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Abstract

Inverse weberites are of interest as geometrically frustrated magnetic materials due to their
unique cation arrangement. We have synthesized nine isostructural materials that adopt the
inverse weberite crystal structure, which consists of cross-linked kagome layers. These materials,
having the general formula M"M"Fs(H20)2 (M" = Co, Mn, Ni, and Zn; M = Ga, Cr, Fe, and
V), were synthesized using mild hydrothermal conditions, which yielded phase pure samples
after reaction conditions optimization. Their crystal structures, optical, thermal, and magnetic
behavior were characterized using single crystal X-ray diffraction, UV-vis spectroscopy,
thermogravimetric analysis, and by measuring the magnetic susceptibility and isothermal
magnetization data respectively. Three distinct types of magnetism were observed including
simple paramagnetism, antiferromagnetism and canted antiferromagnetism, the latter is
accompanied with a high frustration index f'in a range 4.16—8.09. We demonstrated that the
magnetic behavior of inverse weberites depends on the presence or absence of unpaired electron
containing cations on the two distinct crystallographic sites, which can be employed for the

prediction of the magnetic properties of other compounds in this rich and diverse family.



Introduction

Magnetic frustration is typically observed and studied in select structure types that exhibit
geometric frustration, including the pyrochlore, the hexagonal tungsten bronze, the weberite and
the inverse weberite structures. The pyrochlore and weberite structure-types bear a relationship
to the fluorite structure, AX?, and are often described as anion deficient fluorite superstructures
with compositions of A2B2X7 for the pyrochlore and weberite structures, and [ 3B2Xs(H20)2 ([]
= vacancy) for the inverse weberite structure.!™ The pyrochlore and weberite structures exist as
both oxides and fluorides, where the latter, A2B2F7, have attracted attention recently due to the
ability of the fluorides, for charge reasons, to accommodate late 34 transition elements, resulting
in magnetic frustration as well as intriguing magnetic interactions in systems such as
NaCaCo2F7, NaStMn2F7 and NaSrFe>F7* ° pyrochlores, and Na,CoCrF7, NaxCoFeF7,°
Na:NiFeF7’ and NaxMnFeF7® weberites.

Over the years, a large number of pyrochlore and weberite fluorides, A2B2F7 have been
synthesized and investigated for their extensive magnetic properties that are very sensitive to the
specific magnetic and non-magnetic cations that make up the structures.® An extensive
compilation of weberite fluoride compositions were published by Nino and coworkers!® and
frustrated magnetic pyrochlore fluoride compositions were reviewed by Reig-i-Plesis.” In
addition, defect pyrochlore fluorites of the type AB*'B**Fs, where a fluorine atom is missing and
the A site is half-occupied compared to pyrochlore structure, such as RbFe2Fs, CsNiCrFs and
CsMn2Fs, with and without crystallographically ordered transition metals, have been synthesized
and studied.! A comprehensive review of inorganic fluorides was recently published by the
Tressaud group.'® By comparison with fluoride pyrochlores (~16) and weberites (~81), far fewer
inverse weberite compositions (~13) have been reported to date,'% 16 although they were studied
for their magnetic frustration already in the 1970-1980’s"2 1720 and those known have been

compiled.!% 1



Figure 1. Individual kagome layer of (top left), hexagonal tungsten bronze?' (BFs in purple
octahedra, A cations in red sphere) (top right) pyrochlore® (BFsin purple octahedra, A cations in
yellow spheres)?! (bottom left) weberite?? (M!'Fs in blue octahedra, M'!'Fs in pink octahedra, A
cations in yellow spheres) and (bottom right) inverse weberite (M"'Fs in pink octahedra,
MU"F4(H20): in blue octahedra). The insets show triangular plaquettes with frustrated spins.

The structural relationship between the fluorite, pyrochlore and weberite structures was
recently reviewed.!? In brief, both the pyrochlore and the weberite structures can be described as
resulting from the stacking of AB3 and A3B layers where the different stacking of the layers
results in the different coordination environments of the anions in the weberite and pyrochlore
structures. (The ABs3 layer in the pyrochlore structure is often described as hexagonal tungsten
bronze-related layer) An additional outcome of this stacking is the creation of a kagome type
network for the A cations (Figure 1). This kagome arrangement is the origin of the observed
magnetic frustration in these materials which is of interest for the unusual magnetic ground states
and physical properties that are related to it.2>>* Magnetic frustration occurs primarily from
competing antiferromagnetic spin interactions caused by the topology of the lattice that hinders
simultaneous antiferromagnetic arrangement of coupled magnetic moments, and the types of
structures that exhibit magnetic frustration due to kagome-net arrangements include the weberite
and pyrochlore* %3134 lattices. These structures mainly consist of triangular or tetrahedral
arrangements that impose spin constraints that cause magnetic frustration. Experimentally, the

degree of frustration of a material is often expressed as a deviation of the magnetic ordering



temperature from the Weiss constant in the form of the frustration index /= |@cwl|/Tc, where Ocw
is the Curie-Weiss temperature and Tc is magnetic ordering temperature.>*

