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Reactions of ClF3 with Main Group and Transition Metal
Oxides: Access to Dioxychloronium(V) Fluoridometallates
and Oxidofluoridometallates
Benjamin Scheibe,[a] Antti J. Karttunen,[b] and Florian Kraus*[a]

Compounds containing the dioxychloronium cation, [ClO2]
+,

were obtained from reactions of ClF3 with various oxides such
as TiO2, MoO3, Re2O7, SnO, P2O5, As2O5, and Nb metal, as the
latter contained oxide as an impurity. Partial hydrolysis of [ClF2]
[IrF6] led to the formation of [ClO2][IrF6]. The crystal structures of
the compounds were determined by single-crystal X-ray
diffraction, which showed that depending on the starting
material [ClO2]

+ salts with the fluoridometallate anions [TiF3/2F3/
1]2]

�, [Nb3F16]
�, [IrF6]

�, [SnF2/2F4/1]
� [PF6]

�, and [AsF6]
�, or with the

oxidofluoridometallate anions [Mo3O3F13]
� and [Re3O6F10]

�, were

obtained. Bent [ClO2]
+ cations with short Cl · · ·μ�F contacts of

surrounding F atoms of the anions with the Cl atom are present
in the crystal structures, leading to coordination numbers of 2+

4 or 2+6 for the Cl atom. Various structural motifs are
observed, which range from molecular, columnar, ladder-like, to
layer and framework structures. The salts were furthermore
characterized by Raman spectroscopy and solid-state quantum-
chemical calculations. Covalent Cl�O bonds and ionic Cl · · ·μ�F
interactions are indicated by the calculations.

Introduction

Chlorosyl fluoride, ClOF, has a short lifetime and dispropor-
tionates into ClF and ClO2F.

[1–4] The latter, called chlorine dioxide
fluoride or chloryl fluoride, is one of the known stable
oxyfluorides of chlorine.[5–8] The other ones are chlorine oxide
trifluoride ClOF3, perchloryl fluoride ClO3F, and chlorine dioxide
trifluoride ClO2F3.

[9–14] Perchloryl hypofluorite, ClO4F, does not
possess a Cl�F bond, as indicated by the name, and is thus
different from the oxyfluorides.[8,15] Structural formulas of these
compounds are shown in Scheme 1.

ClO2F can be synthesized by different methods, the most
important ones being the fluorination of ClO2 (Equation (1)) or of
chlorates, A[ClO3] (A=Na, K) (Equation (2) and Equation (3)).[5,8,16–19]

2 ClO2 þ F2 ! 2 ClO2F (1)

6 K½ClO3� þ 10 BrF3 ! 6 K½BrF4� þ 2 Br2 þ 3 O2 þ 6 ClO2F (2)

6A ClO3½ � þ 4 ClF3 ! 6 AF þ 2 Cl2 þ 3 O2 þ 6 ClO2F

A ¼ Na; K
(3)

Reactions involving the chlorine oxides ClO2 or Cl2O6 are
usually disadvantageous due to their preparation and
handling.[5,16,20,21] Usage of BrF3 usually leads to Br2 impurities in the
ClO2F, in comparison to the fluorination with ClF3, which gives
more easily separable Cl2 as a side product. If the chlorates are
fluorinated with gaseous F2, both ClO2F and ClO3F are formed.[6,22,23]

ClO2F is furthermore formed in the reactions of ClF, ClF3, and ClF5
with many oxygen-containing compounds.[8,24,25]

ClO2F can act as an oxidizing and fluorinating agent, but it
is much less oxidizing than ClF3.

[8] Like other halogen fluorides
and oxyfluorides, it shows amphoteric behavior and thus can
act as a Lewis acid or base. The halogen dioxide fluorides, XO2F
(X=Cl, Br, I), form bent C2v [XO2]

+ cations with Lewis acids such
as AsF5 or SbF5 (Equation (4)).[19,26–33]

XO2F þ MF5 ! ½XO2�½MF6�

X ¼ Cl, Br, I; M ¼ As, Sb
(4)

Compounds with [ClO2]
+ or [BrO2]

+ ions are furthermore
obtained when XO3F (X=Cl, Br) is reacted with strong Lewis
acids.[34] In the case of [ClO2]

+ cations, reactions of Cl2O6 (“[ClO2]
[ClO4]”) with metals or chlorides often lead to the formation of
dioxychloronium(V) perchloratometallates, where [ClO4]

� anions
are bound as ligands.[35–40] Crystal structures of [ClO2]

+ salts with
the following anions have been reported: [BF4]

�, [GeF2/2F4/1]
�,

[RuF6]
�, [SbF6]

�, [Sb2F11]
�, [ClO4]

�, [Au(ClO4)4]
� and [Sn

(ClO4)6]
2�.[34,37–44] Recently, compounds were published contain-

ing the complex [Cl2BrO6]
+ cation that might be considered as

a central [BrO2]
� anion coordinating to two [ClO2]

