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Abstract
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1. Introduction

Monofluorides (AF) and pentafluorides (MFs) form a variety of compounds with general formulas
AMFs, A2MF7, AsMFg, AMaF11, AMsFis and AM4F21. The largest group represents AMFs compounds, where
more than 100 compounds have been reported (Table 1). Their crystal structures were last time completely
reviewed in sixties [1,2] and briefly discussed in Refs. [3] and [4]. Since that time a large number of
publications about crystal data of AMFs compounds were published. Because of that and because of some
discrepancies with different data a complete review concerning the crystal structure of AMFs compounds
was made. Additionally, known literature data about other phases in AF-MFs systems (A:2MF7, AsMFg,
AM_F11, AM3Fis and AMsF21) are included.
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2. AMFs compounds

The structures of AMFs compounds are divided in NaCl- and CsCl-types. NaCl-type has a (6,6)-coordination and is found for the salt of which the
radius ratio r(cation) / r(anion) is small. CsCl-type has an (8,8)-coordination and occurs for the salt with a large radius ratio. Since the MFg anion is not
perfectly spherical, its orientation is affected again by the size of cation and probably by the hardness of it. By the difference in the orientational manner of
anions, structural variety occurs for both the NaCl- and CsCl type salts. The orientation of anions varies the coordination number of fluorine atoms around the
cation from six found for LiSbFe (NaCl-type) and NaSbFe structure (NaCl-type) to twelve for KOsFe structure (CsCl-type). Some of the
hexafluorophosphates and arsenates exhibit orientational disorders. The coordination numbers varies from six to twelve in the local structure of these
compounds. Among them, compounds like CsPFs (NaCl-type) exhibit a fixed twelve coordination number in spite of the presence of disorder. Some of the
salts are polymorphic and phase transitions have been reported (see Legend under Table 1). Some of the structure data are based on only powder diffraction

work in the middle of last century. Re—classification in this review has been made mostly based on the reported single crystal data.

Table 1
Structural types of A'MVFs compounds
As \Y Rh Ru Au Pt Ir Os Re Sb Mo W Nb Ta Bi
'Og_ic | 0.52 0.60 068 | 069 | 0.705 | 0.72 | 0.712 | 0.712 | 0.715 | 0.72 0.74 0.75 | 0.76 | 0.78 | 0.78 | 0.90
radius
Li |0.90 a a a a a a a a a a a a a a a a
Cu | 091 / a / / / / / / / / a / / / / /
Na | 0.116 b" a a a a a / a a b b b b b b a
Ag | 0.129 c c d /| |dle]| a / |d]eld] e / e / / h h d
K [0.152 g"[flgVIf] f f f f f f f d [fleV[d[f] d d d d [e/]d
In g f / / / / / / / / / / / / / /
Tl | 0.164 g f f / f / / / / / f f / fyir | v /
Rb | 0.166 g fViIt g f f f f f f f f £ Vi f f f] f
Cs |0.181 X OtV g f f f f f f f f fvi f f fxOEx f

a = LiSbFe-type; b = NaSbFes-type; ¢ = AgPFs-type; d = KNbFs—/ KSbFs(1)-types; e = AgSbFe-type; f = KOsFs—type; g = CsPFe-type; h = AgTaFs—type.
'Shanon ionic radii / A.[5] Information about some high-temperature phases not included in Table 1 and structural transitions in dependence of temperature
could be found in: "Ref. [6,7], ""Ref. [7], 'VRef. [8], VRef. [9], V'Ref.[10], V"'Ref.[11], V""'Ref. [12], *Ref.[13], *Ref. [7,14].
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2.1 LiSbFe-structural type (Fig. 1)

All the LiMFs and Cu'MFs compounds (although only two examples are so far known for the latter
[15],[16]) crystallize in this structure. In the series of NaMFs, irregularity is observed in the radius ratio rule.
LiSbFe structure mostly appears for NaMFs of which the ionic radius of M is small (<0.72 A). However,
NaPFs which is the salt with the smallest MFg anion in Table 2 does not crystallize in LiSbFs structure but
in NaSbFs structure as a stable form at ambient conditions [7]. On the other hand, NaBiFs with the largest
MFs anion appeared in the Table 2 crystallizes in LiSbFs structure rather than in NaShFs structure. In the
AgMFs series, only AgAuFs is known to crystallize in LiSbFs structure. The structure is the result of the
(6,6) coordination of NaCl-type for the combination of small atomic cations and large hexafluoroanions as
in the case of NaSbFe-type. It is regarded to a slightly twisted NaSbFs structure so as to elongate the
diagonal of the pseudo NaCl-type lattice for the effective packing of ions. MFg™ anions tilt towards the edge
of the rhombohedron (17° in the case of LiSbFe). The cation is coordinated by six fluorine atoms from the
six different MFs™ anions. A—-F—M chain is not straight but bent (148° in the case of LiSbFe).

