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Abstract: M5(TelVO3),(OH), (M = Mg, Mn, Co, Ni) compounds crystallize isotypically in the
hexagonal space group P6zmc (No. 186) with unit-cell parameters of a ~ 13 A, c~5A.Inthe crystal
structure, a framework with composition M3(TeO3)(OH); 5%°* defines large hexagonal channels
extending along [001] where the remaining OH™ anions are located. Crystal-growth studies under
mild hydrothermal conditions with subsequent structure analyses on basis of X-ray diffraction
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methods revealed that parts of other anions present in solution such as CO327, SO42~, Se042,
NO3~, CI™ or Br~ could partly replace the OH™ anions in the channels. The incorporation of such
anions into the M3(TeO3),(OH), structure was confirmed by energy-dispersive X-ray spectrometry
(EDS) measurements and Raman spectroscopy of selected single-crystals.
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The manganese(Il) oxidotellurate(VI) phase with composition Mn!l;TeVIOg exhibits
complex magnetic behaviour. Its ambient-pressure phase is characterized by an incommen-
surate magnetic ordering [1,2], and its high-pressure phase by magnetic frustration [3]. The
magnetic structure of the manganese(IIl) oxidotellurate(VI) with composition Mnl, TeV1O,
was established on the basis of a neutron powder diffraction study [4]. This phase gained
renewed interest because it is considered a possible multiferroic [5]. On the other hand,
magnetic properties of manganese(ll) oxidotellurates(IV), for which numerous phases
have been reported [6-11], are not well-investigated and restricted to the high-pressure
polymorph -Mn!"TelVO5 [12,13]. This lack of knowledge is most probably caused by diffi-
culties to synthesize the corresponding manganese(ll) oxidotellurates(IV) as single-phases
for magnetic bulk measurements or for neutron diffraction studies. With the objective to
prepare different phases in the Mn!!/Te!V /O/(H) system in the form of single-phase mate-
rial, we started systematic studies of the phase formation in this system using solid-state or
hydrothermal reactions. Although we were eventually able to grow single-crystals and to
determine the crystal structures of a-MnTeOj3, yv-MnTeO3, MngTe;O014, Mn;5(TeO3)14(OH),
and Mn3(TeOs3),(OH),, the intended phase purity could not be achieved because all prod-
ucts consisted of mixtures of different phases [14].
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Whereas the results of single-crystal structure analyses were inconspicuous for
a-MnTeO3, v-MnTeOj3, MngTe501¢ and Mnq5(TeO3)14(OH), [14], those of the channel-
structure of hexagonal Mn3(TeO3),(OH), revealed some unsatisfactory features of the
refined crystal structure model, in particular, high remaining electron densities located
within the channels. Preliminary experiments indicated that the height of the remaining
electron density depends on the metal salt used as the source for manganese(1l) in
the hydrothermal experiment, and that corresponding anions (CO32~, SO4%~, SeO,4%~,
NO3z ™, CI7, Br™) can be incorporated into the channels where they partly substitute the
prevalent OH™ species. Substitution of OH™ by other anionic species is not uncommon
and observed in several minerals, for example, apatites [15] or defernite [16], and thus of
general interest.

In the current report, we present the results of partial OH™ substitution investigated
systematically for Mn3(TeO3),(OH); and, to a certain extent, for the other isotypic members
of the M!'3(TeO3),(OH); family of compounds (M = Mg, Co, Ni).

2. Materials and Methods
2.1. Synthesis

The crystal-growth procedures for all batches were conducted under hydrothermal
conditions using Teflon containers with an inner volume of ca. 3 mL. The corresponding
educt mixture, consisting of commercially available chemicals, was placed inside the
container, which was subsequently filled to about % of its inner volume with water or
15%wt ammonia solution. After closing the container with a Teflon lid, the reaction vessel
was enclosed in a steel autoclave, heated to temperatures of 200 or 210 °C, kept at the
chosen temperature under autogenous pressure for several days and then cooled to room
temperature within three hours by removing the autoclave from the oven. The solid
material obtained after the reaction time was filtered off through a glass frit, washed with
mother liquor, water and ethanol and dried in air. Details of selected batches are given in
Table 1. Crystals suitable for single-crystal X-ray diffraction studies were obtained from
most of these experiments.

Table 1. Details for selected hydrothermal experiments to investigate foreign anion inclusions into
M3(TeO3),(OH), phases.

Batch Educts Molar Ratios Reaction Medium Duratlon/d{;}
Temperature/°C

1* CoS0O4-7H,0, TeO,, KOH 3:2:9 water 7,210
2% Co(NO3),-6H,0, TeO,, KOH 3:2:9 water 7;210
3* MnCOj3, TeO,, KOH 1:1:4 water 7; 210

4 MnCOs, TeO,, NaOH 1:1:4 water 7,210
5* MnSO,4-H,0, TeO,, KOH, K,CO3 1:1:4:2 water 7,210

6 MnSOy4-H, 0, TeO,, KOH 1:1:4 water 7; 210

7* MnSO,4-H,0, TeO,, NaOH 1:1:4 water 7,210

8% MnCl,-4H,0, TeO,, NaOH 1:1:4 water 7;210

9* MnBr,, TeO,, NaOH 1:1:4 water 7; 210
10* MnSO4-H,0, TeO, 3:1 ammonia 5,210
11* NiSO4-6H,0, TeO, 31 ammonia 5;210
12* CoSeOy4-5H,0, TeO, 3:1 ammonia 5,210
13* NiO, Fe(NO3)3-9H,0, Mg(OH);, TeO, 1:1:1:1 water 68; 200

* Single-crystals of M3(TeO3)2(OH),-type compounds isolated for X-ray diffraction studies.
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2.2. Diffraction Measurements and Crystal-Structure Refinements

Powder X-ray diffraction (PXRD) measurements were performed on a PANalyti-
cal X“Pert II Pro type PW 3040/60 diffractometer (Malvern Panalytical Ltd., Malvern,
UK) using Cu-Ky1-radiation and an X’Celerator detector. For phase analysis and
refinements of unit-cell parameters, the Highscore+ software suite was used [17].