+ cations.[45]

Salts containing disphenoidal (seesaw) C2v [XO2F2]
� anions

are also known but they are usually not formed by the direct
reaction of XO2F with a fluoride ion donor.[46–49] Thus far, only
salts with [IO2F2]

� anions have been structurally characterized
by single-crystal X-ray diffraction.[49–52] For Cl, the direct reaction
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of ClO2F with CsF, yielding Cs[ClO2F2], is known, and for Br, the
reaction of BrO2F with KF, giving K[BrO2F2], accompanied with
the partial decomposition of BrO2F during this reaction, has
been reported.[47,48,53] The indirect formation via hydrolysis
reactions of K[BrF6] or fluorination of K[BrO3] with BrF5 is also
possible, but K[BrOF4] is usually also formed.[29–31,48] The
corresponding iodine compounds can be synthesized by
dissolving an iodate, A[IO3] (A=Na, K, Rb, Cs, NH4, N(CH3)4), in
hydrofluoric acid.[50,54]

Here, we report on reactions of ClF3 with the main group
oxides SnO, P2O5, and As2O5, and with the transition metal
oxides TiO2, Nb/Nb2O5, MoO3, and Re2O7, as well as on the
hydrolysis reaction of [ClF2][IrF6]. These reactions lead to the
formation of dioxychloronium(V) salts with the fluoridometal-
late anions [Ti2F9]

�, [SnF5]
�, [MF6]

� (M= Ir, P, As), and [Nb3F16]
�

and to the oxidofluoridometallate anions [Mo3O3F13]
� and

[Re3O6F10]
�. Crystal structures were determined by single-crystal

X-ray diffraction and the compounds were further characterized
by Raman spectroscopy and quantum-chemical calculations.

Results and Discussion

Syntheses of [ClO2]+ compounds

Compounds containing the [ClO2]
+ cation are usually synthe-

sized by the reaction of ClO2F with a Lewis acid.[7,8,26,55] It is
known that ClF3, when reacted with oxygen-containing com-
pounds such as H2O, forms ClO2F along other side-
products.[1,8,24,25] This might be attributed to the intermediate
formation of ClOF, an elusive oxyfluoride that readily dispropor-
tionates into ClO2F and ClF.[1–4] Furthermore, [ClO2]

+ impurities
were reported in reactions of ClF3 with Lewis acids, where either
ClF3 was contaminated with ClO2F, or when the starting material
contained water or the equipment was not properly dried or
“unsuitable” for the work with ClF3, for example, apparatuses
made out of glass.[8,55,56] The reactions of ClF3 with main group
(non)metal and transition metal oxides of elements that can

form fluoridometallate or oxidofluoridometallate anions were
studied (Equations (5) to (10)).

Caution! We would like to stress that the reactions of ClF3
with metal powders or oxides are highly exothermic and can
result in explosions when scaled up.

In all cases, salts containing the [ClO2]
+ cation were

obtained, as shown by single-crystal X-ray diffraction and
Raman spectroscopy. Furthermore, the hydrolysis reaction of
[ClF2][IrF6] yielded [ClO2][IrF6] and the reaction of Nb powder
that had been stored on air, gave [ClO2][Nb3F16] along with
[ClF2][NbF6].

[57] All given equations are idealized and assume
that ClO2F and/or ClF are the sole side-products in these
reactions. ClO2F and ClF are themselves oxidizing and fluorinat-
ing agents, and depending on the reaction conditions, O2 and
Cl2 might also be formed.[8]

The reactions of M2O5 (M=P, As) with ClF3 lead to the
formation of [ClO2][MF6] (Equation (5)). While the reaction of
P2O5 with ClF3 is highly exothermic and vigorous, the reaction
with As2O5 is comparably slow. The dissociation pressure of the
adduct [ClO2][PF6] is high and it is unstable at room
temperature.[26]

2 M2O5 þ 10 ClF3 ! 4 ½ClO2�½MF6� þ ClO2F þ 5 ClF

M ¼ P, As
(5)

The reaction of SnO with ClF3 in anhydrous HF (aHF) leads
to the formation of [ClO2][SnF5] and likely [ClF2][SnF5] as well, as
bands of the [ClF2]

+ cation show up in the Raman spectrum
(Equation (6)).

2 SnO þ 5 ClF3
aHF
!

½ClO2�½SnF5� þ ½ClF2�½SnF5� þ 3 ClF (6)

If TiO2 is reacted with ClF3, then [ClO2][Ti2F9] is formed
(Equation (7)).

2 TiO2 þ 4 ClF3 ! ½ClO2�½Ti2F9� þ ClO2F þ 2 ClF (7)

Scheme 1. Overview of the known hypofluorite and oxyfluorides of chlorine.
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The reaction of MoO3 with ClF3 yields a salt containing the
[Mo3O3F13]

� anion (Equation (8)). The reaction of MoOF4 with
ClF3 also gave the compound [ClO2][Mo3O3F13], assuming the
formation of MoF6 (Equation (9)).

