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Abstract

Mild hydrothermal synthesis was employed to grow high-quality single crystals of ternary
fluoridohafnates at low temperatures. The series of new materials was characterized using single
crystal X-ray diffraction, and the crystal structures for AHfFs (A= Mg and Sr), A, HfFg (A= Ba
and Pb), CasHf3F»; and CdHfFs(H2O)s are discussed herein. Although some material
compositions have similar stoichiometries, all the compositions adopt different structural motifs.
A comparison of the crystal structures and synthesis techniques of ternary fluoridohafnates and
ternary fluoridozirconates is also reported, and the impact of the subtle changes of synthesis

conditions on overall structures is discussed.

Introduction

The chemistry of inorganic fluorides has been explored for many decades and, during this
time, numerous synthetic routes were developed and used for the preparation of new inorganic
fluorides, to determine their structures and to investigate their physical properties.! Often solid-
state reactions were explored to prepare new compositions, utilizing mostly binary fluorides that
were prepared by the direct fluorination of oxides or chlorides using F2(g).2> Solution routes, also,
were explored, in particular those involving condensed anhydrous HF, resulting in the discovery
and characterization of a very large number of phases.®® An alternative approach utilized
hydrothermal routes under supercritical conditions, which permits the formation of high-quality
single crystals of novel compositions and structures.®!2 Another solution route involved molten
salts, which can be used at temperatures ranging from as low as ~150°C to over 1000 °C,
depending on the particular salt chosen.!>1¢ This approach also has been extremely fruitful and
has yielded many new compositions and structures. More recently, the mild hydrothermal route
has become popular as it can be used for the crystallization of fluorides and/or oxyfluorides, and
also because it uses only small quantities of aqueous HF, which are easily handled in typical
research laboratories.

1722 and mild hydrothermal

In our group, we have used both molten salt synthesis
synthesis?*2® for the growth of single crystals of a large variety of fluoride phases. For the
hydrothermal route using aqueous HF, we established that mild conditions, 160-200 °C and
relatively short reaction times, 24 hrs, followed by slow cooling to room temperature, often yielded

high quality crystals of ternary and quaternary fluorides whose structures could readily be



determined. We have used this approach to explore, in general, the preparation of transition metal
and rare earth containing fluorides and oxyfluorides, including vanadates, niobates, tantalates,
tungstates, molybdates, manganates, cobaltates, nickelates, cerates, as well as numerous actinide
containing fluoride phases containing Th, U, Np, Pu, and Am.”-20-23-26.29-33 Dyring this process,
by experience, we have learned much about how to choose the optimum reaction conditions. In
recent work we explored hafnium fluorides, which yielded a number of hydrated phases, including
Cs2[M(H20)6][Hf>2F12] (M= Ni, Co, and Zn), and CuHfF¢(H,0)4.>* To determine if we could adjust
the reaction conditions to crystallize anhydrous hafnium fluoride phases, we further explored the
mild hydrothermal reaction method. Herein we describe the synthesis and structural
characterization of a series of anhydrous ternary hafnium fluorides, as well as of a new hydrated
hafnium fluoride composition, that we obtained. In addition, we review the synthesis conditions
and crystal structures of previously reported fluoridozirconates and fluoridohafnates to illustrate

and to provide better insights into the ternary hafnium/zirconium fluoride phase space.

Experimental

Synthesis

HfO; (Alfa Aesar, 99.9%), Mg(CH3COO)¢4H>0 (Aldrich, 99.9%), Ca(CH3COO).exH>0 (Alfa
Aesar, 99%), Sr(CH3COO), (Alfa Aesar, 98%), Ba(CH3COO), (Alfa Aesar, 99%), CdF, (Acros
Organics, 99.9 %), Pb(CH3COO)223H,0 (Acros Organics, 99.9 %), HNOs (Sigma Aldrich, 37%),
and HF (EMD, 49%) were used as received.

Warning! HF should only be handled in a well-ventilated space, and proper safety precautions
must be used. Proper treatment procedures should be followed immediately if contact with the

liquid or vapor occurs.