Single-crystal X-ray diffraction studies were conducted on a Bruker Kappa Apex-II
single crystal diffractometer (Bruker AXS Inc.: Madison, WI, USA) using graphite-
monochromatized Mo-K«-radiation equipped with a CCD area detector. Instrument
software (APEX3, SAINT [18]) was used for optimized measurement strategies and data
reduction. The intensity data were corrected for absorption effects with SADABS [19].
The crystal structures were solved with SHELXT [20], refined with SHELXL [21] and
graphically represented with ATOMS [22].

The atom labels were assigned in accordance with the structure of isotypic
Co3(TeO3)2(OH); [23]. Refinement of the framework structure including the metal position
M1 and atoms Tel, Te2, O1-Oy4 was straightforward. In some cases, the H1 atom attached
to O4 could be located from difference-Fourier maps and was included in the model with
soft restraints on the O-H bond length (O-H = 0.9(1) A). Smeared electron-density peaks
originating from occupationally disordered sites located in large hexagonal channels char-
acterize the remaining part of the crystal structures. Except for Coz(TeOs3),(OH), and
Mn;(TeO3);(OH), obtained from batch 2 and 3, respectively, which were modelled with
full occupancy of Os (belonging to the OH group), in all other crystal-structure refinements,
the presence of additional anions in the channels was considered for modelling. The site
occupation factor (s.0.f.) of the heaviest element (S, Se, Cl, Br) was refined freely until
convergence and then fixed. For SO42~ and SeO42~ groups, the corresponding s.o.f.s
of participating O atoms were adapted to this value, and the s.o.f. of Os constrained to
fulfil the criterion of electroneutrality. Although it is known that the (refined) occupancy
correlates with the displacement parameters, we used this approach for simplicity. H atoms
associated with the OH group in the channels could not be located and were not modelled
but are considered in the formula and other crystallographic data. Crystal structure and
refinement data are compiled in Table 2. Further details of the crystal structure investi-
gations may be obtained from the joint CCDC/FIZ Karlsruhe online deposition service:
https://www.ccdc.cam.ac.uk/structures/ (accessed on 30 August 2022) by quoting the
deposition numbers specified at the end of Table 2.

Numerical data of the related phases Co3(TeOs3),(OH); from batch 2 (apparent
NOj3;~ inclusion not modelled), Co3(TeO3)2(OH)15{(SO4)912(OH)g 26} from batch 1,
Mn;3(TeO3)2(OH)1 5{Clo.1s(OH)o 52} from batch 8, and Mn3(TeO3)>(OH)1 5{(SO4)0.15(OH)o.20}
from batch 10 (with different modelling of the sulfate group in the channels) and
their respective CSD deposition codes can be found in the Supplementary Material
(Tables S1 and S2).
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Table 2. Data collection and refinement details.
Empirical Formula H;Mn;0gTe; Hj1.70Mn30g39 So.15Tez Bro.1sH1.52Mn3 O7g,Ter H1.60Mg30s.40 So.20Tez Co3H1,640s.365€0.58 Te1.60 Hi1,60Ni305.40S0.20Tez
Structural Formula Mn;(TeO3),(OH)1 5 Mn;(TeO3)2(OH)1 5 Mn;(TeO3)2(OH)y 5 Mg3(TeO3)2(OH)1 5 Co3(TeO3)1.6(Se03)0.4-(OH)15  Niz(TeO3)>(OH) s
{(OH) 5} {(SO4)0.15(OH)g 20} {Bro.18(OH)g.32} {(SO4)0.2(OH)g 1} {(SeO4)g.18(OH)g.14} {(§04)0.2(OH)g 1} -
Obtained from batch 5 7 9 13 12 11
M, 550.04 559.34 561.15 470.68 562.10 573.89
Temp./°C —-173 23 23 23 25 —173
Cryst. dim./ mm? 0.09 x 0.04 x 0.03 0.11 x 0.02 x 0.02 0.12 x 0.02 x 0.02 0.30 x 0.01 x 0.01 0.09 x 0.01 x 0.01 0.05 x 0.01 x 0.01
Cryst. colour light-yellow light-yellow light-yellow colourless blue yellow
Cryst. form prism prism prism prism lath lath
Space group, No. P6ymc, 186 P6ymc, 186 P6ymc, 186 P6ymc, 186 P6ymc, 186 P6ymc, 186
Formula units Z 4 4 4 4 4 4
a/A 13.410(4) 13.4509(4) 13.4389(2) 13.0705(15) 13.0390(7) 12.9703(7)
C/A 5.1393(17) 5.1410(2) 5.16780(10) 5.0381(6) 5.0199(4) 4.9441(3)
V /A3 800.3(6) 805.53(6) 808.28(3) 745.39(19) 739.12(10) 720.31(9)
‘u/mm*1 11.815 11.784 12.571 8.156 15.704 15.778
X-ray density/g-cm 3 4.565 4.612 4.611 4.194 5.051 5.292
Omin—0max/° 3.509-32.066 3.029-34.991 1.750-33.182 1.799-32.518 3.125-25.429 3.141-30.986
h range —20-20 —20-21 —16-19 —19-19 —14-15 —17-18
k range —20-20 —21-13 —20-20 —-19-19 —15-15 —18-18
I range —7-7 —-8-8 —7-7 —7-7 —6-6 —7-7
Measured refl. 14,498 19,118 10,425 13,504 5006 6453
Independent refl. 1041 1300 1131 1006 516 858
Observed refl. (I > 20(I)) 992 1245 1059 856 455 794
Rint 0.0553 0.0443 0.0621 0.0978 0.0972 0.0809
Trin; Tmax 0.5435; 0.7463 0.2816; 0.3604 0.5354; 0.7862 0.5652; 0.7464 0.4717; 0.7452 0.5554; 0.7462
No. of parameters 51 57 54 54 42 53
Flack parameter [24,25]  0.00(3) using 430 quotients —0.01(2) using 547 quotients —0.13(9) using 462 quotients 0.02(4) using 344 quotients 0.07(11) using gé»(())lc(li)otients
R1 (F? > 20(F?)) 0.0201 0.0149 0.0317 0.0364 0.0337 0.0328
wRZ(F2 all) 0.0472 0.0351 0.0784 0.0855 0.0807 0.0707
GOF 1.118 1.044 1.072 1.066 1.055 1.059
CSD-deposition code 2,203,365 2,203,363 2,203,360 2,203,368 2,203,369 2,203,367
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2.3. Energy-Dispersive X-ray Spectrometry (EDS)

Semiquantitative chemical analysis of carbon-coated, mechanically separated crystals
was carried out using a JEOL JSM-6610LV (JEOL Ltd., Tokyo, Japan) scanning electron
microscope (SEM) equipped with a high-sensitivity and high-resolution energy-dispersive
X-ray spectrometer (Bruker e-FlashHR+; detector area 30 mm?, resolution 127 eV) and
Bruker Esprit 2.0 software (Bruker Nano GmbH, Berlin, Germany). Each spectrum was
measured with an accelerating voltage of 15 kV for 60 s. No beam damage was noted.
Several years of experience with this set-up show that the performed standardless analyses
allow the derivation of chemical formulae that differ only 2-10% from the ideal formulae.

