1 0.07(2)*
Table 3

Anisotropic displacement parameters for all crystallographically different
atoms.

Atom Uy Uso Uss Uss Uis Uiz

Tbl  0.00482(3) 0.00607(3) 0.00544(3) —0.00015(2) 0.00061(2) 0.00035(2)
Tb2  0.00452(4) 0.00498(4) 0.00453(4) 0 0.00019(3) 0

Bl 0.0054(5) 0.0058(6) 0.0052(5) 0.0002(5) 0.0008(4)  0.0003(5)
B2 0.0049(5) 0.0050(6) 0.0048(5) 0.0002(5) 0.0006(4)  0.0002(5)
B3 0.0051(5) 0.0041(6) 0.0056(6) 0.0001(5) 0.0003(4) —0.0003(4)
B4 0.0052(6) 0.0049(6) 0.0047(6) 0.0002(4) 0.0007(4) —0.0001(4)
B5 0.0054(6) 0.0055(6) 0.0045(6) —0.0003(4) 0.0004(4) —0.0008(4)
B6 0.0053(5) 0.0045(5) 0.0053(5) 0.0000(5) 0.0010(4)  0.0002(5)
o1 0.0066(4) 0.0105(5) 0.0103(5) —0.0045(4) 0.0015(4) —0.0019(4)
02 0.0082(4) 0.0041(4) 0.0058(4) 0.0001(3) 0.0024(3) —0.0013(3)
03  0.0057(4) 0.0079(5) 0.0032(4) 0.0006(3) 0.0003(3)  0.0022(3)
04  0.0054(4) 0.0076(4) 0.0046(4) —0.0001(4) 0.0003(3) 0.0024(4)
O5  0.0047(4) 0.0045(4) 0.0084(4) —0.0015(4) 0.0006(3) 0.0003(3)
06  0.0055(4) 0.0083(5) 0.0070(4) —0.0002(3) 0.0014(3) —0.0016(3)
07  0.0075(4) 0.0045(4) 0.0047(4) —0.0005(3) 0.0010(3) —0.0015(4)
08  0.0049(4) 0.0070(4) 0.0057(4) 0.0019(3) 0.0009(3)  0.0001(3)
09  0.0033(4) 0.0052(4) 0.0037(4) 0.0019(3) —0.0004(3) —0.0009(3)
010 0.0079(4) 0.0046(4) 0.0055(4) 0.0000(4) 0.0011(3)  —0.0002(4)
011 0.0052(4) 0.0063(4) 0.0037(4) —0.0013(3) 0.0009(3) —0.0006(3)
012 0.0043(4) 0.0073(5) 0.0044(4) 0.0018(3) —0.0006(3) —0.0004(3)
013 0.0100(5) 0.0074(5) 0.0042(4) 0.0014(3) 0.0026(3)  0.0037(3)

@fiz-karlsruhe.de, http://www.fiz-informationsdienste.de/en/DB/ics
d/depot_anforderung.html) on quoting the deposition number CSD-
2299368.

X-ray powder diffraction patterns (Fig. 1) were collected on a STOE
Stadi P powder diffractometer (STOE & CIE GmbH, Darmstadt, Ger-
many) [37], equipped with a Ge(111) monochromator and a MYTHEN
1K detector system (Dectris Ltd., Baden Daettwil, Switzerland) [38]. The
measurements were carried out overnight in Debye-Scherrer mode using
a glass capillary with a diameter of 0.3 mm (Hilgenberg, Malsfeld,
Germany) [39]. Using the Rietveld-method [40,41], a composition of 99
% of the title compound Tb3B12019(OH); and 1 % of the
low-temperature polymorph LT-Tb(BO3)s (monoclinic; space group
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Table 4
Selected interatomic distances (;\) and bond angles (deg) (standard deviations in
parentheses) in Tb3B1,079(OH);.