Single crystals of the reported compounds were grown via a mild hydrothermal route using
HfO> and the respective divalent metal acetates or fluorides as the starting materials. For the
preparation of MgHfFs, CasHf3F22, o-SrH{fFs, -SrHfFs, Ba;H{Fs, PboHfFs and Cd2HfFs(H20)s, 1
mmol of HfO,, 0.25 ml of 37% HNOs3, and 1.00 ml of 49% HF were combined with 1 mmol of
Mg(CH3COO),+4H>0, Ca(CH3CO0)2*xH-0, Sr(CH;COO)s, Ba(CH;COO)s,



Pb(CH3C0OO0),2¢3H,0, and CdF», respectively. The respective solutions were loaded into 23 ml
PTFE-lined autoclaves. The autoclaves were sealed, heated to 160°C at a rate of 5 °C min™', held
at this temperature for 24 hours, and then cooled to room temperature at a rate of 6 °C h'!. The
resulting single-crystal products were isolated from the solution by filtration and washed with
water and acetone. The reaction yielded colorless crystals for Mg, Ca, Sr, Ba, Pb, and Cd
containing compounds in a nearly quantitative yield based on HfO». Despite numerous attempts to

obtain iron-containing hafnium fluorides, the main reaction product was always FeFs.

Single-Crystal X-ray Diffraction (SXRD)

Single-crystal X-ray diffraction data were collected at ambient temperature using a Bruker
D8 QUEST diffractometer equipped with a PHOTON-II area detector and an Incoatec microfocus
source (Mo Ka radiation, A = 0.71073 A). The crystals were epoxied onto plastic supports. The
raw area detector data frames were reduced and corrected for absorption effects using the SAINT+
and SADABS programs.>> 3 Initial structural models were obtained with SHELXT using the dual-
space technique.’”> 3 Subsequent difference Fourier calculations and full-matrix least-squares
refinement against /2 were performed with SHELXL-2018 using ShelXle.* Single crystal data is

given in Table 1.

Powder X-ray Diffraction (PXRD)
Powder X-ray diffraction data for phase identification were collected on polycrystalline
samples consisting of ground single crystals (Figures S2—-S7). Data were collected on a Bruker D2

PHASER diffractometer using Cu Ka radiation over a 26 range of 5-65° with a step size of 0.02°.



Table 1. Crystallographic data for 1-7

Material MgHfFs (1) CasHf3F2 (2) Ba:HfFs (3) Pb:HfFs (4) 0-SrHfFs (5) t-SrHfFs (6) Cd:HfFs(H20)6 (7)
Formula weight 316.77 1154.24 605.17 744.87 380.11 380.11 663.39
Crystal system cubic orthorhombic orthorhombic orthorhombic orthorhombic triclinic monoclinic
Space group, Z Fm—3m, 4 P21212,2 Prnma, 4 Pna2i1,4 Cmme, 4 P-1,4 C2/c, 4
a, A 7.91630(6) 9.9515(5) 9.7329(3) 10.0521(2) 7.5160(3) 7.0129(2) 11.4354(3)
b, A 7.3884(3) 5.60874(19) 11.6322(3) 10.8895(5) 8.1803(3) 8.1989(2)
¢, A 9.9054(5) 11.8810(4) 5.32649(12) 5.3224(2) 8.3085(2) 12.7713(3)
o, deg 102.2141(9)
B, deg 96.3670(9) 111.2510(10)
v, deg 115.1462(8)
vV, A3 496.097(11) 728.30(6) 648.58(4) 622.82(2) 435.61(3) 410.69(2) 1115.99(5)
Pealed, g/em’ 4241 5.263 6.198 7.944 5.796 6.148 3.948
Radiation (), A) MoK (0.71073)
W, mm! 21.181 23.355 28.069 70.654 36.095 38.285 13.181
F(000) 552 1028 1024 1232 656 656 1200
T,K 301 (2)
ggfﬁﬁ 0.08x0.08x0.08 | 0.05x0.03x0.01 | 0.08x0.02x0.01 | 0.06x0.04x0.02 | 0.12x0.08x0.02 | 0.18x0.04x0.02 0.07x0.06x0.05
20 range, deg. 445944524 | 2.901-33.180 | 5.41-70.078 | 2.678-34.976 | 3.742-40.283 | 2.872-40.305 6.27 — 59.964
CRflflleeccttelgns 5814 37839 3778 3355 9289 35266 24289
Eaﬁﬁ Ztsg 2““5/ 137/0/7 2793/0/141 3778/0/60 3355/1/106 747 /0/24 5177/0/149 1618/6/103
Rin 0.0461 0.0473 0.0354 0.0643 0.0526 0.0379 0.0345
Goodness of fit 1.208 1.244 1.136 1.102 1.131 1.169 1.131
Ri(I> 26(I)) 0.0073 0.0199 0.0143 0.0239 0.0164 0.0180 0.0098
wR: (all data) 0.0171 0.0529 0.0346 0.0643 0.0377 0.0459 0.0211
Largest diff.

