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The compounds ACrFg (A = Li-Cs) were prepared by photo-
chemical reactions of AF/CrF; mixtures in anhydrous HF
with elemental F, at ambient temperature. The crystal struc-
tures of compounds ACrFs (A = K-Cs) are analogous to that
of KOsFg, and NaCrFg exhibits polymorphism. The trigonal
phase (II) can be classified to have the well-known LiSbFg
type of structure, while the crystal structure of the ortho-
rhombic modification (I) appears to be a new structure-type.
Thermal decomposition of the ACrFg salts produce ACrFs5
(A = Rb, Cs), ACrFs/A,CrFg (A = K), or A,CrFg (A =Li, Na).
These compounds undergo partial solvolysis in anhydrous
HF with precipitation of CrF,. From the remaining solutions
of the [CrFg]?" anions and dissolved AF (A = Li-Cs), single
crystals of ACrFs (A = K-Cs), A,CrFg-2HF (A = Na, K),
A,CrFe4HF (A = Rb, Cs), Li,CrFg, and K3Cr,F;1-2HF were
grown, and their crystal structures determined. The main
structural feature of the ACrF5; compounds is the infinite zig-
zag [CrFs]," chain of distorted [CrFg] octahedra joined by

cis vertices. The crystal structures of A,CrFg-2HF (A = Na,
K) and A,CrFg-4HF (A = Rb, Cs) consist of distorted [CrFg]?"
octahedra involved in moderate to strong hydrogen bonding
with HF molecules, while two A* cations compensate the
negative charge of each octahedron. In Na,CrFg2HF, two
neighboring HF molecules are involved in moderate to
strong hydrogen bonding with each other. (HF), dimers with
a parallelogram structure are formed. The mutual interac-
tions in the crystal structure of K,CrF4-2HF differ from those
found in Na,CrFg-2HF. In the former, each HF molecule inter-
acts with the [CrFg]?~ anion and three K* cations. A,CrFg-4HF
compounds of Rb and Cs are isostructural. Their structures
consist of A* cations and [CrFg]?~ anions involved in hydro-
gen bonding with two sets of HF molecules in the trans posi-
tion. The crystal structure of K3Cr,F,,-2HF reveals a rare case
of the [M,F;;]®>" anion.

(© Wiley-VCH Verlag GmbH & Co. KGaA, 69451 Weinheim,
Germany, 2008)

Introduction

The chemistry of Cr’* and Cr** is still very limited.
Nearly all of the stable Cr>* and Cr** compounds involve
oxygen and/or the halogens.'"# They are represented pri-
marily by the black oxochromates(V) of alkali and alkaline
earth metals, the red-brown tetraperoxochromates(V),
CrO,, and some peroxo species of Cr'Y. Further, there are
simple and complex oxohalides such as CrOF5,P! CrOCl;, !
[CrOX4]” (X = F, Cl, Br) salts,l>”l and CrOF,.[®l In the case
of Cr3* and Cr*" binary and ternary halogenides only the
fluoride species are known. Examples of Cr>* compounds
are CrFs™ and a few [CrF¢] salts.’~'"1 Chromium(IV) fluo-
rides are represented by CrF,, which exists in two crystal
modifications,'>!3! the very hydrolyzable [CrFq]> salts,]
ACrFs ' AsCrF,; (A = alkali metal),['5] XeF,-CrF,,[1¢
XeF,2CrF,,'" and [(XeFsCrFs)-XeF,].[1
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Before this study four [CrF¢] salts were known.!'0:!1]

Deep red NOCrFg4 was prepared by reaction between NOF
and CrFs in anhydrous HF (aHF) as solvent.''] NF,CrF,
was obtained after treatment of CrFs with excess NF,HF,
in aHF solution.[''1 NO,CrF4 or CsCrFy were claimed to
be prepared by reactions of NO,F or CsF, respectively, and
CrF; at elevated temperature.”] During our work we discov-
ered that previously reported CsCrF¢®! was most likely a
mixture of CsCrFg and Cr** ternary fluorides. Additionally,
[CrF¢] salts of Li, Na, K, and Rb were prepared and struc-
turally characterized for the first time. With the exception
of the crystal structure of CrOF;,5 no crystallographic
data of other Cr>* compounds could be found in the litera-
ture.

Chromium(IV) fluoride complexes of the type ACrF;s
(A = K, Rb, Cs) were prepared by reaction of CrF, and
corresponding alkali metal monofluorides in BrF; as sol-
vent, and their lattice constants were reported.'*! By ther-
mal decomposition of the [CrF¢] salts, we succeeded in pre-
paring pure ACrFs compounds. Determination of their
crystal structures shows that the previously reported lattice
constants were not correct. It should also be mentioned
that, with the exception of the recently published crystal
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structures of AZrFs,['8191 AHfFs,?% and ATbFs,2'2? no
conclusive information was published on the structural ar-
rangements of the ATMVF5 (M = transition metal) phases
since 1967.123

[CrF¢]* (Li-Cs) salts of alkali metals have been known
for a long time. Li,CrF¢ is formed by fluorination of a
Li,CO3/CrCl; reaction mixture at elevated temperature and
pressure.?*] The Na—Cs salts could be prepared by fluorina-
tion of appropriate mixtures, e.g. KCl and CrCl;,[*>527 or
by reactions between CrF, and AF (A = K-Cs) in BrF;.['4]
There are still some doubts about the purity of those sam-
ples because, firstly, losses of Cr (in the form of CrFs or
oxyfluorides) are inevitable, and secondly, the final products
may still contain some BrF;. During this study we at-
tempted to improve their syntheses and to obtain more in-
formation on their crystal structures, since in the literature
only lattice constants determined from powder X-ray data
are available. Single crystals of Li,CrF4 were prepared from
HF solution and the crystal structure determined. Instead
of yielding the desired A,CrF¢ compounds, it was found
that crystallization from HF solution yielded a completely
new set of compounds, which contain HF, i.e. Na,CrFg
2HF, K,CrF¢2HF, and A,CrFg2HF (A = Rb, Cs). Ad-
ditionally, the crystal structure of K;Cr,F;;2HF contain-
ing the [Cr,F;,]*> anion (both Cr*") has been determined.
The [Cr,F;,]* anion, beside the previously known
[Ti,F]* anion,?® is the only example of a dimeric, triply
charged anion of transition metals.

Results and Discussion

Syntheses of ACrF¢ (A = Li, Na, K, Rb, Cs)

The only previously known alkali metal [CrFq]  salt
(CsCrFg) was claimed to be prepared by reaction of CsF
and CrFs at 333 K in a fused silica vessel.’! It was brick-
red and was characterized by infrared spectroscopy (a very
strong and very broad band at 600 cm™! and a medium
strong band at 295 cm™!). The reported infrared frequencies
are in poor agreement with values for other [CrFg]  salts.['!]
Additionally, the reported brick-red color is typical for
ACr'VF5 compounds, while pure [CrF¢] salts are deep red
(as found in ref.'l and this work). The reported X-ray pow-
der pattern (neglecting some lines assigned to CrOs) is more
similar to that of CsCrFs than to that of KOsF4. The ma-
jority of AMF¢ compounds whose A™ cations have radii
larger than 1.5 A crystallize in the KOsFg4 structure type
(during this study it has been confirmed that this is valid
also for [CrFg] salts of K, Rb and Cs).*”! The reported
elemental chemical analysis of their product also gave a low
value for the fluorine content and a high value for the chro-
mium content.”’) Our attempts to prepare pure CsCrFy and
other ACrF¢ (A = Li, Na, K, and Rb) compounds by reac-
tions between the corresponding metal fluoride and CrFs5
at 333 K in reaction vessels made from more inert materials
(perfluorinated polymers) than fussed silica failed. In all
cases, mixtures of ACrF¢/A,CrF¢/ACrFs (A = K, Rb, Cs),
ACrF¢/A,CrFs (A = Na), or A,CrFg (A = Li) were ob-
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tained. Some of the samples still contained unidentified, but
most probably polymeric CrFs, species. The failure of this
approach could be attributed to the thermal instability of
CrFs, which starts to decompose at temperatures above
333 K.['% For that reason, further efforts for the prepara-
tion of [CrF¢] salts were directed towards the search for
low temperature syntheses.

During the last few years, it was found that reactions
with UV-irradiated elemental fluorine can be used for the
preparation of some ternary fluorides in which the transi-
tion metal is in the highest oxidation state by using anhy-
drous hydrogen fluoride as a solvent.’%3* The same
method was shown to be efficient for the preparation of
ACrF4 compounds. In the presence of a UV source, Cr3* is
oxidized by fluorine to Cr>* to yield a clear deep-red solu-
tion from which pure ACrF¢ compounds could be isolated
[Equation (1)].

aHF, UV
AF + CrF; + F, ——— ACrFs (A =Li, Na, K, Rb, Cs)
208K (1)

The K, Rb, and Cs salts could be isolated at ambient
temperature by pumping away excess fluorine and HF sol-
vent. When NaCrF4 was isolated under the same condi-
tions, the release of CrFs/F, was observed. The dry product
consisted of NaCrFg and a small amount of Na,CrFg, and
the formation of Na,CrFg could be avoided with isolation
at temperatures below 243 K. Dry NaCrFg is stable at am-
bient temperature and can be stored in a dry-box. LiCrFq
could be isolated in the same manner, but in contrast to
NaCrFg, it immediately started to decopomse at ambient
temperature. When fresh aHF was condensed onto freshly
isolated LiCrFg (still cooled below 243 K) and the mixture
warmed to ambient temperature, a clear deep-red solution
was obtained again. In the Raman spectrum of the solution,
only a broad peak around 661 cm™! is observed. This peak
could be the corresponding peak of the peak for CsCrFq
dissolved in aHF (659 cm™"), which indicates that in a solu-
tion of LiCrF¢/aHF, [CrF¢] anions are present. When
LiCrF4 was warmed up from 243 K to ambient temperature
and fresh aHF was condensed onto it, a light-red solid pre-
cipitated. The Raman spectrum of the volatiles that were
pumped away and caught in liquid nitrogen cooled trap
shows the presence of CrFs, while the remaining residue
was Li>,CrFg. All [CrFg] salts are deep-red, moisture—sensi-
tive, crystalline solids.

Syntheses of ACrFs and A,CrFg (A = Li, Na, K, Rb, Cs)

As described in the previous paragraph, the thermal sta-
bility of the ACrFjy salts increases from Li to Cs, which is
in agreement with the general tendency that the thermal
stability of AT™VF¢ compounds increases with increasing
ionic radii and with the increasing Lewis basicity of A™.
The final products of the thermal decompostion of the Li
and Na salts of ACrF¢ are the corresponding A,CrFy salts,
while those of the Rb and Cs salts of ACrF¢ are the corre-
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sponding ACrFs compounds. The thermal decomposition
of KCrFy lies at the border of the two cases above. When
the volatiles were pumped away during the heating of
KCrFg, the final product was K,CrFg; while KCrFs was the
final product when the decompostion took place in a closed
system. By changing the parameters (temperature, pump-
ing), mixtures consisting of different amounts of K,CrFq
and KCrF5 were obtained. This could be explained by the
following mechanism. First, CrFs and fluorine are released,
which converts KCrF¢ to K,CrF4. Chromium pentafluoride
starts to decompose to CrF4 and F, at temperatures above
333 K.['®1 When CrFs is not removed from the system, it
decomposes to CrF,, which further reacts with K,CrF¢ to
finally yield KCrFs. The Rb* and Cs* ions are weaker
Lewis acids than K*, and their corresponding monofluor-
ides are better fluoride ion donors than KF. Because of this,
CrF5 cannot be released, and ACrFy is reduced to ACrFs
without the intermediate A,CrF¢/CrF, phase. For Li* and
Na*, the opposite occurs. These ions are stronger Lewis
acids (i.e. weaker Lewis bases) than K*, and the corre-
sponding monofluorides are stronger fluoro acids (i.e. po-
orer fluoro bases or fluoride ion donors) than KF. LiCrFq
and NaCrFq release CrFs and fluorine. When CrFs is not
removed from the reaction system, it decomposes to CrF,.
The later does not react further with A,CrF4 (A = Li, Na)
to form the corresponding ACrFs compounds. The
A,CrF¢/CrF, phase is thermodynamically stable in com-
parison to ACrFs.