Atoms Distance Atoms Distance
Tb1-03 2.293(2) Tb2-01¢ 2.306(2)
Tb1-05 2.357(2) Tb2-01% 2.306(2)
Tb1-07° 2.378(2) Tb2-013* 2.353(2)
Tb1-06" 2.411(2) Tb2-013¢ 2.353(2)
Tb1-08 2.446(2) Tb2-011°¢ 2.386(2)
Tb1-010° 2.486(2) Tb2-011% 2.386(2)
Tb1-04 2.591(2) Tb2-010? 2.532(2)
Tb1-06° 2.737(2) Tb2-010° 2.532(2)
Tb1-08¢ 2.877(2)
Average 2.502 Average 2.394
B1-03 1.450(3) B2-02 1.437(3)
B1-013f 1.467(3) B2-04 1.446(3)
B1-01°¢ 1.485(3) B2-03 1.447(3)
B1-012¢ 1.490(3) B2-09¢ 1.541(3)
Average 1.473 Average 1.468
B3-04¢ 1.452(3) B4-05 1.450(3)
B3-07 1.474(3) B4-07¢ 1.470(3)
B3-05 1.474(3) B4-08 1.474(3)
B3-06° 1.505(3) B4-09 1.524(3)
Average 1.476 Average 1.480
B5-013" 1.456(3) B6-02¢ 1.434(3)
B5-011 1.466(3) B6-011 1.473(3)
B5-010% 1.481(3) B6-012 1.473(3)
B5-08 1.498(3) B6-09 1.527(3)
Average 1.475 Average 1.477
Atoms Angle Atoms Angle
03-B1-013f 109.3(2) 02-B2-04 114.9(2)
03-B1-01°¢ 109.6(2) 02-B2-03 114.8(2)
03-B1-012° 111.08(2) 02-B2-09° 105.9(2)
013f-B1-01° 110.2(2) 04-B2-03 105.3(2)
013f-B1-012¢ 109.7(2) 04-B2-09¢ 105.8(2)
01°-B1-012°¢ 107.0(2) 03-B2-09¢ 106.9(2)
Average 109.5 Average 108.9
04°-B3-07 111.1(2) 05-B4-078 108.7(2)
04°-B3-05 115.1(2) 05-B4-08 113.4(2)
04°-B3-06° 109.1(2) 05-B4-09 110.1(2)
07-B3-05 109.8(2) 078-B4-08 108.1(2)
07-B3-06° 108.1(2) 07%-B4-09 108.5(2)
05-B3-06° 103.1(2) 08-B4-09 107.9(2)
Average 109.4 Average 109.5
013"-B5-011 106.9(2) 02°-B6-011 105.8(2)
013"-B5-0108 108.6(2) 02°-B6-012 113.9(2)
013"-B5-08 111.2(2) 02°-B6-09 113.0(2)
011-B5-0108 111.0(2) 011-B6-012 109.1(2)
011-B5-08 110.4(2) 011-B6-09 108.3(2)
0108-B5-08 108.7(2) 012-B6-09 106.6(2)
Average 109.5 Average 109.5
Symmetry operators for generating equivalent atoms:
x+1/2, y-1/2, -2 €x-1/2,y-1/2, 2

b x+1/2, y-1/2, -2+1 fx-1/2,y4+1/2, 2

€ x+1/2, y+1/2, 2+1 8x,y-1,2

4 x+1/2,y+1/2, 2 b oxtl,y, 2

Table 5
Hydrogen bond parameters in Tb3B1,079(OH);.

Atoms D-H/A H--A/A D-H--A/A D—H--A/deg
0O1-H1--011 0.82(3) 2.13(6) 2.753(3) 133
010-H10---02 0.82(2) 1.72(4) 2.518(2) 165
012-H12.--012 0.84(3) 1.65(4) 2.483(2) 168

P2;/c, no. 14) [15] was found in the powder sample. Noticeably, the
residual intensity of one reflection at 10.9° could not be reliably
assigned to a known side-phase.
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2.3. Infrared spectroscopy

A Bruker Alpha Platinum attenuated total reflection (ATR) spec-
trometer was used to collect infrared spectra of Tb3B12019(OH);. Mea-
surements were carried out on the bulk material and the spectra were
measured in the range of 4000 to 400 cm™'. The data was processed and
corrected for atmospheric influences employing the OPUS 7.2 [42]
software.