0.67/-0.76 2.29/-1.76 1.02/-1.23 2.40/-1.76 1.53/-1.02 2.58/-1.72 0.53/-0.84

peak/hole, e-A-3




Results and Discussion

Synthesis

Mild hydrothermal synthesis was utilized to obtain a series of ternary hafnium fluorides
consisting of high-quality single crystals suitable for single-crystal X-ray diffraction. The synthesis
was carried out at a very low temperature of 160 °C, in contrast to the very high temperatures
(>700 °C) used in typical solid state ternary hafnium-containing fluoride synthesis.**** Here, the
highly reactive hydrofluoric acid acts as a mineralizer as well as a fluorinating reagent and HNO;
lowers the pH.?* 3% These reaction conditions, optimized via an Edisonian approach, enable the
fluorination of the stable HfO; and allow the formation of ternary fluoride crystals at such low
temperatures. The use of different divalent cations, Mg, Ca, Sr, Ba, Pb, and Cd, likely for size
reasons, did not result in an isotypic series but rather resulted in a variety of different crystal

structures reported herein (Figure 1).

HfO, + HNO; + HF

/'S

/\160 °C, 24h

Cd?*
Sr2+

-

Figure 1. Schematic for the preparation of ternary hafnium-containing fluorides (1-7).




Crystal Structure Descriptions

MgHfFs

Compound 1 crystallizes in the cubic space group Fm—3m and is isostructural with the
previously reported zirconium analog, MgZrFs.** The crystal structure of compound 1 was
previously reported based on a Rietveld refinement of powder X-ray diffraction data by
Bandemehr et al. in 2021.5 Herein, we report a structure solution obtained using single crystal X-
ray diffraction data. The structure is best described as a double ReOs-type structure, where the
MgFs and HfF¢ octahedra are ordered in a NaCl fashion. The ReOs structure can be thought of as
a simple cubic perovskite structure (ABX3) missing the A cation.** The three-dimensional
framework of MgHfFs consists of corner-shared MgFs and HfF¢ octahedra. See Figure 2. The MgFs
and HfFs coordination environments both have octahedral symmetry with Mg—F and Hf-F bond
lengths of 1.971(15) A and 1.987(15) A, respectively.

Figure 2. View of MgHfFs down the b-axis (left). Individual octahedra of [MgFs]* and [HfFs]*
(right). Mg and Hf are shown as blue and dark green octahedra, respectively. F atoms are shown
as green spheres.

CasHf3F2

Compound 2, containing the larger (relative to magnesium) calcium cation, crystallizes in
the orthorhombic crystal system in the non-centrosymmetric space group P2;2;2. The asymmetric
unit consists of one haftnium site (Hf1), three calcium sites (Cal-Ca3), two mixed hatnium/calcium
sites (Hf2/Ca2A and Ca4/Hf4A), and eleven fluorine sites (F1-F11). The two mixed
hafnium/calcium sites were modeled as having engaged in anti-site mixing, resulting in a refined

occupancy of 85%H{f/15%Ca and 15%Hf/85%Ca, generating a perfectly electroneutral



composition without restraints. Both pure Hf(1) and mixed Hf(2) sites are coordinated to eight
fluorine atoms to take on a distorted square-antiprismatic coordination environment. The two
distinct Hf(1)Fs (light green) and Hf(2)Fs (dark green) polyhedra are located in trans-corner sharing
chains, which in turn are cross-linked to yield a layered structure (Figure 3). The Ca(1) and mixed
Ca(4) sites reside within the layers, while Ca(2) and Ca(3) are located in between the layers (Figure

3). The material is isotypic with its zirconium analogs of CasZr3F2,* and SrsZr3F».4

Hf 85% / Ca 15%-

Figure 3. View of CasHf3F2; parallel to the ac plane (a). View of the layered structure framework
(b). View of an extracted hafnium layer and the two individual hatnium sites (c).