3 MoO3 þ 6 ClF3 ! ½ClO2�½Mo3O3F13� þ 2 ClO2F þ 3 ClF (8)

5 MoOF4 þ 2 ClF3 ! ½ClO2�½Mo3O3F13� þ 2 MoF6 þ ClF (9)

Carried out at �37 °C, the reaction of Re2O7 with ClF3 leads
to a salt with the [Re3O6F10]

� anion (Equation (10)). Crystals of
the compound quickly decompose at room temperature. The
reactions of Re2O7 with ClF3 were reported previously and
depending on the reaction conditions, ReO2F3 (at low temper-
atures) or ReOF5 (room temperature) was formed.[58,59]

6 Re2O7 þ 18 ClF3 ! 4 ½ClO2�½Re3O6F10� þ 5 ClO2F þ 9 ClF (10)

During the attempted synthesis of a salt with a [ClF2(ClF3)n]
+

cation that would be similar to the cations [BrF2(BrF3)n]
+ (n=1,

2), the salt [ClO2][IrF6] was obtained as a hydrolysis product
(Equation (11)).[60] Hydrolysis reactions of [ClF2]

+ salts, yielding
[ClO2]

+ salts, were previously reported.[25,61]

ClF2½IrF6� þ 2 H2O þ ClF3 ! ½ClO2�½IrF6� þ 4 HF þ ClF (11)

Crystal structures of [ClO2]
+ compounds

The crystal structure of [ClO2][PF6]

Dioxychloronium(V) hexafluoridophosphate(V) crystallizes in the
orthorhombic space group P212121 (No. 19) with four formula
units per unit cell, Pearson code oP40, and Wyckoff sequence
19.a10. Selected crystallographic data and details of the structure
determination are given in Table 1. Atomic coordinates, equiv-
alent isotropic and anisotropic displacement parameters are
reported in the Supporting Information. The Cl(1) atom
occupies the Wyckoff position 4a (site symmetry 1) and is
surrounded by the two oxygen atoms O(1) and O(2), giving the
[ClO2]

+ cation (Figure 1). The Cl�O bond lengths are 1.4077(8)
and 1.4060(8) Å and the O�Cl�O angle is 119.75(5)°. A
comparison of the Cl�O bond lengths of the investigated
compounds and thus far reported [ClO2]

+ salts is given in
Table 2.

The P(1) atom also occupies a general position (4a) and is
surrounded by the six fluorine atoms F(1) to F(6) in the shape of
a distorted octahedron, yielding the [PF6]

� anion. The P�F bond
lengths lie in the range from 1.5881(6) to 1.6197(6) Å and nicely
agree with those in Li[PF6], which are 1.603(1) Å at room
temperature.[62] Five of the six F atoms, F(1) and F(3) to F(6),
show short Cl · · ·μ�F contacts with the Cl atom with distances in
the range of 2.6226(7) to 2.8797(7) Å. The F(4) atom shows

Table 1. Selected crystallographic data and details of the structure determinations of [ClO2][MF6] (M=P, As, Ir), [ClO2][SnF5], [ClO2][Ti2F9] and [ClO2][Nb3F16].

Compound [ClO2][PF6] [ClO2][AsF6] [ClO2][IrF6] [ClO2][SnF5] [ClO2][Ti2F9] [ClO2][Nb3F16]

Molar mass [g ·mol�1] 212.42 256.37 373.65 281.14 334.25 650.18
Space group (No.) P212121(19) C2/m(12) P12/n1(13) P121/n1(14) C2/c(15) C2/c(15)
a [Å] 5.2060(3) 10.9411(6) 7.0660(4) 7.3673(4) 11.084(2) 9.6738(7)
b [Å] 10.1459(5) 10.0225(5) 5.6559(3) 5.1042(3) 14.603(2) 14.4023(11)
c [Å] 10.2172(5) 5.0773(3) 7.1583(4) 13.5108(8) 5.330(1) 10.0266(8)
β [°] 90 97.680(5) 92.052(1) 93.026(2) 111.73(1) 97.142(3)
V [Å3] 539.67(5) 551.77(5) 285.90(3) 507.35(5) 801.4(2) 1386.1(2)
Z 4 4 2 4 4 4
Pearson symbol oP40 mS40 mP20 mP36 mS56 mS88
1calc. [g · cm

�3] 2.61 3.09 4.34 3.68 2.77 3.12
μ [mm�1] 1.084 6.722 23.891 5.606 2.459 2.816
Color colorless colorless yellow colorless colorless colorless
Crystal morphology block block block block block block
Crystal size [mm3] 0.39×0.46×0.49 0.10×0.15×0.26 0.15×0.24×0.27 0.05×0.06×0.12 0.09×0.13×0.25 0.18×0.18×0.23
T [K] 100
λ [Å] 0.71073 (Mo-Kα)
No. of reflections 18116 6480 43352 9560 14689 47929
θ range [°] 2.83–41.25 3.76–33.33 3.60–41.39 3.02–33.19 2.79–31.50 2.55–39.59
Range of Miller indices �9�h�8 �16�h�16 �13�h�13 �11�h�11 �16�h�14 �17�h�17