2.4. Raman Spectroscopy

Raman spectra were measured on randomly oriented crystals using a confocal micro-
Raman spectrometer Renishaw RM1000 (Renishaw plc, Gloucestershire, UK) equipped
with a 17 mW HeNe laser (632.8 nm) for excitation, an ultra-steep edge filter set facilitating
measurements as close as >40 cm~! to the Rayleigh line, a Leica DLML microscope (Leitz,
Wetzlar, Germany) with a 50x /0.75 objective, a 1200 lines/mm grating in a 300 mm
monochromator and a thermo-electrically cooled CCD detector. The entrance slit and CCD
readout were set to quasi-confocal mode. The resolution of the system (apparatus function)
was 3-4 cm !, and the Raman shift of the instrument was calibrated by the Rayleigh line
and the 520.5 cm ! line of a Si standard. Spectra were acquired over 120 s to obtain a good
signal-to-noise ratio. Full laser power (100%) could be used for crystals from batches 4, 8
and 9, whereas the Co-compounds from batches 1 and 2 required attenuation of the laser to
25% and 10%. The spectral range was extended from 4000 to —20 cm ! in order to include
the Rayleigh line as an internal standard. Instrument set-up and control were controlled
with Grams32 software. Baseline handling and peak-fitting with Lorentz-peaks were done
using the program fityk [26] using the Levenberg-Marquardt algorithm.

3. Results and Discussion
3.1. Synthesis

M3(TeOs3)2(OH); compounds with M = Ni, Co are known and have been prepared
hydrothermally from MO and TeO; in diluted HCI solution at 380 °C and 900 bar [23].
Under these conditions, an inclusion of C1~ likewise appears to be possible, but chemi-
cal analysis showed no amount of Cl in the crystals [23]. During the current study, we
have worked under considerably lower temperatures and autogenous pressures for the
hydrothermal set-up, but under alkaline conditions, because otherwise the solubility of
TeO, is not sufficient at the given temperature-pressure conditions.

Just as it was the case for the intended preparation of single-phase material in the
Mn!!/TelV /O/(H) system [14], phase purity could not be achieved during the current
study for preparation of M3(TeO3),(OH), (M = Mg, Mn, Co, Ni) compounds. In all batches,
phase mixtures were obtained, as revealed by phase analysis on basis of PXRD data (see
Supplementary Material, Figure S1). All batches compiled in Table 1 at least yielded
M3(TeO3)2(OH),-type phases as byproducts, frequently in form of prismatic hexagonal
crystals (Figure 1). The refined composition of crystals from the different batches is provided
in Table 2. Due to the distinct hexagonal prismatic form of the M;3(TeO3),(OH),-type
crystals, the PXRD pattern of the bulk show strong texture effects (Figure S1).
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Figure 1. Representative for the entire M3(TeO3),(OH),-type series (M = Mg, Mn, Co, Ni), SEM
photographs of Mg3(TeO3)2(OH)1 5{(SO4)0.2(OH)o.10} (a,b) and of Mn3(TeO3),(OH)1 5{Cly.18(OH)o 32}
(c,d) show the characteristic hexagonal prismatic form of the crystals. The crystals frequently aggre-
gate in sprays and have hollow terminations, suggesting growth under conditions of local oversat-
uration. The images are either secondary electron images (SEI) or backscattered electron contrast
(BEC) images.

Next to other known phases in variable yields, e.g., MTe3Og [11] and MTezOq3 [9,27]
as main phases, the non-reacted educt TeO, and M3O4 phases (M = Co, Mn) together with
elemental Te were sometimes found in the product mixtures. In several batches, also some
reflections in the PXRD pattern could not be assigned during phase analysis, indicating the
presence of yet unknown phases. Similar problems for preparation of single-phase material
were reported for Cosz(TeO3),(OH);-~0.45 H,O under similar hydrothermal conditions [28].
The high number of adjustable and interdependent parameters such as molar educt ratio,
concentration, temperature, duration, pH value, etc., causes this behaviour. Thus, these
parameters need to be varied and optimized for each batch, which, in most cases, is a
laborious undertaking [28].

The presence of phase mixtures precluded bulk measurements such as thermogravime-
try as a complementary analytical method for confirmation of the chemical composition,
here in particular with respect to the amount of OH™ and/or water, and NO3; ™~ or CO52~
in the crystals. Thus, analyses of the chemical composition with respect to additionally
incorporated groups, as refined in the respective crystal structure models, were performed
with selected single crystals of the M5(TeO3),(OH), series and are based upon SEM-EDS
measurements and Raman spectroscopy.
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3.2. Crystal Structures

The phases with idealized composition M'5(TeO3),(OH), (M = Mg, Mn, Co, Ni)
crystallize isotypically in the non-centrosymmetric hexagonal space group type P6smc.
Hydrothermally synthesized Co3(TeO3);(OH), and Ni3(TeOs3),(OH); have been reported as
the first representatives of the M3(TeO3),(OH), family, with the crystal structure determined
on basis of single-crystal X-ray data. Since the M3(TeO3),(OH); structure type has already
been described in detail [23], here only the most important aspects of the crystal structure
are given.

The asymmetric unit of the M3(TeO3),(OH); structure type comprises ten atoms. Atom
Os, which is part of an OH group, is located on a site with site symmetry 3m. (multiplicity
2, Wyckoff letter a), Te2 likewise is situated on a site with symmetry 3m. (2 b), Tel, O1, O3,
Oy (that is also part of an OH group) and H1 on sites with symmetry .m. (6 ¢), and M1 and
O; are located on the general position (12 d). So far, the position of the H atom bonded to
Os remains undetermined.