The kagome lattice is a planar array of corner-shared triangles and is considered one of
the most magnetically frustrated structures. Compounds with kagome layer arrangements are
highly sought after for their potential applications in generating novel spin liquids.*>*? Different
arrangements of kagome layers can lead to lattices exhibiting more complex frustration
geometries. One example of such an arrangement is observed in weberites, where two kagome
layers are cross-linked with each other at an almost 90° angle. The weberites have the general
formula of A2M™M'™F7 (A is an alkali metal, M and M'! are 3d metal cations), where both M"
and M'! cations are in distinct octahedral sites.>> **~#¢ In the weberite structure, the M"'Fs chains
of corner shared octahedra run along the h-axis and are connected to adjacent chains by M"'Fg
octahedra, resulting in MM kagome layers. The two A cations, which reside in 7 and 8
coordinate environments, are located between the chains and charge balance the fluoride
framework. Inverse weberites, which have the general formula M"M"!'Fs(H20), are a variation
on the weberite structure in which the most obvious difference is that the M" and M octahedral
sites are switched. Two additional important differences are the replacement of two F atoms by
water molecules and the absence of A cations (Figure 2).% *7- 48 Both weberites and inverse
weberites have been investigated to understand the concept of coupled magnetic frustration in
compositions where two types of cations occupy distinct crystallographic sites.% 1204649 I
1980s, Laligant et al. successfully synthesized M!'Fe''"Fs(H>0)2 (M" = Fe, Mn, Co, Ni and Zn)
using solvothermal methods and their studies indicate that in inverse weberites frustrated
magnetism can be induced when both M and M have unpaired electrons."> > !7-30-52 However,
frustrated magnetism properties were studied only for Fe**-based compounds, and that of other
inverse weberite structures has not been studied yet.

33759 of nine isostructural inverse

Herein, we report the mild hydrothermal synthesis
weberite fluoride hydrates (1-9) with the general formula M"M™F5(H20)2 (M" = Co, Mn, Ni,
and Zn; M'"! = Ga, Cr, Fe, and V) and discuss their crystal structure, synthesis, thermal, optical,
and magnetic behavior. Seven of the reported compositions (1-5, 8 and 9) are new and two other
compositions (6 and 7) were reported previously.’® The material syntheses involved two

different reaction profiles, including thermal quenching techniques, to obtain the phase pure

products. The crystal structures were determined by single crystal X-ray diffraction, thermal



properties were evaluated through thermogravimetric analysis as well as differential thermal
analysis, optical properties were studied by UV-vis spectroscopy, and finally their magnetic
behavior was analyzed by collecting magnetic susceptibility vs. temperature and magnetization
vs. field data. Even though all the materials are isostructural, we observed three different types of
magnetic behavior in these compounds, paramagnetism, antiferromagnetism and frustrated
canted antiferromagnetism. Interestingly, we determined that based on the presence or absence of
unpaired electrons in the M"! and M cations, the overall magnetic behavior changes and that
this information can be used to predict the occurrence of magnetic frustration in the inverse

weberite structures.

M'MIF (H,0),

Figure 2. (top left) polyhedral representation of the 3D crystal structure of M"M™Fs(H20)2
viewed along a-axis. Blue and pink octahedra represent M'F4(H20)2 and M'!'Fs, respectively.
Red, green, and light-pink spheres represent O, F, and H atoms, respectively. (top right) Cation
topology of the inverse weberite structure representing interconnected kagome layers. (bottom)
Representations of the individual kagome layers. Blue and pink spheres represent M'F4(H20)2
and M"Fs octahedra, respectively.



Experimental
Synthesis

The following materials were used as received without further purification: Ga2Os (Alfa
Aesar, 99.99%), V203 (Alfa Aesar, 95%), Co(NO3)2-6H20 (Alfa Aesar, 98%), Zn(NO3)2.6H20
(Fisher Scientific), Fe(NO3)3-9H20 (Alfa Aesar, 98%), FeFs (Strem Chemicals, 99+%),
CrCl3-6H20 (MCB, 99%), Mn(CH3COO)2-4H20 (Alfa Aesar, 98%), Ni(CH3COO)2-4H>0
(Sigma Aldrich, 98%), NiO (Alfa Aesar, 99%), Co(CH3COO)2-4H20 (Alfa Aesar, 98%) and HF
(48%, EMD).

Caution! HF is corrosive and acutely toxic. HF exposure causes severe burns that may not be
immediately painful and may cause permanent injury or death. Appropriate personal protective
equipment should be worn at all times when handling HF, and proper technique for using HF
safely should always be followed. Temperature quenching of the hot reaction vessels in an ice
bath may result in hot water splashing and proper precautions must be taken during this

procedure (face shield, heat resistive laboratory coat, and thermally insulated gloves should be
used).