Chromium(IV) fluoride complexes of the type ACrFs (A
= K, Rb, Cs) were previously prepared by reaction of CrF,
and the corresponding alkali metal monofluorides in
BrF;.[' In the case of K, Rb, and Cs, these reactions were
successfully repeated, while attempts to prepare LiCrFs and
NaCrFs with the same procedure were unsuccessful.

According to literature methods,>>27! the syntheses of
some [CrFg]* salts of alkali metals were also checked, i.e.
the flow fluorination of a mixture of 2CsCl and CrCl; at
elevated temperature and the reactions between 2AF (A =
Na, K, Cs) and CrF, in BrF;. Although the X-ray powder
diffraction data of isolated samples corresponded to the lit-
erature data, the Raman spectra of the samples show ad-
ditional bands, which could not be assigned to the [CrF¢]>
salts. An attempt to prepare A,CrFgs (A = K, Rb, Cs) by
the annealing of ACrFs and AF or KF/KCrF¢ mixtures at
elevated temperature were successful for K and Rb but not
for Cs. Efforts to purify A,CrF¢ by crstallization from an
HF solution were unsuccessful. A,CrFg and ACrFs partly
solvolyze in contact with fresh aHF to yield an amethyst-
colored precipitate (CrF,) and rose-redd solutions of
[CrF¢]> and dissolved alkali metal monofluorides. In a
strongly acidic solvent, HF, the complete solvolysis of
[CrF¢]> is suppressed by the presence of fluoride ions from
the dissolved alkali fluorides. With the exception of
[CoF¢]*> and [CuF¢]*>, the doubly charged [MF¢>~ (M =
Ti, Mn, Ni, Pd, etc.) anions are stable in HF. [MF¢]" (n =
3, 4) anions with a greater negative charge are more basic
than [MF]* anions, and more likely to undergo solvolysis
in aHFEB3 Crystallization from solutions of [CrF¢]*> and
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alkali metal monofluorides yielded inhomogeneous prod-
ucts. Single crystals of A,CrFgnHF were found in the pow-
dered material. After HF was released, only a few milli-
grams of powdered A,CrFg was recovered.

Attempts to Prepare Polyfluorochromates(IV) and -(V)

All attempts to prepare compounds with the anions
[CroF 4], [CroFy5]*, or [CryFy > (the latter without the
presence of HF) failed. Reactions between CrF;, UV-irradi-
ated F,, and a corresponding amount of alkali metal fluo-
ride yielded mixtures of ACrFs (A = alkali metal) and
A,CrFy instead of the desired ACr,F;; or A;Cr,Fy;.

The annealing of the mixtures 3AF/2CrF,, AF/2ACrF
and A,CrF¢/ACrFg always resulted in the A,CrFg com-
pound as the main product instead of the desired K5Cr,F;;.
This is in agreement with previous findings of Klemm and
Huss.[?%1 The fluorination of ACI/CrCl; mixtures in a 3:1
molar ratio at 548 K always resulted in compounds of the
type A,CrFg.

X-ray Crystal Structures of ACrF¢ (A = Na-I, Na-II, K,
Rb, Cs)

Single crystals of ACrF¢ (A = Na, K, Rb) were prepared
by the slow evaporation of volatiles from saturated solu-
tions of the corresponding ACrFy salts in aHF. For
CsCrFg, only the lattice parameters were determined by
using the X-ray powder data of CsCrFy obtained at 298 K,
and was indexed by the use of the Dicvol91 program*®l as
a trigonal unit cell [ = 7.684(3) A, ¢ = 7.927(5) A and V =
405.35 A3].

NaCrFgI and NaCrF 411

NaCrFg crystallizes in two different crystal modifica-
tions, i.e. as orthorhombic (NaCrF¢I) and trigonal
(NaCrFg-II). Both modifications of NaCrF¢ are ionic and
consist of discrete [CrFg]~ anions and Na™ cations that
adopt a simple packing arrangement, as depicted in Fig-
ures 1 and 2, respectively.

A v
IIIII
IIIII
IIIII

Figure 1. Packing diagram of NaCrF-1.

The crystal structure of trigonal NaCrFg (phase-II) is
analogous to the well-known LiSbFy structure.®”l The
structure of LiSbF is similar to that of VF; in terms of
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Figure 2. Packing diagram of NaCrF,-11.

cationic ordering. Its structural arrangement can also be
described as a rock-salt lattice of Li* and [SbFg] . Thus, the
crystal structure of NaCrFg is in essence a layer type of
structure, which consists of [CrF¢]™ anions and Na™ cations
(Figure 2). Na™ cations are octahedrally coordinated by fluo-
rine. All Na—F bond lengths are 2.286(5) A. In the regular
[CrF¢] octahedra, the six Cr—F distances are 1.722(5) A.
The orthorhombic crystal structure of NaCrFg (phase-I)
is not related to other AMF; structures/?’! and appears to
be a new type of structure. It consists of Na* cations and
highly distorted [CrFg] octahedra (Figure 3, Table 2) with
Cr-F bond lengths in the range 1.6939(19)-1.8046(13) A
(Table 1). There is a relationship between the Cr—F bond
lengths and the corresponding F---Na distances (Figure 3,
Table 1): for the longest Cr-F bond (Cr1-F3), the shortest

NatVi 1&‘3..

Figure 3. The [CrF¢] anion and the closest neighboring Na* cat-
ions in NaCrFe-I (thermal ellipsoids are drawn at the 50% prob-
ability level).

Table 1. Selected Cr—F bond lengths and the corresponding F-+-Na
distances [A] in NaCrF-1.[

Crl-F4 1.6939(19) F4- Nal 3.626
F4- Nalii 3.626
F4-- NalVi  3.885
Crl-F2 1.7435(18) F2--Nalii 321
F2---NalV 2.398(2)
Crl-FIi 1.7515(14) Fli--Nal¥ 2.3215(16)
Crl-F1 1.7515(14) Fl--Nalv 2.3215(16)
Crl-F3 1.8046(13) F3--Nalil 2.2953(16)
F3--Nallii 2.5016(18)
Crl-F3i 1.8046(13) F3i-+Nal 2.2953(16)
F3i-Nalii 2.5016(18)

[a] Symmetry codes: (i) x, —y + 1/2, z; (ii) x, y — 1, z; (iii) —x + 2,

y—12, =z + 1;(v) x+ 32, y+1,z-1/2; (v) x - 1/2, -y +
172, —z + 3/2; (vi) x — 1/2, =y + 3/2, —z + 3/2; (vii) —x + 3/2, -y +
,z+ 1/2.
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F---Na contact is found [2.2953(16) A], and for the shortest
Cr—F bond (Cr-F4), the closest Na* ions are found at much
longer distances (2X 3.626 A and 3.885 A).

The Na* ions in NaCrF¢-II form seven contacts with the
fluorine atoms at distances that range from 2.2953(16) A to
2.5016(18) A. Bond valence analysisi®® 4% around the Na*
ions arising from these fluorine contacts gives a total bond
valence of 1.084 vu (bond valence units).

KCrFgs, RbCrF4 and CsCrFg

The crystal structures of KCrF4, RbCrFy, and CsCrFyg
are, as expected, analogous to the well-known KOsF¢ struc-
ture.*” The KOsF; structure is found for some KMF4 com-
pounds and for the majority of AMF4 compounds whose
A* cations have a radius larger than 1.5 A.2% The struc-
tures exhibit nearly regular [CrFg] octahedra with Cr-F
bond lengths of 1.750(3) A (K) and 1.7582(17) A (Rb). The
singly charged cation atoms are coordinated by a total of
12 fluorine atoms [K: 6X 2.833(7) A and 6X 2.946(4) A;
Rb: 6x 2.9339(18) A and 6x 3.0708(17) AL

General Comments on [ CrFg]~ Salts

With the exception of one very short [1.6939(19) A] and
two long [1.8046(13) A] Cr—F bond lengths in the ortho-
rhombic modification of NaCrFg, all Cr—F bond lengths of
[CrFq] salts fall in the same range (1.72 A-1.76 A). An
average value of 1.743 A is in excellent agreement with the
length of the Cr¥*—Fmina bond (1.744 A) reported for
CrOF;.] The crystal structure of CrFs is not known, and
we were not able to find any crystallographic data on other
Cr>” fluorides in the literature.

Six-coordinate metal cations with the d' electronic con-
figuration (i.e. Cr’>*, Mo>*, W>*, Re®") could be affected by
Jahn-Teller distortion.[*!! However no distorted structures
have been observed so far for compounds with such a con-
figuration. ReFg is calculated to be distorted, but experi-
mental proof is still lacking.[*!1 It is believed that the distor-
tions are all dynamic and are expected to be small. With
the exception of the orthorhombic modification of NaCrFg-
I, no distortions of the CrFg octahedra were observed in
the crystal structures of NaCrF¢-1I, KCrF4, and RbCrFg.
In NaCrF¢-1, the large distortion in the [CrFg]™ anion can
most likely be attributed to solid-state packing effects.

X-ray Crystal Structures of ACrFs (A = K, Rb, Cs)

The crystal structures of ternary fluorides of the type
A'MFV5 are known for some Zr, Hf, Tb, and Te com-
pounds, where Zr**, Hf**, and Tb** are coordinated by
eight and Te** by five fluorine atoms.'8?21 For KMnFs,
KCrFs, RbCrFs, and CsCrFs only lattice constants have
previously been reported.'*l However, results for the crystal
structure determinations of KCrFs, RbCrFs, and CsCrFs
show that these constants are not correct. RbCrFs (KCrF5
appears to be isostructural with the Rb compound) and
CsCrFs were found to crystallize in different orthorhombic
space groups with four formula units.

Eur. J. Inorg. Chem. 2008, 17951812



Alkali Metal Salts with Fluorochromate Anions

The main feature of the RbCrFs and CsCrFs5 structures
is an infinite [CrFs],” chain of distorted [CrF¢] octahedra
joined through shared cis vertices. The main difference in
both structures is the angle of the Cr—F-Cr bridges [Rb:
149.4° (Figure 4); Cs: 180° (Figure 5)]. It appears that this
is a consequence of the packing requirements of the smaller
Rb™ cation. This also seems to explain why LiCrFs and
NaCrF5 could not be synthesized, i.e. the interstices in the
lattice of the infinite [CrFs],” chains are too large to be

Figure 4. Packing of the infinite [CrFs],” chains in the crystal
structure of RbCrFs5 (view along a axis).

Figure 5. Packing of the infinite [CrFs],” chains in the crystal
structure of CsCrFs (view along b axis).

e)
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filled by the smaller Li* and Na* cations. Additionally, be-
cause of the high lattice energies of AF, the formation of a
mixture of AF/A,CrFg is more preferable than the forma-
tion of ACrFs (A = Li, Na).

Although the previously reported lattice parameters of
the ACrFs compounds were in error, the assumption that
the ACrFs complexes consist of [CrFg] units (rather than
isolated [CrFs] anions), each of which share two corners
with the neighboring octahedra was correct.'¥ The pres-
ence of infinite [CrFs],” chains was previously observed in
XeF,:CrF; ([CrF¢] octahedra share trans vertices, Fig-
ure 6a),['% (XeFsCrFs),XeF, (alternation of cis and trans
vertices shared between [CrF4] octahedra, Figure 6b),[!f]
and XeFsCrFs ([CrFg] octahedra share cis vertices, Fig-
ure 6¢).'71 The crystal structure of B-CrF, also consists of
cis and trans corner-sharing [CrFg] octahedra, which results
in a column-type structure (Figure 6f).'3 In o-CrF,, col-
umns are formed by [Cr,F (] dimers (two [CrFg] octahedra
share an edge) that share trans vertices.'?! As in XeFsCrFs
(Figure 6¢), infinite chains of distorted [CrF4] octahedra
joint by shared cis vertices are also present in the crystal
structures of RbCrFs and CsCrFs; however, their geome-
tries are different (Figure 6d, e).