Fig. 1. The rhomhohedral unit cell and structure of LiSbFs—structural type.
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Table 2 LiShFs—type (thombohedral, R3, N0.148, Z = 1, C.N.(A!, MY) = 6)

Lattice Constants V /A® Structural Data® Ref.
Hexagonal setting Rhombohedral setting )
| a/A c/A a/A al® X [g;@ggﬁ
LiPFs 4.932(2) 12.658(4) | 5.09 57.954 | 88.9 structure; single crystal [17]
4.932(2) 12.641(5) | 5.086 58.012 | 88.8 unit cell; powder data® [18]
4.933(1) 12.657(2) | 5.090 57.966 | 88.9 unit cell; powder data® [18]
LiAsFs | 5.016(1) 13.028(4) | 5.220 57.435 | 94.6 structure; powder data [17]
LiVFg 5.00 13.33 5.30 56.3 96.3 unit cell; powder data [1,2]
LiRhFs | 5.02018(7) | 13.5588(3) | 5.369 55.745 | 98.6 single crystal/SPDD® [19,20,21]
LiRuFs | 5.07397(8) | 13.5244(3) | 5.376 56.314 | 100.5 | structure; SPDD data® [19,20]
LiAuFs | 5.00337(5) | 13.7160(2) | 5.410 55.091 |99.1 structure; SPDD data [19,20]
4.994(1) 13.624(2) | 5.379 55.315 | 98.1 unit cell; powder data [22]
LiPtFs 5.02686(4) | 13.6559(2) | 5.398 55.497 | 99.6 structure; SPDD data® [19,20]
LilrFs 5.06148(4) | 13.6260(2) | 5.401 55.855 | 100.8 | single crystal and SPDD® | [19,20,21]
LiOsFs | 5.10558(6) | 13.6106(2) | 5.410 56.307 | 102.4 | structure; SPDD data® [20]
5.1111(8) | 13.625(4) |5.416 56.308 | 102.7 | structure; single crystal? [20]
5.0512(3) | 13.5932(9) | 5.388 55.901 | 100.12 | structure; single crystal® | [19,20]
LiReFs" | 5.057 13.735 5.43 55.5 101.4 unit cell; powder data [1,2,19]
LiSbFs | 5.18(2) 13.60(2) 5.43 56.97 105.3 | structure; single crystal [17,23]
LiMoFs | 5.190 13.585 5.43 57.1 105.6 unit cell; powder data [1,19]
LiWFs 5.234 13.606 5.45 574 107.6 | unit cell; powder data [1,2,19]
LiNbFs | 5.31810(3) | 13.5861(2) | 5.471 58.155 | 110.9 | structure; SPDD data® [19,20]
LiTaFs | 5.32006(8) | 13.6178(3) | 5.481 58.070 | 111.26 | structure; SPDD data® [19,20]
LiBiFs 5.181 13.99 5.540 55.76 108.4 | structure, powder data [17,25]
CuAsFs | 5.13 13.87 5.49(1) 55.7(1) | 105.3 unit cell; powder data [15]
CuShFs | 5.304(4) 14.53(1) 5.730 55.138 | 118.0 structure; single crystal [16]
NaAsFs | 5.336 13.979 5.586 57.06 114.9 unit cell; powder data [1]
NaVFs 5.330 14.144 5.629 56.55 116.0 unit cell; powder data [1,2]
NaRhFs | 5.24 14.62 5.74 54.36 | 115.9 | unit cell; powder data [24]
NaRuFs | 5.31 14.77 5.80 54.49 | 120.2 | unit cell; powder data [24]
NaAuFs | 5.237(2) 15.042(4) | 5.855 53.13 119.1 unit cell; powder data [22]
NalrFgs 5.37 14.70 5.80 55.2 122.5 unit cell; powder data [1,2]
NaOsFs | 5.37 14.70 5.80 55.2 122.5 unit cell; powder data [1,2]
NaBiFs | 5.468 15.16 5.958 54.64 130.4 | structure: powder data [17,25]
AgAuFs | 5.2840(2) | 15.0451(6) | 5.870 53.498 | 121.3 | unit cell; SPDD data® [19,26]

AVolume is given for rhombohedral unit cell. »Where not stated otherwise, data were collected by powder or
single crystal X-ray diffraction methods. 9LiPFs prepared by the reaction between the elemental F» and
equimolar mixture of LiF and P. 9LiPFs prepared by the reaction of LiF with PFs in anhydrous HF. ®SPDD
= synchroton X-ray powder diffraction data at 299 K. PData collected at 293 K. 9Data collected at 129 K.
MThe authenticity of this compound is doubtful (see Ref. [19]).
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2.2 NaSbFe-structural type (Fig. 2)

NaSbFs structure with the highest symmetry among the AMFs structures is not widely spread and

found only for the sodium hexafluorometallates of transition metals with limited ionic radii of 0.72 to 0.78 A.