The mild hydrothermal crystal growth technique was employed to synthesize all nine
crystalline materials (1-9). The starting reagents were loaded into 23 mL PTFE liners using the
quantities listed in Table 1 along with the indicated volumes of 48% HF. The PTFE liners were
sealed inside stainless-steel autoclaves, which were placed inside a programmable oven. Two
different temperature profiles were used to obtain phase pure products of the materials (1-8).

For 1-5 (compound numbers given according to Table 1), the oven was heated to 200 °C
in an hour and allowed to dwell for 12 hours. After dwelling, the oven was shut off and allowed
to cool to room temperature naturally. Similarly, for 6-8, the oven was heated to 200 °C in an
hour and allowed to dwell for 12 hours at which point the autoclaves were thermally quenched
by placing them into an ice bath. For 9, the oven was allowed to dwell at 200 °C for 36 hours and
allowed to cool to room temperature at a cooling rate of 1 °C/min. Note that caution should be
taken when opening the PTFE liners as it may contain HF vapor.

All reactions resulted in polycrystalline powders that were collected via vacuum
filtration. The products 1-5, 9 were washed with acetone and allowed to air dry while products 6-
8 were washed with water. Sufficiently large single crystals located among the polycrystalline

powders were picked and used for single crystal X-ray diffraction and property measurements.
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Any remnant fluoride ions were immobilized by treating the liquid waste with excess CaCla. A
modified synthesis procedure that resulted in compound 10 can be found in the SI. It is included

in Table 1 to illustrate the importance of the reagent choice when targeting the inverse weberites.

Table 1. Starting reagents for 1-10

m(M" source) (g) m(M™ source) (g)
Chemical Formula | M'(CH3COO), | M(NOs), | MO | M"™,05 | MUCl5e M"(NOs); | MFs; HE
*4H,0 *6H,0O 6H,0 *9H,0O (mh
CoGaFs(H0), (1) | 0.1500 0.0451 18
CoCrFs(H20)2 (2) 0.1500 0.0549 1.8
MnCrFs5(H20)2 (3) | 0.1500 0.1305 1.8
NiCrFs(H;0); (4) | 0.1500 0.0642 18
ZnCrFs(H>0) (5) 0.1500 0.0537 1.8
CoFeFs(H,0): (6) 0.1500 0.1458 0.9
NiFeFs(H20)2 (7) | 0.1500 0.1948 0.6
NiVEs(H:0), 8) | 0.1500 0.0587 0.5
CoVF5(H20)2 (9) | 0.2490 0.1500 1.0
NiFeFs*7H,0 (10) 0.1100 0.1116 | 2.0

Single-Crystal X-ray Diffraction (SXRD)

Single-crystal X-ray diffraction data were collected at 300(2)-303(2) K on a Bruker D8
QUEST diffractometer equipped with an Incoatec IuS 3.0 microfocus radiation source (MoKa, 4
=0.71073 A) and a PHOTON II area detector. The crystals were mounted on a microloop using
immersion oil. The raw data reduction and absorption corrections were performed using SAINT
and SADABS programs.®* ®! Initial structure solutions were obtained with SHELXTL-2017%2
using direct methods and Olex2 GUI.® Full-matrix least-square refinements against F were
performed with SHELXL software.* The crystallographic data and results of the diffraction

experiments are summarized in Table 2.



Table 2. Crystallographic data for 1-10.

Chemical formula CoGaFs(H:0): | CoCrFs(H:0): | MnCrFs(H:0): | NiCrFs(H:0): ZnCrFs(H:0): | CoFeFs(H:0): | NiFeFs(H:0): NiVF5(H:20): CoVFs5(H:20): NiFeFs-7(H:0)