Selected bond lengths and angles of RbCrFs and CsCrF5
are summarized in Tables 2 and 3, respectively, and the
structures are shown in Figures 7 and 8, respectively. In
RbCrF5 and CsCrFs, distorted [CrF¢] octahedra have four
terminal fluorine atoms (F;) with Cr-F distances in the
range 1.743-1.782 A and two bridging fluorine atoms (F,)
with Cr—F distances of 1.917 A (Cs) and 1.945 and 1.948 A
(Rb). These values are similar to the Cr—F bond lengths
found in XeF,-CrF, [Cr—F:1.71-1.75 A; Cr—F,: 1.88 A],l'®
(XeFsCrFs)sXeF, [Cr-F;: 1.70-1.716 A; Cr-F,: 1.89—
1.96 AL'9) and XeFsCrFs [Cr-F,: 1.69 A; Cr-F,: 1.90 A—
1.97 A, which are not involved in further contacts with
the Xe species.

The cis angles in the [CrF] octahedra are in the range
82.8-96.3° for the Rb and 84.1-95.6° for the Cs com-
pounds. The Cr—F-Cr bridge in CsCrF5 is symmetric and
linear (180°), while in RbCrFs, it is bent with an angle of

Figure 6. Formation of infinite [CrFs],” chains in the crystal structures of (a) XeF,CrF,, (b) (XeFsCrFs)-XeF,, (¢) XeFsCrFs, (d)

RbCrFs, (e) CsCrFs, and () B-CrF,.

Eur. J. Inorg. Chem. 2008, 1795-1812
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Table 2. Selected Cr—F,, bond lengths and Rb-F contacts [A] and the corresponding bond valences (vu) in RbCrFs.[

Bond length Bond length

Bond valence Bond length Bond valence

Crl-F11 1.743(8) Rb2 F22 2.814(8)
Crl-FI12 1.764(8) Rb2-F12 2.928(3)
Crl-F13ii 1.766(5) Rb2-F12 2.928(3)
Crl-F13 1.766(5) Rb2-F21* 2.972(7)
Crl-F1 1.945(5) Rb2-F21 2.972(7)
Crl-Flii 1.945(5) Rb2-F13% 3.010(6)
Cr2 F22xv 1.747(7) Rb2-F13¥i 3.010(6)
Cr2 F21% 1.764(5) Rb2 F13* 3.185(6)
Cr2-F21v 1.764(5) Rb2-F13 3.185(6)
Cr2-F23 1.782(7) Rbl-F11i 2.857(8)
Cr2-Fl 1.948(5) Rbl-F23 2.891(2)
Cr2-FI* 1.948(5) Rbl-F23i 2.891(2)

0.154 Rbl1-F21i 2.924(6) 0.114
0.113 Rbl-F21 2.924(6) 0.114
0.113 Rb1-F13¥ 3.010(7) 0.09
0.100 RbI-F13" 3.010(6) 0.09
0.100 Rbl-Flii 3.107(6) 0.09
0.09 Rbl1-F1 3.107(6) 0.07
0.09

0.056

0.056

0.137

0.125

0.125

[a] Symmetry codes: (1) —x, —y+1, z — 1/2; (ii) x — 1, y, z; (1ii) —x, y, z; (V) x, y + 1, z; (v) =x, y + 1, z; (vi) x, =y + 1, z + 1/2; (vii) —x, —y
+1,z+ 12, (vi)x -1, y+ 1L, zz0x)x+ 1,y 2z x)—x+ 1,z &)x, -z 1/2; (xi)) —x + 1, -y, z - 1/2; (xiil) —x, -, z — 1/2; (xiv)

x+1,-yz+12;(xv)x+1,-y+1,z+1/2.

Table 3. Selected bond lengths and Cs++F contacts [A] and the corresponding bond valences (vu) in CsCrFs.[]

Bond length Bond length

Bond valence Bond length Bond valence

Crl-F1 1.747(6) Csl-F2i 3.159(5)
Crl-F3 1.757(5) Csl-F2ii 3.159(5)
Crl-F3 1.757(5) Csl-F3ii 3.184(6)
Crl-F2 1.767(7) Csl-F3iv 3.184(6)
Crl-F4xi 1.917(2) Csl-F1 3.188(5)
Crl-F4 1.917(2) Csl-F1v 3.188(5)

0.097 Csl-F3v 3.197(7) 0.088
0.097 Csl-F3 3.197(7) 0.088
0.091 Csl-F1vii 3.271(7) 0.072
0.091 Csl1-F3i 3.291(7) 0.068
0.09 Cs1-F3vi 3.291(7) 0.068
0.09 Csl-F2ix 3.405(8) 0.05

[a] Symmetry codes: (i) x — 1/2, —y — 1/2, —z + 3/2; (ii) x — 1/2, =y + 1/2, —z + 3/2; (iil)) —x + 1/2, =y, z — 1/2; (iv) —x + 1/2, y — 1/2, z -
1/2; (v) x, y—=1,z; (vi) x, =y — 1/2, z; (vil) —x + 1/2, y = 1/2, z + 1/2; (viii)) x — 1/2, y, =z + 3/2; (ix) x + 1, -y, —z + I; (X) x, =y + 1/2, z;

xi) x+1,y+1/2,—z+ 1.

F23

Figure 7. Basic structural unit in RbCrFs; the labeling scheme is
shown and the thermal ellipsoids are drawn at the 50% probability
level (Rb* cations are not shown).

Figure 8. Basic structural unit in CsCrFs; the labeling scheme is
shown and the thermal ellipsoids are drawn at the 50 % probability
level (Cs™ cations are not shown).

149.4(3)°. Tt is slightly larger than corresponding angles
found in XeF,CrF, (147.3°),119 XeFsCrF5 (146.0°),['1 and
(XeFsCrFs),XeF, (136.6° and 142.3°) 1]

There are two crystallographically independent Rb* cat-
ions (Rbl and Rb2) in the crystal structure of RbCrFs.
They both form nine Rb--F contacts (Table 2). Athough
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the total bond valence around both Rb* ions arising from
these fluorine contacts (Rb2: 2.814-3.185 A; Rbl: 2.857—
3.107 A) is significantly less than one (Rbl: 0.87 vu; Rb2:
0.94 vu), the next shortest Rb-F distances (Rb2: 2X
3.312 A and 2 3.415 A; Rbl: 2x 3.364 A and 2x 3.409 A)
could hardly be considred as contacts (the corresponding
bond valences are less than 0.05 vu).

The Cs* ion in CsCrFs forms twelve long contacts with
distances between 3.159 and 3.405 A (Table 3). The total
bond valence around the Cs* ion arising from these fluorine
contacts gives a total bond valence of 0.99 vu. The next
shortest Cs-F distances (3.747 A and 3.802 A) are too long
to be considered as contacts (the corresponding bond val-
ences are less than 0.05).

X-ray Crystal Structures of Hexafluorochromates(IV) and
K;Cr,F-2HF

Lattice parameters of hexafluorochromates(IV) with the
general formula A,CrFg (Li-Cs) have been known for a
long time.[6142425] They were all determined only from
powder X-ray data, and some results were later rein-
vestigated.?! Our attempts to prepare single crystals of cor-
responding [CrF4]*> salts were successful only in the case of
the Li compound. When dissolved in aHF, the compounds
A,CrF¢ and ACrF;5 partly solvolyze with the precipitation
of CrF,. From the remaining solution of the [CrFq]*>
anions and dissolved alkali metal fluorides, the single crys-
tals were grown. Two or even more different kinds of crys-
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tals were found in the same crystallization batch. In some
cases single crystals of the Cr™Y compounds were found to-
gether with single crystals of the ACrFg compounds after
crystallization of the corresponding [CrF¢] salts.

Li,CrF,

Li,CrFg4 was reported previously to be monoclinic (space
group P2i/c, a = 4587 A, b = 4584 A, ¢ = 9.993 A, j =
117.27°, Z = 2) and isotypic to Na,SnF.”*! The crystal
structure of the latter had first been reported to be mono-
clinic, but later a crystal structure determination of a single
crystal showed that it crystallizes with tetragonal symmetry
[P4>lmnm, a = 5.0541(4) A, ¢ = 10.112(3) A, Z = 2].143] The
results from our study proved that Li,CrF4 also does not
crystallize in a monoclinic space group, but rather in a te-
tragonal space group. The crystal structure consists of al-
most regular [CrFg]* octahedra [Cr—F: 4X 1.829(3) A and
2% 1.812(4) A] and Li* cations. Each Li* cation is coordi-
nated by six fluorine atoms [Li-F: 2X 1.996(3) A, 2x
2.039(9) A, and 2X 2.054(10) A].

Na,CrFg2HF

Na,CrF42HF crystallizes in the monoclinic space group
C2/m (No. 14); the unit cell parameters and the crystal and
structure refinement data are given in Table 6. Selected
bond lengths and angles are summarized in Table 4, and
the packing diagram is depicted in Figure 9.

Table 4. Selected Cr—F bond lengths and Na---F contacts [A] and
the corresponding bond valences (vu) in Na,CrF42HF.[2!

Bond length Bond Bond valence
length

Crl1-F121  1.7944(16) Nal-F1 2.349(2) 0.163
Cr1-F12i  1.7944(16) Nal-F1¥  2.349(2) 0.163
Cr1-F12i  1.7944(16) Nal-F12¥  2.3993(19) 0.142
Cr1-F12  1.7944(16) Nal-F12 2.3993(19)  0.142
Crl1-FI11  1.864(2) Nal-F12Y  2.4070(18)  0.139
Cr1-FI11i  1.864(2) Nal-F12¥i  2.4070(18)  0.139

Nal-F11vii 2.533(2) 0.099

Nal-F11™*  2.533(2) 0.099

[a] Symmetry codes: (i) x, —y, z; (il) —x + 2, y, —z + 2; (iii) —x + 2,
—y,—z+2;0v)x+1,-y, z+ 1L, (v)x+1,py-z+1; (Vi) x-
12, —y + 112, z; (vii) —x + 3/2, =y + 1/2, —z + 1; (viii) —x + 3/2, -y
+ 172, z+ 2, (X)) x— 12, y+ 12, z—- 1; x) x + 112, y - 1/2, z + 1.

Figure 9. Packing diagram of Na,CrF¢-2HF. For reasons of clarity,
only Na-+F(H) contacts are shown (full lines). Hydrogen bonds are
represented by dotted lines.
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The structure of the [CrFg]*~ anion and its interactions
with the Na* cations and HF molecules is given in Fig-
ure 10. The basic structural unit is formed by distorted
[CrF¢]* octahedra involved in hydrogen bonding with HF
molecules. The trans Cr-F11 bonds involved in hydrogen
bonding with the HF molecules are significantly elongated
[1.864(2) A] relative to the bond lengths between Cr and
terminal fluorine (F12) atoms [4X 1.7944(16) A]. Hydrogen
bonding is further supported by the short F1--F11 distance
(2.469 A).

Figure 10. [CrFg]* anions and Na* cations with interacting HF
molecules in Na,CrF¢2HF. For reasons of clarity, only the shortest
Na---F contacts are shown. Together with hydrogen bonds, they are
presented by dotted lines (thermal ellipsoids are drawn at the 50%
probability level).