In the M3(TeOs3),(OH); structure type, the two isolated trigonal-pyramidal [TeOs]
units, each described with Q39% in the notation of Christy et al. [29], and [MO4(OH),]
octahedra share common corners and edges, thus forming a framework structure with
the composition M'5(TeO3),(OH); 5%°*. The Te-O bond lengths range between 1.8 and
1.9 A, which is characteristic for isolated [TeOs] groups [29]; secondary Te-O bonds
typically associated with more distant O atoms situated between 2.7-3.5 A [29] are found
for Tel (3.0 A), but not for Te2. The M-O bond lengths likewise are in the usual ranges
(Table 3) for six-coordinate metal cations MU (Mg: 2.089 A [30]; Mn: 2.199 A; Co: 2.108 A;
Ni: 2.070 A [31]) and differ mainly due to the size of the MU cation (ionic radii [32] for
coordination number 6: 0.72 A for Mg, 0.83 A for Mn (high-spin configuration), 0.745 A
for Co (high-spin configuration) and 0.69 A for Ni). Within the framework structure,
only weak hydrogen-bonding interactions [33] between the OH donor group and the
O3 acceptor atom exist, with Oy - O3 distances in the range between 3.10 [28] and 3.13 A
(Table 3). The 552 lone-pair electrons (E) situated at the Te!V atoms are stereochemically
active [34] and point to the free space of the structure, i.e., parallel to trigonal channels for
Te2 and to the centre of large hexagonal channels for Tel. Both types of channels extend
parallel to [001]. The remaining OH™ counter anions associated with Os are accommodated
in the centre of the large hexagonal channels. The diameter of these channels amounts to
~6.5 A when the space requirement of the lone-pair electrons E situated at Tel is neglected,
and to ~4.6 A when considered. Thus, Os has no framework oxygen atoms within typical
interaction distances for classical hydrogen bonding (shortest O - O distance ~4.1 A to O;).
Therefore, it appears likely that Os shows weak bonding interactions to the surrounding
lone-pair electrons E of the [TelOz] units, as has been discussed for apparent stabilizing
E - X interactions in the cubic M3Te;Og X, (M = St, Ba; X = Cl, Br) structure family where
the X~ anions are likewise located in large channels without notable interactions to the
surrounding framework [35].



Crystals 2022, 12, 1380

8 of 18

Table 3. Selected interatomic distances/A in the crystal structures of M3(TeO3),(OH)1 595 {(X, /n)
(OH)p5-+}%~ (0.5 < x < 0) compounds.

Mn3(TeO3)2(OH)1.5- MII3(TEO3)2(OH)1,5-
Mn;(Te03)2(OH)1.5(OHos {(S04)0.15(OH)g.20} {Bro.18(OH)g 32}
M1—O, 2.113(4) 2.122(3) 2.137(7)
M1—O1 2.119(3) 2.137(2) 2.142(5)
M1—O; 2.169(4) 2171(3) 2.175(7)
M1—O, 2.201(4) 2217(2) 2.227(6)
M1—O, 2.219(4) 2218(3) 2.231(6)
M1—O, 2.347(4) 2.339(3) 2.333(6)
Tel—O, (2x) 1.877(4) 1.874(2) 1.871(6)
Tel—O1 1.910(5) 1.883(4) 1.898(9)
Te2—O;3 (3x) 1.854(6) 1.852(4) 1.851(9)
0,—H1 0.87(3) 0.97(3) 1.03)
H1—O, - Os 3.111(10) 3.124(9) 3.122(11)
Mg3(TeO3)2(OH)1 5- Co3(TeO3)1.6(Se03)p.4- Ni3(TeO3)2(OH)q 5-
{(SO4).2(OH)g 1} (OH)1.5{(Se04)0.18(OH)g.14}  {(S§O04)9.2(OH)g 1}
M1—O, 2.031(8) 2.035(11) 2.014(8)
M1—O1 2.060(6) 2.097(9) 2.065(5)
M1—0; 2.049(9) 2.097(11) 2.040(8)
M1—O, 2.090(7) 2.085(10) 2.032(7)
M1—O, 2.13009) 2.157(12) 2.124(7)
M1—O, 2.240(9) 2.220(12) 2.172(8)
Tel—O, (2x) 1.880(6) 1.851(10) 1.885(7)
Tel—O1 1.866(10) 1.862(17) 1.912(11)
Te2—O3 (3%) 1.832(11) 1.750(15) 1.886(10)
0,—H1 — — —
H1—O, - 04 — — —

However, the distance between symmetry-related Os atoms within the channels
is &7 2.57 A, which points to rather strong possible hydrogen-bonding interactions [33]
along the channel direction. The principal set-up of the M3(TeO3),(OH); structure type
is given in Figure 2. As depicted in Figure 2a, the Os atom exhibits a very large Ueq
parameter. If Os is refined with anisotropic displacement parameters (ADP), a pronounced
displacement in form of elongated ellipsoids along the channel direction is observed
(Figure 2b). The reason for this behavior is obvious, since Os is not directly linked to the
framework but shows strong interactions only to its symmetry-related counterparts along
the channel direction. Aside from that, the large displacement parameter of Os indicates a
possible disorder around the position with 3m. site symmetry. This feature was observed
for all M3(TeO3),(OH),-type crystals, irrespective of the batch or the two measurement
temperatures (RT and —173 °C). Hence, this disorder appears to be characteristic for the
M3(TeO3),(OH); structure type. All attempts to model this kind of disorder by introducing
split positions led to unsatisfactory results, and Os was eventually modelled with only one
site and a large displacement parameter.
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(b)

Figure 2. (a) Crystal structure of the isotypic M3(TeO3),(OH), family of compounds (data from
Mnj;(TeO3),(OH),) in a projection along the hexagonal axis. [M1Og] octahedra (blue) are given in
the polyhedral representation, and displacement ellipsoids are drawn at the 90% probability level;
except Os refined with isotropic displacement parameters, all other non-H atoms were refined with
anisotropic displacement parameters. (b) The content of the hexagonal channel with surrounding
[Te1O3] units and the Os atom in the centre; all atoms are displayed with anisotropic displacement
parameters at the 90% probability level. The indicated distance refers to adjacent Os sites.