2.4. Second harmonic generation measurements

Second harmonic generation (SHG) measurements were performed
on a powder sample of Tb3B12,019(OH); using the Kurtz-Perry approach
[43]. We used quartz, KDP (KH3POj4), and corundum (Al;Os3) for refer-
ence measurements. A Q-switched Nd:YAG laser (1064 nm, 5-6 ns, 2
kHz) was used for the generation of the fundamental pump wave. The
fundamental infrared light was separated using a harmonic separator, a
short-pass filter, and an interference filter from the generated second
harmonic (532 nm). The generated SHG signal was collected with a
photomultiplier and an oscilloscope from six different areas of the
sample. On each position, 64 pulses were measured and averaged.
Background signals between the laser pulses were used to correct the
measured intensities. The SHG measurements were performed under
ambient conditions in transmission geometry.

3. Results and discussion
3.1. Crystal structure description

Tb3B12019(OH)7 crystallizes monoclinically with the unit cell pa-
rameters a = 24.2299(5) A, b = 4.4667(1) A, ¢ = 7.0964(2) A, § = 94.58
(1)°, and two formula units per cell in space group C2 (no. 5). The
composition Tb3B;2,019(OH)7 equates to a Tb:B ratio of 1:4, which is the
second highest among the existing terbium borates TbBgOg(OH)3 (1:6),
a-TbyB4Og (1:2), Tb3B19017(OH)s5 (3:10), and the various forms of Tb
(BO2)3 (1:3) and TbBO3 (1:1) [8,12,15,18-20]. Two differently coordi-
nated Tb-sites are found within the crystal structure. The Tb1 atom is
nine-fold coordinated by oxygen with Tb-O-distances ranging from
2.293(2) to 2.877(2) [o\, while the Tb2-site is coordinated by eight oxy-
gen atoms in a square antiprismatic geometry with interatomic
Tb-O-distances between 2.306(2) and 2.533(2) A. These interatomic
distances are well in the range of typical Tb-O-distances in borates [8,
12,15,18-20]. Due to the lower coordination number around the
Tb2-site, lower interatomic distances are expected [44]. In Fig. 2, a
graphical depiction of the two crystallographically different
terbium-centered polyhedra is shown.

Six crystallographically different boron atoms build up a corrugated
layered structure. All boron atoms are tetrahedrally coordinated by
oxygen with interatomic distances within the tetrahedra varying be-
tween 1.434(3) and 1.541(3) A. These interatomic distances fit well with
the value of 1.48(4) A [45], which is often cited as the standard value for
bond lengths within [BO4] tetrahedra. Interatomic angles within the
[BO4] tetrahedra only display a slight variance around the expected
tetrahedral angle of 109.4(3)° [45]. The corrugated layers are formed
from a repetitive building block, which is shown in Fig. 3. The O9 atom
connects three [BO4] tetrahedra, namely those centered by the B2, B4,
and B6 atoms. Several three-membered rings are formed within one
building block, but also through the connection of two building blocks.
Within one building block, the B1, B2, and B6, as well as the B2, B3, and
B4 tetrahedra (e.g., a tetrahedron centered by the respective boron
atom) form two three-membered rings. The B5 tetrahedron of one
building block is connected to the B4 and B6 tetrahedra of an adjacent
building block to form another three-membered ring. Furthermore, two
building blocks are also connected via the formation of a four-membered
ring, which consists of the B4 and B6 tetrahedra of one building block
and the B2 and B3 tetrahedra of another. Finally, the connection of four
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Observed pattern

Best fit

—— Difference
| Reflection position of Tb;B,,0,4(OH),
| Reflection position of LT-TbB,O,

Intensity (rel.)

" d . b
W v Lok gaas

5 10 15 20 25 30 35 40
20 (deg)

Fig. 1. Powder diffraction pattern (Mo-K,; - 4 = 70.93 pm) and Rietveld-
refinement of a binary mixture of 99 % Tb3B12019(OH); and 1 % LT-Tb
(BO)3 [15].

building blocks yields nine-membered rings, which are built up by the
B1, B5, and B6 tetrahedra of two building blocks, the B3 and B4 tetra-
hedra of the third building block, and the B4 tetrahedra of the fourth
building block.

Along the crystallographic a-axis, an ABCD-stacking of these layers
can be described. The Tb1 atoms are located in zigzag-channels between
two adjacent layers. Thus, double-layers are formed, which are con-
nected to the next double-layer via the Tb2-centered polyhedra. Each
double-layer is turned 180° compared to the adjacent double-layer,
yielding the final crystal structure depicted in Fig. 4.