On the basis of the short distance (2.712 A) between the
fluorine atoms (F1) of two neighboring HF molecules, the
HF molecules are also involved in a moderate to strong
hydrogen bonding with each other. (HF), dimers with a
parallelogram structure are formed. In the case of (HF),
species, only the (HF), cluster has been found in the solid
phase (in the crystal structure of [Ir(CO)4][SbF¢];-4HF).[44
Cyclic (HF), with a parallelogram and rhombus geometry
(the former has a lower energy) has only been examined
theoretically as a transition state of the interconversion of
two equivalent pseudolinear forms of (HF), in the gas
phase.*] The HF--FH distance from theoretical calcula-
tions (2.669 A/2.721 A)*3! on the cyclic structure with a
parallelogram geometry are in excellent agreement with the
corresponding distance obtained for the cyclic (HF), dimer
present in Na,CrF42HF. Similar values for internuclear
F-F distances were calculated (2.723 A) and measured
[2.72(3) A] also for the pseudolinear (HF), species.[4647]

The Na™ cation is coordinated by eight fluorine atoms.
Six of them are provided by [CrF¢]>  anions with Na-F
contacts in the range 2.3993-2.533 A (Table 4). The coordi-
nation sphere around Na is completed by two fluorine
atoms (F1) from HF molecules. The Na--F1 bond lengths
are the shortest [2.349(2) A] among all the Na-F contacts.
The total bond valence around both Na™ ions arising from
these fluorine contacts is 1.086 vu (Table 4).

K,CrFy2HF

The crystal structure of K,CrF¢-2HF also contains
[CrF¢]* anions, singly charged cations (K*), and neutral
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Table 5. Selected Cr—F bond lengths and K-+F contacts [A] and the corresponding bond valences (vu) in K,CrFg2HFE.[

Bond length Bond length

Bond valence Bond length Bond valence

Crl-FI2 1.7862(19) K1 F12i 2.696(2)
Crl-F12i 1.7862(19) K1-F13ii 2.713(2)
Crl-F13 1.793(2) K1-F1 2.750(2)
Crl-F13i 1.793(2) K1-F127 2.767(2)
Crl-F11 1.8814(18) K1-Fl11 2.768(2)
Crl-F1li 1.8814(18) K1-F11"¥ 2.813(2)

0.150 KI1-F13 2.815(2) 0.108
0.142 KI1-F1Y 2.863(3) 0.094
0.130 KI-F1v 2.944(2) 0.077
0.123
0.122
0.109

[a] Symmetry codes: (i) —x, —y + 2, —z; (i) —x + 1, —y + 2, —z; (1)) x+ 1,y - 1/2, =z + 1/2; iv) x, -y + 3/2, z+ 1/2; (v) x + 1, —p +

1,z (vi)—x+1,y+1/2, z+ 1/2; (vi) x, y + 1, z.

HF molecules (Figure 11). However, the interactions of the
species in K,CrFq2HF differ from those found in
Na,CrF42HF, and therefore a completely different struc-
ture type is obtained. In the latter (HF), dimers are present
(Figure 10), while in K,CrF¢2HF each HF molecule inter-
acts with one [CrF¢]> anion through F1-H++F11 hydrogen
bonding and with three K* cations through K--F1-H ionic
interactions (Figure 12). All attempts to locate the positions
of the hydrogen atoms from Fourier maps were unsuccess-
ful. However, on the basis of the elongation of the two trans
Cr-F11 bonds (Table 5, Figure 12) and the short F1---F11
contacts (2.455 A; Figure 12), it was assumed that a hydro-
gen atom could be placed between F1 and F11 on a calcu-
lated position. The F1-+F11 contact of 2.455A in
K,CrF¢2HF is similar to the corresponding F1---F11 con-
tact in Na,CrFg2HF (2.469 A, Figure 10).

Figure 11. Packing diagram of K,CrF¢-2HF. For reasons of clarity,
the hydrogen bonds are omitted. K---F contacts are shown by full
lines (thermal ellipsoids are drawn at the 50% probability level).

Klii
(7 FI2 F11
K1 \\i‘ 1 Xﬁ-n.. dj
\ - -
__\l' F13 \ -
FI' A .
- orl ry N
- - AN}
g’ Sea ] (\x
K1 H1 Y > 1
F11' F12' =

Figure 12. The [CrF¢]> anion and K* cations with interacting HF
molecules in K,CrF4-2HF (thermal ellipsoids are drawn at the 50%
probability level).
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Because of the elongated zrans Cr—-F11 bonds and two
sets of Cr—F, bonds [Cr—F12: 2X 1.786(2) A, Cr-F13: 2X
1.793(2) A], the [CrFg4] octahedra are not completely regu-
lar, although the cis F-Cr—F angles are close to 90°.

The K™ cations are found with an irregular coordination
geometry with nine fluorine atoms; K--F contacts are in
the range 2.696-2.944 A (Table 5). The total bond valence
around the K™ ions arising from these fluorine contacts
gives a total bond valence of 1.055 vu. For the next shortest
K-F distance (3.624 A), the corresponding bond valence is
already less than 0.05.

A,CrFg4HF (4 = Rb, Cs)

After crystallization from solutions of partly solvolyzed
ACrFs5 or A,CrFg (A = Rb, Cs), in addition to light-red
crystals of the previously described ACrFs compounds, yel-
low—orange crystals were always observed. Attempts to iso-
late them from the remaining mother liquor at ambient or
decreased temperatures always resulted only in a yellow,
powdered material corresponding to Rb,CrFg or Cs,CrFy,
respectively. Later it was found that their decomposition
could be suppressed when a small amount of cold perfluori-
nated oil had been added in the crystallization reaction ves-
sel after crystallization was almost completed. When cov-
ered with a thin layer of oil, the yellow—orange crystals do
not decompose at temperatures below 273 K and are stable
for a few minutes even at ambient temperature. Their single
crystal structure analysis explains that phenomenon. Dur-
ing crystallization, single crystals of the compounds with
the general formula A,CrF¢-4HF were grown. During isola-
tion, they release HF to finally yield powdered A,CrFq. A
thin layer of perfluorinated oil can stop or slow down this
process.

Cs,CrFg4HF crystallizes in a monoclinic space group
P2,/n with Z = 2. The packing diagram and the basic struc-
tural unit with the atom labeling scheme are depicted in
Figures 13 and 14, respectively. Selected bond lengths are
summarized in Table 6.

As in the case for K,CrFq2HF, all attempts to locate
the positions of the hydrogen atoms in Cs,CrF¢4HF from
Fourier maps failed. However, as was the case for
K,CrF4-2HF, deformation of the [CrF¢] octahedra {two
pairs of elongated trans Cr-F bonds [Cr-F11: 2X
1.818(8) A, Cr-F13: 2 1.849(8) A] and one pair of shorter
trans Cr-F12 bonds [2X 1.784(7) A], together with short
F2:-+F11 and F1--F13 distances (2.462 A and 2.472 A;
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F contacts [A] and the corresponding bond valences (vu) in Cs,CrFg-4HF.[

Bond length

Bond length

Bond valence

Bond length

Bond valence

Crl-F12i 1.784(7) Cs1-F12! 3.089(8) 0.118 Cs1-F13"V 3.175(8) 0.093
Crl-F12 1.784(7) Csl-F11 3.120(9) 0.108 Csl-F2Y 3.213(10) 0.084
Crl-FI11 1.818(8) Csl-F12 3.159(8) 0.097 Csl-F1vi 3.29709) 0.067
Crl-F11# 1.818(8) Csl-F12ii 3.162(7) 0.097 Cs1-F1vi 3.302(8) 0.066
Crl1-F13i 1.849(8) Csl-F1 3.166(10) 0.096 Cs1-F2ii 3.33209) 0.061
Cr1-F13 1.849(8) Csl-F2 3.173(9) 0.094 Cs1-F13 3.451(9) 0.044

[a] Symmetry codes: (i) x + 1/2, -y + 3/2, z + 1/2; (ii)) —x + 2, -y + 2,

—z; (i) —x + 3/2, y = 1/2, —z + 1/2; (iv) —x + 5/2, y = 1/2, —z +

12, (v) x+2,y+2,z+1;,(vi)—x+2,—p+1,—z+1;(vil) —x + 32, y+ 1/2, =z + 1/2; (viii) x, y + 1, z; (ix) x — 1/2, 5/2 — y, z — 1/2.

= \ 2
N 4 m ™~ ® D
PP N

Figure 13. Packing diagram of Cs,CrF44HFE. For reasons of clarity,
Cs—F contacts are not shown. Hydrogen bonds are presented by

dotted lines (thermal ellipsoids are drawn at the 50% probability

level).
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Figure 14. The [CrFg)* anion and Cs* cations with interacting HF
molecules in Cs,CrFg4HF (thermal ellipsoids are drawn at the
50% probability level).

Figure 13)} indicates that hydrogen atoms could be placed
between F1 and F13 (F2 and F11) on calculated positions.

Taking the coordination number to be defined as the
number of nearest neighboring atoms, then Cs* is sur-
rounded by 12 fluorine atoms at distances between 3.089(8)
and 3.451(9) A (Table 9). The total bond valence around
Cs™* is 1.025 vu (Table 6).

K;Cr,F;;-2HF

There are many reports on crystal structures of com-
pounds with the general formula A'B"Zr,F,; (A = alkali
metal, B = transition metal) and LnM,F,; (Ln = rare earth
metal, M = Zr**, Hf**, Th*").[485% [solated [M,F,,]*
anions are not reported in any of these papers. [CsHg],-
[H5O][Ti,F]:2H>0 is the only compound for which the

Eur. J. Inorg. Chem. 2008, 1795-1812
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isolated triply charged dimeric anion ([Ti,F;]*") was found
in the crystal structure.!”® The crystal structure of
K3Cr,F-2HF represents the second example with the
[M,F|]*>" anion (Figure 15).

@®

Figure 15. Packing diagram of K;Cr,F;-2HF.

The crystal structure of K;Cr,F;-2HF reveals that the
[M,F{;]* anions are highly distorted from the ideal Dy,
symmetry (Figure 16) and that there are three crystallo-
graphically nonequivalent K atoms and two crystallograph-
ically nonequivalent HF molecules. Distortions of the
[M,F ] units are usually expressed in terms of the bridging
angle a (bending of FsM-F-MF5 about the bridging fluor-
ine) and the torsion angle w (twisting of the two planar
MF, q groups from an eclipsed to a staggered conforma-
tion). In K;Cr,F;;-2HF, the bridging angle is 141°, and the
dihedral angle is 43°. Because of the large bending of the
Cr—F-Cr angle, the fluorine atoms are found in a staggered

viii

;5 K1

. i i /
s P24t H3 i
Yim o — [\*FS"

/»@ \
K31 N

F15 1 \/ F22"

Figure 16. The [Cr,F;,]>" dimer and K* cations with interacting
HF molecules in K;Cr,F;-2HF (thermal ellipsoids are drawn at
the 50% probability level).
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(gauche) conformation to minimize their repulsions. Devia-
tion from the ideal D, symmetry is caused by hydrogen
bonding and long interionic contacts in the solid state. In
[CsHl,[H30][Ti,F1]-2H50, the dimeric [Ti,F;,]>~ anions
are well separated by bulky organic cations, which results
in linear almost symmetrical dimers (a = 180°; v is close to
zero).[?8]

The Cr-F, bonds are shorter (1.757-1.817 A), as ex-
pected, than the Cr-F, bonds involved in the Cr1-F1-Cr2
bridge [1.916(3) A, 1.924(5) A] or the Cr—F24 bonds in-
volved in hydrogen bonding [1.901(5) A] (Table 7). Two
crystallographically nonequivalent HF molecules form hy-
drogen bonds with the same fluorine atom belonging to the
[CroF > dimer. The F2:-+F24 and F3--F24 distances
(2.455 A and 2.51 A) are similar to the corresponding dis-
tances found in A,CrF¢2HF (A = Na, K) and
Cs,CrF¢-4HF. Additionally, each HF molecule forms con-
tacts with three different potassium cations.