Dependent on the employed metal salt as the M source, additional high remain-
ing positive electron densities were noticed within the channels in the vicinity of Os.
Using SO4%~, SeO42~ or X~ (X = Cl, Br) as anion groups of the metal salt, the remain-
ing but smeared electron densities were much higher than in the case of CO3%~ or
NOs;™ as counter anions. In fact, for the crystals grown from metal sulfate, selenate
or metal halide solutions, SO42~ and SeO,?~ groups (using restraints on the S-O or
Se-O distances) and X~ (X = Cl, Br) anions, respectively, could be modelled. Differ-
ence maps, representative of the entire MHg(TeO3)2(OH)2—type series, are shown for
Mnj3(TeO3)2(OH)1 5{(504)0.15(OH)o .20} in Figure 3.

2=0.3667

0.00 0.10

Figure 3. Difference contour maps showing an intersection perpendicular to the channel direction
at the centre of the channel and with a height of z = 0.3667. Contour lines are shown at intervals of
0.2 e~ A3 with cut-offs for minimum and maximum values of —1.5and 3.0 e~ A~3, respectively.
In (a), only Os is modelled in the channel, and positive electron density (continuous lines) at the
centre (S atom) and from three surrounding O atoms is clearly visible. The remaining electron
density nearly vanishes by modelling the sulfate group with one S and two O sites in (b) (see
Figure 4), or with one S and three O sites in (c) (see Supplementary Material, Figure S2).
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2.59 A

Figure 4. (a) Crystal structure of the M3(TeO3),(OH); family of compounds with additional 50,42~
ions in the hexagonal channels (data from Mn3(TeO3),(OH)1 5{(5O4)0.15(OH)g.20}). Displacement
ellipsoids are drawn at the 90% probability level (isotropic for O5 and the sulfate group; anisotropic
for all other atoms). (b) The content of the hexagonal channel with surrounding [Te1O3] units, and
the Os atom and the sulfate group in the centre. The indicated distance refers to adjacent Os sites.

Like the O5 atom of the OH™ group, the additional anions present in the channels
are situated on the 63 screw axis. Interdependent from each other, the corresponding
anions present in the channels are occupationally disordered with the OH™ group and are
characterized by likewise large displacement parameters (Figures 4 and 5). Again, this
feature is indicative of further disorder of the incorporated groups, and most probably
interrelated with the (non-modelled) positional disorder of Os. This is a typical case,
where single crystal diffraction reveals its inherent limitations, leading to an averaged
(and idealized) picture over the entire crystal. Nevertheless, modelling of incorporated
X042~ groups for M = Mg, Co and Ni with X situated on the 63 screw axis (2 4; site
symmetry 3m.), Os as one vertex and Oy situated on a mirror plane (6 c; .m.) together
with its two symmetry-related Oy’ and Og” vertex atoms led to a satisfying tetrahedral
shape. In the case of M = Mn, the X site is situated at the same height (in z) as the three
Og atoms, resulting in an unrealistic trigonal-planar arrangement with an additional
capping Os atom (Figure 4b). Splitting Os into two further positions (O7, Og) on the mirror
plane resulted in a more realistic tetrahedral arrangement but with a tilted orientation of
the disordered XO,42~ group relative to the 63 axis (see Supplementary Material, Figure S2).
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Figure 5. (a) Crystal structure of the M3(TeO3),(OH), family of compounds with additional X~ ions
in the hexagonal channels (data from Mn3(TeO3),(OH); 5{Brg 18(OH)g 32}). Displacement ellipsoids
are drawn at the 90% probability level (isotropic for Os and Brl; anisotropic for all other atoms).
(b) The content of the hexagonal channel with surrounding [Te1O3] units, and the Os site and the
Br1 site in the centre. The indicated distance refers to adjacent Os sites.

For the lighter CO32~ or NO3~ anion groups, modelling of their presence in the
hexagonal channels did not lead to satisfactory results, although the existence of these
groups is indicated by peaks of small remaining positive electronic densities more than
1 A away from the hexagonal axis, and evidenced by spectroscopic measurements, as dis-
cussed below. A special case pertains to the use of CoSeOy as the Co!l source for growth
of Co3(TeO3)1.6(5€03)p.4(OH)1 5{(SeO4)0.18(OH)g 14} crystals. Similar to the sulfates, small
amounts of occupationally disordered SeO,?~ groups then are incorporated within the
hexagonal channels. In addition, SeO32~ anion groups exclusively substitute most parts
of the [Te203] units in the framework structure (occupation ratio Se2:Te2 = 0.80(3):0.20(3)),
as can be seen by the considerably shortened (Se,Te)2-O distances of 1.750(15) A in com-
parison with the typical Te-O distance (Table 3). The [Te1O3] unit, however, is not sub-
stituted in the present case, and the corresponding Tel-O distances are normal, indica-
tive of a clear preference of Se for the Te2 site. Hydrothermal synthesis and crystal
structure refinement (based on PXRD data) were reported for the pure end-member
Co3(5e03)2(OH); [36]. This phase likewise adopts the M3(TeO3),(OH), structure type
where the SeO32~ groups replace the TeO32~ groups. The presence of such SeO32~ groups
in Co3(TeO3)1 6(Se03)0.4(OH)1 5{(SeO4)0.18(OH)p.14}, however, requires a partial reduction
of the employed Se"'04%~ to Se!YO32~. Such a situation is not uncommon for hydrothermal
syntheses where different (unwanted) redox reactions can occur between the constituents,
frequently leading to phase mixtures. As noted in Section 3.1., mixed-valent M30, phases
were identified in some of the batches. The M! cations, partially oxidized to M cations,
may react as a reductant for Se".