BaszFg

Compound 3, incorporating the largest alkaline earth cation, Ba, crystallizes in the
orthorhombic space group Pnma. The asymmetric unit consists of two unique barium sites, five
fluorine sites, and a single hafnium site. It is isostructural with the zirconium analog BaZrFs,
previously reported by Le Bail and Laval.** The structure of Ba;HfFs consists of isolated, distorted
[HfFs]* square antiprisms separated from each other by the large Ba*" cations (Figure 4). The
barium atoms are located in a Ba(1)Fi2 cuboctahedra and a Ba(2)F 3 irregular polyhedra, as is also
the case for Ba,ZrFs (Figure 6). This material was previously studied for its optical properties by
Hong Li et al. in 2020.8



Figure 4. The crystal structure of Ba,HfFg shown oriented parallel to the ac plane. Hf, Ba, and F
are shown in dark green, purple, and green spheres respectively.

PboHfFg

Compound 4 crystallizes in the orthorhombic space group Pna2i. The structure consists of
two unique lead sites, eight fluorine sites, and a single hafnium site. The two 10 and 12 coordinated
lead cations are located in Pb(1)F10 and Pb(2)F12 irregular polyhedra. These polyhedra connect to
form two chains, one containing Pb(1)F1o and one containing Pb(2)F12 polyhedra. (Figure 5a) In
both cases, the polyhedra within each chain are corner- and edge-sharing with each other. The
chains run along the c-axis and connect to each other via edge- and face-sharing to create the 3-D
lead-fluorine framework (Figure 5b and 5c¢) that contains cavities in which the hafnium cations are
located as HfFg distorted square-antiprisms (Figure 5d). The zirconium analog of this material was
synthesized by Laval et al. 1998. In that paper, the authors refer to Pb,ZrFs as being isostructural
to Ba,ZrFs. However, a comparison of the crystal structures indicates that PboZrFg crystallizes in
orthorhombic space group Pna21, as does PboHfFg, while BaxZrFs crystallizes in the space group

Pnma.*?



Figure 5. Chain 1 of [Pb(1)F10]* s and chain 2 of [Pb(2)F12]'%4 (a). View of a single layer of
[PboFis]'% 4 in the be plane (b). View of Pb,HfFs down the a-axis (c¢). View of the three-
dimensional lead framework (d) parallel to the ab plane.

A comparison between compound 3 (Ba;H{fFs) and compound 4 (Pb,HfF5) is warranted as
they have the same overall stoichiometry. The change from Ba to Pb causes a change in the space
group from orthorhombic Pnma to orthorhombic Pra2;, presumably due to the slight differences
in the coordination environments of Ba and Pb (Figure 6). These changes are presumed to be the
result of the stereochemical influence of the 6s? lone pair on Pb. These changes are also observed

in the zirconium analogs, Ba,ZrFs and Pb,ZrFs, and were reported by Le Bail and Laval in 1998 #?

Ba(1)F12 Ba(2)F13 HfFg

M—F (A) | 2.715-3.378 2.689 —2.963  2.052 —2.217
Pb(1)F10 Pb(2)F12 HfFg

Bl

M—F (A) 2.473-2.908 2.381-3.389  2.066 —2.117

Pb2HfFg

Figure 6. Comparison of the coordination environments of the metals in Ba,HfFg and Pb,H{fFs.

o-SrHfFg and #-SrH{fF¢

The composition SrHfFs was previously reported,*' albeit as a polymorph (a-SrHfFe)

different from what we observe for o-SrHfF¢ and #-SrHfFs, two new polymorphs that resulted from
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our mild hydrothermal synthetic approach. By comparison, a-SrHfFs was prepared by a solid-
state reaction between anhydrous SrF> and HfF4 at 973 K. a-SrHfFs was found to crystallize in
the monoclinic space group P21/c, while the two new polymorphs crystallize in the orthorhombic
(Cmme) and triclinic (P-1) space groups, respectively.*! Both crystals were isolated from the same
reaction and were distinguishable from each other by their different crystal morphologies; the o-

SrH{fFs crystals had a rectangular shape, while the -SrHfFs crystals were parallelogram shaped.

