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In this paper, a new high-pressure (HP) polymorph of the otherwise known oxyfluoride K;MoO,F, is pre-
sented. The crystal structure was determined by use of single-crystal X-ray diffractometry and its features
are described in detail herein. HP-K;MoO,F, crystallizes in the monoclinic space group C2/m (no. 12)
with the cell parameters a = 13.8579(5), b = 5.8109(2), ¢ = 6.9442(3) A, # = 90.36(1)°, V = 559.18(4) A%,
and Z = 4 at T = 301(2) K. Bond valence (BV) and charge distribution (CHARDI) calculations were carried
out to support the assignment of oxygen and fluorine to the various anion positions and Madelung part
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DOI: 10.1039/d3dt02992a of lattice energy (MAPLE) calculations were used to validate the structure model. Infrared spectroscopy
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Introduction

Oxyfluorides as a substance class exhibit a wide variety of
different structural motifs, owed in no small part to the simul-
taneous presence of both fluorine and oxygen as anions." Even
seemingly small changes in the structure of an oxyfluoride can
have a great impact on its physical and electronic properties.
High-pressure synthesis allows for the discovery of unusually
strained, distorted and even completely novel structural
motifs, whose formation can only be observed when subjected
to the most extreme conditions, making it a powerful tool in
the search for new functional materials.

Oxyfluorides are of general scientific and industrial interest
when it comes to applications as transparent glass ceramics,’
nonlinear optical materials,” deep red-emitting Mn**-activated
phosphors,®> and in next-generation batteries.®” Oxyfluorides
of the type A,BO,F, (A = Na, K, Rb or Cs and B = Mo or W) are
particularly well known for their luminescence properties
upon doping with Mn"". While most combinations have
already been described in the literature and successfully
doped with Mn*" to yield a red luminescent material, variants
containing solely K seem to be more intricate.®** Even though
both K,Mo00,F, as well as K,WO,F, have been mentioned
before in the literature, there have been no reports of success-
ful doping with Mn**,*®*”

As an immediate relative of the title compound, the exist-
ence of the monohydrate K,MoO,F,-H,O was first reported in
1954'® and its properties investigated extensively in the mid-
1960s in a series of papers by Grandjean and Weiss.'*">*> The
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provided further information on the structure and water content of the inseparable side phase.

monohydrate compound crystallizes in the monoclinic crystal
system in space group P24/c (no. 14) with the lattice parameters
a=6.214, b = 6.192, ¢ = 18.079 A and § = 96.27°.2% The crystal
structure is made up of isolated [MoO,F,]>~ octahedra with
oxygen atoms occupying cis positions. The water molecule acts
as a bridge between two individual octahedra by bonding to
the oxygen atom of one octahedron and to the fluorine atom
of another. With O-H,0 distances of 3.10 A and a frequency of
3620 cm™" for the O-H stretching vibration in the IR spectrum,
the hydrogen bonding is reported to be quite weak."’

The anhydrous compound K,Mo00,F, was discovered four-
teen years later in 1968 by Pinsker and Kuznetsov, who deter-
mined its crystal structure by electron diffraction experi-
ments."” It crystallizes in the tetragonal space group P4/nmm
(no. 129) with the lattice parameters a = 6.19 and ¢ = 8.81 A
and ordered O and F atoms. In the anhydrous variant, the
oxygen atoms are in trans position with one Mo-O bond
shorter than the other, leading to a displacement of the Mo
atom from the equatorial plane by about 0.17 A.*”

Decades later in 1992 and 1993, the luminescence properties
of both variants were investigated under long wavelength UV
excitation at a temperature of 4.2 K, revealing a broad and struc-
tureless emission band at 680 nm stemming from charge-
transfer transitions.>*** Since then, no additional information
on K,Mo00O,F, and its hydrates has been published.

In this paper, we present the high-pressure/high-temperature
synthesis and crystal structure elucidation of a new polymorph
of anhydrous K,MoO,F, exhibiting mixed O|F occupancy.

Results and discussion

HP-K,M00O,F, was synthesized under high-pressure/high-
temperature conditions at 3.0 GPa and 800 °C using a

This journal is © The Royal Society of Chemistry 2023
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2:1 mixture of KHF, and MoO;. For a detailed description of
the synthetic procedure, refer to the Experimental section.