The influence of the type of incorporated anion or (hypothetically) also of water on the
unit-cell parameters was examined on the basis of single-crystal and powder X-ray diffrac-
tion measurements, neglecting different measurement temperatures. Experience shows
that the volume of the unit-cell is about 1-2% smaller at —173 °C than at room-temperature,
provided that no phase-transformations occur. Corresponding unit-cell parameters for
Co- and Mn-containing phases and of Cos(TeO3),(OH), and Coz(TeO3),(OH),-~0.45H,0
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as references are collated in Table 4. The unit-cell parameters of Co3(TeO3),(OH); are
considerably smaller than those of its slightly hydrated form. The unit-cell parameters
of the Co3(TeOs3),(OH), phases with additional incorporated anions (SO4%2~, NO;3 ™) lie
between those of the two forms. In order to rule out possibly incorporated crystal water
molecules inside the channels, the powder samples from batch 1 and 2 were heat-treated at
210 °C for three days and measured again directly afterwards (see Supplementary Material,
Figure S1). The temperature of 210 °C should be sufficient for the release of potential
crystal water, as for Cos(TeO3),(OH),-~0.45H,0 the evaporation of water molecules is
reported to start at 100 °C and to be finished around 195 °C based on Raman, TGA and
MS analyses [28]. For the present samples, a significant change of the unit-cell parameters
before and after heat-treatment was not observed, demonstrating that crystal water was not
present in the samples and that the incorporated anions cause the increase of the unit-cell
volume relative to Cos(TeO3),(OH)s.

Table 4. Unit-cell parameters of samples to investigate foreign anion inclusion into M3(TeO3),(OH),
phases. Batch numbers refer to Table 1.

Possible

Batch M . Measurement T/°C alA c/lA VIA3
Inclusions

1 Co SO4%,OH" powder 25 13.1146(7) 5.0475(3) 751.8

single-crystal -173 13.1102(7) 5.0179(4) 746.9

1* powder 25 13.1186(7) 5.0335(3) 750.2

2 Co NO;—, OH~ powder 25 13.1126(7) 5.0452(3) 751.3

single-crystal -173 13.0907(4) 5.02810(10) 746.2

2% powder 25 13.1127(8) 5.0394(3) 750.4

3 Mn CO32~,0H" powder 25 13.42771(15) 5.16593(7) 806.7

single-crystal -173 13.3999(4) 5.1359(2) 798.6

4 Mn CO;2~,0H" powder 25 13.4171(3) 5.16516(11) 805.3
2— 2—

5 Mn 50, O'HC,O3 ’ powder 25 13.4271(3) 5.16877(10) 807.0

single-crystal —173 13.4082(5) 5.1371(3) 799.8

single-crystal —-173 13.410(4) 5.1393(17) 800.5

6 Mn SO4%~,0H" powder 25 13.4779(2) 5.16844(10) 813.1

7 Mn S04, 0H" powder 25 13.4902(5) 5.1673(2) 814.4

single-crystal —-173 13.4216(7) 5.1712(4) 806.7

8 Mn Cl—,OH™ powder 25 13.4206(2) 5.17517(8) 807.2

single-crystal 25 13.4364(4) 5.1738(3) 808.9

9 Mn Br—, OH™ powder 25 13.4383(2) 5.17202(8) 808.9

single-crystal 25 13.4389(2) 5.16780(10) 808.3

Co3(TeO3),(OH); [23] OH~™ single-crystal 25 13.034(6) 5.016(3) 738.0

Co3(TeO3),(OH),--~0.45H, 0 [28] OH~, H,O single-crystal 25 13.164(1) 5.0321(6) 755.2

* after heat treatment at 210 °C for three days.

For the Mn-compounds obtained from batches 3-9, a clear dependence of unit-cell
parameters from incorporated anions is difficult to deduce because a reference material
without additional anions, like for Co3(TeO3),(OH);, has not been reported so far. From
the given data, it can be seen that the unit-cell volumes of samples with CO32~,Cl™ or
Br~ as possible additional anions are very similar. Only for samples from batches 6 and
7 containing the considerably bigger SO4?~ anion groups, a significant increase of the
unit-cell volume is noticed. On the other hand, the data for batch 5 with SO42~ and CO32~
simultaneously present in the reaction mixture suggest that only a minor amount of sulfate,
if any, is incorporated in the crystals, indicating a preferred incorporation of CO32~ over
SO42~ anion groups.

However, the diameter of the hexagonal channel in the M3(TeO3),(OH); structure type,
as calculated from opposite Te- - - Te distances at the same height, correlates with the size of the
incorporated foreign group (radius OH™ =1.33 A,Clm =172 A,Br =188 A, SO42~ =258 A,
SeO,2~ =249 A [37]; H,O = 1.35 A [38]. Due to this effect, the channel diameter in-
creases from 6.412 A in Cos(TeO3)2(OH), [23] upon incorporation of water to 6.604 Ain
Co3(TeO3),(OH),-~0.45H,0 [28], to 6.535 Ain Co3(TeO3)2(OH)1 5{(SO4)p.12(OH)g 26}, or to
6.526 A with additional oxidoselenate(VI) anions in the channels in Co3(TeO3)1.4(Se03)0.4
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(OH)15{(5€04)0.18(OH)p.14} (this work). In comparison with the incorporation of water,
the bigger size of the oxidoselenate(VI) anion suggests also a larger size of the channel
diameter. However, in Coz(TeO3); 4(S5e03).4(OH); 5{(SeO4)0.18(OH)g 14} parts of the [Te205]
groups in the framework structure are substituted by smaller SeO32~ anions, which makes
the framework itself smaller and thus is not suitable for direct comparison The above men-
tioned trend can also be seen when additional sulfate anions are hosted in the channels,
with a resulting increase of the channel diameter from 6.459 A in Nig(TeO3),(OH), [23]
to 6477 A in Ni3(TeO3)2(°OH)1_5{(SO4)0_2(OH)0_1} (this work), and is 9bvious for the series
Mng(TeO3)2(OH); (6.538 A), Mng(TeO3)2(OH)1 5{Clo.18(OH)o.32} (6.553 A), Ming(TeO3)2(OH)1 5
{Bro.18(OH)o32} (6.578 A), and Mn3(TeO3)2(OH)1 5{(SO4)0.15(OH)o20} (6.617A).

3.3. EDS

Since no internal calibration was conducted for the individual SEM-EDS measure-
ments, the absolute values of the determined atomic contents are of less significance, but at
least semi-quantitative deductions can be made from each measurement. The light elements
N and C were below EDS detection limits in all cases; H atoms were not considered for the
determined composition (in %at).