L.
X 4 [ v
VOO

Figure 7. View on 0-SrHfFs on the bc plane (top left). The [HfFs]* and [SrF10]® coordination
polyhedra (top right). The trans-edge-sharing chain of [Hf>F14]® and face-sharing chain of
[StFi0]% s (bottom).

In o-SrHfFs, the asymmetric unit consists of two unique fluorine sites, a single strontium
site, and a single hafnium site. Unlike in other structures mentioned herein, in this structure
hafnium is in a snub disphenoid polyhedral coordination environment rather than in the usual
distorted square antiprism (Figure 7).*' The snub disphenoid polyhedral shape can best be
described as a bicapped pentagonal pyramid with an additional two triangular faces. The Hf-F
bond lengths are 2.0151(11) A and 2.2077(8) A for Hf-F(1) and Hf-F(2), respectively. The
structure consists of trans-edge-shared chains of [HfFs]* polyhedra and chains of face-sharing
[SrF10]® polyhedra. The two chains are corner-shared via F(1) atoms to build up the 3-D

framework (Figure 7).

11



Figure 8. The zig-zag chains of [Hf(2)Fs]* polyhedra and a single [Hf(1)F7]*~ pentagonal
bipyramid (a). View of hafnium sheets in the ab plane (b). View of -SrHfFs down the c axis. (c).

The asymmetric unit of #~-SrHfFs consists of two unique hafnium sites, two strontium sites,
and thirteen fluorine sites. Here, Hf(1) is coordinated to seven fluorine atoms and is in a pentagonal
bipyramidal coordination environment, while Hf(2) is coordinated to eight fluorine atoms in a
distorted square antiprismatic environment. The [Hf(2)Fs]* polyhedra corner-share with each
other to form a zig-zag chain that runs along the c-axis. These chains are linked to each other via
corner-sharing [Hf(1)F7]*~ polyhedra to form four and eight-membered hafnium rings (Figure 8b
and Figure 9). The strontium cations are located within the hafnium sheets and link the sheets to

each other (Figure 8c).

Hf2

Hf1

Hf2
Figure 9. Hafnium cation network in #~-SrHfFs

CdoHfF3(H20)s

Compound 7 crystallizes in the monoclinic space group C2/c. The material consists of

[HfFs]* distorted square antiprisms and [CdF3(H.0)s3]" distorted octahedra. The framework
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structure is built up of trimers consisting of one [HfFg]* distorted square antiprism that is edge
shared (via F1 and F3) with two [CdF3(H20)3] octahedra (Figure 10a). The trimers connect to
each other by corner-sharing via F2 atoms to create CdoHfFs(H2O)e layers (Figure 10b and 10c).
In these sheets, the three water molecules and F4 atoms function as terminal ligands. The layered
structure is held together by inter-layer and intra-layer hydrogen bonding between F4-H and F2—
H/F3—H, respectively (Figure 10d).

i

Figure 10. [Cd>HfF 10(H20)6]*" trimer (a). View of a single layer of [Cd:HfFs(H20)s] (b). View
of Cd,HfFs(H20)3 down the a axis (¢). View of CdHfFg(H20)3 down the b axis with hydrogen
bonds shown (d). Cd, Hf, F, and O atoms are shown in maroon, dark green, light green, and red
spheres, respectively. Note that H atoms in pink spheres are only shown in (d) for clarity.
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Comparison of Crystal Structures and Crystal Growth Techniques of ABXs and A:BXs Family