There occurs of a NaCl-type arrangement of the cations and anions. A-F-M chain is straight without the tilt
of MFe units. NaPFs is the only exception in this series which crystallizes in NaSbFe structure in spite of the
small size of phosphorus atom. The structure of this compound was originally classified as “NaPFs type”
with the same space group, but with inclined anions with an eight—fold orientational disorder. The recent
result based on the single crystal X—ray diffraction analysis however, supports NaShFs—type for the structure

of this salt [7]. Coordination number of the fluorine atoms around the cation is six.

Fig. 2. The cubic unit cell and structure of NaSbFs—structural type.

Table 3
NaSbFe-type (cubic, Fm3m, No. 225, Z=4, C.N.(A") =6) (previously NaPFe-type)
Lattice Constants V /A3 Structural Data? Ref.
a/
NaPFs 7.6140(5) 441.41(4) | structure; single crystal [1,7]
NaReFs 8.18 547.3 | unit cell; powder data [1,2]
NaShFe 8.184(5) 547.3 | structure; powder data [2,17,27]
NaMoFs 8.194 550.2 | unit cell; powder data [1,2]
NaWFs 8.18 547.3 | unit cell; powder data [1,2]
NaNbFs 8.26 563.6 | unit cell; powder data [1,2]
8.28 567.7 | unit cell; powder data [28]
NaTaFs 8.28 567.7 | unit cell, powder data [1,2]

dData were collected by powder or single crystal X—ray diffraction methods.
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2.3 Structures of cubic APFs and AAsFs with orientational disorders of the anions (Figs. 3 and 4)

Some of the structures of AMFs (M =P, As) in Table 4 were originally reported as “KPFs—type” and
later renamed to CsPFs structure of the Pa3 space symmetry. This structure could be described by starting

from NaShFe—type (Fm3m), then rotating the octahedral PFs anion by 60° around the three—fold axis of the
lattice (the diagonal direction of the unit cell). The choice of the three—fold axis out of four of them for the
rotation is uniquely determined for each PFs to keep the cubic symmetry. By the rotation, two fluorine

atoms from each PF¢ equally coordinate to one cation, increasing the coordination number to 12 as a total.

As a result, the space symmetry descends to Pa3 and the lattice becomes primitive. However, the single
crystal structure recently determined for some salts revealed that the lattices of these compounds are actually
not primitive but preserve face—centered cubic symmetry. This is caused by the random choice of the
rotation axis of each PFg™ out of the four three—fold axes.[7] As a result, twenty—four sites for fluorine atoms
around a phosphorus atom, corresponding to a special position (96k), are equally occupied with the
occupancy ratio of 0.25. Coordination of the A* cation by fluorine atoms is unchanged by the rotation. The
coordination number of A* cation is still 12.

Another type of AMFs that possesses Fm3m symmetry is found for AgPFs and AgAsFs [29]. In this
case, the disorder occurs by the choice of the three four—fold rotational axes with the rotation of 45° from the
original position in NaSbFs structure. Twenty—four sites for fluorine atoms around four PFe anions
corresponding two special positions (24e and 48h) are equally occupied with the occupancy ratio of 0.33.
The averaged coordination number of fluorine atoms around the cation is calculated to be 10 as a sum of
them at 24e (2) and 48h (8).

Fig. 3. The cubic unit cell and structure of CsPFe—structural type with disoredred PFs units.
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The structures of the cubic APFs and AAsFs in Table 4 have not been determined in detail unless otherwise

noted. It has not been clarified either if some of the PF¢ and/or AsFe salts crystallize in the former CsPFg

structure (Pa3) in which no disorders occur in the orientation of PFg or AsFs. Single crystal X—ray or
neutron powder diffraction study is necessary for further discussions on the detailed structure of these

compounds.

9 #0 %
| |
| |
0 ol __.0——- ra /#/ =
%n [ o= ‘3%
7N
Fig. 4. The cubic unit cell and structure of AgPFe—structural type with disoredred PFs units.

Table 4
Cubic AMFs (M = P, As), Fm3m, No. 225, Z = 4, C.N.(A") = 10 (for AgPFs type), 12 (for CsPFs type);
previously classified as Pa3 CsPFs-type

Lattice V /A% [Structure [ Structural Data?® Ref
Constants type

a/
AgPFs 7.5508(7) 430.51(12) | AgPFs structure; single crystal [7,29,30]
AgAsFs 7.7548(21) 466.34(37) | AgPFs structure; single crystal [29,30]
KPFg 7.7891(7) 472.57(6) | CsPFe structure; single crystal® [7]
KAsFs 8.0560 522.83 unit cell; powder data [8]
InPFs 8.07(2) 524.9 unit cell; powder data [31]
TIPFs 7.94 500.6 structure; powder data [1]
RbPFg 7.887(8) 490.6(8) | CsPFe unit cell; single crystal [7]
RbAsFs 8.246(4) 560.7 unit cell; powder data [12]
CsPFs 8.197(2) 550.9(2) | CsPFs structure; single crystal® [7]
CsAsFs 8.384(5) 589.3 unit cell; powder data [12]

dData were collected by powder or single crystal X—ray diffraction methods. ®For high—pressure behaviour
of the cubic phase of KPFg see Ref. [32]. 9For other possible high-temperature modifications see Ref. [7].
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2.4 Tetragonal KSbFs (T) —structural types and similar structures (Fig. 5)