Table 7. Selected Cr—F bond lengths [A] in K5Cr,F,;-2HE[

Crl-Fl11 1.778(4) Cr2 F22 1.757(4)
Crl-F15 1.778(4) Cr2-F25 1.771(4)
Crl-Fl14 1.785(4) Cr2-F23 1.777(3)
Crl-F12i 1.790(4) Cr2-F21 1.788(5)
Crl-F13 1.817(4) Cr2 F24 1.901(5)
Crl-Fli 1.924(5) Cr2 Fl 1.916(3)

[a] Symmetry codes: (1) x + 1/2, —y + 3/2, z + 1/2; (i) x + 1/2, —y
+ 1/2, z + 1/2; (i) —x, -y + 1, —z + I; (iv) —x + 1/2, y = 1/2, —z +
32, (V) x + 12, y + 112, =+ 3/2; (vi) x+ 1,y + 1, =z + 1;
(vil) —x + 1/2, y + 1/2, —z + 1/2; (vii)) x, y + 1, z; (iX) x, y = 1, z;
(x) x — 12, =y + 3/2, z - 1/2; (xi) x — 1/2, -y + 1/2, z — 1/2; (xii)
x4+ 12,y -1/2, =z + 1/2; (vili) 1 —x, 1 =y, 2 —z.

There are also three crystallographically nonequivalent
K™ cations in the crystal structure of K5Cr,F,;;2HF. The
K-F bond lengths span a wide range (2.702-3.003 A for
K1, 2.683-2.978 A for K2, and 2.652-3.054 A for K3). The
corresponding bond valences are 0.864 vu (K1), 0.967 vu
(K2), and 1.127 vu (K3).

General Comments on Cr'V Salts

In all the crystal structures considered, the F-F dis-
tances between the fluorine atoms involved in hydrogen
bonding have very similar values (Na,CrF42HF:
2.469 A; K,CrF¢2HF: 2.455A; Cs,CrF¢4HF: 2.466 A;
K;CroF;-2HF: 2.455A and 2.51 A). These values are
slightly shorter than those in crystalline HF [2.49(1) A]5"
and considerably longer than the F--F distances in
[HF,] anions (ca. 2.27 A).5253 The FHF species in pre-
viously mentioned crystal structures are best described as
HF molecules that are hydrogen-bonded to fluorine ligands
of the [CrFg] octahedra. The F---(H)---F distances in the
crystal structures reported herein are all in the range 2.5-
3.2 A. Hydrogen bonds falling in this range are classified as
moderate-to-strong hydrogen bonds, which could be de-
scribed as mostly electrostatic.>4!

For K;sCr,F-2HF, it could be argued that instead of a
Cr** dimer, we have a mixed-oxidation state Cr’*/Cr>* di-
mer. Because of its thermal instability, no magnetic mea-
surements were possible. Bond valence analysis33-40-33] pro-
1804
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vides a powerful method to verify the formal oxidation
states in crystal structures. Unfortunately, the bond valence
parameter (R;j) is not available for Cr** in the original arti-
cle by Brese and O’Keeffe or by Brown and Altermart.[33-40]
A value of 1.56 for R;; has been proposed for Cr** in the
latest reports.5%! The corresponding R; value for Cr** is
1.6413°Y1.657(5).1491 Since the bond valence parameters for
bonds with fluorine do not depend strongly on the oxi-
dation state,’*”! the proposed value for Cr** seems too low.
By using that value, an unreasonably low bond valence sum
(2.944 vu) for Cr** in Li,CrFg is obtained, while the use of
Ry; determined for Cr** (1.64/1.657) gives better results
(3.656/3.828 vu). For that reason, a new value of 1.6732 for
R;; was calculated from the crystal data of Li,CrFg accord-
ing to Brese and O’Keeffe’s method.*” The use of the uni-
versal constant » = 0.37 and of R;; = 1.6732 gives reason-
able bond valence sums for Cr in Na,CrF¢2HF (4.078 vu),
K,CrF¢2HF (4.06 vu), Cs,CrFg4HF (4.078 vu), and
K;Cr,F2HF (4.16 vu for Crl and 4.112 vu for Cr2).
These values correspond to a +4 formal oxidation state of
Cr.

Raman Spectra of ACrFg (A = K-Cs), A,CrFg (A = Li-
Cs), A,CrF¢2HF (A = Na, K), A,CrF¢-4HF (A = Rb, Cs),
K3C[2F]]'2HF, and ACrFs (A = K—CS)

Raman Spectra of the [ CrFg]~ and [ CrFs]* Salts

The Raman spectra of the [CrF¢]” and [CrF¢]*> salts are
shown in Figures 17, 18, and 19, and additional details are
given in Tables 8 and 9. The Raman spectrum of Cs,CrFq
is not presented. Irrespective of the synthetic approach,
bands that could not be assigned to [CrF¢]*> were always
observed in its spectrum. Since the Raman spectra of
K,CrF¢2HF and A,CrFg4HF (Rb, Cs) were recorded on
single crystals covered with a thin layer of perfluorinated
oil, assignment of the weak bands was problematic. Because
of its volatility, the protecting layer of perfluorinated oil
slowly disappears, and decomposition of the single crystals
occurred. The most sensitive were the single crystals of

NaCrF -|

KCrF,

RbCrF,

CsCrF,

Raman Intensity

100 300 500 700 900
v [em™]

Figure 17. Raman spectra of NaCrF¢-1I, KCrFy, RbCrFy, and
CsCrF.
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Cs,CrF¢-4HF, and only the strongest two bands in the spec-
trum could be assigned unambiguously. The decomposition
of Rb,CrF¢4HF to Rb,CrF¢ was followed by Raman spec-
troscopy (Figure 19). After 30 min, in addition to the bands
that can be assigned to Rb,CrF4 bands at ca. 1000 cm™!
appear. Rb,CrFg is further hydrolyzed to the oxyfluoride
species when it comes in contact with moisture from the
atmosphere.

Li,CrF,
Na,CrF,

Na,CrF -2HF

i

Raman Intensity

K,CrF,

K,CIF :2HF

100 300 500 700 900
v [cm™]

Figure 18. Raman spectra of the [CrF4]*~ salts of Li, Na, and K.

Rb,CrF4HF

e
| o

J1o min

*

J\\J\%
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¥ [em™]

Raman Intensity
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Figure 19. Raman spectra recorded in air during the decomposition
of a single crystal of Rb,CrF¢4HF when the protective thin layer
of oil slowly disappears. For comparison, the Raman spectrum of
Rb,CrFg is also given. The asterisk (*) denotes bands that could
be assigned to oxyfluoride species.

Table 9. Raman spectra of the [CrF]> salts.[*l
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Table 8. Raman spectra of KCrFg, RbCrFg, and CsCrFg.[

NaCrFq-I?!  KCrFq RbCrFg CsCrFg Assignment[®!
771(6) Vs
715(15) V3
662(100) 651(100)  647(100)  645(100) v
636(10) "
527(5) 533vw)  S3U(<D)  $3(<D)  w
330(4) 315(5) 313(5) 308(5) Vs
299(6) Vs

[a] Intensities are given in parenthesis; vw = very weak. [b] Assign-
ment is made for the octahedral symmetry, although in the solid
state, the actual symmetry is lower.

The Raman spectra of the [CrF4] salts of K-Cs and
[CrF¢)* salts of Li-Cs are in agreement with those pre-
viously determined for NOCrF¢ and NF,CrF¢ (average val-
ues: v; = 649 cm!, v, = 537 em !, vs = 308 cm ), l'! and
(NO),CrFg (v; = 608 cm™!, vs = 298 cm™1),['!l respectively.
As expected, the symmetrical stretching frequency (v) in-
creases as the oxidation state of the Cr atom increases. The
v; stretching modes for the compounds A,CrF4snHF occur
at higher frequencies relative to those for A,CrFg. This shift
can be attributed to the moderate-to-strong hydrogen
bonding between the [CrF4]*~ anions and the HF molecules.
There is no satisfactory explanation for the very weak inten-
sities of v, ([CrF¢] salts) or for the absence of v, ([CrF¢]*
salts). In the Raman spectrum of (NO),CrFg, the v, mode
was observed at 521 cm'.['!]

For the orthorhombic crystal modification of NaCrFg,
more vibrations are observed than those expected for regu-
lar [CrFg] octahedra with Oy, symmetry. This is due to crys-
tal field splitting as well as interactions between the cations
and anions in the crystal lattice that lead to a strong distor-
tion of the [CrFg¢] octahedra. In orthorhombic NaCrFq
(space group Pnma, No. 62), the site symmetry of CrFg is
C,, but since Bravais cell contains four molecules of
NaCrFy, factor group splitting can further cause the degen-
erate modes to split into more components.°’>% As a con-
sequence of the lowering of the symmetry in the solid state
(site symmetry and correlation effects) and the cation—
anion interactions in the crystal lattice of NaCrFg, vi-
brations which are otherwise Raman inactive in O; sym-
metry become active (v3), and additionally, the splitting of
the vy, v3, and vs vibrations also occurs. The split v; bands

Li,CrFy  Na,CrFs  Na,CrF¢2HHK,CrF, K,CrF¢2HF Rb,CrFg Rb,CrF¢4HICs,CrFg Cs,CrFg4HF  Assignment!®]
621(100)  613(100)  622(100)  609(100)  621(100)  603(100)  617(100)  600(100)  616(100) "
314(50)  322(sh)  321(15)  304(60)  321(2) 208(60)  319(5) 205(60)  325(5) vs
293(20) 283(5) 280(4) Vs
226(3) 220(2) vs

[a] Intensities are given in parenthesis; sh. = shoulder. [b] Assignments are made for the octahedral symmetry, although in the solid state,

the actual symmetry is lower.

Eur. J. Inorg. Chem. 2008, 1795-1812
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occur at much higher frequencies (715 cm™, 771 cm™) rela-
tive to those found in NOCrF4 (675cm™) or NF,CrF,
(665 cm 1).'!1 Such a phenomenon is well described for the
[XFg] (X = As, Sb) species. In the vibrational spectra of
CsAsFgl% with regular [AsF¢]~ octahedra, the Raman
active symmetrical stretching (v;) mode occurs at 685 cm™!
and vs at 372cm !, The v; mode is only infrared active
(699 cm™'). On the other hand, in the Raman spectrum of
[FsTeNH;][AsF]¢!! with highly distorted [AsFg]™ anions, v,
and vs are split (v; = 683cm !, 689 cm !; vs = 373 cm !,
377 cm™'). Additionally, in [FsTeNH;][AsF¢], nonactive vs
becomes Raman active, and is split and occurs at a higher
frequency (716 cm™!, 730 cm™!, 740 cm™!, 743 cm™) relative
to vy in CsAsFg (699 cm™).

K3Cl‘2F]I'2HF

In terms of the number and relative intensities of the vi-
brational bands, the Raman spectrum of K;Cr,F,;-2HF
(Figure 20, Table 10) closely resembles to that of the
[M,F;]7 (M = Sb) anions found in KSb,F;[® and
[Pd(CO),][Sb,F 1.3 In both compounds, the [M,F ]
anions strongly deviate from the ideal D, symmetry. Partial
assignment of the [Cr,F,;]*~ anion was made on the basis
of comparison of the Raman spectra. In KSb,F;, there are
three crystallographically nonequivalent, highly distorted
[M,F ] anions with a bridge angle of 149.2°, 150.4°, and
146.1° and three corresponding dihedral angles of 20.2°,
21.2°, 32.6°, while in [Pd(CO),][Sb,F ], there are two crys-
tallographically nonequivalent [M,F;;]" anions with a
bridge angle of 151° and 159° and two corresponding dihe-
dral angles of 9° and 38°. In K;Cr,F;;-2HF, the bridging
M-F,—M angle is 141° and the dihedral angle is 43°.

K,Cr,F, -2HF

Raman Intensity

KSb,F .