�18�k�18 �15�k�15 �10�k�10 �7�k�7 �21�k�21 �25�k�25
�18� l�18 �7� l�7 �13� l�13 �20� l�20 �7� l�7 �17� l�17

Absorption correction multi-scan integration multi-scan multi-scan integration multi-scan
Trans.max, Trans.min 0.28, 0.22 0.56, 0.29 0.11, 0.01 0.75, 0.62 0.84, 0.58 0.44, 0.38
Rint, Rσ 0.0249, 0.0337 0.0186, 0.0373 0.0159, 0.0269 0.0315, 0.0355 0.0421, 0.475 0.0126, 0.291
Completeness of the data set 0.999 0.998 0.997 0.997 0.999 0.996
No. of unique reflections 3598 1126 1927 1934 1337 4167
No. of parameters 92 51 47 83 66 102
No. of restraints 0 0 0 0 0 0
No. of constraints 0 0 0 0 0 0
S (all data) 1.089 1.113 1.146 1.034 1.017 1.191
R(F) (I�2σ(I), all data) 0.0203, 0.0240 0.0184, 0.0253 0.0216, 0.0225 0.0222, 0.0344 0.0452, 0.0616 0.0137, 0.0155
wR(F2) (I�2σ(I), all data) 0.0432, 0.0443 0.0410, 0.0435 0.0614, 0.0623 0.0403, 0.0434 0.1101, 0.1218 0.0310, 0.0315
Flack parameter x 0.00(2) – – – – –
Extinction coefficient 0.064(3) not refined not refined 0.0040(3) 0.0097(18) 0.00189(8)
Δ1max, Δ1min [e ·Å

�3] 0.38, �0.35 0.41, �0.65 4.30, �4.45 0.82, �0.90 0.82, �0.94 0.95, �0.65

Full Papers
doi.org/10.1002/ejic.202000908

407Eur. J. Inorg. Chem. 2021, 405–421 www.eurjic.org © 2020 The Authors. European Journal of Inorganic Chemistry published
by Wiley-VCH GmbH

Wiley VCH Donnerstag, 21.01.2021

2104 / 188193 [S. 407/421] 1

https://doi.org/10.1002/ejic.202000908


1

2

3

4

5

6

7

8

9

10

11

12

13

14

15

16

17

18

19

20

21

22

23

24

25

26

27

28

29

30

31

32

33

34

35

36

37

38

39

40

41

42

43

44

45

46

47

48

49

50

51

52

53

54

55

56

57

contacts to two Cl atoms and is μ3-bridging. With the P�μ3�F
bond being the longest, the P�μ�F bonds are significantly
longer compared to the terminally bound F(2) atom with a P�F
bond length of 1.5881(6) Å. They range from 1.5993(7) to
1.6197(6) Å. This is likely due to the higher effective coordina-
tion number of these μ�F atoms and their interaction with the
Cl atom.

The overall coordination number of the Cl atom is 2+6 if
the μ�F atoms are considered and the F and O ligands are
arranged in the shape of a distorted square antiprism (Figure 1).
Due to the shorter Cl�O bonds in comparison to the much
longer Cl · · ·μ�F interactions, the Cl atom is displaced from the
center of the coordination polyhedron. In comparison to
previously reported crystal structures of [ClO2]

+ compounds,
such as [ClO2][BF4], [ClO2][RuF6], [ClO2][SbF6], [ClO2][Sb2F11], or
[ClO2][ClO4], the coordination number of the Cl atom is
unexpectedly high.[34,39,41,43,44] Usually, only four short contacts of
O or F atoms from surrounding anions are observed. The only
other example with such a coordination number for the Cl
atom of a [ClO2]

+ cation is the compound [ClO2][GeF5], in which
two symmetry-independent [ClO2]

+ cations are present. There,
one Cl atom has coordination number six (distorted octahe-
dron) and the other one eight (square antiprism).[41]

When these Cl · · ·μ�F contacts are considered, a framework
structure is obtained (Figure 2). The structure can be described

with the Niggli formula1
3 hClF 2

2þ1
F 4

1þ1
O2

1
ihPF 1

1þ2
F 4

1þ1
F1

1
i

h i
, where the

notation of the Niggli formula is given according to the
literature.[63] Explained in short, this type of Niggli formula
indicates for the cation that two F atoms bridge μ3-like between
two Cl and one P atoms, four F atoms bridge between the Cl
and P atoms, and the two O atoms belong solely to the Cl
atom. For the anion, there is one μ3-like bridging F atom
between one P and two Cl atoms, there are four μ-like bridging
F atoms between a P and a Cl atom, and there is one terminally
bound F atom.