There seems to be some confusion in the literature structures of this type. Some sources describe this
structure as one structural type, [3] meanwhile others as two different types [4]. There is a group of AMFs
compounds classified as KNbFs structure [2]. In these compounds, MFs octahedra are significantly
compressed (On to Dsd), cis F-M-F angle being about 45°. However, if the fluorine atoms located at 4e in
P 4¢2 (No. 116) are repositioned to 4f, the MFs anions recover their octahedral shape. The reported space
groups of KSbFs (T) [33], AgTaFs [30], and KNbFs [34] are P4 2m, P4/mem and P4 c2, respectively.
However, their structures are the same except the difference in the manner of slight deformation of the MFs
octahedron (in the case of KNbFs, fluorine atoms should be repositioned). Further examination is necessary
to check the structural differences in these compounds. Especially, unusual deformation of MFs in the
KNbFs structure should be carefully re-examined. Cations and anions form CsCl-type arrangement with
(8,8) coordination. Doubling of the CsCI cell along the c—axis is due to different orientations of MFs
octahedra that are slightly compressed along this axis (On to Dzn). The cation is coordinated by four F(1)
from four different MFe and eight F(2) from the other four different MFs, forming a dodecahedral
coordination. The coordination number varies by the definition. In the case of AgTaFs for example, the
distance Ta—F(2) (2.46(2) Z'\) is shorter than Ta—F(1) (2.91(3) }'\). Therefore the coordination number based
on the closest approach of the F atoms is eight.

@]

¢‘ o?

l
J
l

e

Fig. 5. The tetragonal unit cell and structure of KSbFs (T)-structural type. The origin is set at the K position.
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Lattice Constants V /A3 | Space Structural Data® Ref.

a/A c/A group
AgVFs 4.90 9.42 226.2 P4c2 unit cell; powder data | [1,2]
AgRuFs 4.85 9.54 224.4 P4c2 unit cell; powder data | [1,2]
AglrFs 4.85 9.70 228.2 P4c2 unit cell; powder data | [1,2]
AgOsFs 4.92 9.58 231.8 P4c2 unit cell; powder data | [1,2]
AgBiFs 5.079(2) 9.552(3) 246.4 P42m unit cell; powder data | [19]
AgNbFg 4.9780(10) 9.6040(10) | 237.99(12) | P42/mcm unit cell; single crystal | [30]
AgTaFs 4.9949(4) 9.6051(8) | 239.64(6) | P42/mcm structure; single crystal | [30]
KReFs 5.044 10.09 256.8 P4c2 unit cell; powder data | [1,2]
KSbFs 5.16(1) 10.07(2) 267.86 P42m structure; single crystal | [9,10,17,33]
KMoFe 5.085 9.97 257.8 P4c2 unit cell; powder data | [2]
KWFs 5.105 10.09 263 P4c2 unit cell; powder data | [2]
KNbFs 5.18(2) 10.05(2) 269.8 P4c2 structure; single crystal | [10,34]

5.18 10.08 270.5 unit cell; powder data | [43]

KTaFs 5.20(2) 10.05(2) 271.8 P4c2 structure; single crystal | [1,2,34]
KBiFs 5.248 10.07 277.34 P4c2 structure; powder data | [10,17]

dData were collected by powder or single crystal X—ray diffraction methods.

2.5 AgSbFe-structural type and similar structures (Fig. 6)

The array of cations and anions is a CsCl-type with no compression. Therefore the SbFe™ anion is a
regular octahedron, which contrasts to that in the tetragonal AMFs. Four orientations of ShFs octahedron
occur, the unit cell being a cube with a doubled lattice constant containing eight SbFs anions forming (8,8)
coordination. However, six fluorine atoms from six different SbFe out of eight coordinate to a silver atom. In

Table 6, only the structure of AgSbFs has been determined by single crystal X-ray diffraction [30]. The

same space group, 1a3, was originally proposed also for the KSbFs as a low temperature form (high
temperature form is tetragonal), however, different space groups such as 123 or 12:3 were proposed later.
The structure of the potassium salts should be re—examined to confirm the structural difference from the
silver salts (Table 6).

RBAEFHHRY LS b ?I
|

KURENAI

Kyoto University Research Information Repository



¥ KYOTO UNIVERSITY

A Self-archived copy in
Kyoto University Research Information Repository
https://repository.kulib.kyoto-u.ac.jp

K 5

Fig. 6. The cubic unit cell and structure of AgSbFs—structural type. The origin is set at the Ag position.
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Table 6
AgSbFe—type (cubic, 1a3, No. 206, Z =8, C.N.(A") = 6)

Lattice V /A% | Spacegroup | Structural Data® Ref.