O] 2 (©)] @ ® ©) Q) ® ® 10)
Formula weight 259.68 241.96 237.97 241.74 248.40 245.81 245.59 240.68 240.90 160.78
Crystal shape, color block, colorless | block, orange block, green needle, green block, colorless | plank, colorless | plate, colorless plank, orange block, red block, colorless
Crystal system Orthorhombic Triclinic
Space group, Z Imma P1
a, 7.4003(2) 7.4078(2) 7.4651(4) 7.3323(3) 7.3765(2) 7.4874(4) 7.4227(2) 7.3983(2) 7.4913(3) 5.19300(10)
b, A 10.5670(3) 10.6655(3) 10.8195(5) 10.6106(5) 10.6738(3) 10.7364(6) 10.6591(2) 10.6280(3) 10.7034(5) 5.2158(2)
c, A 6.5491(2) 6.5611(2) 6.7317(3) 6.5499(3) 6.5792(2) 6.5663(6) 6.5529(10) 6.5556(2) 6.5613(3) 5.4473(2)
a, deg. 90 66.3620(0)
B, deg. 90 64.5300(10)
Y, deg. 90 84.0950(10)
v, A3 512.13(3) 518.38(3) 543.71(5) 509.58(4) 518.02(3) 527.85(5) 520.21(19) 515.46(3) 526.10(4) 121.596(7)
Pealed, g/em® 3.368 3.100 2.907 3.151 3.185 3.093 3.136 3.101 3.041 2.196
Radiation (A, A) MoKa, 0.71073
p, mm’ 8.541 5.336 4.359 5.868 6.768 5.930 6.447 5.506 4.969 3.514
T,K 300(2) —303(2)
Crystal dim., mm® 0.06x0.04x0.04 | 0.03x0.02x0.02 | 0.03x0.02x0.02 | 0.03x0.01x0.01 | 0.04x0.04x0.02 | 0.04x0.04x0.02 | 0.04x0.04x0.02 | 0.04x0.04x0.02 | 0.03x0.02x0.02 | 0.05x0.05x0.01
20 range, deg. 4.16-36.28 3.65-32.48 3.56-30.33 3.66-36.36 3.64-36.39 3.64-34.90 3.81-36.30 3.65-36.34 7.614-56.554 8.56-56.536
Reflections collected 4016 11538 3390 3094 9667 4192 5946 3649 1306 8036
Datarestraints 363/0/33 521/0/32 390/0/31 337/0/32 340/0/32 345/0/32 341/0/33 339/0/32 359/0/30 599/0/70
/parameters
Rin 0.0301 0.0338 0.0402 0.0352 0.0281 0.0369 0.0255 0.0287 0.0228 0.0434
Goodness of fit 1.165 1.046 1.197 1.244 1.051 1.158 1.162 1.136 1.168 1.220
R,(I>20(1)) 0.0099 0.0175 0.0315 0.0258 0.0122 0.0414 0.0103 0.0127 0.0186 0.0193
wR; (all data) 0.0265 0.0403 0.0705 0.0594 0.0347 0.0776 0.0326 0.0295 0.0414 0.0520
Largest diff. peak/hole,

0.277/-0.261 0.395/-0.550 0.640/-0.819 0.663/-0.876 0.352/-0.255 1.139/-1.669 0.196/-0.206 0.220/-0.328 0.36/-0.30 0.34/-0.32
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Powder X-ray Diffraction (PXRD)
Powder X-ray diffraction (PXRD) data were collected on ground polycrystalline samples
to confirm phase purity (Figure S1). Data were collected on a Bruker D2 PHASER

diffractometer using Cu Ka radiation over a 20 range 5—65° with a step size of 0.02°.

Energy Dispersive Spectroscopy (EDS)

EDS was performed directly on crystals mounted on an SEM stub with carbon tape.
Elemental analysis was done using a Tescan Vega-3 SEM instrument equipped with a Thermo
EDS attachment (Table S1). The SEM was operated in low-vacuum mode with a 30 kV

accelerating voltage and a 20 s accumulating time.

UV-vis Spectroscopy

UV-vis spectra were recorded using a Perkin-Elmer lambda 35 scanning
spectrophotometer. The spectrophotometer was operated in diffuse reflectance mode and was
equipped with an integrating sphere. Reflectance data were converted internally to absorbance

via the Kubelka-Munk function.®> Spectra were recorded in the 200-900 nm range.

Thermogravimetric Analysis

Thermogravimetric and differential thermal analysis (TGA/DTA) measurements were
performed on polycrystalline powder samples using a SDT Q600 Thermogravimetric Analyzer
and a platinum pan as the sample holder. Samples were heated from room temperature to the
target temperature (600°C) at 10 °C/min under a flow of nitrogen gas (100 mL/min), and the
resulting powders were analyzed by PXRD for phase identification post heating.

Magnetic Measurements

Susceptibility and magnetization measurements were performed using a Quantum Design
MPMS3 SQUID magnetometer. Susceptibility measurements were performed under an applied
field of 0.1 T in the temperature range of 2—300 K. Magnetization measurements were performed
at 2 K in an applied field ranging from —5 T to 5 T. All magnetic data were corrected for radial