The crystal structure of high-pressure K,M0O,F,

HP-K,M00,F, crystallizes in the monoclinic space group C2/m
(no. 12) with the cell parameters a = 13.8579(5), b = 5.8109(2),
¢ = 6.9442(3) A, p = 90.36(1)°, V = 559.18(4) A®, and Z = 4, at
T = 301(2) K. An overview of the crystal data and structure
refinement process is given in Table 1. Wyckoff positions,
atomic coordinates, equivalent isotropic displacement para-
meters, and occupancies are listed in Table 2. Anisotropic dis-
placement parameters as well as a selection of interatomic dis-
tances are reported in Tables 3 and 4, respectively.

Table 1 Crystal data and structure refinement of HP-K,MoO,F, (stan-
dard deviations in parentheses)

Empirical formula K,Mo00O,F,
Molar mass/g mol ™ 282.14
Crystal system Monoclinic

Space group
Single-crystal diffractometer

C2/m (no. 12)
Bruker D8 Quest Kappa

Radiation; wavelength 4/pm MoKa; 71.073

alA 13.8579(5)

blA 5.8109(2)

c/A 6.9442(3)

B 90.36(1)

VIA® 559.18(4)

Formula units per cell Z 4

Calculated density/g cm™ 3.351

Crystal size/mm”® 0.10 x 0.05 x 0.02

Temperature/K 301(2)

Absorption coefficient/mm™ 3.842

F(000)/e 528

20 range for data collection/® 5.9-75.00

Range in hkl —-23<h<23
-9<k<9
-11</<11

Total no. of reflections 9484

Independent reflections 1568

Rint 0.0365

Reflections with I > 26(I) 1493

Data; restraints; parameters 1568; 0; 51

Absorption correction Multiscan

Final Ry; WR, [I > 26(I)]
Final Ry; WR, (all data)

0.0345; 0.0839
0.0368; 0.0868

Goodness-of-fiton F# 1.098
Largest diff. peak; hole/e A= 2.83; —2.08
BASF 0.0587(11)

Table 2 Wyckoff positions, atomic coordinates, equivalent isotropic
displacement parameters Ueq (A?), and occupancies for HP-K,MoO,F 4
(standard deviations in parentheses)

Wyckoff
Atom position x y z Ueq occ.
Mol  4i 0.39122(2) 0 0.22990(4) 0.0225(2) 1
K1 4i 0.05850(6) 0 0.2590(2)  0.0268(2) 1
K2 41 0.26774(6) 0 0.7156(2)  0.0316(2) 1
F1 8j 0.3734(2)  0.2341(4) 0.0575(3)  0.0341(4) 1
o1 8j 0.3734(2)  0.2341(4) 0.0575(3)  0.0341(4) 1
F2 4i 0.2478(2) 0 0.2745(4)  0.0352(5) 1
02 4 0.5165(2) 0 0.2389(5)  0.0304(5) 1
F3 8 0.3850(2)  0.2347(3) 0.4377(2) 0.0299(3) 1

This journal is © The Royal Society of Chemistry 2023
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Table 3 Anisotropic  displacement  parameters U (A% for
HP-K;MoO,F, (standard deviations in parentheses)
Atom Uy Uz Uss Uss Uiz Uz
Mol  0.0228(2) 0.0207(2) 0.0242(2) 0 0.0067(9) 0
K1 0.0285(3) 0.0250(3) 0.0269(3) 0 -0.0019(2) 0
K2 0.0279(3) 0.0246(3) 0.0422(4) 0 0.0023(3) ©
F1|O1 0.049(2) 0.0269(8) 0.0268(8) 0.0095(7) 0.0071(7) 0.0075(7)
F2 0.0160(8) 0.044(2) 0.046(2) 0 0.0013(9) 0
02 0.0191(9) 0.036(2) 0.037(2) 0 0.0036(9) 0
F3 0.0384(8) 0.0241(7) 0.0273(7) -0.0099(6) -0.0023(6) 0.0033(6)

Table 4 Selected interatomic distances (A) in HP-K,MoO,F, (standard
deviations in parentheses)

Atoms Distance Atoms Distance Atoms Distance

Mo1-F1|O1 1.828(2) 2x K1-F1|Ola 2.852(2)2x K2-F1|Ola 2.955(2) 2x

Mo1-F2 2.013(2)  K1-F1|O1b 3.299(2)2x K2-F1|01b 3.097(2) 2x

Mo1-02 1.737(3)  K1-F2 2.625(2) K2-F2a 2.9143(2) 2x

Mo1-F3 1.988(2) 2x  K1-02 2.9663(6) 2x K2-F2b 3.073(3)