100 300 500 700 900
v [cm™]

Figure 20. Raman spectra of K;Cr,F,;2HF and KSb,F;.

The bands in the region 575-650 cm™' and band at
695 cm ! are assigned to Cr-F., (Feq = equatorial fluorine
atoms in cis to Fy) and Cr-F,, (F,, = axial fluorine atoms
in trans to Fy) stretches, respectively, while the band around
500 cm™! is typical of M—F-M bridging. Bands below
310 cm ! are assigned to bending deformations.
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Table 10. Vibrational spectrum of K;Cr,F;*2HF and literature
data of KszF] 1 '[a].[b]

K;5Cr,F,;-2HF KSb,Fy; Assignments!®!
695(sh.) 713(sh.) W(MF,)
650(80) 684(85) VW(MF )
632(100) 660(100) V(MFeq)
575(31) 654(sh.) W(MFq)
603(20) VW(MPFq)
498(1) W(MFM)
383(3) 339(5) 9
335(sh.)
308(38) 295(40) S(MFqeq)
288(sh.) 271(sh.) S(MFlqeq)
247(11) 231(15) S(MF )
230(8) (MFeq)

[a] Ref[%?] [b] Intensities are given in parenthesis; sh. = shoulder.
[c] v = stretching mode, 6 = deformation mode.

Raman spectra of ACrFs (A = K, Rb, Cs)

Reports on the vibrational spectra of compounds con-
sisting of [MF5],”” chains of anionic octahedra sharing joint
vertices are scarce. For XeF,CrF, (trans sharing, Fig-
ure 6a), (XeFsCrFs)-XeF, (cis—trans sharing, Figure 6b),
and XeFsCrFs (cis sharing, Figure 6¢) the simple approach
was used.®! Raman bands in the range 631-765 cm™! are
attributed to the stretching vibrations of the terminal fluo-
rine atoms, and the bands in the range 502-544 cm™! to
stretching vibrations of the bridging fluorine atoms. The
remaining bands (below 300 cm!) are assigned to bending
and lattice vibrations. Structures with chains of anionic oc-
tahedra have been determined or proposed for various
[GeFs]~ salts.[95%¢] In their case a more sophisticated ap-
proach was used.[®! The normal modes of the germanium
atom and the four nonbridging (terminal) fluorine atoms
were considered separately from those of the germanium
atom and the bridging fluorine atoms. The germanium
atom and the four fluorine atoms form a group with Dy,
(trans sharing in XeFs;GeFs) or C,, (cis sharing in ClO,.
GeFs, NO,GeFs, and SF;GeFs) symmetry.[”l The former
has seven and the latter nine fundamental vibrations. Com-
plete assignment was carried out only for XeFsGeFs (Dg,
trans sharing).[! In the case of the remaining compounds
(cis sharing), only partial assignment was reported.[®]

The compounds ACrFs have complex Raman spectra
(Table 11, Figure 21). The anion consists of infinite chains
([CrFs]),") of [CrF¢] octahedra that share cis vertices. In
the crystal structure of CsCrFs, the Cr—F-Cr bridges in the
infinite chains [CrFs],” have an angle of 180°. In RbCrFs,
the corresponding Cr—F-Cr bridges are bent with an angle
of 149.4°, which results in lower symmetry. As in the case
of ClO,GeF5 (cis sharing), the most intense Raman band
of the ACrFs compounds (ca. 682 cm™!) is assigned to the
in-phase symmetric stretch of the [CrF,4] group (i.e. Cr—non-
bridging-F stretching). The bands between 420 and
630 cm™' may be assigned to the stretching modes of the
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chain. The band in the region 360-380 cm™! can tentatively
result from the deformation angle between [CrF,4] group
and the bridging fluorine atoms. The bands between
230 cm! and 340 cm! are attributed to deformations of the
[CrF,] group. The lower frequency bands (166-220 cm™!)
are in the range of torsional and rotational motions of the
infinite chains and lattice vibrations.

Table 11. Raman spectra of KCrFs, RbCrFs, and CsCrFs.[

KCrFs RbCrFs CsCrFs Assignment!®!
683(100) 682(100) 681(100) Ver Ft
629(sh.) 622(sh.) Vehains
604(65) 599(67) 595(80) Vehains
495(vw, br.) Vehains
421(W, bl') Vehains
381(5) 363(4) Ochain CrF4
336(14) 335(10) 341(10) OcrEa
314(sh.) 308(sh.) 319(7) OcrEa
300(30) 298(27) 288(20) OcrEa
253(25) 258(31) 261(46) OcrEa
229(22) 226(18) 236(19) OcrEa
220(12) Tchain
208(sh.) 207(sh.) 208(sh.) Tchain, lattice vib.
188(2) 174(5) 166(9) Tehain» lattice vib.

[a] Intensities are given in parenthesis; vw = very weak, w = weak,
br. = broad. [b] v¢, g = Cr-nonbridging-F stretching vibrations,
Vehains = Stretching vibrations of chains, dcpain crps = chain—CrFy-
group angle deformation, dcp4 = bending modes of the CrFy
group, Tenain = chain torsional rotational modes.

KCIF,

RbCIF,

Raman Intensity

CsC rF5

100 300 500 700 900

v [em™]

Figure 21. Raman spectra of KCrFs, RbCrFs, and CsCrFs.

Summary and Conclusion

Photochemical synthesis and crystal structure determi-
nation of alkali metal hexafluorochromates(V) complete the
void in the group of ATMVF¢ compounds;?°! more than 100
compounds have been reported. The thermal stability of the
compounds decrease from the Li to Cs salt, which is in
agreement with the decrease in the Lewis acidity (i.e. fluo-
ride-ion donor properties increase from LiF to CsF). Poly-
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morphism of NaCrF¢ has been found. The orthorhombic
phase (NaCrFg-1) has a marginally smaller molecular vol-
ume than the hexagonal phase (NaCrFg-11), and it is proba-
bly the thermodynamically stable modification.

In contrast to previous expectations, the thermal decom-
position of CsCrFg does not provide a simple route to mo-
nomeric CrFs.[%7 Instead, CsCrF is reduced to CsCrFs.
The same happens with RbCrFy. LiCrFg and NaCrFg re-
lease CrFs and fluorine, and are converted to A,CrFg.
KCrFg lies at the border of the two cases. The thermal de-
composition of KCrFg in a closed system leads to KCrFs,
while when CrFs is removed from the system, K,CrFg is
found as final product.

In the crystal structures of ACrFs (A = K, Rb, Cs), a
new manner of forming infinite [CrFs],” chains of [CrFg]
octahedra joined through shared cis vertices was observed.
The crystal structures determined are, with the exception of
some Zr, Hf, and Tb compounds, the only examples of fully
determined crystals structures of the AIM'VF5 compounds.
Attempted preparations of the corresponding Li and Na
compounds were unsuccessful, most likely because of the
small size of the Li* and Na™ cations, which does not allow
effective packing of the infinite [CrFs]" chains.

Single crystals of a new type of compound with the gene-
ral formula ALM"VF¢nL (L = neutral ligand) were grown,
and their crystal structures determined. In spite of the great
number of reports on ALMVF4 type of compounds, we
were not able to find any other data on such examples. This
opens further questions: first, whether ALM"VF¢nHF com-
plexes can be formed also by other M** transition metals,
and second, whether, instead of HF, some other neutral li-
gand can be involved.

[Cr,F,]* represents a rare example of a triply charged
dimeric anion. Previously, only [Ti,F;]*>~ was known.?®! In
contrast to the latter, [Cr,F,;]*" is highly distorted in which
the fluorine atoms are found in a staggered conformation.

Our study showed that the preparation of pure A,CrFq
compounds is still problematic. The reported syntheses in-
volving the fluorination of mixtures of ACl/CrCl; with ele-
mental fluorine at elevated temperatures®®?’! or mixtures
of ACI/CrCl; with BrF;?° yield impure products. Our
attempts to prepare pure A,CrFgs compounds by the an-
nealing of AF/ACrFs mixtures at 473 K were partly suc-
cessful. Although X-ray powder diffraction data corre-
sponded only to the presence of A,CrFg4 phases, starting
materials or other species could be present as shown by
Raman spectroscopy. The latter was found to be a very ef-
ficient tool for the qualitative indication of the purity of
obtained products.

Experimental Section

Caution: Anhydrous HF, fluorine, and the fluorine-containing com-
pounds should be handled only in a well-ventilated hood, and pro-
tective clothing should be worn all times!

Techniques: Raman spectra with a resolution of 1 ecm™ were re-

corded (10-20 scans) on a Renishaw Raman Imaging Microscope
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System 1000, with the 632.8-nm exciting line of a He-Ne laser
(50 mW). The ACrF¢ (A = Na—Cs) compounds decomposed in the
laser beam. Because of this reason, the power was reduced to ca.
20%. X-ray powder diffraction patterns were obtained by using the
Debye-Scherrer technique with Ni-filtered Cu-K, radiation. Sam-
ples were loaded into quartz capillaries (0.3 mm) in a dry-box. In-
tensities were estimated visually. A 400-W medium pressure mer-
cury lamp (Baird and Tatlock, London, Type 400 LQ) was used as
the UV source.

Reagents and Apparatus: Volatile materials were manipulated by
using an all PTFE vacuum line equipped with PTFE valves as pre-
viously described.[®® The manipulation of the nonvolatile solids
was accomplished in a dry argon atmosphere within a dry-box (M.
Braun, Germany). The residual water in the atmosphere within the
dry-box never exceeded 2 ppm. All reactions were carried out in
FEP (PolyDraack, Germany) reaction vessels (with a height of
300 mm, inner diameter of 15.5mm, and outer diameter of
18.75 mm) equipped with PTFE valves® and PTFE-coated stir-
ring bars. All reaction vessels were pretreated with F, prior to use.
LiF (Merck, 99.9%), NaF (Merck, 99%), KF (Ventron, 99.9%),
RbF (Aldrich, 99%), CsF (Ventron, 99.9%), CrF; (Messer Griesh-
eim, 99.9%), and fluorine (Solvay) were used as supplied. BrF; was
treated with elemental fluorine in order to remove possible traces
of Br. CrF5 was synthesized from CrF; under pressure of elemental
fluorine.’! CrF, was prepared by solvolysis of XeF,'CrF, in
aHFEI®! Anhydrous HF (Fluka, Purum) was treated with K,NiFg
for several hours prior to use.

Reactions Between AF (A = Li, Na, K, Cs) and CrFs at 333 K:
The reactions were carried out as described in the literature for the
synthesis of CsCrF¢.[”) A sample of the alkali metal fluoride (AF,
A = Na-Cs) was loaded into the FEP reaction vessel, and excess
liquid CrFs was condensed onto the solid fluoride salt at 77 K. The
reaction mixture was warmed up to 333 K. On the basis of their
Raman spectra, it was concluded that the final products were mix-
tures of ACrF¢/A,CrF¢/ACrFs (A = K, Rb, Cs), ACrF¢/A,CrFg
(A = Na), or A,CrFg (A = Li). Some of the samples contained
unidentified but most probably polymeric CrF5 species.