The hydrogen positions were assigned after calculating the bond
valence sums according to the bond-length/bond-strength (BLBS) [46]
and the charge distribution (CHARDI) [47] concept. The results are
shown in Table 6. The calculations indicate the expected oxidation state
+III for the terbium atoms, hence seven hydrogen atoms are necessary
for charge neutrality. Without the consideration of hydrogen in the
calculation of the bond valence sums, large deviations from the expected
value of —2 are found for the O1, 06, 010, and 012 atoms. Therefore,
we conclude that the hydrogen atoms should be found on these posi-
tions. Looking at the symmetry of the crystal structure, it is apparent that
the H12 atom can only be described by a half-occupied site (i.e., one
hydrogen binding to the 012 while forming a hydrogen bond to another
012 atom). In total, this yields seven hydrogen atoms found on the four
positions proposed from the calculation of the valence bond sums. If
these hydrogen atoms are considered in the calculations, all values
adjust closely to the expected values.
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Fig. 3. Corrugated layers are formed in the bc-plane, built up by a repetitive
[B¢013]% building block. Each building block is shown in its own colour.

A plethora of hydrogen bonds, which play an important role in
the connection of two adjacent layers, could be described in the
crystal structure of Tb3B12019(OH);. Generally, interatomic
donor—hydrogen---acceptor-distances up to 3.2 A can be considered for
hydrogen-bonding if the corresponding angle is larger than 90° [48].
However, due to the large number of possible hydrogen bonds in
Tb3B12019(OH)7, a focus on stronger hydrogen bonds with distances up
to 3 A and angles higher than 120° [48] seems advisable. These
hydrogen bonds are listed in Table 5. Judging from the geometrical
parameters, the strongest H-bond in Tb3B12019(OH); is found for the
H12 atom, which is located between two O12 atoms at a distance of 0.84
3 A from the donor and 1 .65(4) A from the acceptor atom with an angle
of 168°. Also for the H10, a strong hydrogen bond is found with the 02

Fig. 2. Coordination environments of the two crystallographically different terbium atoms.
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acting as an acceptor at a distance of 1.72(4) /0\, while for the H1 and H6
atoms, only significantly weaker hydrogen bonds can be described. In
the case of the atom H6, possible acceptor atoms are only found in the
larger range for usual hydrogen bonds at distances between 3 and 3.2 A.
Since electron densities are detected by X-ray diffraction, it is note-
worthy that hydrogen atoms are generally found too close to the
respective oxygen site [48].

As a result of related experiments, we have recently presented the
crystal structure of Tb3B;0017(OH)s, which was synthesized at similar
temperatures but higher pressures of 11 GPa [20], while TbBgOg(OH)3
was synthesized at lower pressures in a flux of boric acid [19]. A close
comparison of the crystal structures of TbBgOg(OH)3 and
Tb3B19017(OH)s with the title compound Tb3B;2019(OH); reveals
structural relationships typically observed in high-pressure crystal
chemistry. TbBgOg(OH)3 displays a crystal structure built up by trigonal
[BOs] and tetrahedral [BO4] units [19], while, in agreement with the
pressure coordination rule [44], boron is exclusively found tetrahedrally
coordinated in Tb3B;9p017(OH)s [20] and the title compound
Tb3B12019(0H)7, which were synthesized at pressures of 11 and 6 GPa,
respectively. Comparing the two high-pressure phases, an increase of the
coordination number of the terbium atoms from C.N. 9 and 8 in
Tb3B12019(OH)7 to C.N. 10 and 11 for the atoms Tb1 and Tb2, respec-
tively, in Tb3B,9017(OH)s is also observed [20]. Furthermore, the in-
crease in the coordination numbers aligns with the expected increase of
Tb-O-distances [20,44].
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3.2. Second harmonic generation measurements

Tb3B12019(OH); displays a strong SHG-signal comparable to the
intensity of KDP and around 6.3 times the corresponding signal of
quartz. These results confirm that Tb3B;50719(OH); crystallizes non-
centrosymmetrically [43], which is coherent with space group C2 (no.
5) derived from the single-crystal diffraction data. The measured
SHG-intensities of Tb3B12,0,9(OH); and well-known reference materials
are shown in Table 7. The strong SHG intensity of Tb3B;2019(OH)7 and a
comparison with the weak SHG intensity of Tb3B;o017(OH)s [20] indi-
cate possible phase matching conditions like in KDP. Whether the title
compound fulfills a phase matching condition can be determined by
precise refractive measurements on large single crystals or by a corre-
lation between SHG intensities and fine resolved grain sizes. However,
such a determination was not performed in this work.