%) 1.897 K1-F3a 2.721(2) 2x  K2-02 3.005(3)
K1-F3b 3.120(2) 2x  K2-F3a 2.822(2) 2%
@ 2.958 K2-F3b 2.875(2) 2x

(%] 2.950

Like the monohydrate compound, the crystal structure of
HP-K,M0O,F, is composed of isolated [MoO,F,]*~ octahedra
embedded in a matrix of potassium atoms. While O and F
atoms are ordered for both the normal-pressure (NP) modifi-
cation and the monohydrate, HP-K,M00,F, contains a single
mixed-anion position occupied equally by F and O (see Fig. 1).
This particularity has no effect on the average composition of
the octahedron but indicates the possible existence of
[MoO;F;]*~ and [MoOF;]~ building blocks within the crystal
structure. Each Mo atom is bonded to three F atoms, an O
atom and two mixed O|F positions. The bond lengths range
from about 2.00 A for Mo-F to 1.83 A for Mo-O|F and 1.74 A
for Mo-O, illustrating the more covalent bonding character of
the Mo-O bond in comparison to the Mo-F bond (see Fig. 2).
This discrepancy in the bonding characteristics of oxygen and
fluorine also serves as the basis for the distinction between
them using the bond valence (BV) and charge distribution
(CHARDI) concepts (see chapter BV, CHARDI, and MAPLE
calculations).

In addition to the sole Mo position, two crystallographically
independent  potassium  positions are present in
HP-K,Mo00,F,. K1 is elevenfold coordinated by five fluorine,
two oxygen, and four mixed-anion positions in a manner
resembling an anticuboctahedron, missing one anion contact
due to connection to a second K2 polyhedron via a shared face
(see Fig. 3). K2, on the other hand, is fully anticuboctahedrally
coordinated by seven fluorine, four mixed-anion, and a single
oxygen position. Bond distances in the K1 polyhedron vary
heavily in length from 2.625(2) to 3.299(2) A due to a large
degree of distortion. The more symmetrical anticuboctahedral
coordination sphere of K2 allows for a more even distribution
of bond lengths ranging from 2.822(2) to 3.097(2) A (see
Table 4).

Dalton Trans., 2023, 52,17514-17523 | 17515
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Overview

Fig. 1 The crystal structure of HP-K;MoO,F,.

a) b)
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Fig. 2 Coordination sphere of (a) Mol, (b) K1, and (c) K2. Bond distances are given in A.

A thorough database search revealed the existence of a
remarkably similar yet different structure in (NH,),NbOFs.
Although all the main structural motifs are identical to those
of the title compound, the [NbOF;5]*~ octahedra’s orientation
in the unit cell is slightly different. Because of this discre-
pancy, a mirror plane perpendicular to b as well as the inver-
sion center are lost, reducing the symmetry of (NH,),NbOF5
down to space group C2 (see Fig. 4). Searches for structures
with higher symmetry from which the herein described atom
arrangements could be derived, were unsuccessful. While
there is no shortage of octahedrally coordinated transition
metals cations and anticuboctahedrally coordinated alkali

17516 | Dalton Trans., 2023, 52,17514-17523

metal cations, it is the heavily distorted elevenfold coordi-
nation of K1 and the interconnectivity of the polyhedra
mimicking an anticuboctahedral environment that make this
structure unique.

Powder X-ray diffraction and phase stability

Despite numerous attempts at synthesis including variances in
starting materials, stoichiometry, pressure and temperature,
we were unable to synthesize HP-K,Mo00,F, phase-pure as of
yet. Regardless of the exact reaction conditions, a successful
synthesis of HP-K,Mo00O,F, always came hand in hand with the
formation of some amount of its hydrate K,MoO,F,-H,0 as a

This journal is © The Royal Society of Chemistry 2023


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d3dt02992a

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

Open Access Article. Published on 06 November 2023. Downloaded on 12/5/2025 2:45:49 AM.

[{ec

View Article Online

Dalton Transactions Paper

a)

Fig. 3 (a) Connection of K1 polyhedra illustrating the heavily distorted elevenfold ‘anticuboctahedron-like’ coordination. (b) Connection of K2 anti-
cuboctahedral coordination polyhedra.