Photochemical Synthesis of ACrFg: In a dry-box, a sample of CrF;
(3-5 mmol) and the corresponding amount of the fluoride AF (A
= Li-Cs) were loaded into the FEP reaction vessel. Anhydrous HF
(6-10 mL) was condensed onto the solid at 77 K, and the reaction
mixture was brought to ambient temperature. Fluorine was slowly
added at ambient temperature to a pressure of 3 bar in the reaction
vessel. After 4-7 d, a new portion of fluorine was added. This was
repeated many times such that the final excess of fluorine was ap-
proximately 2 to 3. When the pressure of fluorine added in one
batch exceeded 3 bar, some of the reactions vessels were burnt
through during the photochemical reactions. Such problems were
never observed before during the photochemical synthesis of other
binary and ternary fluorides.3% 34 The reaction mixtures were left
to stir for 10-20d at ambient temperature until clear, deep-red
solutions were obtained. The volatiles were slowly pumped off over
a few hours. Deep-red ACrF4 (K, Rb, Cs) compounds could be
isolated at ambient temperature. When these were dissolved in fresh
aHF, deep-red clear solutions were obtained again. Deep-red
NaCrFg4 was isolated at 243 K. When it is dry, it can be stored in
a glove box at ambient temperature. When the volatiles were
pumped away at ambient temperature, a mixture of NaCrFg and
Na,CrF¢ was obtained. Deep-red LiCrF¢ could be isolated at tem-
peratures below 243 K. When aHF was condensed onto cold
LiCrFg4 and the reaction vessel was brought to ambient tempera-
ture, a deep-red solution was obtained again. The isolation of
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LiCrF4 was repeated at 243 K, and the dry sample was warmed to
ambient temperature and left half an hour. Red-orange fumes of
CrF5 were observed. The sample was cooled in liquid nitrogen, and
aHF was condensed onto the solid. When the reaction vessel was
brought to ambient temperature, a red solid precipitated. The vola-
tiles were pumped away at ambient temperature and caught in a
nitrogen-cooled trap. The Raman spectrum showed bands that
could be assigned to CrFs. The Raman spectra of the ACrFg salts
(A = Na-Cs) were recorded, and X-ray powder diffraction patterns
were also recorded. Chemical analyses of the resulting isolated
products are given in Table 15.

Thermal Decomposition of ACrFg (A = Li-Cs): A sample of ACrFq
(150 mg) was placed in a nickel boat in a nickel reactor in a dry-
box filled with argon. After the argon was pumped away, the valve
on the metal reaction vessel was closed (“static vacuum”), and the
sample was heated at 473 K. In some experiments, the valve was
left open and the sample was pumped (“dynamic vacuum™) during
heating. Thermal decomposition of ACrFs (A = Rb, Cs) in a dy-
namic vacuum at 473 K yielded brick-red ACrFs compounds.
Thermal decomposition of the Li and Na salts resulted in yellow-
orange A,CrF4 compounds under the same conditions. The Raman
spectrum of the product of the thermal decomposition of NaCrFjg
in a static vacuum showed only the presence of Na,CrF4. Thermal
decomposition of KCrFg in a static vacuum gave brick-red KCrFs,
while in a dynamic vacuum, yellow-orange K,CrF4 was obtained.
The Raman spectra of the isolated solids were recorded, X-ray
powder diffraction patterns were also recorded, and chemical
analyses were performed (Table 15).

Reactions Between AF (A = Na, K, Rb) and CrF, in BrF;: Reactions
were performed as previously described.!' A mixture of CrFy4 (1-
2 mmol) and the corresponding amount of AF (A = Na, K, Rb)
was loaded into a reaction vessel in a glove-box. BrF; (4-5 mL)
was condensed onto the reaction mixture, and the reaction vessel
was brought to ambient temperature. In half an hour, a clear solu-
tion was obtained. Finally, the volatile materials were pumped off
over several hours at 333 K. The Raman spectra and the X-ray
powder diffraction patterns of the brick-red (K, Rb) and brownish—
yellow (Na) isolated products showed that they consist of ACrF5
(A = K, Rb) and Na,CrFg, respectively. Chemical analyses of
ACrF5 are given in Table 15.

Attempted Preparation of Pure A,CrF¢ with BrF; (A = Na, K, Rb,
Cs), by Flow Reaction (A = Cs) and by Annealing of AF and ACrF;
(A = K, Rb, Cs) Mixtures: Reactions between 2ACI (or 2AF) and
CrF, in BrF; were performed in a similar way as previously de-
scribed for the synthesis of ACrFs. Corn-sand colored solids were
isolated. Although X-ray powder diffraction data of the products
corresponded to the literature data, their Raman spectra showed
additional bands that could not be assigned to the [CrF4]* salts.

Flow fluorination of a reaction mixture of 2CsCl (or 2CsF) and
CrCl; (or CrF3) at 673 K was carried out according to the method
of Klemm and Huss.[?) The X-ray powder diffraction pattern cor-
responded to the cubic phase of Cs,CrFg;*”) however, the Raman
spectrum showed bands that could not be assigned to [CrFg]* .

Photochemical reactions between 2AF, CrF5, and UV-irradiated F,
in aHF yielded mixtures of ACrF¢/A,CrF4 as shown by Raman
spectroscopy.

A,CrFs (A = K, Rb, Cs) were prepared by the annealing of mix-
tures of AF and ACrFs at elevated temperature (473 K). The X-
ray powder diffraction pattern of the isolated sand-yellow solids
corresponded to the A,CrF4 phases. The Raman spectra of the K
and Rb products showed only vibrational bands that could be as-
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signed to [CrF¢]>", while the Raman spectrum of Cs,CrF4 showed
the presence of starting CsCrFs and unidentifed species. K,CrFg
could be prepared also by the annealing of KF and KCrFy at 473 K
in a static vacuum.

Solvolysis of CsCrFs in aHF: Powdered CsCrFs (ca. 1 mmol) was
loaded into a double T-shaped apparatus. The reaction vessel was
cooled to 77 K in liquid nitrogen, and aHF (8 mL) was condensed
onto the sample. The reaction vessel was brought to ambient tem-
perature. Precipitation of an amethyst-colored solid occurred. The
liquid phase was rose-red. The reaction vessel was left for 0.5 h at
ambient temperature, and the liquid phase then decanted off, and
aHF condensed back onto the insoluble solid. After repeating this
procedure several times, the volatile materials were pumped off at
room temperature. The X-ray powder diffraction pattern and Ra-
man spectra of the amethyst-colored isolated solid were in agree-
ment with literature data for a-CrF4.['3 The Raman spectrum of
the brick-red solid isolated from the decanted solution was iden-
tical to that of a mixture of CsCrFs and CsF-nHF.

Attempted Preparation of KCr,F;;, K3Cr,F,3, and K;Cr,F;;: An at-
tempt to prepare KCr,F |, was carried out in a manner similar to
the photochemical synthesis of the KCrFg salts. The starting molar
ratio n(KF):n(CrF;) was 1:2. After several days, a deep-red clear
solution was observed above the insoluble phase. The Raman spec-
trum of the isolated solid showed that it consists mainly of KCrF.
The same procedure as that described above was repeated with a
starting molar ratio n(KF):n(CrFs) of 3:2. In 6 d, a clear solution
formed. The Raman spectrum of the isolated solid showed that,
instead of K;Cr,F3;, a mixture of KCrFg and K,CrF4 was ob-
tained.

Mixtures of 3KF/2CrF,, KF/2KCrFg4, and K,CrF¢KCrF4 were
placed in a nickel boat in a nickel reactor in a dry-box. The samples
were heated to 523-573 K. In the case of KF/2KCrF4 and K,CrF¢/
KCrFg, the autoclave was pumped during heating. Instead of
K;CryFyy, only K,CrFg was detected in all products by Raman
spectroscopy and X-ray powder diffraction analysis.

Crystal Growth of ACrFg (A = K, Rb), ACrFs (A = K-Cs), Li,CrFq,
A;CrFg2HF (A = Na, K), A,CrFs4HF (A = Rb, Cs), and
K;Cr,F °2HF: In a general procedure, growth of the single crystals
took place in a double T-shaped apparatus consisting of two FEP
tubes (19 mm o.d. and 6 mm o.d.). The starting Cr compounds
(100-300 mg of each) were loaded into the wider arm of the
crystallization vessel in a dry-box. Anhydrous HF (approximately
4-8 mL) was then condensed onto the starting material at 77 K.
The crystallization mixtures were brought to ambient temperature,
and the clear solutions, which had developed, were decanted into
the narrower arm. Some of the narrow arms were equipped with
additional valves to allow separation from the wider part. Evapora-
tion of the solvent from these solutions was carried out by main-
taining a temperature gradient corresponding to about 10 K be-
tween both tubes for 1-2 weeks, and later by increasing this further
to about 50 K for an additional month. The effect of this treatment
was to enable aHF to slowly evaporate from the narrower tube into
the wider tube, while leaving behind the crystals.

Deep-red single crystals of ACrFg were grown from clear deep-red
solutions of ACrFg. They could also be grown from mixtures of
ACrF¢/A,CrF¢/ACrFs (A = K-Cs) or ACrF¢/A,CrFy (A = Na),
partly dissolved in aHF, obtained by reaction between AF (A =
Na-Cs) and CrFs5 at 333 K.

The ACrFs and A,CrFg salts partly solvolyze in aHF to yield red-
dish (Na—Cs) or orange solutions (Li), respectively, and an ame-
thyst-colored residue. After a few days, light-red single crystals of
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ACrFs (A = K, Rb, Cs) appeared in the decanted solution. Later,
yellow crystals (K,CrF¢-2HF, Rb,CrF¢-4HF, Cs,CrF¢-4HF) were
grown. In the case of lithium, only orange single crystals of Li,CrFg
were obtained.

Crystallization of the ACrFg (A = K—Cs) salts resulted, quite often,
in two or three different types of crystals in the same batch. They
could be easily separated on the basis of their different colors, i.e.
deep-red ACrFg4 (A = Na with hexagonal and orthorhombic phases
in the same batch, K-Cs), light-red ACrFs (A = K-Cs), orange
K;Cr,Fy-2HF, and yellow Na,CrFg2HF, K,CrF4-2HE,
Rb,CrF44HF, and Cs,CrF¢4HF. It seems that the ACrFy com-
pounds were partly reduced by slow penetration of water through
the walls of the reaction vessels, as already observed before in some
other cases.[”!]

The crystals were sometimes twinned or of very poor quality.
Therefore, all crystallizations were repeated many times. Attempts
to prepare suitable single crystals of KCrFs, Rb,CrF44HF, and
CsCrFq were only partly successful. The crystal structures of
KCrFs and Rb,CrF¢-4HF were determined with the use of the
models for RbCrFs or Cs,CrF44HF, respectively, but the resulting
data were not of satisfactory precision (KCrFs: Ry = 0.1209, wR,
= 0.278; Rb,CrF¢4HF: R, = 0.1194, wR, = 0.2526). For those,
only the unit cells are reported. Attempts to prepare single crystals
of CsCrFg always resulted in a sticky material; the unit cell param-
eters were determined from powder data only.

The single crystals of ACrFg (A = Na-Cs), ACrFs (A = K-Cs),
Li,CrF¢, Na,CrF42HF, and K;Cr,F,-2HF were stable at ambient
temperature in an inert atmosphere. The crystallization products
were immersed in a perfluorinated oil (ABCR, FO5960, melting
point 263 K) in a dry-box. The single crystals were then selected
from the crystallization products under the microscope (at tem-
peratures between 265 and 273 K) outside the dry-box and then
transferred into a cold nitrogen stream of the diffractometer.

The single crystals of K,CrF¢g2HF, Rb,CrF¢4HF and
Cs,CrF¢-4HF were stable at ambient temperature only in the
mother liquor. When the last traces of aHF were removed, the com-
pounds began to release HF to yield yellow powders of the corre-
sponding A,CrF¢ compounds. These were isolated in a special way.
When only a small amount of mother liquor was still visible (ca.
0.1 mL), the valve separating the wider and narrower arms was
closed. The narrower arm containing the crystallization products
was separated and cooled down to 263 K. Cold perfluorinated oil
(approximately 1-2 mL) was added, the tube was cut, and a mix-
ture of crystals and oil was transferred onto a cold glass plate under
the microscope. Appropriate crystals were selected by maintaining
the temperature between 265 and 275 K, and then transferred into
a cold nitrogen stream of the diffractometer.

After diffraction measurements, all the crystals were checked by
Raman spectroscopy. Additionally, selected thermally stable single
crystals of ACrFg (A = Na-Cs), ACrFs (A = K-Cs), Li,CrFg,
Na,CrFg¢2HF, and K;Cr,F2HF were placed inside 0.3-mm
quartz capillaries in a dry-box, and their Raman spectra recorded.