Constants

a/A
AgRuFs | 9.653(10) 899.5(14) a3 unit cell; powder data [19]
AglrFs | 9.704(2) 913.80(28) | 1a3 unit cell; powder data [19]
AgOsFs | 9.7318(9) 921.68(13) | 133 unit cell; powder data [19]
AgSbFs | 9.857(5) 957.7(7) l1a3 unit cell; powder data [19]
AgSbFs | 9.7985(4) 940.76(12) | 1a3 structure; single crystal [30]
KSbFs | 10.176(8) 1053.7(12) | 123 0r 12:3¥ | unit cell; powder data® [9,17]
KBiFs | 10.34 1105.51 la3 structure; powder data [10,17] [%:T:\’,’EEE

nitially proposed space group symmetry la3 was it was later ruled out [9] and new space groups 123 or
1213 proposed. ®Data were collected by powder or single crystal X—ray diffraction methods. ©Data collected
at 268 K.

2.7 KOsFe— structural type (Fig. 7)

This structure is found for some KMFs compounds and for the majority of AMFs compounds with A*
cations where the radii are larger than 1.5 A. The structure is derived from the CsCl-type arrangement of
cations and anions with a rhombohedral distortion. Compression of the CsCl cubic cell along the cell
diagonal yields rhombohedral cell with the distortion angle (¢) which ranges from 95 to 98°, Two fluorine
atoms from each MFs anion at the corner of the unit cell are arranged to equally coordinate the central cation.

A cation is equally coordinated by 12 fluorine atoms as a total. The cations and fluorine atoms form together

10
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a cubic close packing arrangement in which the former are coordinated by six of the latter in the same layer,

three of them above the layer and another three below.

Fig. 7. The rhombohedral unit cell and structure of KOsFs —structural type.

Table 7
KOsFs—type (rhombohedral, R3, No.148, Z = 1, C.N.(A") = 12)
Lattice Constants vV /A39 | Structural Data? Ref.
Hexagonal setting Rhombohedral setting |,
al/A c/A Ta/A al/°

KPFe 7.09 7.79 4.85 94 113.2 unit cell; powder data [1]
KAsFs | 7.39(1) 7.32(1) 4.92 97.49 115.4 structure; single crystal [35,8,17]
KVFs 7.38 7.38 4.92 97.2 116.0 unit cell; powder data [1,2]
KRhFs | 7.46 7.36 4.96 97.62 118.2 unit cell; powder data [24]

7.4060(2) | 7.2714(2) |4.915 97.772 115.13 | structure, single crystal® | [20]
KRuFs | 7.46 7.41 4.97 97.4 119.0 unit cell; powder data [2,24]

7.465 7.414 4.968(1) |97.40(1) |119.3 unit cell; powder data [36]
KAUFs | 7.348(8) 7.198(8) | 4.874 97.84 112.2 unit cell; powder data [22]

7.49 7.27 4.936(5) |97.96(3) |116.4 unit cell; powder data [37]