offset and shape effects.®

10



Results and discussion
Synthesis

All the materials were grown as polycrystalline powders containing a small fraction of
single crystals using mild hydrothermal syntheses with concentrated HF as an efficient
fluorinating agent. The slow cooling profile yielded the desired products M"M™Fs(H20), (M! =
Co, Mn, Ni, and Zn; M = Ga, and Cr) 1-5. When this procedure was used to synthesize 6-8
MIMM"Fs(H20)2 (M" =Co and Ni; M = Fe and V) it resulted in a mixture of the target phases
6-8 along with the previously reported M"M"Fs¢7(H20) (M" = Co and Ni; M = Fe and V)
phases.%” After multiple unsuccessful attempts to optimize the starting materials’ molar ratios to
crystallize the target phases 68, we speculated that based on the high-water content of the side
products M"M!!'F5+7(H20) and their previously reported thermal decomposition to
MIMMFEs(H20)2,%” higher temperatures would likely stabilize the dihydrate products, which can
transform to the heptahydrate upon slow cooling (Table S3). To test this hypothesis, we
employed a thermal quenching method and successfully isolated the desired compounds.
Therefore, it is crucial to cool down the reaction vessels immediately after dwelling at 200 °C to
isolate the M"M'"'F5(H20)2 phases. Nonetheless, a small amount of the M"M"'Fs(H20)7 phase
was still present and only after washing with deionized water to selectively remove the
heptahydrate phases was it possible to obtain phase pure CoFeFs(H20)s (6) and NiVFs(H20)s (8)
as the final product. Even so, NiFeFs(H20)2 (7) was still mixed with a new heptahydrate
polymorph, NiFeFs¢7H20 (10). Details on the synthesis, structure determination and
characterization of (10) can be found in the Supporting Information (SI, Figures S3 and S4). We
were unable to obtain a phase pure sample of NiFeFs(H20)2 (7) and CoVFs(H20)s (9) and,

therefore, magnetism data for 7 and 9 were not collected.

Crystal Structure Description

Compounds 1-9 are isostructural and crystalize in the orthorhombic space group Imma.
The structure of these materials is best described as an inverse weberite structure (Figure 2).*
The M ions form M'"'Fs octahedra that share their trans-corners to build chains running along
the [100] direction and these chains are linked by isolated M"F4(H20):2 octahedra (Figure S2).

The four fluorine atoms of M""F4(H20)2 are located in the equatorial plane and are shared with

four adjacent M'"Fs octahedra, while the two water molecules are located in the axial positions
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and function as terminal groups.*’ This linking of M™Fs octahedral chains by isolated
MU"F4(H20): octahedra leads to an extended triangular framework as illustrated in Figure 2. The
M"F¢ octahedra in all compounds contain axial M'"'-F1 bonds (1.918 — 1.955 A) that are slightly
elongated relative to the equatorial M"-F2 bonds (1.870 — 1.915 A), as they corner share via the
axial fluorine atoms. Similarly, in the M"F4(H20)2 octahedra, the M™-O bonds (2.024 A in
NiVFs(H20)2) are slightly longer than the M"—F2 bonds (2.007 A in NiVFs(H20)2); the
exceptions are the cobalt containing compositions 1, 2, 6 and 9, where it is reversed. A listing of

all bond lengths and bond angles for all materials 1-9 is given in Table S2.

UV-vis Spectroscopy

The studied compositions of inverse weberite have diverse optical properties resulting
from different d—d transitions. Depending on the specific 3d metal, crystals can be light pink (1
and 6), green (35, 7), orange (2), red (9), and brown (8). It is important to note that the single
crystals may look almost colorless (Table 2), however the bulk materials will exhibit the listed
colors. The variety of 3d metals probed in these studies include V3*(d?), Cr**(d*), Mn?*(d®),
Fe**(d%), Co?*(d”), Ni**(d®), and Zn**(d'%). While Zn*" as well as Ga** are not optically active due
to d'%-configuration, there also are no spin-allowed d—d transitions for high spin Mn*" and Fe**
due to high spin d°-configuration. Since both metals in the inverse weberite structure are in
octahedral environments, Tanabe-Sugano diagrams are useful for assigning absorption bands for
V3*(d?), Cr¥*(d?), Co**(d"), and Ni**(d®).®*7! Band identification for Cr**, Co?**, and Ni** used
ZnCrFs(H20): (5), CoGaFs(H20): (1), and NiFeFs(H20): (7), respectively, as references.”>’* For
V3*, band assignments were made based only on literature examples.”>’* Figure 3 contains all
the UV-vis spectra, and Table S4 includes details on absorption band locations as well as band
assignments (Note only spin-allowed transitions were identified).

All Cr¥*-containing materials demonstrated absorption peaks at ~670, ~430, and ~300
nm. The Tanabe-Sugano diagram for d* suggested that these are *Azg — *T1g(P), *A2g — *T1g,
and *A2g — *Tog transitions, respectively. Using the Tanabe-Sugano diagram for d*, the crystal
field for ZnCrFs(H20):2 (5) was estimated as ~15,000 cm™! (~1.86 V) which is in line with the
reported Cr**-activated fluoride phosphors.”® For Co**- and Ni?*-based materials only two
absorption bands originating from d—d transitions fall into the visible region, while low-energy