The Cl atoms form a hexagonal close packing, with Cl · · ·Cl
distances of circa 5.21 to 6.64 Å. When Cl · · · P distances of 3.64
to 5.11 Å are considered, a distorted octahedron for the P atom
and a distorted trigonal prism for the Cl atom are obtained as
the coordination polyhedra. The arrangement of the P and Cl
atoms is therefore similar to the Ni and As atoms in the NiAs
structure type.[64]

The crystal structure of [ClO2][AsF6]

To our surprise, dioxychloronium(V) hexafluoridoarsenate(V) is
not isotypic to the [PF6]

� salt described above and crystallizes

Figure 1. The coordination environment of the Cl and P atom in the crystal
structure of [ClO2][PF6]. Short contacts of F atoms belonging to the [PF6]

�

anions with neighboring Cl atoms are shown as dashed bonds. Symmetry
transformation: #1 1/2�x, 1�y, 1/2+ z. Displacement ellipsoids are shown at
the 70% probability level at 100 K.

Table 2. Experimental and calculated Cl�O bond lengths, as well as Cl · · ·μ�F distances of bridging F atoms of fluoridometallate and oxidofluoridometallate
anions in [ClO2]

+ salts.

Compound Bond lengths and atomic distances [Å] Calculated bond lengths and atomic distances
(DFT-PBE0/TZVP, solid-state) [Å]

Cl�O Cl · · ·μ�F Cl�O Cl · · ·μ�F

[ClO2][PF6] 1.4060(8), 1.4077(8) 2.6226(7)–2.8797(7) 1.43, 1.44 2.50–2.82
[ClO2][AsF6] 1.4027(11) 2.7275(9), 2.7953(8) 1.44 2.58, 2.77
[ClO2][IrF6] 1.409(3) 2.467(2), 2.699(2) 1.44 2.32, 2.77
[ClO2]SnF5 1.4045(13), 1.4050(18) 2.3847(14)–2.6912(14) 1.44 2.30–2.68
[ClO2]Ti2F9 1.401(3) 2.665(2), 2.708(2) 1.44 2.56, 2.66
[ClO2][Nb3F16] 1.4084(6) 2.4904(5), 2.6554(6) 1.44 2.39, 2.63
[ClO2][Mo3O3F13] 1.3950(18), 1.4068(18) 2.4617(15)–2.9054(15) 1.43 2.39–2.85
[ClO2][Re3O6F10] 1.384(4), 1.418(4) 2.354(3)–2.749(3) 1.44 2.25–2.82

Figure 2. Crystal structure of [ClO2][PF6] projected along the a axis.
Coordination polyhedra of Cl atoms are shown in green and those of P
atoms in grey. Short contacts of F atoms belonging to the [PF6]

� anions with
neighboring Cl atoms are shown as dashed bonds. Atoms are shown as
isotropic with arbitrary radii.
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with four formula units per unit cell in the monoclinic space
group C2/m (No. 12), Pearson code mS40, and Wyckoff
sequence 12.j3i3h. Selected crystallographic data and details of
the structure determination are given in Table 1. Atomic
coordinates, equivalent isotropic and anisotropic displacement
parameters are reported in the Supporting Information. The Cl
(1) atom occupies the Wyckoff position 4 h (site symmetry 2)
and is surrounded by the oxygen atoms O(1) and O(1)#1, giving
the [ClO2]

+ cation (Figure 3). The Cl�O bond length is
1.4027(11) Å and the O�Cl�O angle is 119.57(11)°. The As(1)
atom occupies the Wyckoff position 4i (site symmetry m) and is
surrounded by six F atoms in the shape of a distorted
octahedron, resulting in the [AsF6]

� anion. The As�F bond
lengths lie in the range of 1.7034(14) to 1.7418(13) Å and are
comparable to those in Li[AsF6], which are 1.74(4) Å at room
temperature.[62] The F atoms of the [AsF6]

� anion show short
Cl · · ·μ�F contacts of either 2.7275(9) or 2.7953(8) Å. One of the
F atoms of the [AsF6]

� anion, F(4), is μ3-bridging, two are μ-
bridging, F(2) and F(2)#1, and the other three are terminally
bound. The longest As�F bond is observed for the μ3-F atom,

whereas the As�μ2�F bonds are unexpectedly shorter than
those of the terminally bound F atoms.