For the hexagonal prismatic crystals of the Co-compounds obtained from batches
1 and 2 (employed salts: CoSO4-7H,0 and Co(NOs),-6H,0), various point analyses
on two different crystals revealed an average Co:Te atomic ratio (ideal 1.5) of 1.56
for batch 1 and 1.54 for batch 2, respectively. The averaged sulfur content was de-
termined to 1%,; for crystals of batch 1 (expected value for the refined composition
Co3(Te03)2(OH)1.5{(S04)0.12(OH)o.26} = 0.9%at).

Crystals from batches 8 and 9 (employed salts: MnCl, and MnBr;) consisted of rather
large hexagonal prisms (Figure 1c,d). For both samples, an Mn:Te ratio slightly below
the expected value of 1.5 was determined, viz. 1.38 for crystals from batch 8 (averaged
from four measurement points) and 1.37 for sample 9 (averaged from five measurement
points). The determined averaged halogen content of 2.8%,; Cl and 3.1%,¢ Br is signif-
icantly higher than that in the refined composition from single-crystal diffraction data
(Mn3(TeO3)2(OH)1 5{X0.18(OH)g 32}; X = Cl, Br; ideal 1.4%g¢). Crystals from batch 7 (em-
ployed salt: MnSOj) had the form of small hexagonal needles. An Mn:Te ratio of 1.43 on
average from three measurement points and a sulfur content of 1.5%;¢ (ideal 1.1%;¢ for the
refined composition Mn3(TeO3)2(OH); 5{(SO4)0.15(OH).20}) were determined. SEM-EDS
analyses of the crystals from batches 3 and 5 (employed salts: MnCO3; and MnSOy in a
K,COj3 solution) revealed no presence of heavy elements other than Mn and Te in ratios of
1.48 and 1.54 (from two and three measurement points on different crystals). Therefore, it
can be deduced that CO32~ ions are preferably incorporated compared to SO42~ ions, if
both are present in the solution (as in batch 5).

The colourless crystals from batch 13 (Figure 1a,b), obtained from a multi-metal
mixture (employed salts: NiO, Fe(NO3)3-9H,0, Mg(OH),), showed only the presence
of Mg as the metal. Again, the Mg:Te ratio of 1.38 averaged from five measurement
points is in fair agreement with the ideal value of 1.5. Although the employed salts were
free from sulfur, this element was clearly detected in the EDS measurement, albeit with
a much lower amount of 0.4%;,¢ than expected (1.5%¢ for an assumed composition of
Mgs(TeO3)2(OH)1 5{(SO4)02(OH)g 11). We suspect that the sulfur source originates from a
polluted Teflon container that had been used in the series of batches (including sulfates)
conducted during the present study. It should also be noted that in some of the EDS analyses
Na and Si were detected in very small amounts of ~1%,;. We can only speculate about
the origin of these elements. Insufficient washing of crystals grown in NaOH-containing
solutions and abrasion from glass containers are probable sources.
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3.4. Raman Spectroscopy

Raman spectra of investigated samples from batches 1, 2, 4, 8 and 9 exhibit similar
general features, with bands subdivided into three main groups. The O-H-stretching
vibrations occur in the region 3600-3400 cm ™!, bands originating from incorporated anions
in the region 1100-900 cm~ 1, and bands from Te-O, M-O and lattice vibrations in the
region below 800 cm 1.

Raman-spectra of the Co-compounds obtained from batches 1 (SO42~ as counter an-
ion) and 2 (NO3 ™~ as counter anion) in general show very similar band positions with one
major exception in the range between 1100 and 900 cm™~! (Figure 6). The corresponding
band in the crystal from batch 1 is at 971 cm~! and does not appear in any of the other
investigated samples from batches 2, 4, 8 and 9. This band corresponds to the symmet-
rical stretching vibration of the SO4%~ group and is comparable to the band at 981 cm ™!
for NapSOy [39]. Crystals from batch 2, instead, exhibit a rather sharp Raman band at
1044 cm ™!, corresponding to the symmetrical stretching mode of the NO;~ group, which
is at 1050 cm ! for alkali metal nitrates [39]. Thus, this is a strong confirmation that SO42~
and NO3 ™ units, respectively, are incorporated in the hexagonal channels.

14000
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L Batch 2
/ | L 12000
3442 cm™!
3466 chl
971 cm™ - 10000’\
E
L 8000 o
L=
=
T T i =
3600 3500 3400 1100 1000 900 6000§
(o=
- 4000
- 2000
I 1 1 0
4000 3000 2000 1000 0

Raman shift / cm™

Figure 6. Raman spectra of Coz(TeO3),(OH), samples with incorporated 5042~ (batch 1, cyan) or
NOs3™ ions (batch 2, orange).

The Mn-samples from batches 8 (C1~ as counter anion) and 9 (Br~ as counter anion)
have almost the same Raman spectra (Figure 7). Between 3600 and 3500 cm ™!, two OH-
stretching vibrations are discernible with maxima around 3560 and 3515 cm™~!. In contrast,
the corresponding OH modes are at 3466 and 3442 cm ™! for batches 1 and 2 above (Figure 6).
No bands corresponding to a foreign anion group were observed in the 1100-900 cm !
region unlike for the crystals from batches 1 and 2. However, crystals from batch 4 (with
CO;2~ as counter anion) show different bands in both of these characteristic ranges. The
first band at 3560 cm~! is distinctly weaker than for the crystals from batches 8 and 9.
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Given the fact that for four of the five investigated samples the band at higher Raman shifts
is more intense than the neighbouring one except for batch 4 (CO327), this indicates that
the inclusion of CO32~ influences the signal of one type of OH ™~ groups in a different way
than inclusion of C1~ or Br~. Furthermore, from the Raman spectra displayed in Figure 7,
together with the results from SEM-EDS measurements of batches 8 and 9, we can assume
that the channels are partially filled with both OH™ groups and a foreign anion (C1~, Br~,
CO327) in the single-crystals.
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3560 c_%zlmm-l - 250000
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— — : . 0
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Raman shift / cm™

Figure 7. Raman spectra of Mn3(TeO3),(OH), samples with incorporated CO32~ (batch 4, red), C1~
(batch 8, blue) or Br~ ions (batch 9, green).