“T1g — “T2g (Co*") and 3Azg — 3T2¢ (Ni?") transitions lie in Near-IR, and hence could not be
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observed with the available instrumentation. The typical Co-containing inverse weberite exhibits
4T1g — *A2g (670-700 nm) and *T1g — *T2¢ (~505 nm) bands. Even though it is challenging to
assign absorption bands for compounds with multiple absorbing ions, band identification for Ni**
were performed on NiFeFs(H20):2 (7), where high-spin Fe** possesses no spin-allowed d—d
transitions. Therefore, absorption peak maxima at ~740 nm and ~410 nm were assigned as 3A2g
— 3T14(F) and Az — T14(P) transitions, respectively. Our previous report for
[Ni(H20)6]2[MnFs][MnF4(H20)2], [Ni(H20)6][CrFs(H20)]3, [Ni(H20)s][FeFs(H20)]4, and
[Ni(H20)s][VOF4(H20)] compositions>® demonstrated that the bands corresponding to Ni*" d—d
transitions lie at ~700 nm and ~400 nm, respectively. Taking into account that previously
reported fluorides contained [Ni(H20)s]*" octahedra and that in the inverse weberite structure the
Ni** coordination environment is [NiF4(H20)2]*, the slight decrease in transition energies is in
line with the weaker crystal field of the F~ ligands compared to H>O. Band assignment for V**
were performed based on the literature example of K3V3*Fs where *T1g — 3Tag(F) and *Tig —
3T14(F) transitions were found. In NiVFs(H20): (8) the peak at ~740 nm was assigned as *Tig —
3T2¢(F) and the absorption band at ~460 nm was attributed to *T1g — >T1g(F). Therefore, UV-vis
spectroscopy confirmed the presence of V¥*(d?), Cr**(d?), Co**(d’), and Ni**(d®) in 1-8. At the
same time, the inverse weberite compositions demonstrated a tunability of optical profiles due to

the variety of 3d metals that can be integrated into the structure, which may be of interest in
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Figure 3. The solid-state UV/visible spectra for materials 1-8 (in order from left to right).
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Thermogravimetric Analysis

Thermal properties of 1-8 were explored to study the structural stability of inverse
weberites upon heating (Figures S5-S12). All materials exhibit a small weight loss at ~100 °C
followed by one or two-step weight losses from 200 — 600 °C, leading to decomposition of the
material. The post TGA products were analyzed by PXRD and the results are summarized in
Table S5. The initial weight loss at ~100 °C can be attributed to the loss of surface water. The
post TGA products for 1-8, mostly consist of binary fluorides of the two metal cations along with
an amorphous oxide, oxyfluoride or a ternary fluoride.

A previous report on the thermal dehydration of the inverse weberite MgAlFs(H20)2
indicates that heating above 300 °C results in the formation of the ternary fluoride MgAlIFs,
which consist of trans-corner sharing [AlFs] octahedral chains and [MgFs] edge sharing
octahedral chains that are connected via common F atoms. Upon further heating, beyond 500 °C
the material fully decomposes to binary fluorides.*® These results agree well with what is
observed for 3 where a two-step decomposition results in the formation of MnF2 and CrMnFs.
For the remaining compositions, (1,2 and 4-8), the competing processes that result in the loss of
either HF or H20 during heating readily cause the collapse of the inverse weberite framework
and results in the formation of amorphous oxides or oxyfluorides as thermal decomposition

products.

Magnetic Properties

Since the inverse weberite structure exhibits a triangular frustrated lattice, we studied the
magnetic properties of the title compounds by measuring the temperature dependence of the
magnetic susceptibility and magnetization vs field (MvH) data. The observed magnetic behavior
of the title compounds is summarized in Table 3, listing the magnetic moments derived from
Curie-Weiss fits (Figures 4 and 5), Weiss temperatures, transition temperatures, and frustration
indices f'=|@cw|/Tc, which indicate the degree of frustration in the samples. A slight difference
between observed and calculated effective magnetic moments can be noticed for the Co-

containing compositions 1, 2 and 6, likely due to contributions from spin-orbit coupling.’
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Figure 4. Magnetism data for materials 1 and 5: (left) magnetic susceptibility and inverse
magnetic susceptibility for the temperature range 2-300 K, (middle) magnetic susceptibility near
the transition temperature, and (right) MvH plot at 2 K. Full scale magnetism plots for each
material are provided in the SI (Figures S14-S16 and S26—-S28). Zero-field cooled data shown in
red, field-cooled data shown in green.