The overall coordination number of the Cl atom is 2+4,
with a distorted octahedral arrangement of the ligands. The Cl
atom is displaced from the center of the coordination
polyhedron, which is of course due to the unequal Cl�O and
Cl · ··F distances, see above. When the Cl · · ·μ�F contacts are
considered, isolated columns, which are arranged along the c
axis, are obtained (Figure 4). The crystal structure can then be
described with the Niggli formula

1
1 hClF 2

2þ1
F 2

1þ1
O2

1
ihAsF 1

1þ2
F 2

1þ1
F3

1
i

h i
. The homologous [BrO2][AsF6]

salt, in contrast, forms a layer structure.[45]

An analysis of the packing motif shows that a consideration
of Cl · · ·Cl distances of circa 4.56 to 5.49 Å leads to a distorted
octahedron as the coordination polyhedron for the Cl atom.
When As · · ·As distances of approximately 4.83 to 6.77 Å are
taken into account, a bicapped cube (BCCU-10) is obtained as
the coordination polyhedron for the As atom.[65] For Cl · · · As
distances of circa 4.00 to 5.41 Å, a distorted or severely distorted
cube is obtained as a coordination polyhedron around the As
or Cl atoms, respectively, with similar arrangements as the Cs
and Cl atoms in the CsCl structure type.[66]

The crystal structure of [ClO2][IrF6]

Dioxychloronium(V) hexafluoridoiridate(V) crystallizes in the
monoclinic space group P12/n1 (No. 13) with two formula units
per unit cell, Pearson code mP20, and Wyckoff sequence 13.g4fe.
The compound is, as are [ClO2][SbF6] and [BrO2][SbF6], isotypic
to [ClO2][RuF6].

[43] Selected crystallographic data and details of
the structure determination are given in Table 1. Atomic
coordinates, equivalent isotropic and anisotropic displacement
parameters are reported in the Supporting Information. The Cl
(1) atom occupies the Wyckoff position 2 f (site symmetry 2) and
is surrounded by the oxygen atoms O(1) and O(1)#1 (Figure 5).
The Cl�O bond length is 1.409(3) Å and the O�Cl�O angle is
118.3(2)°. The Ir(1) atom occupies the Wyckoff position 2e (site

Figure 3. The coordination environment of the Cl and As atom in the crystal
structure of [ClO2][AsF6]. Short contacts of F atoms belonging to the [AsF6]

�

anions with neighboring Cl atoms are shown as dashed bonds. Symmetry
transformations (left): #1 1�x, y, 1�z; #2 1/2�x, 1/2+y, �z; #3 1/2�x, 1/2
+y, 1�z. Symmetry transformation (right): #1 x, 1�y, z. Displacement
ellipsoids are shown at the 70% probability level at 100 K.

Figure 4. Sections of the crystal structure of [ClO2][AsF6]. Coordination
polyhedra of Cl atoms are shown in green and those of As atoms in grey.
Short contacts of F atoms belonging to the [PF6]

� anions with neighboring
Cl atoms are shown as dashed bonds. Atoms are shown isotropic with
arbitrary radii.

Figure 5. The coordination environment of the Cl(1) and Ir(1) atom in the
crystal structure of [ClO2][IrF6]. Short contacts of F atoms belonging to the
[IrF6]

� anions with neighboring Cl atoms are shown as dashed bonds.
Symmetry transformations (left): #1 3/2�x, y, 1/2�z; #2 1/2+x, 1�y, �1/2
+ z. Symmetry transformation (right): #1 3/2�x, y, 3/2�z. Displacement
ellipsoids are shown at the 70% probability level at 100 K.
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symmetry 2) and is surrounded by six F atoms, giving the [IrF6]
�

anion. The Ir�F bond lengths lie in the range of 1.868(2) to
1.892(2) Å and are comparable to those in Li[IrF6], which are
1.875 Å at room temperature.[67] Three of the six F atoms are
terminally bound and the other three are μ-bridging to Cl
atoms, which results in an elongation of the Ir�μ�F bond.

The consideration of Cl · · ·μ�F contacts leads for the Cl atom
to coordination number 2+4 with a distorted octahedral ligand
arrangement. The Cl atom is again, see above, displaced from
the center of the coordination polyhedron. A layer motif with
layers parallel to the ac plane is obtained if Cl · · ·μ�F contacts
are taken into account (Figure 6). The crystal structure can be

described with the Niggli formula 1
2 hClF 4

1þ1
O2

1
ihIrF 4

1þ1
F2

1
i

h i
. The Cl

and Ir atoms both form a pseudo-cubic primitive lattice and are
similarly arranged as the Cs and Cl atoms in the CsCl structure
type, with Cl · · · Ir distances of circa 4.11 to 5.0 Å.[66]

The crystal structure of [ClO2][SnF2/2F4/1]

To the best of our knowledge, there are thus far no previously
reported crystal structures of salts with a pentafluoridostannate
(IV) anion, [SnF5]

�. The latter forms one-dimensional infinite
strands that can be described with the Niggli formula

1
1½SnF2=2F4=1�

�. In contrast, the molecular hexafluoridostannate
(IV) anion, [SnF6]

2�, was structurally characterized by single-
crystal X-ray diffraction in a multitude of salts, such as with
alkali metal cations.[68,69] The structures of [SnF5]

� anions in the
[NF4]

+, [N2F3]
+, and [N5]

+ salts were previously derived from
vibrational and/or 19F NMR spectroscopy in the solid-state or
solution, respectively.[70–72] Only crystal structures with discrete

[SiF5]
� anions have been reported for the homologous penta-

fluoridosilicate(IV) anion.[73–76] Whereas the homologous penta-
fluoridogermanate(IV) anion can either be discrete, as a [GeF5]

�

anion in the 1,3-bis(2,6-diisopropylphenyl)imidazolium salt or a
[Ge3F16]

4� anion in [C(NH2)2NH3]2[Ge3F16]·nHF (n=1, 2), or
“polymerize” to form the 1

1 GeF2=2F4=1

� �
� anion.[42,77,78] The

[GeF6] polyhedra in the latter can either be trans-bridged to a
linear chain as in [XeF5][GeF2/2F4/1] or cis-bridged to helical
chains as in [ClO2][GeF2/2F4/1] or O2[GeF5]·HF.