7.496(3) 7.315(3) | 4.967 97.966 118.7 structure, single crystal®) [38]
KPtFs 7.45 7.40 4.96 97.4 118.7 unit cell; powder data [2,37,36,39]
KlIrFe 7474 7.524 4.9744(7) | 97.399(9) | 119.7 unit cell; powder data [36]
KOsFs | 7.486 7.487 4.991(1) |97.18(2) |121.1 structure; powder data [1,2,40]
KReFe 7.530 7.537 5.012(4) |97.15(4) [123.4 unit cell; powder data [36]
InAsFs 7.58(2) 7.90(2) 5.108 95.813 131.1 unit cell; powder data [31]
TIAsFs | 7.55 7.59 5.04 97.0 124.9 unit cell; powder data [1]
TIVFs 7.53 7.99 5.10 95.2 130.9 unit cell; powder data [1,2]
TIRuFs | 7.60 7.74 5.09 96.6 129.0 unit cell; powder data [1,2]
TISbFs | 7.67 7.95 5.16 96.0 135.0 structure; powder data [1]
TIMoFs | 7.631 7.885 5.135 96.13 132.5 unit cell; powder data [1,2]
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TINbFs | 7.662 7.853 5.142 96.37 133.1 unit cell; powder data [1,2,11]
7.766 7.960 5.21 96.37 138.6 unit cell; powder data [13]
TITaFs | 7.672 7.881 5.148 96.34 133.9 unit cell; powder data [1,2]
RbAsFs | 7.497(1) 7.589(1) 5.013 96.783 123.1 structure; single crystal [12]
RbVFs | 7.51 7.55 5.01 97.0 122.7 unit cell; powder data [1,2]
RbRhFs | 7.61 7.62 5.06 97.14 127.4 unit cell; powder data [24]
RbRuFs | 7.59 7.66 5.07 96.88 127.4 unit cell; powder data [2,24]
RbAuFe | 7.638(4) | 7.608(4) |5.087 97.309 128.1 unit cell; powder data [22]
RbPtFs | 7.61 7.65 5.08 97.0 127.9 unit cell; powder data [2]
RbirFs | 7.639 7.682 5.105 97.0 1294 unit cell; powder data [1,2]
RbOsFs | 7.64 7.75 5.106 96.74 130.5 unit cell; powder data [1,2]
RbReFs | 7.64 7.75 5.11 96.7 130.5 unit cell; powder data [1,2]
RbSbFs | 7.670(1) | 7.861(2) |5.145 96.373 133.5 structure, single crystal [1,12]
RbMoFs | 7.63 7.79 511 96.13 130.6 unit cell; powder data [1,2]
RbWFs | 7.72 7.69 5.14 97.6 132.2 unit cell; powder data [1,2]
RbNbFs | 7.66 7.85 5.14 96.4 133.1 unit cell; powder data [13,11]
RbTaFs | 7.663 7.848 5.14 96.4 133.1 unit cell; powder data [1]
RbBiFs | 7.712 7.889 5.171 96.44 135.4 structure; powder data [25,17]
CsAsFs | 7.723(1) 8.050(1) 5.204 95.806 138.6 structure; single crystal [12]
CsVFs | 7.80 8.04 5.24 96.2 141.2 unit cell; powder data [1]
CsRhFs | 7.81 8.02 5.24 96.31 141.2 unit cell; powder data [24]
CsRuFs | 7.80 8.07 5.25 96.3 141.7 unit cell; powder data [2,24]
CsAuFs | 7.640(5) |8.133(6) |5.204 95.34 137.0 unit cell; powder data [22]
7.81 8.00 5.24(1) 96.43(5) | 140.9 unit cell; powder data [37]
CsPtFs | 7.86 8.05 5.27 96.4 143.4 unit cell; powder data [2]
CslrFes 7.85 8.08 5.27 96.2 143.6 unit cell; powder data [1,2]
CsOsFs | 7.85 8.12 5.28 96.1 1445 unit cell; powder data [1,2]
CsReFs | 7.853(1) |8.140(1) |5.284 95.996 144.9 structure; single crystal® | [14,41]
CsSbFs | 7.904(1) 8.261(1) 5.330 95.717 149.0 structure; single crystal [41,42,17]
CsMoFs | 7.86 8.15 5.29 96.0 1454 unit cell; powder data [1,2]
CsWFs | 7.85 8.30 5.31 95.5 147.7 unit cell; powder data [1,2]
CsNbFs | 7.97 8.07 5.32 95.8 147.9 unit cell; powder data [2,13]
CsTaFs | 7.96 8.17 5.32 95.8 149.3 unit cell; powder data [2]
CsBiFs | 7.930 8.274 5.345 95.76 150.1 structure; powder data [25,17]

AVolume is given for rhombohedral unit cell. ®Data were collected by powder or single crystal X—ray
diffraction methods. “Data collected at 158 K; ¥Data collected at 200 K.®Data collected at 293 K.

3. A2MF7 compounds

Table 8.
Known A2MF7 compounds

Nb Ta W Sh Bi
Li Ref. [43] / / / /
Na | Ref.[43,44] Ref. [45,46] / / Ref. [53]
K Refs. [43,44,47,48,49]® | Refs. [45,46,48,49,50,51]7 | Ref. [52]® | Ref. [53] | Ref. [53]
Rb | Ref.[13,44] Ref. [46,54] Ref.[52] / Ref. [53]
Cs | Ref.[13] Ref. [46,54] / Ref. [63] | Ref. [53]
Tl Ref. [11,13] Ref. [46] / / /

ACrystal structure known.
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Known A2MF7 compounds are given in Table 8. The most investigated compounds are K:NbF7 and

K2TaF7, because of their use as initial materials for metals production. The available data about K.TaF7

preparation, main properties and structure have been recently reviewed.[50] K>TaF7 crystallizes in the
monoclinic space group P2:/c (No. 14) with Z = 4 (Table 9).[48]

Table 9.