The magnetic behavior of these phases is strongly dependent on the specific cations on
the M and M sites, which are connected into a corner-shared equilateral triangle to form
kagome layers (Figure 2). This cation network leads to interconnected layers that each,
individually, exhibits magnetic frustration, the degree of which is determined by the specific
cations present in the layers. The type of magnetism exhibited ranges from diamagnetic, if
neither M"! and M have any unpaired electrons, to paramagnetic if only M! has unpaired
electrons, to antiferromagnetic if only M'™! has unpaired electrons, to frustrated canted
antiferromagnetic when both M and M'™! have unpaired electrons (Figure 6). Since the M"
cations are separated by M'"'Fs chains in the structure, compounds with diamagnetic M cations
exhibit a paramagnetic behavior down to 2 K, e.g., CoGaFs(H20)2 (1). On the other hand, if
M"Fs chains are separated by diamagnetic M cation, such as in ZnCrFs(H20)2 (5),
antiferromagnetic interactions within the chains result in an antiferromagnetic transition in the

sample at low temperatures (7nv= 15.5 K), which is accompanied by a significant drop in the
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magnetic susceptibility. Negative Ocw (—33.39 K) derived from the Curie-Weiss law
corroborates the antiferromagnetic interaction between Cr*" ions which is in line the Kanamori-
Goodenough rules for d*-configuration.’ Moreover, the previous investigation of the inverse
weberite ZnFeFs(H20)2 magnetic structure demonstrated antiferromagnetic ordering of Fe** with

an exact 180° between the spins (7v= 9 K).'8
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Figure 5. Magnetism data for materials 2-4, 6 and 8: (left) magnetic susceptibility and inverse
magnetic susceptibility for the temperature range 2—300 K, (middle) magnetic susceptibility near
the transition temperature, and (right) MvH plot at 2 K. Full scale magnetism plots for each
material are provided in the SI (Figures S17-S25 and S29-S34).
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The magnetism data indicate that ideal antiferromagnetic ordering in the chains can be
disrupted by introducing magnetically active cations on the M" site, resulting in canted
antiferromagnetic (or less likely ferrimagnetic) transitions in M"M'"Fs(H20)2 (M" = Co, Mn, and
Ni; M = Cr, Fe, and V) at low temperatures (3.5-26.4 K, Figure 5). Antiferromagnetic
interaction between spins for those compositions is supported by negative Weiss values (Ocw)
(Table 3). Moreover, the discrepancy between zero-field cooled and field cooled magnetic
susceptibilities is indicative of interactions between canted spins (or less likely ferrimagnetic
ordering, Figure 5). Finally, all M"M™Fs(H20)2 compounds with two magnetically active cations
except MnCrFs(H20): (3) exhibit a hysteresis loop, where the magnetization per formula unit
(F.U.) after saturation is smaller than the value expected for ferrimagnetic ordering (Figure 5).
For MnCrFs(H20):2 (3) the transition temperature is comparably low (= 3.5 K) and hence a
hysteresis loop does not appear in the MvH plot collected at 2 K. Therefore, MvH data further
provides an argument in favor of canted antiferromagnetic vs ferrimagnetic transition. Along the
same lines, the reported magnetic structures of the related inverse weberites M'"FeFs(H20)2 (M =
Mn and Fe) showed the presence of canted antiferromagnetic interactions. For instance, in
MnFeFs(H20)2, Fe** spins within the FeFs chain are strongly canted resulted in 115.7° between
the spins. Similarly, spins of Mn?* and Fe** in Fe-Mn-Fe triangles cannot preserve pure
antiferromagnetic interactions and, as a result, are canted with 102.8° and 140.2° between the
spins. In future investigations, the magnetic structures of the reported canted antiferromagnets
will be investigated by neutron diffraction studies to establish the actual magnetic structures.

Comparably high frustration indices (Table 3) for the M"M"Fs(H20)2 (M" = Co, Mn,
and Ni; M = Cr, Fe, and V) materials highlight a significant role of frustration in achieving the
ordered magnetic state. Interestingly, Cr-containing compounds (2-4) and CoFeFs(H20)2 show
much higher frustration, in the range of 6.80 to 8.09, in comparison to NiVFs(H20)2 with |f] equal
to 4.16 (Table 3). We also estimated frustration indices for known inverse weberite
compositions, e.g. for MnFeFs(H20)2 and Fe2Fs(H20): |f] equal to 6.76 and 5.28, respectively."*
18,51 Fe3*_containing compositions show frustration in the range of 5.28 to 6.76 which is overall
lower than that found for Cr**-based compounds. Interestingly, the highest frustration indices for
Cr**- and Fe*" compounds were observed for the compositions with the same number of
unpaired electrons, e.g. in CoCrFs(H20)2 (2) Co?* and Cr** have 3 unpaired electrons and in

MnFeFs5(H20)2 Mn?" and Fe** have 5 unpaired electrons. Moreover, we estimated frustration
18