[42,78] For the Sn
system, anions with higher Sn content such as [Sn2F9]

� and
[Sn5F24]

4� were described and they were either characterized by
vibrational spectroscopy or single-crystal X-ray diffraction.[78–80]

The [Sn2F9]
� anion shows a ladder-like structure motif in

O2[Sn2F9] and a more complex layer-structure with hexa- and
hepta-coordinated Sn(IV) atoms in O2[Sn2F9] · 0.9HF.

[78] Similar
coordination numbers are observed for the Sn(IV) atoms in
[XeF5]4[Sn5F24], in which the anion also forms a layer-motif.[80]

Dioxychloronium(V) pentafluoridostannate(V) crystallizes in
the monoclinic space group P121/n1 (No. 14) with four formula
units per unit cell, Pearson code mP36, and Wyckoff sequence
14.e9. Selected crystallographic data and details of the structure
determination are given in Table 1. Atomic coordinates, equiv-
alent isotropic and anisotropic displacement parameters are
reported in the Supporting Information. The Cl(1) atom
occupies the Wyckoff position 4e (site symmetry 1) and is
surrounded by the oxygen atoms O(1) and O(2), forming the
[ClO2]

+ cation (Figure 7).
The Cl�O bond lengths are 1.4045(13) and 1.4050(18) Å and

the O�Cl�O angle is 117.37(10)°. The Sn(1) atom also occupies
the Wyckoff position 4e and is surrounded by six F atoms in the
shape of a distorted octahedron. The Sn�F bond lengths lie in
the range of 1.9047(13) to 2.0627(13) Å. Two of the F atoms, F
(1) and F(1)#1, are μ-bridging between Sn atoms, giving the

1
1 SnF2=2F4=1

� �
� anion. The anion is a linear zig-zag chain formed

by cis-bridged [SnF6] polyhedra (Figure 8). The F atoms F(2) to F
(4) show short contacts with the Cl(1) atom with Cl · · ·μ�F

Figure 6. Crystal structure of [ClO2][IrF6] projected along the c (top) or b
(bottom) axis. Coordination polyhedra of Cl atoms are shown in green and
those of Ir atoms in grey. Short contacts of F atoms belonging to the [IrF6]

�

anions with neighboring Cl atoms are shown as dashed bonds. Atoms are
shown as isotropic with arbitrary radii.

Figure 7. Cl and Sn atom environments in the crystal structure of [ClO2]
[SnF2/2F4/1]. Short contacts of F atoms belonging to the 1

1 SnF2=2F4=1

� �
�

anions with neighboring Cl atoms are shown as dashed bonds. The
atoms F(1) and F(1)#1 are μ-bridging between Sn atoms and their
contacts are also shown as dashed bonds. Symmetry transformation
(left): #1 1�x, 1�y, 1�z. Symmetry transformation (right): #1 1/2�x, 1/2
+ y, 1/2�z. Displacement ellipsoids are shown at the 70% probability
level at 100 K.
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distances of 2.3847(14) to 2.6912(14) Å, whereas the F(2) atom
is bridging to two Cl atoms and is thus μ3-bridging. As in the
previously described compounds, the Cl atom has the coordina-
tion number 2+4 and is surrounded by the ligands in a
distorted octahedral manner. When the Cl · · ·μ�F contacts are
taken into account, a layer structure is obtained with layers in
the (101)-plane, best described with the Niggli formula

1
2 hClF 2

2þ1
F 2

1þ1
O2

1
ihSnF 1

1þ2
F 2

1þ1
F2

2
F1

1
i

h i
.

The crystal structure of [ClO2][[TiF3/2F3/1]2]

Dioxychloronium(V) nonafluoridodititanate(IV) crystallizes in the
monoclinic space group C2/c (No. 15) with four formula units
per unit cell, Pearson code mS56, and Wyckoff sequence 15.f6e2.
Selected crystallographic data and details of the structure
determination are given in Table 1. Atomic coordinates, equiv-
alent isotropic and anisotropic displacement parameters are
reported in the Supporting Information. The Cl(1) atom
occupies Wyckoff position 4e (site symmetry 2) and is
surrounded by the oxygen atoms O(1) and O(2)#1, giving a
[ClO2]

+ cation with a Cl�O bond length of 1.401(3) Å and an
O�Cl�O angle of 118.7(2)° (Figure 9). The Ti(1) atom occupies
the general position 8 f and is surrounded by six F atoms in the
shape of a distorted octahedron with Ti�F bond lengths of
1.776(2) to 1.980(2) Å.