It is evident from the literature that a vast number of phases exist that have ABXs and
A2BXg stoichiometries. Furthermore, it is also apparent that subtle changes in the synthesis
parameters can result in different crystal structure arrangements. In Table 2, we have tabulated the
structure types, space groups, synthesis methods, and synthesis temperatures for fluoridozirconates
and fluoridohafnates reported in the literature. For easier comparisons, the tabulated compounds
were limited to alkaline-earth metal, lead, and cadmium containing compositions. Note that the
synthesis temperature here denotes the temperature used in the reaction setup to obtain the
products, not the compounds' formation temperature. In addition, compositions 7 and /3 are both
named a-SrZrFe in their respective journal articles. The structures of the two compositions are,
however, distinct based on the crystal system and space group. Figure 11 illustrates the synthesis
temperature vs. composition index plot according to Table 2. In this plot, the numbering scheme
identifying compositions (italicized) is that found in Table 2 and does not correspond to the bolded

numbers used previously to identify the new compositions reported herein.
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Figure 11. The synthesis temperature vs. Composition index plot. Refer to Table 2 for the
composition index.
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Table 2. Compounds and synthesis data in the literature and this work

o Crystal Synthesis
Composition Composition Structure System, Method Temperature Ref.
Index Type o No.
Space group °O)
1 MgZrFe solid state 850 *"
2 CaHfFs solid state 850 *®)
48
3 CaZrFs solid state 750 ( 5 )
NaSbFs | covi g 450 é)
4 CdZrFs (double- 3 ;n solid state 450 A
5 CdH{Fs ReO;3) solid state 450 é)
solid state 450 ®)
MgHfF i
6 ghitts hydrothermal 160 This
work
7 a-SrZrFe melt - slow cool 850 *)
8 PbZrFs melt - slow cool 850 *)
: : 43
9 B-BaZiFs RbPaFs Orth((;rhomblc, solid state 700 *?)
mme melt - quench 560 *)
10 o-SrHfF hydrothermal 160 This
work
11 v-BaZrFs N/A Morgzc/lcmlc, hydrothermal 200 &)
12 a-SrHfF melt - quench 850 *H
13 a-SrZrFs A Monoclinic, melt - quench 780 *H
P2i/c melt - slow cool 850 *)
14 a-BaZrFe -
solid state 450 &)
15 t-SrHfF a-BaTbFs | Triclinic, P-1 hydrothermal 160 \};2;15(
solid state 450 *)
16 a-BaxZrFs hydrothermal 200 (*?)
Ba,ZrFs Orth;))rhomblc, sand bath 60 (42?
e hydrothermal 160 This
17 Ba,HfFs Y work
hydrothermal 150 ®
18 Pb,HfFs A Orth;rh(;mbic, hydrothermal 160 VTVISE(
19 PbyZ1Fg nas sand bath 60 )
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ABXs Family

The ABXs phases crystallize in crystal systems ranging from simple cubic to triclinic
(Figure 12). These crystal systems have unique crystal structures that exhibit significant
differences in their crystallographic arrangements. All compositions (/-6 in Table 2) that take on
the cubic crystal system, crystallize in the double ReO3 or NaSbFs structure type (Figure 12). In
this structure the Hf/Zr cations are located in an octahedral coordination environment instead of
the more typical 8-coordinate arrangement expected for size of these cations. Consequently, the
A cation in this cubic system is limited to cations with smaller ionic radii (Mg?>" = 0.72 A, Cd*"
=0.95 A, and Ca?" = 1.00 A; Figure 13). Previously all cubic compositions were obtained via the
solid-state synthesis route and now we have shown that also the mild hydrothermal approach can

also be used to obtain cubic compositions, such as MgH{Fs.

ABXg Stlructures

Cubic Orthorhombic Monoclinic Monoclinic Triclinic
Cmme

P2,/c

vl‘/’/,‘w/ _ /ln\.

P YV

[A(‘I )Xn]g' [A(Z)Xm]s' [AXs]* [AMX1ol*  [A(2)X40]*

[AXs]‘”
T X %X e .
[BXe1* [BXg]* [B(1)B(2)X45]* [B2Xq2]* [BO)XI*  [B(2)Xsl*

* W 6 ¢ um

Figure 12. Comparison of the ABX¢ phases reported for fluoridozirconates and fluoridohafnates.
The A cations are shown in yellow spheres. Note that two shades of green are used to distinguish
crystallographically unique B cation sites and X anions are shown in light green spheres.