HP-K,M00,F,
c2/m @
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Fig. 4 Comparison between the crystal structures of HP-K,MoO,F, (top) and (NH4),NbOFs (bottom). Seitz symbols of all possible non-translational
symmetry operations are depicted on the right-hand side. C,: rotation axis of order 2; : mirror plane, i: inversion center.
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side phase. Recorded reflection positions for both
HP-K,Mo00,F, as well as K,M00,F,-H,0 agreed well with the
ones calculated from the single-crystal structure solutions.
Since measured intensities for some reflections deviated quite
significantly from expected values, preferred crystallite orien-
tation had to be taken into account for the Rietveld refinement
in Fig. 5. The composition of the product mixture was calcu-
lated to be ~83% HP-K,M00,F, and ~17% K,Mo00,F,-H,0,
although a small amount of unidentified side phases is
present as well. Additional information on the Rietveld refine-
ment can be found in the ESL.}

The high-pressure modification of K,MoO,F, does not
appear to be stable at ambient conditions for extended periods
of time. When exposed to air, a gradual conversion to the
hydrate K,Mo00,F,-H,O can be observed. The degradation
starts off rather fast but slows down considerably once a
certain concentration is reached. This phenomenon is most
likely caused by the formation of a passivation layer on the par-
ticle surfaces, protecting inner layers from further contact with
water. When the passivation layer is disturbed by homogeniz-
ation of the sample, a significant increase in concentration of
the hydrate can be observed the following day. Moreover, the
first clear signs of formation of an additional unidentified side
phase, whose concentration continues to increase upon
further exposition to air, begin to show. An evolution of the
phase composition upon exposition to air is illustrated in
Fig. 6.

When submerged in water, HP-K,Mo00,F, instantly decom-
poses, indicated by a sudden change in color from light grey to
black. Identification of the hydrolysis products via PXRD
proved difficult due to their amorphous nature, but the for-
mation of some sort of potassium molybdenum (hydr)oxide
seems to be the most likely outcome.

View Article Online
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Doping attempts of HP-K,Mo00,F, with Mn**

As mentioned in the introduction, oxyfluorides of the type
A,BO,F, (A =Na, K, Rb or Cs and B = Mo or W) are particularly
well known for their deep-red luminescence upon doping with
Mn*". However, neither direct doping of HP-K,Mo0O,F, via
addition of K,MnFs or MnO, to the starting materials nor
mechanical doping via ball mill in a secondary step after syn-
thesis have been successful. While attempts at direct doping
lead to the formation of additional unknown side phases,
mechanical ball milling actively facilitates the transformation
of HP-K,Mo0O,F, into the hydrate as well as additional
unknown phases. The outcome of a ball milling experiment is
heavily dependent on the rotational speed (rpm, revolutions
per minute) of the mill as well as the length of pauses between
milling cycles. For low rpm experiments with long pauses,
traces of intact dopants can still be found in the phase mixture
upon completion. When milled for 6 x 10 minutes at 300 rpm
with 15 min long pauses, temperatures reach levels high
enough for HP-K,M00,F, to start decomposing. While we have
no way of directly measuring the temperature inside the ball
mill during the procedure, measurements immediately after-
wards indicate that a temperature of 50 °C was likely not
exceeded. These observations illustrate the title compound’s
sensitivity to even slight increases in temperature and its readi-
ness to convert into thermodynamically more stable phases
given the chance. It should be noted that complete absence of
air and moisture could not be guaranteed for the ball milling
procedure, possibly explaining why the hydrate is a major
decomposition product. Nevertheless, with a significant
amount of HP-K,Mo0O,F, intact after either method of doping,
red luminescence stemming from successfully incorporated
Mn"" ions should have been easily identified, ultimately

Intensity /a. u.