Crystal data of A2MF7 compounds

Crystal system Structural Data® Ref.
Naz2NbF7 | monoclinic a=538 A, unit cell; [43]
b=11.84 A powder data
c=8.03A
£=90°
K2NbF7 | monoclinic a=5.846(3) A | structure, [47]
b= 12.693(6),A single crystal
c=8.515(4) A
£=90.0(1)°
Rb2NbF7 | monoclinic a= 10.60 A unit cell; [13]
b= 10.10 A powder data
c=9.65A
S =99.5°
Cs2NbF7 | monoclinic a= 1150 A unit cell; [13]
= 1097 A powder data
c=9.084A
p=95°
TIo2NbF7 | rhombohedral | a=10.97 A unit cell; [11,13]
o= 9.25° powder data
NaxTaF7 | isomorphous to KoTaF7 powder data [45,46]
K>TaF7 | monoclinic a=15.8559(6) A | structure, [48,50]
b=12.708(1) A single crystal
c=8.5125(9) A
£=90.17°
KsWF7 | orthorhombic | a=9.800(2) A | structure, [52]
b=5.736(11) A single crystal
c=1172322) A

dData were collected by powder or single crystal X—ray diffraction methods.
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Fig. 8. Part of the crystal structure K.TaF7.

The crystal structure of K,TaF7 consists from potassium cations and TaF> anions (Fig. 8). Below
150 K, TaF+* anion is built as trigonal prism with six fluorine atoms in the vertices. The seventh fluorine
atom is placed above the centre of rectangular face of the prism.[50] With increasing temperature
deformation of TaF;% anions occurs.[50]

Crystal structures of KaNbF7 and KaWF7 were also determined by single crystal X-ray diffraction.
The former is isostructural to K.TaF7, meanwhile K;WF7 crystallizes in an orthorhombic crystal system
(Table 9), space group Pnma (No. 62) with Z = 4.[52] In K:WF7 structure, the tungsten atom is surrounded
by an array of seven fluoride ligands in a distorted trigonal prism where one of the rectangular faces is
capped by the seventh fluorine atom.[52] Two of the fluorine atoms are unequally disordered between two
sets of positions (Fig. 9). Potassium cations are 11-coordinated with fluorine atoms, which is in contrast
with KoNbF7 and KoTaF7 structures, both of which contain 9—coordinate potassium cations.
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Fig. 9. Part of the crystal structure of K;WF7 (dashed lines represent bonds between tungsten and two pairs

of disordered fluorine atoms).

For the rest of known A2NbF7 (A = Li,[43] Na,[43] Rb,[13] Cs,[13] and Tl [11, 13]) compounds only
lattice parameters were reported. Na2NbF+ is reported to be isostructural to K2NbF7.[43]

In the case of other A;TaF7 (A = Na, Rb, Cs, TI) salts, sodium compound is reported to be
isomorphous to K.TaF7.[45]

Reports about mixed-alkali-cation niobium and tantalum heptafluoro complexes (NaANbF7, A = K,
Rb; NaATaF7, A = K, Rb, Cs) also exist.[55]

Rb,WF; was characterized by Raman spectroscopy,[52] meanwhile SbF-%" and BiF;% salts were
studied by vibrational spectroscopy and ab initio electronic structure calculations.[53] They possess

pentagonal bypiramidal, highly fluoxinal structures of Dsn symmetry.

4. AsMFs compounds

Table 10
Known AsMFs compounds.
Nb Ta Mo w
Li | Ref. [43] / / /
Na | Ref. [43] Ref. [45,46,56]7 |/ Ref. [52]
K | Ref. [43,44] | [46] Ref. [57] | Ref. [52,57,58]
Rb | Ref. [13] / / Ref. [52]
Cs | Ref. [13] / / /
Tl | Ref.[11,13] |/ / /

aCrystal structure known.
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Known AsMFs compounds are given in Table 11. The complete crystal structure determinations was

made only for NasTaFs.[56] It crystallizes in a monoclinic space group C2/c (No. 15) with Z = 4 (Table 12).

The structure consists of Na* cations and TaFs® anions (Fig. 10).

Table 11
Crystal data of AsMFg compounds
Crystal system | Structural Data® Ref.

NasNbFs | isostructural with NasTaFs powder data [43]

RbsNbFs | monoclinic a=10.65 A unit cell, [13]
b= 9.40 A powder data
c= 858A
p=91.2°

Cs3sNbFg | monoclinic a=1120A unit cell; [13]
b= 9.85A powder data
c=893A
p=915°

TIsNbFs | hexagonal a=859A unit cell; [13]
c= 6.69 A powder data

NasTaFg | monoclinic a=11.52A structure, [56]
b= 538A single crystal
c= 11214
B =120°

KsMoFs | cubic a=141A unit cell; [57]

powder data

KsWFs | rhombohedral |a=9.75 A unit cell; [58]

o= 86.4° powder data

dData were collected by powder or single crystal X—ray diffraction methods.

Fig. 10. Part of the crystal structure of NasTaFs.
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For other compounds only lattice parameters determined from powder data are available. (Table 12)
NasNbFs is reported to be isostructural with NasTaFs.[13] RbsNbFs and CssNbFs appear to be isostructural,
but different from TIsNbFs.[13] KsWFs is reported to be rhombohedral. There are no available structural
data about other AsWFs (A = Na, Rb) compounds. Together with KsWFg they were characterized by their
Raman spectra in the molten FLINAK eutectic melt.[52]

5. AM2F11 compounds
Known AM:zF11 compounds are given in Table 13. AV2F11 (A = K, Cs) [59], CsTazF11 [63,64] and

CsBizF11 [60] were characterized by vibrational spectroscopy only.