When looking for characteristic bands originating from the CO32~ group itself, two
bands between 1100 and 1000 cm ™! can be observed. The one with lower intensity at
1080 cm~! fits perfectly with the symmetric stretch of a carbonate ion, like in NayCO;
(1079 cm ™! [39]). On the other hand, the occurrence of the band with higher intensity at
1040 cm ™! is not so clear and might be caused either by the presence of a HCO; ™~ group
where the bands are shifted towards lower wavenumbers like in KHCOj3 (1005 cm ™! [39]),
or to possible weak bonding interactions involving the carbonate anion itself. Possible
bonding partners are either the OH™ groups inside the channels or the tellurium atoms
directed towards the centre of the channel. As an interaction with the remaining hydroxide
groups in the channels would most likely cause a shift of the 3560 cm~! band (which is
not observed), an interaction of the carbonate O atoms with the Tel atoms is the most
probable situation. It should be noted that a contamination by nitrate (the NO3 ™ anion also
matches the Raman shift) seems rather unlikely. The symmetrical nitrate band (crystals
of batch 2) is much stronger and has a higher intensity than the one at 1040 cm ™! for the
carbonate sample. Moreover, no reasonable contamination sources could be identified by
phase analysis of the obtained bulk for the sample from batch 4.

Based on literature data for the [TeO3]*~ group [40] and analyses of the Raman
spectra of several oxidotellurate(IV) minerals [41-43], certain bands were assigned to
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the corresponding vibrational modes. A free [TeO3]>~ ion has C3, symmetry, and four
modes can be expected: vi (A1) =758 em™!, vy (A1) =364 cm ™!, v3 (E) =703 cm ! and
vy (E) = 326 cm ™! [41]. In the case of the M3(TeOs),(OH), structure type, two different,
isolated [TeO3]%>~ groups are present, corresponding to the Tel and Te2 sites. Te2 has a
site symmetry of 3m., which agrees with the Cs, symmetry of the free [TeO3]?>~ anion
and therefore only four bands should be expected. Tel has site symmetry .m., therefore
the given bands could be split. Furthermore, Te2 is bonded by the three oxygen atoms at
closer distances than Tel. Hence, it can be expected that each of the aforementioned four
modes can lead to two vibration bands, corresponding to the two different Te sites. Finally,
also the specific M atom in M3(TeO3),(OH),;-type compounds has an obvious influence
on the position of the [TeO3]>~ bands. For M = Co (batches 1, 2), the mean Te-O distances
are slightly larger [1.897 A (Tel), 1.859 A (Te2) for batch 1 and 1.895 A (Tel), 1.859 A (Te2)
for batch 2)] than for the M = Mn compounds [1.880 A (Tel), 1.847 A (Te2) for batch 8 and
1.880 A (Tel), 1.851(9) A (Te2) for batch 9)]. This difference exists despite the Co-compounds
being measured at —173 °C and the Mn-compounds at room temperature.

The Mn-samples show two bands at 804-801 em~ ! and 762-760 cm™!, which corre-
spond to the v; [TeO5]%~ symmetric stretching mode of the Tel- and Te2-centred polyhedra,
respectively. For the Co-samples, only one band is clearly visible in this range at 749 cm~!,
although a very weak shoulder can be seen at around 795 cm~!. The bonds of the Co-samples
appear at lower wavenumbers, in accordance with the aforementioned difference in Te-O
bond lengths. The v3 [TeO3]?~ antisymmetric stretching mode (703 cm ™! for a free [TeO3]>~
anion) can be observed at 688-679 cm~ ! and 657-645 cm ™! for the Mn-samples, as well as
677—675 cm ™! and 635-629 cm ™! for the Co-samples. It should be noted that the range of
the Raman shifts varies much more than for the v; modes because the corresponding bands
have a much lower intensity and are rather broad.

Assigning the v, and v4 bending modes is less straightforward, reflected also by
the given literature values that are more ambiguous. Moreover, in this low-energetic
spectral region vibrations of the [MOg] structural units and lattice modes occur. In
most analyses of oxidotellurate(IV) minerals, the v4 (E) [TeO5]%~ bending modes were
assigned between 400 and 500 cm ! rather than in the neighbourhood of the 326 cm ™!
of the free anion. If this is assumed to be the case for M3(TeO3),(OH),-type structures as
well, then the bands at 428-426 cm ™! and 400-394 cm ™! for the Mn-compounds, and
454-452 cm~! and 426-424 cm ! for the Co-samples could be assigned. Finally, for the
5 (A7) [TeO3]?~ bending modes the bands at 362-357 cm~! and 343-334 cm~! (Mn) and
326 cm~ ! and 362-359 cm ™! (Co) are considered as relevant.

4. Conclusions

Using complementary analytical methods (single-crystal and powder X-ray diffrac-
tion, energy-dispersive X-ray spectrometry, Raman spectroscopy), we could show that
foreign anions such as C1~, Br~, S04%2~, Se04%2~, CO3%2~ or NO3~ can be incorporated
into the crystal structure of M'5(TeO3),(OH), compounds (M = Mg, Mn, Co, Ni), where
they partly substitute OH™ anions in large hexagonal channels. The size of the incorpo-
rated foreign anion correlates with the size of the channel diameter and supports the
refined structure model. Due to the large diameter of the channels, in all cases, the inter-
action of the disordered components in the channels with framework atoms is very weak,
which causes high displacements from their ideal positions. In a more elaborated crystal-
chemical scheme, the incorporation of monovalent or divalent anions or anionic groups
X can be expressed by the general formula M3(TeO3),(OH)1 5% {(Xy /,)(OH)g5_}%°~
(0.5 <x <0;n =1, 2) where the anionic part in curly brackets denotes the components
situated in the channels.
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Supplementary Materials: The following supporting information can be downloaded at: https:
/ /www.mdpi.com/article/10.3390/cryst12101380/s1, Table S1: Data collection and refinement
details of related MH3(TeO3)2(OH)2-type compounds; Table S2: Selected interatomic distances/ Ain
the crystal structures of related MU3(TeO3), (OH);-type compounds; Figure S1: PXRD measurements
of bulk material; Figure S2: Crystal structure of Mn!'3(TeO3),(OH)1 5{(SO4)0.15(OH)g 29 with further
disorder modelling of the sulfate group in the hexagonal channels.
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