—— Observed Pattern
—— Best fit profile
—— Difference curve
| Reflection positions of HP-K,MoO,F, | 83%

Reflection positions of K,MoO,F,* H,O | 17%

(CUE L MVER T T OURNTAN OO OO R

I
5 10 15 20

25 30 35 40

20 /deg Mo-Ka,, (A = 0.7093 pm)

Fig. 5 Rietveld plot of the product mixture. The observed pattern is plotted in black, the best fit profile in red and the difference curve in blue.
Reflection positions of HP-K;MoO,F4 and K;MoO,F4-H,0 are marked in green and orange, respectively.
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Fig. 6 Evolution of phase composition of the product mixture upon exposition to air. Conversion to the hydrate starts off rather fast (red line) but
quickly reaches a plateau due to the formation of a passivation layer (green line). Subsequent homogenization disturbs the outer hydrate layer,
allowing more of the high-pressure polymorph to be converted in shorter time (blue line). Asterisks denote reflection positions belonging to a
second unidentified side phase, whose presence first becomes clear in the blue data set. A-D illustrate the changes over time by looking at the most
prominent reflections of K;MoO,F4-H,O. The experiment was carried out in September 2023 in Innsbruck, Austria in an air-conditioned lab at a

temperature of 22.5 °C and an average relative humidity of approx. 50%.

leading us to conclude that HP-K,Mo0O,F, is not a suitable
host material for Mn*".

BV, CHARDI, and MAPLE calculations

Due to how close fluorine and oxygen are to each other on the
periodic table, distinction between them based solely on
observed electron density often proves quite difficult. In select
cases such as this one, site occupation factors during structure
refinement can provide a good indication for the distribution
of anions over specific crystallographic positions. However,
their informative value strongly depends on the nuances of
each individual crystal structure, as even the slightest imbal-
ance can render fluorine and oxygen virtually indistinguish-
able from each other in this way. Aside from expensive and
experimentally demanding neutron diffraction experiments,
the most reliable yet easily accessible way of differentiating
between oxygen and fluorine is a thorough analysis of the
bonding situation around each atom via bond valence
(BV)**” and charge distribution (CHARDI)**7*° calculations.
Both BV and CHARDI are based on Linus Pauling’s concept of
bond length/bond strength and Rudolf Hoppe’s theory of
effective coordination numbers (ECoNs).*'* Using a series of

This journal is © The Royal Society of Chemistry 2023

mathematical equations, oxidation states of atoms in in-
organic crystal structures can be estimated based on the
chemical identity of the atoms within a coordination polyhe-
dron and the distance between them. The term bond valence
was first introduced by Donnay and Allmann in 1970** and the
concept further expanded upon by Brown et al. in the following
years.’®>” While the BV concept relies on the use of empiri-
cally determined parameters for its calculations,’®?® CHARDI
is able to avoid the use of such ‘standard’ values altogether by
adopting a Madelung-type (point-charge) description of crystal
structures, exclusively incorporating real observed distances
into its calculations.*® The final results of the theoretical calcu-
lations agree well with the assignment based on crystallo-
graphic data across the board and are reported in Table 5.

The Madelung part of lattice energy (MAPLE) can be used
for the validation of structure models.*"** If MAPLE values are
calculated for the title compound HP-K,M0O,F,, then for a
well-determined crystal structure this value should agree with
the sum of the MAPLE values of the theoretical components
KF and MoO,F, within 1%. Using the program Maple v4,* the
values for HP-K,M00,F,, KF (high-pressure modification) and
MoO,F, were calculated and compared. A difference in the

Dalton Trans., 2023, 52, 17514-17523 | 17519
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Table 5 Oxidation states of atoms in HP-K;MoO,F, calculated via the
BV (X V) and CHARDI (¥ Q) concepts

Mol K1 K2  F1l01 F2 02 F3
v +5.59 +1.07 +1.01 -1.40 -0.98 -1.89 -1.00
Yo +6.03 +0.99 +0.98 -1.52 -1.00 -1.84 -1.06
Average +5.81 +1.04 +1.00 -1.46 -0.99 -1.87 -1.03
Theoretical charge +6.00 +1.00 +1.00 -1.50 -1.00 -2.00 -1.00
respective values of only 0.52% (see Table 6) distinctly indi-

cates a plausible structure model.

Infrared spectroscopy

The most prominent bands in the IR spectrum (see Fig. 7)
stem from stretching modes involving the central octahedrally
coordinated Mo atom and its bonding partners O and F. Mo-F
stretching modes are situated between 400 and 560 cm™, with
the signal at 552 cm™" most likely corresponding to the asym-
metric stretching mode. Mo-O vibrational modes are located
at slightly higher energies in the spectral region ranging from

Table 6 Comparison between the calculated MAPLE values for
HP-K;MoO,F, and the corresponding theoretical starting materials KF
(high-pressure modification) and MoO,F, according to the equation:
2 KF + MoO,F, - K;M00,F,

KF (HP),*® kJ mol™* 924 (x2)
MoO,F,,"” k] mol™* 22 864
Y of starting materials, k] mol™* 24712
HP-K,M00,F,, k] mol™" 24584
Difference, k] mol™* 128
Difference in % 0.52

View Article Online

Dalton Transactions

900 to 1000 cm™' The broad absorption bands with local
maxima at 3441 and 3639 cm™' can be attributed to asym-
metric and symmetric O-H stretching vibrations, whereas the
more defined bands at ~1621 cm™" can be assigned to the
H-O-H bending vibration of the water molecule contained
within the side phase K,M0O,F,-H,0.