The crystal structure of Tb3B12019(OH)7 is exclusively built up of
[BO4] tetrahedra. Therefore, considering the weak SHG signals of
comparable hydroxyborates like Tb3B;¢p017(OH)s [20] and LasBg.
013(0H) [49], the strong SHG effect observed in the title compound
Tb3B12019(OH);7 comes unexpected, since trigonal planar [BO3] groups
are beneficial to a compound’s nonlinear optical properties due to
increased anisotropic effects [1,2]. This effect is further enhanced in
fluor- and fluoroxoborates as precedented in the compounds [CNH3)s]
[B303F2(OH)], [C[NH2]2]12[B303F4(OH)] and C(NH)3BF4 [50,51].

Fig. 4. The layered structure of Tb3B;,019(OH)7 is shown in its unit cell in the ac-plane.
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Table 6
Calculation of bond valences with BLBS [46] (3_V) and CHARDI-2015 [47]
Q).

Without hydrogen Hydrogen at O1, 06, 010, 012
Arom v ) =V 20
Tbl 2.75 3.45 2.75 291
Tb2 3.08 3.11 3.08 2.92
Bl 3.04 3.23 3.04 291
B2 3.10 3.20 3.10 3.13
B3 3.02 3.47 3.02 2.97
B4 2.99 3.12 2.99 3.12
B5 3.02 3.01 3.02 3.00
B6 3.01 3.40 3.01 3.19
o1 -1.21 -1.63 —2.14 —2.14
02 —1.68 -1.73 -2.11 -1.86
03 -2.10 —2.15 -2.10 -2.16
04 —1.84 —1.89 —1.84 —1.88
05 -1.98 —2.06 —1.98 —2.06
06 -1.21 -1.21 —-2.14 —-2.21
o7 -1.92 -1.97 -1.92 —1.98
08 -1.89 —1.89 -1.89 -1.89
09 -1.95 -1.74 -1.95 -1.74
010 -1.29 —1.56 -2.16 -2.18
011 —-1.92 -2.30 —1.92 -1.96
012 -1.49 —-1.47 —-2.15 —-1.96
013 -1.98 —2.41 —1.98 -1.99
Table 7

Measured SHG-intensities of Tb3B;,019(OH)7, quartz, corundum, and KDP.

Samples Isug/mV Isuc/Iouartz 100 %
Quartz (5-25 pm) 77(23) 100

AlLO3 (9 pm) 0(1) 0

KDP (5-25 pm) 450(92) 584
Tb3B12019(0H);7 (5-30pum) 487(66) 632

3.3. Infrared spectroscopy

In Fig. 5, the attenuated total reflection infrared spectrum of
Tb3B12019(OH)7 is presented. At wavenumbers between 3200 and 3500
crn’l, a broad signal, that can be attributed to OH stretching vibrations,
is observed [52,53]. Usually, signals between 1200 and 1500 cm!in
borates are assigned to trigonal [BOs] groups or vibration modes
involving three-fold coordinated oxygen atoms [54,55]. In
Tb3B12019(OH)7, only the latter are found. Hence, these signals are

coherent with our structural model. At wavenumbers 800-1100 cm’l,

Intensity / a.u.

4000 3500 3000 2500 2000 1500 1000 500

Wavenumber / cm™

Fig. 5. The infrared spectrum of Tb3B;50,9(OH);.
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the stretching modes of [BO4] tetrahedra are observed, and at lower
wavenumbers, bending modes of [BO4] tetrahedra and vibrations of the
lanthanoid-centered polyhedra contribute increasingly to the observed
signals [55,56].

4. Conclusion

The new hydroxyl-containing terbium borate Tb3B;2,019(OH); was
prepared by high-pressure/high-temperature syntheses using the mul-
tianvil technique. It displays a monoclinic layered crystal structure of
corner-sharing [BO4] tetrahedra built up by a repetitive [B6013]8'
building block. An infrared spectroscopic investigation is coherent with
the proposed structural model, and measurements of the non-linear
optical properties of a powder sample yield a strong SHG effect com-
parable to KDP, thus confirming the non-centrosymmetric space group
C2 (no. 5).
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