indices for two known weberites Na2CoCrF7 and Na>xCoFeF7,° where in contrast to the inverse
weberite compounds, M"'Fs octahedra form chains. Interestingly, the inverse weberite
compounds have higher frustration indices than analogous weberite compounds, e. g. |f] equal to
6.63 and 1.25 for CoFeFs(H20):2 (6) and Na2CoFeF7,° respectively. At the same time Na2CoCrF7,
which contains Cr**, demonstrated a fairly high |f] (7.27),® however, it is still lower than that for
CoCrFs(H20):2 (2). More compounds of this family need to be synthesized to draw a definitive
conclusion on the impact of the M cation on the overall frustration. In general it seems that the
inverse weberite structures demonstrated frustrated indices that are lower than those for
pyrochlore antiferromagnets with |f] of 19 to 58.% 337778 Presumably, this trend can be explained
by the arrangement of the kagome layers in the crystal structures. For A2B2X7 pyrochlore
structures each B cation belongs to three kagome layers, while for inverse weberite structures
each M and M cation are a part of one and two kagome layers, respectively (Figure 1). One
can expect a decrease in the frustration index going from the pyrochlore to the weberite and the
inverse weberite and finally to the hexagonal tungsten bronze (only one kagome layer for B
cations, Figure 1). For example, for Mn?*- and Fe**-containing fluorides with d°-configuration,
the frustration indices are 36, 6.76, and 6.18 for the NaSrMn2F7 pyrochlore, the MnFeFs(H20)2
inverse weberite, and the hexagonal tungsten bronze FeFs, respectively. This supports that the
pyrochlore structure type is the most geometrically frustrated system among the series of these
three structure types.

These studies are consistent with previous studies of inverse weberite systems.
Specifically, previous studies on the M"FeFs(H20)2 (M" = Fe, Mn, and Zn) system by Ferey et
al. have indicated that the Fe'"Fs octahedral chains in ZnFeFs(H20):2 exhibit long range
antiferromagnetic behavior, which changes when Zn*" is replaced by a paramagnetic M"! cation
that introduces magnetic frustration to the system.!> %7 Overall, the observed trends support the
idea of frustration being induced by the M cations onto the antiferromagnetic chains of M™!

cations leads to a frustrated canted antiferromagnetic system.
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Figure 6. Schematic representation of the changes in magnetic behavior and magnetic structure
dimensionality in inverse weberites as a function of unpaired electrons in the M and M
cations.

Table 3. Magnetic properties of 1-8

MI | M™ | Magnetic properties Effective magnetic Ocw (K) | Magnetic | Frustration

moment (Letr) ordering T | Index
(us/F.U.) (K)
observed | calculated

1 | Co Ga Paramagnetic 491 3.87 -11.67 - -

2 | Co Cr Canted antiferromagnetic | 6.30 5.47 —46.49 5.74 8.09

3 | Mn Canted antiferromagnetic | 6.83 7.07 —24.09 3.54 6.80

4 | Ni Canted antiferromagnetic | 5.09 4.79 -56.31 7.75 7.27

5 | Zn Antiferromagnetic 3.89 3.87 -33.39 15.55 2.31

6 | Co Fe Canted antiferromagnetic | 7.35 6.24 -174.74 | 26.35 6.63

8 | Ni v Canted antiferromagnetic | 3.92 4.00 -56.33 13.55 4.16
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Conclusion

Inverse weberites are a class of magnetically frustrated compounds whose structure can
be described as resulting from the intersection of two kagome lattices, where each M!' and M'!!
magnetic ion induces frustration in one and two kagome layers, respectively. In this report we
described the synthesis, structural, optical, and magnetic characterization of nine isostructural
compounds with the general formula M"M"Fs(H20).. Stabilization of these phases under
hydrothermal synthesis conditions can be achieved by either slow cooling for M"M'"'F5(H,0):
(M= Co, Mn, Ni, and Zn; M"' = Ga and Cr) or by thermal quenching for M'M"Fs(H20), (M"
=Co and Ni; M"" = Fe and V), which indicates subtle changes in their thermodynamic stability as
a function of temperature. Thermal properties studied by TGA/DTA demonstrated the stability of
inverse weberites up to 200-250 °C followed by decomposition of pristine materials to metal
fluorides and oxides. The optical properties of phase pure materials were studied and typical d—d
transitions were observed in the absorbance plots, demonstrating the tunability of the optical
behavior as a function of the 3d metal.

The magnetism of M"M"'F5(H>0): is dominated by antiferromagnetic interactions in the
MM"Fs chains, which can be disrupted by interchain M cations to induce canted
antiferromagnetic ordering in the magnetic structure. For example, magnetic susceptibility
measurements on ZnCrFs(H20)2 with Cr**Fs magnetic chains exhibited antiferromagnetic
ordering at 15.5 K, while CoGaFs(H20)2 with non-magnetic Ga>" exhibits no magnetic
transitions down to 2 K. All compositions with magnetic M"! and M cations show canted
antiferromagnetic behavior, with frustration indices varying from 4.16 for NiVFs(H20)2, to the
5.28-6.76 range for Fe**-containing compositions and finally to the 6.80-8.09 range for Cr>*-
based compositions. Future investigations of these magnetic structures via neutron diffraction is

likely to shed light on the impact of the M cation on the overall frustration.
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The synthesis and structure of a family of geometrically frustrated M'M™F5(H20)2
mixed—metal fluorides that crystallize with kagome nets is described. Their magnetic
properties are discussed.
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