Crystal Structure Determination: Data were collected on a Rigaku
AFC7 diffractometer with Mercury CCD area detector by using
graphite monochromated Mo-K, radiation at 200 K. The data were
corrected for Lorentz and polarization effects. A multiscan absorp-
tion correction was applied to all data sets. All structures were
solved by direct methods by using the SIR-92I7?! program and re-
fined with SHELXL-973 software, implemented in program pack-
age WinGX.I"4 For the structure of Na,CrF42HF, the positions of
the hydrogen atoms were found in a difference Fourier map. For
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Table 12. Summary of crystal data and refinement results for ACrFg (A = Na-I, Na-II, K, Rb).

NaCrFg-1 NaCrFg-11 KCrFg RbCrFq
Crystal system orthorhombic trigonal trigonal trigonal
Space group Prnma (No. 62) R3 (No. 148) R3 (No. 148) R3 (No. 148)
a[A] 9.3970(22) 5.224(5) 7.3315(8) 7.460(3)
b [A] 5.8159(13) 5.224(5) 7.3315(8) 7.460(3)
c[A] 7.7226(18) 14.013(12) 7.2148(10) 7.478(2)
v [A3] 422.06(16) 331.2(5) 335.85(7) 360.4(2)
zZ 4 3 3 3
M,, [gmol™] 188.99 188.99 205.10 251.47
Pealed. [gCmM] 2.974 2.843 3.042 3.476
T [K] 200 200 200 200
i [mm] 2.848 2.723 3.519 12.478
R\l 0.0268 0.0507 0.0480 0.0724
WR,! 0.0691 0.1299 0.1017 0.1576
GOFI 1.191 1.281 1.034 1.088

[a] R, = S||F,| — |F/Z|F,| for I>26(I). [b] R, = [Ew(F,2 — F22Ew(F,2)?"2 for I>26(]). [c] GOF = [Zw(F,2 — F.22/(N, —

N, = no. of reflections and N, = no. of refined parameters.

Table 13. Summary of crystal data and refinement results for
ACrFs (A = Rb, Cs).

KCrFSa RbCrF5 CSCrFS
Crystal system orthorhombic orthorhombic  orthorhombic
Space group - Pmc2, (No. 26) Pnma (No. 62)
a[A] 5.425(2) 5.5150(17) 10.70(2)
b [A] 7.427(2) 7.653(14) 5.611(8)
¢ [A] 9.824(4) 10.181(5) 7.936(11)
v [A3 395.8(2) 429.7(8) 476.5(14)
zZ - 4 4
M,, [gmol ] 186.1 232.47 279.91
Peated. [gem3]  — 3.593 3.902
T [K] 200 200 200
u [mm] - 13.905 9.922
Ryl - 0.0386 0.0397
WR,! - 0.0993 0.0742
GOF& - 1.185 1.125

[a] Because of the poor quality of the crystals obtained and conse-
quently the poor quality of the collected data, only lattice param-
eters are given. R, = X||F,| — |F|/Z|F,| for I>20(1). [b] wR, =
[Ew(F,% — F2)YEw(F,2)?]"V? for I>26(1). [c] GOF = [Zw(F,> - F.2)?*/
(N, — Np)]'2, where N, = no. of reflections and N, = no. of refined
parameters.

N2, where

the structures of K,CrF¢-2HF, Cs,CrF¢4HE, and K;Cr,F,-2HF,
the positions of the hydrogen atoms were determined geometrically.
By taking into account the R values of 0.024 and 0.136 for the 3
and 3ml Laue symmetry (corresponding to R3 and R3m space
groups, respectively), the structure of KCrFg was solved and refined
in the R3 (No. 148) space group. The search for higher symmetry,
realized by the ADDSYM procedure implemented in the PLATON
program package,[’¥ resulted in the R3m (No. 166) space group.
Refinements in the R3 and R3m space groups led to R;/wR, values
of 0.0480/0.1017 and 0.0626/0.1338, respectively. The Hamilton
test”! unequivocally indicates that R3 is the correct choice and
found that the additional symmetry appears to be pseudo-sym-
metry. Large thermal displacement ellipsoids of the linearly bridg-
ing fluorine atoms in the crystal structure of CsCrF5 suggested that
the linearly bridging fluorine atom is not on the Cr—F-Cr axis but
slightly off the axis. A consequence of this could be that the mirror
plane running through Cr—F-Cr in CsCrFs is not real. This could
be caused by the presence of twinning in the measured crystals. For
this reason, the structure of CsCrFs was additionally refined in
Pna2, space group, which has a lower symmetry than Pnma. The
refinement in an acentric space group did not improve the results.
The Cr—F-Cr angle appeared to be noticeably smaller than 180°,
but problems with the shape of the thermal ellipsoids of the ter-

Table 14. Summary of crystal data and refinement results for Li,CrFs, A>CrF¢2HF (A = Na, K), Cs,CrF44HF, and K;Cr,F,;-2HF.

LizCrF6 Na2CrF6'2HF KzCrF(,'zHF szCrF(,'4HF[‘d] CSQCI‘F6'4HF K3Cr2F11'2HF
Crystal system tetragonal monoclinic monoclinic monoclinic monoclinic monoclinic
Space group P4y/mnm (No. 136) C2/m (No. 12) P2,/c (No. 14) - P2,/n (No. 14) P2,/n (No. 14)
a[A] 4.5777(4) 7.395(4) 5.235(3) 7.326(5) 7.579(6) 11.694(8)
b [A] 4.5777(4) 7.947(4) 8.031(2) 6.861(5) 7.133(5) 7.541(4)
¢ [A] 8.8649(10) 5.386(3) 8.473(7) 9.353(7) 9.813(8) 13.552(10)
Bl - 115.247(7) 92.178(9) 108.28(8) 107.911(9) 111.102(14)
V' [A% 185.77(3) 286.3(3) 356.0(4) 446.4(5) 504.8(7) 1114.9(13)
zZ 2 2 2 - 2 4
M,, [gmol ] 179.88 252.00 284.22 452.96 511.85 470.32
Pealed, [gem ] 3.216 2.923 2.651 - 3.368 2.802
T [K] 200 200 200 200 200 200
u [mm] 3.115 2.253 2.861 - 8.343 3.222
R 0.0421 0.0301 0.0469 - 0.0689 0.0573
WR, 0.1109 0.0809 0.1104 - 0.1728 0.1436
GOF! 1.279 1.186 1.092 - 1.106 1.188

[a] Because of the poor quality of the crystals obtained and consequently the poor quality of the collected data, only lattice parameters
are given. [b] R, = X||F,| — |FIZ|F,| for I>26(]). [c] wR, = [Ew(F,> — F2Zw(F,?)?]"? for I>26(1). [d] GOF = [Ew(F,> — F.2)*/(N, —
N)I"2, where N, = no. of reflections and N, = no. of refined parameters.
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minal fluorine atoms appeared. Moreover, both the ADDSYM
procedure (implemented in program package PLATON) and
CheckCif procedure (on ITUCR webpage) found additional pseudo-
symmetry and recommended the space group Pnma. It appears that
the low quality of the CsCrFs5 crystals is the main reason for the
unsatisfactory shape of the thermal ellipsoids of the bridging fluo-
rine atoms. Unfortunately, all attempts to prepare better quality
crystals of this compound were unsuccessful. The figures were pre-
pared using DIAMOND 3.1 software.””! Crystal and structure re-
finement data are given in Tables 12, 13, and 14.

Further details of the crystal-structure investigation may be ob-
tained from the Fachinformationszentrum Karlsruhe, 76344 Egg-
enstein-Leopoldshafen, Germany, on quoting the depository num-
bers: CSD-418670 (NaCrFg-ort), -418671 (NaCrF-trig), -418672
(KCrFg), -418673 (RbCrFg), -418674 (RbCrFs), -418675
(CsCrFs), -418676 (Li,CrF¢), -418677 (Na,CrF¢2HF), -418678
(K,CrF¢2HF),  -418679  (Cs,CrF¢4HF), and  -418680
(K5Cr,F1-2HF).

Chemical Analyses: The sample was weighed in a dry-box and sub-
sequently treated with water. The total fluoride content was deter-
mined after preceding decomposition of the sample by fusion with
KNaCOj; by direct potentiometry with a fluoride ion-selective elec-
trode.[’® The chromium content was, in turn, determined by redox
titration.[” The results of the analyses of the isolated products are
given in Table 15.

Table 15. Chemical analyses of Cr'V and Cr" ternary fluorides.

Product Chemical analyses!®!
Calculated Obtained
%Cr %F %Cr %F Molar ratio
n(Cr):n(F)

NaCrFqP  27.52 60.33 26.8 58.2 1:5.94
KCrF4®! 25.4 55.6 25.2 53.8 1:5.84
RbCrF®  20.68 45.32 20.1 43.2 1:5.88
CsCrF! 17.40 38.14 17.20 374 1:5.95
KCrFsle 27.90 51.04 27.0 49.1 1:4.98
KCrFd 27.90 51.04 27.2 49.6 1:4.99
RbCrFs  22.36 40.86 21.0 39.6 1:5.16
RbCrFs  22.36 40.86 20.8 38.2 1:5.00
CsCrFst 18.57 33.94 18.3 33.3 1:4.98
Li,CrFf 28.91 63.38 29.0 61.9 1:5.84
Na,CrFglel  24.53 53.78 24.7 52.0 1:5.76
K,CrF4 21.29 46.68 20.5 45.0 1:6.00
Cs,CrFqlel 12.04 26.40 11.6 24.5 1:5.78
Cs,CrFgM  12.04 26.401  11.9 252 1:5.80

[a] The chemical analyses are given in mass percent. [b] Prepared
by photochemical reactions. [c] Prepared in liquid BrFs. [d] Pre-
pared by thermal decomposition of ACrFg at 473 K in static vac-
uum. [e] Prepared by thermal decomposition of ACrF¢ at 473 K in
dynamic vacuum. [f] Prepared by decomposition of LiCrFg at am-
bient temperature. [g] Prepared by the annealing of a CsF/CsCrF5
mixture at 573 K. [h] Prepared by annealing of a CsF/CsCrF5 mix-
ture.

Supporting Information (see footnote on the first page of this arti-
cle): Raman spectra of ACrFg4 (A = K, Rb, Cs), of the products of
the reactions between AF (A = Li, Na; K, Cs) and CrF5 at 333 K,
of the products of the reactions between AF (A = Li, Na), CrF3,
and UV-irradiated F, in aHF isolated at 243 K and ambient tem-
perature, of ACrFg4 (A = Li, Cs) dissolved in aHF, of solid LiCrF¢
recorded at about 233 K, of CrF5 obtained by thermal decomposi-
tion of LiCrFy, of K,CrFg obtained by thermal decomposition of
KCrFy in dynamic and static vacuum at 573 K, of ACrF5 (A = K,
Rb) obtained by reaction between AF and CrF, in BrF;, of the
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product obtained by the reaction between NaF and CrF, in BrFs,
of the products obtained by reaction between 2AF (A = Na, K,
Rb) and CrF, in BrFj3, of the product obtained by flow fluorination
of 2CsCl and CrCls at 673 K, of the product obtained by photo-
chemical reaction between 2KF, CrF;, and UV-irradiated F, in
aHF, of the products obtained by the annealing of AF (A = K,
Rb, Cs) and ACrFs at 473 K, of the product obtained by the an-
nealing of KF and KCrF¢ in static vacuum 673 K, of the solid
residue after solvolysis of CsCrFs in aHF, of the products obtained
by the annealing of mixtures of 3KF/CrF,; and K,CrF¢KCrFq at
elevated temperature, of the decomposition of KCrFg in a laser
beam, and of a partly decomposed single crystal of Cs,CrFq4HF,
and X-ray powder data for CsCrF¢ are presented.
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