Compositions 7-15 in Table 2 contain strontium, barium, and lead and crystallize with an
ABXs composition. In 1983, Kawamoto et al. synthesized several phases of AZrFs (A = Sr, Ba and
Pb) using stoichiometric melts, including the low-temperature phases of a-SrZrF¢(7), PbZrFe(8),
and a-BaZrFe(/4), by melting stoichiometric ratios of starting reagents at 850 °C followed by slow
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cooling. The high-temperature phases of B-SrZrFs and f-BaZrFs(9) were obtained by crystalizing
the stoichiometric melts a few degrees above their melting points followed by quenching using
liquid nitrogen. However, they were unable to determine the crystal structure of B-SrZrFe and,
therefore, it is not included in Table 2.% Surprisingly they observed that the low-temperature
phases of a-SrZrFe¢(7), PbZrFe(8), and the high-temperature B-BaZrFe(9) are isostructural and
related to the RbPaFs structure (Figure 12), unlike the low-temperature a-BaZrFs (/4), which
crystallizes in the monoclinic P21/c space group. Later studies by Laval et al. in 2018 reported the
synthesis of the high-temperature phases of a-SrHfF¢(/2) and a-SrZrFs(73) that also crystallize in
the monoclinic P2i/c space group. Compositions /2 and /3 were synthesized by heating
stoichiometric melts to the tabulated temperatures in Table 2 and then quenching them with water.
We presume that the high-temperature a-SrZrFe(/2) phase mentioned by Laval et al. is the same
phase as the high-temperature B-SrZrFs reported by Kawamoto et al. The monoclinic P21/c phase
contains [BF7]*~ (B = Hf and Zr) pentagonal bipyramids and [AFg]® (A = Sr and Ba) snub
disphenoids. Both [AFs]® and [BF7]*~ form edge-sharing dimers and these dimers are corner and
edge shared with each other to form the three-dimensional structure. The structure is an anion
excess ReOs-related phase (Figure 12). An in-depth crystal structure description is given by Laval

et al.?!

In addition to the a- and B- phases of BaZrFs, a third phase, y-BaZrFs(/7), was discovered
by Le Bail et al. in 1992 using hydrothermal synthesis. The phase was isolated at 200 °C, a
significantly lower temperature than the a- and B- phases of BaZrF¢ (Figure 11). The y-BaZrFs
crystallizes in the monoclinic C2/c space group and contains isolated infinite chains of [ZrFg]*-
distorted bicapped trigonal prisms that are linked alternatively by faces and opposite vertices
(Figure 12). It is also reported that upon heating y-BaZrFs undergoes an irreversible phase
transition at 545 °C and yields a-BaZrFe.>° This is in contrast to the a-BaZrFe to B-BaZrFe phase
transition at 565 °C, which is reversible.*!- 43 This low-temperature y-BaZrFs phase was only

accessible via the hydrothermal route.

The final structure discussed under the ABX¢ family here is the #-SrHfF¢(/5), which
crystallizes in the triclinic P—1 space group. While we did not find any other fluoridozirconates or
fluoridohafnates reported with this crystal structure, there are reports of a-BaTbFs, which is

isotypic (Figure 12).°2 Similar to the y-BaZrFs, -StHfF¢ also was only accessible via the
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hydrothermal route, suggesting that both compounds are low-temperature kinetic phases (Figure
11). Beyond the crystal structure types we discussed under fluoridozirconates and
fluoridohafnates, there are a plethora of materials with the ABXs formula that contain additional
B cations, such as U**, Th*", Tb*', and Te*'. An extensive review of other types of ABXG structures

can be found in the studies by Laval et. al.!- 334
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Figure 13. Radius ratio plot for ABXs phases. The AZrFs compositions are shown in green
spheres while AHfFs compositions are in blue spheres.

Although we do not observe a specific trend based on the synthesis temperature vs.
compositions (Figure 11) for the ABXs family, it is evident that most of these compounds are
kinetic phases that are part of a large phase space. Therefore, small parameter changes in synthesis
conditions result in entirely different crystal structures. However, considering the radius ratio
(ra/rB) between the A and B cations for the tabulated compositions, one could observe that there
is a threshold value of ~1.41 for the cubic system (Figure 13). Note that average values of Shannon
ionic radii were considered for the cases in which there were multiple coordination environments
for the A and B cations.>> When ra/rp is greater than 1.41, the phases tend to form structures in
crystal systems that are lower in symmetry. This may be due to the larger A cation radii creating
steric hindrance in the cubic system. More studies on fluoridozirconates and fluoridohafnates need

to be carried out to arrive at a more definitive conclusion.