Since the presence of water of crystallization in the “classic”
sense, i.e. entire water molecules incorporated into the crystal-
line framework, like is the case for K,MoO,F,-H,O, can be
ruled out with certainty for HP-K,M0O,F, based on the single-
crystal data collected, we are led to believe that the bands
related to O-H vibrations in Fig. 7 originate entirely from the

Fig. 8 Photograph of the
microscope.
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to similar compounds reported in literature.*®4°
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Infrared spectrum of the powdered product mixture containing HP-K;MoO,F, and K;Mo0O,F4-H,0O. The bands were assigned by comparison
v: stretching vibration, 5: bending vibration.
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side phase. However, since the high-pressure polymorph
cannot be separated from the hydrate side phase and is itself
highly susceptible to air and water, conclusive analytical proof
for the absence of H atoms is difficult to obtain. As a result,
even though we do not believe this to be the case given the
data, we cannot completely rule out the possibility of a certain
amount of OH groups being present in the new high-pressure
phase.

Conclusion

A new high-pressure modification of the oxyfluoride com-
pound K,Mo0O,F, was obtained using a multianvil setup and
characterized via single-crystal X-ray diffractometry. It crystal-
lizes in the monoclinic crystal system in space group C2/m
(no. 12) with the cell parameters a = 13.8579(5), b = 5.8109(2),
¢ = 6.9442(3) A, p = 90.36(1)°, V = 559.18(4) A®, and Z = 4 at
T = 301(2) K. The main motif are isolated [MoO,F,]*~ octahe-
dra embedded in a matrix of potassium atoms, although their
exact composition can vary from [MoO;F;]’~ to [MoOFs]|~
depending on occupation of the mixed-anion site. Said site
was identified by analysis of the local bonding environment
via BV and CHARDI calculations, allowing for a clear assign-
ment of fluorine and oxygen to each individual anion position.
MAPLE calculations were carried out to further support the
structure model and IR measurements confirmed the presence
of water of crystallization within the inseparable side phase.
Even though we were unable to conclusively prove the absence
of H atoms in the high-pressure polymorph reported in this
paper given the circumstances, we believe that cumulative data
points toward it being free of water and hydroxy groups.
Despite the prevalence of oxyfluorides of the type A,BO,F, (A =
Na, K, Rb, or Cs and B = Mo or W) in recent research on deep-
red emitting Mn*"-activated red phosphor materials,
HP-K,Mo00,F, could not be successfully doped with Mn*".

Experimental section
Synthetic procedure

HP-K,M00,F, was synthesized under high-pressure/high-
temperature conditions in a 1000 t frame press (Max
Voggenreiter GmbH, Mainleus, Germany) employing a multi-
anvil setup to simulate quasi-hydrostatic pressure conditions.
40.00 mg (0.5121 mmol) KHF, (Alfa Aesar, 99+% metals basis)
and 36.86 mg (0.2561 mmol) MoO; (in-house sample, purity
verified via PXRD) were weighed in a glovebox and homogen-
ized in an agate mortar. The light grey powdered mixture was
subsequently transferred into a platinum capsule (99.95%,
Ogussa, Vienna, Austria) and placed inside a boron nitride cru-
cible (Henze Boron Nitride Products AG, Lauben, Germany).
The reaction vessel was inserted into two separate cylindrical
graphite ovens, acting as resistive heaters, and enclosed in a
ZrO, sleeve for temperature isolation. The sample was centered
and prepared for current conduction by placement of a MgO