Table 12
Known AM2F1; compounds.
\Y Nb Ta Sh Bi
Ag / / / Ref. [61]7 |/
K Ref. [59] Ref. [43] / Ref. [62]7 |/
Rb / Ref. [13] / Ref. [62] /
Cs Ref. [59] Refs. [13, 63,64] Refs. [63,64] | Ref. [62]° | Ref. [60]
Tl / Ref. [11,13] / Ref. [62] /

ACrystal structure known.

For ANbzF11 (A = Rb, Cs, Tl) compounds there are only lattice parameters reported (Table 13),[13].
Most extensive studies were made in AF-SbFs system where crystal structures of ASbzoF11 (A = Ag,
K, Cs) were determined.[61,62]

Table 13

Crystal data of AM2F11 compounds

Crystal system Structural Data® Ref.

RbNb2F1,? | rhombohedral |a=12.76 A unit cell; [13]
0.=91.2° powder data

CsNbaF11 rhombohedral |a=12.47 A unit cell; [13]
o =91.30° powder data

TINb2F1,” rhombohedral | a=10.70 A unit cell; [13]
o.=94.5° powder data

AgShaF11 orthorhombic | a =10.91.80(7) A | structure, [61]
b= 12.4628(8) A | single crystal?
c= 38.802(3)

KShaF1 orthorhombic | a= 11.4165(8)A | structure, [62]
b= 12.7996(9)A | single crystal?
c= 39.485(3)A

CsShaF11 monoclinic a= 7.7410(14)A | structure, [62]

b=14.2541(17) A
c= 9.5130(15)A
B =113.226(6)°

single crystal®

dData were collected by powder or single crystal X—ray diffraction methods. /At high temperature there is a
phase transition to cubic phase. ©Data collected at 250 K.
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Crystals of KShFi1: are orthorhombic (space group Pbca and Z = 24) and isostructural to
AgSbzF11.(Table 14) The complex structure of AShoF11 (A = Ag, K) reveals three crystallographic non-
equivalent [SbzF11]" anions highly distorted from ideal Dan symmetry. There are also three crystallographic
non-equivalent A* (A = Ag, K) cations in the crystal structure of corresponding [Sh2Fi1]" salts. The
coordination of K/Ag atoms in AShyF11 (A = Ag, K) can be written as eight for two A* cations (C.N. = 8) and
nine for the third one (C.N. = 9).

CsShzF11 crystallizes monoclinic with the unit cell parameters given in Table 14, space group P21/n
(No. 14) and having Z = 4. The packing diagram is depicted in Fig. 11.

z
e

Fig. 11. Packing diagram of CsShaF1a.

The structure of CsShyF11 is ionic consisting of discreet [SboF11]” anions and Cs* cations adopt a simple
packing arrangement. As in the case of KShzF11 the ShzF11™ anion in CsShaFis is highly distorted from ideal
Dan symmetry. Cesium atom is surrounded by 12 fluorine atoms.

The X-ray powder diffraction photographs indicate that RbShzF11 and TISh2F1: are isostructural and
distinguish from crystal structure of KShaF11 or CsShaF11, respectively.[62]

6. AMsF1s and AMasF21 compounds

The reports about AMsF1s and AMaF21 compounds are scarce (Table 14).

Table 14
Known AMsF16 and AM4F21 compounds.
AM3F16 AM4F21

Nb Sh Nb

K Ref. [43] / /

Rb | Ref.[13] / /

Cs |/ Ref. [62]? | Ref. [13]

Tl | Ref.[11,13] |/ /

ACrystal structure known.
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[NbsFie]—salts were partly characterized by their powder X-ray diffraction patterns.[13,43]
CsShsF16 was completely structurally characterized on single crystal.[62] CsSbaFis crystallizes orthorhombic
at 200 K, with a = 22.07(3) A, b = 7.726(11) A, ¢ = 16.05(3) A, and Z = 8, space group Pca2: (No. 29).
The crystal structure of CsShsFis reveals two crystallographic non—equivalent [ShsFie] anions adopting a
cis—fluorine-bridged geometry (Fig. 12). The packing diagram is depicted in Fig. 13.

(&)
o\‘
> e
%) O
(#]

Fig. 12. [SbsF1e] anion adopting a cis—fluorine-bridged geometry in the crystal structure of CsShaFie.

Fig. 13. Packing diagram for CsShaFs.

There are also two crystallographic non-equivalent Cs* cations in the crystal structure of CsShsFis.
These cations are surrounded by 12 fluorine atoms.

The only reported example of AM4F21 compound is CsNbsF21.[13] The indexation of its powder X—
ray diffraction pattern gave rhombohedral unit cell (a=9.52 A, o = 88.8°).
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7. Conclusions
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