A>BXs Family
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Based on the literature, we observed that the A;BXs compositions (/6-79 in Table 2) are
only adopted by the larger A cations, such as Sr, Ba, and Pb. Even though crystal structures of
Sr2ZrFs and SroHfFg are not reported in the literature, there are reports by Laval et al. in 2018 of
multiple microphases of Sri—xZrxF2+2x (0.333 < x < 0.353) that are related to the a-BaxZrFg
structure.*> 3¢ Both a-Ba,ZrFs, BaHfFs, and Sri-«Zr«F2i2x microphases crystallize in the
orthorhombic Pnma space group while Pb,ZrFg and Pb,HfFs crystallize in the orthorhombic space
group Pna2;. As mentioned earlier in the text, the subtle changes in the space groups occur due to
the stereochemical influence of the 6s? lone pair on Pb; otherwise, these phases can be considered

as belonging to the same structural series.*? >

Earlier studies by Le Bail et al. in 1998 discovered a-BaxZrFg and PboZrFg using multiple
synthesis methods.*? In this study, they synthesized Ba,ZrFs via solid state (450 °C), hydrothermal
(200 °C), and the direct reaction of stoichiometric ratios of BaF> and ZrF; in a sand bath (60 °C).
They achieved the formation of Pb,ZrFg only when using the sand bath method at 60 °C.*? See
Table 2. The powder samples of Sri-xZr<F2+2x microphases were synthesized via the direct reaction
between SrF» and anhydrous ZrF4 at 850 °C followed by slow cooling.’® The study mentioned that
prolonged annealing of these phases at temperatures lower than 400 °C led to phase
decomposition; indicating that these phases are metastable. In contrast, Ba;HfFg was reported to
form only via the mild hydrothermal route by us at 160 °C and by Li et al. at 150 °C.3 Except for
the Sr1-xZr«F2+2x microphases, all Ao BXs phases were synthesized in the lower temperature region
of 60—450 °C. According to Figure 11, it is evident that the mild hydrothermal synthesis method

is the most convenient way to obtain the majority of A,BXs phases.

Conclusions

Herein, we presented the synthesis and the crystal structure descriptions for seven ternary
hafnium-containing fluorides. The mild hydrothermal synthetic route was employed to achieve
low-temperature phase formation of fluoridohafnates. In this study, we observed that while the
formulas are often isotypic, the crystal structures differ significantly. In the case of MgH{Fs, o-
SrHfF¢, and #-SrH{fFs, the ionic radii of the alkaline-earth metal appears to impact the change from
cubic MgHfF¢ to orthorhombic and triclinic StHfF¢ phases. The occurrence of two phases of

SrHfFs is likely the result of kinetic effects commonly observed in mild hydrothermal syntheses.
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On the other hand, the difference in space groups in Ba;HfFs and Pb,HfFg is thought to be mainly
due to the stereochemical influence of the Pb** lone pair.

The review of existing fluoridozirconates and fluoridohafnates in literature reveals that
there is no consistent relationship between different crystal systems of the ABX¢ family and their
synthesis temperature, but rather it seems more closely connected to the cation radius ratio. For
cubic compositions, a threshold radius ratio value of 1.41 is observed; greater than 1.41, the
compositions crystallize in lower crystal symmetries. Many of these compositions in both the
ABXs and A2BXs families are metastable or kinetic phases. Therefore, the mild hydrothermal
method is likely a better synthetic route than the solid-state synthesis method to access these low-
temperature kinetic phases of fluoridozirconates and fluoridohafnates. Optimizing the mild
hydrothermal method is expected to lead to the discovery of additional ternary hafnium/zirconium
fluoride structures and result in an enhanced understanding of the different crystal systems present

in this phase space.
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Synopsis

Using mild hydrothermal synthesis, a group of ternary hafnium fluorides was synthesized, and
their crystal structures are compared and described. Additionally, we provide a summary of the
synthesis conditions and crystal structures of previously reported fluoridohaftnates and
fluoridozirconates.
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