This journal is © The Royal Society of Chemistry 2023
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spacer and Mo platelet on either side of the cylindrical con-
struction. Insertion into an octahedron consisting of MgO
doped with 5% Cr,03; completed sample preparation. To allow
for quasi-hydrostatic compression of the assembly, the octa-
hedron was surrounded by eight tungsten carbide cubes with
truncated corners (Hawedia, Marklkofen, Germany) as well as
six steel anvils and placed into the cylindrical cavity of the
Walker-type module. With this geometric setup, the uniaxial
pressure acting on the Walker-type module can be distributed
equally among the eight different faces of the octahedron.
Additional information regarding various assemblies and
experimental setups can be retrieved from literature.”*>*

Upon completion of the experimental setup, the pressure
acting on the assembly was increased to 3.0 GPa within 80 min
followed by a rise in temperature to 800 °C in 10 min. Pressure
and temperature were held constant for an additional 20 min
before the sample was cooled back down to 200 °C in 60 min.
Finally, the reaction was quenched to room temperature.
Depressurization back to atmospheric pressure was achieved
within 900 min. Upon recovery of the platinum capsule and
separation from other assembly materials, the product was
extracted under argon atmosphere to reveal a polycrystalline
sample with a slight green tint (see Fig. 8). As only larger par-
ticles exhibit a green color, the sample appears light grey after
homogenization.

Powder X-ray diffraction

A powder diffractogram of HP-K,Mo00O,F, was recorded on a
STOE STADI P powder diffractometer (STOE & CIE GmbH,
Darmstadt, Germany) in transmission geometry. The device
was operated in Debye-Scherrer mode with Ge(111)-monochro-
matized MoKa, radiation (1 = 70.93 pm) across a 26 range of
2.0-42.0° with a step size of 0.015°. Prior to removal from the
glovebox, a sample was homogenized and sealed inside a
soda-lime glass capillary to allow for a measurement under
ambient conditions without the interference of oxygen or air
moisture. Diffracted radiation was recorded on a DECTRIS
MYTHEN 1 K microstrip detector system. Subsequent Rietveld
analysis was performed using the software package DiffracP's
Topas 4.2 (Bruker AXS, Karlsruhe, Germany).>*

Single-crystal X-ray diffraction

A sample of HP-K,M0O,F, stored under argon atmosphere was
transferred onto a microscope slide and covered with perfluoro-
polyalkylether to allow for the selection of a suitable single
crystal under a polarization microscope outside of the glove-
box. The selected crystal was mounted onto a Bruker D8 Quest
single-crystal diffractometer (Bruker, Billerica, USA) for
measurement at an ambient temperature of 301(2) K. MoK«
radiation (4 = 71.073 pm) was generated by monochromatiza-
tion of radiation from an Incoatec IuS Microfocus X-ray tube
(Incoatec, Geesthacht, Germany) and diffracted onto a Photon
III C14 detector system.

The data was collected and monitored with the program
ApEx v2021.4-0.>° Integration, data reduction and unit cell
refinement were carried out in Sant-V 8.40B.°° A multi-scan
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absorption correction provided by Sapaps-2016/2°7 was
applied to the intensity data. Space groups C2 (no. 5), Cm (no.
8), and C2/m (no. 12) were considered for structure solution
based on extinction conditions, with C2/m (no. 12) being
found to be correct. The structure was solved using
SueLxti-2018/2°% in Olex2® utilizing the Sueixt 2017/1%°
refinement package employing full-matrix least-squares
against F°. Twinning via a twofold axis about [001] was
resolved by refinement of the structure as a 2-component
pseudo-merohedral twin using the twin law (-1, 0, 0, 0, —1, 0,
0, 0, 1) and a batch scale factor BASF of 0.0587(11). The pres-
ence of higher space group symmetry was ruled out by an
Appsym®®? check in Praron.®? Standardization of the crystal
structure data was performed using the subroutine STRUCTURE
% vVisual representations of the crystal structure were
created with Diamonp 4.6.8.%

Tipy.

Infrared spectroscopy

Infrared measurements were carried out on a Bruker Alpha II
FT-IR spectrometer under Ar atmosphere to prevent further
reaction of HP-K,Mo0O,F, with air moisture. A small amount of
the product mixture was ground up together with double the
amount of KBr and pressed to a transparent pellet using an
apparatus capable of enacting a pressure of ~2 tons onto the
sample. The measurement was performed at room tempera-
ture across a range of 400-4000 cm ' with a resolution of
2 em™ . A background correction resulting from the measure-
ment of pure KBr was applied to the obtained sample data.
The proprietary software Opus version 8.2 by Bruker was used
for data handling.
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