Three of the F atoms, F(1), F(1)#1, and F(2), are μ-bridging
between Ti atoms, resulting in the formation of the ladder-like
anion running along the c axis with corner-sharing [TiF6]
polyhedra, via “facial” F atoms (Figure 10). The anion can be
described with the Niggli formula 1

1 TiF3=2F3=1

� �
2

� �
�. The

structural chemistry of fluoridotitanates(IV) is rich and many
different structural motifs have been described.[81] The simplest
discrete anion of the fluoridotitanates(IV) is the [TiF6]

2� anion,
which has been observed in the crystal structures of salts such
as AI

2[TiF6] (A
I=Li – Cs) and AII[TiF6] (A

II=Ag, Ca, Sr, Ba).[82–87] All
other fluoridotitanate(IV) anions are derived from [TiF6] poly-

hedra by condensation and thus corner- or edge-sharing of
such polyhedra is present. The structure motifs range from
discrete anions as in [TiF2([15]crown-5)][Ti4F18] · 0.5CH3CN, [XeF5]
[Ti4F19] and K4[Ti8F36] · 8HF, to one-dimensional chains or strands
as in K[TiF5] and Rb[Ti2F9], and even to a layer structure in Cs
[Ti8F33].

[82,88–91] Compounds with similarly shaped [Ti2F9]
� anions

were described previously for the salts A[Ti2F9] (A=Rb, Cs, H3O,
C3H5N2).

[82,92,93] The Ti�F bond lengths in Na[Ti2F9]·HF are
1.768(2)–1.974(1) Å at 200 K and in Rb[Ti2F9] they are 1.762(2)–
2.005(2) Å at 157 K.[82]

Two of the F atoms, F(3) and F(5), show short contacts to
the Cl atom with Cl · · ·μ�F distances of 2.665(2) and 2.708(2) Å.
When the Cl · · ·μ�F contacts are taken into account, the
coordination number 2+4 results for the Cl atom with a
distorted octahedral arrangement of the ligands. The Cl · · ·μ�F
interaction leads to a columnar structure along the c axis that

Figure 8. Crystal structure of [ClO2][SnF2/2F4/1], with the layer motif shown on the left and a side view of a layer on the right. Coordination polyhedra of the Cl
atoms are shown in green and those of Sn atoms in grey. Short contacts of F atoms belonging to the 1

1 SnF2=2F4=1

� �
� anions with neighboring Cl atoms and

to further Sn atoms are shown as dashed bonds. Atoms are shown as isotropic with arbitrary radii.

Figure 9. Cl and Ti atom environments in the crystal structure of [ClO2]
[[TiF3/2F3/1]2]. Short contacts of F atoms belonging to the
1

1 TiF3=2F3=1

� �
2

� �
� anions with neighboring Cl atoms are shown as dashed

bonds (left). The atoms F(1), F(1)#1, and F(2) are μ2-bridging between Ti
atoms and these contacts are shown as dashed bonds (right). Symmetry
transformations (left): #1 1�x, y, 1/2�z, #2 1�x, y, 3/2�z. Symmetry
transformation (right): #1 x, 1�y, 1/2+ z. Displacement ellipsoids are
shown at the 70% probability level at 100 K.
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can be described with the Niggli formula

1
1 hClF 4

1þ1
O2

1
ihTiF 2

1þ1
F3

2
F1

1
i
2

h i
(Figure 10).

The crystal structure of [ClO2][Nb3F16]

It is well-known that pentafluorides, MF5 (M=e.g. As, Sb, Bi),
can react with fluoride ion donors, such as AF, to give anions
with higher nuclearity than [MF6]

� if appropriate ratios of AF
and MF5 are chosen for the reaction.[94] These bi- and
polymetallic complex anions can be described with the formula
[MnF5n+1]

� (n=2, 3, 4) and can be considered as weakly
coordinating anions, but not all anions are known for each
pentafluoride.[94,95] For actinide pentafluorides no anions of the
form [MnF5n+1]

� (n=2, 3, 4) have been reported as of yet, and

these pentafluorides might differ in their reactivity and
structural chemistry from main group and transition metal
pentafluorides due to the higher possible coordination number
for the central atom.[96] For example, in the compound Sr[U2F12],
the [U2F12]

2� anion may be described as two condensed [UF6]
�

anions, resulting in coordination number seven for the U
atoms.[97]

The best-studied AF/MF5 system is probably that of SbF5, for
which crystal structures of compounds containing all above-
mentioned anions have been described.[94,98–100] In the crystal
structures with the anions [Sb3F16]

� and [Sb4F21]
� almost

exclusively cis-bridging central [SbF6] polyhedra are
observed.[94,98,100] The only example of a trans-bridging central
[SbF6] polyhedron seems to be Br2[Sb3F16].

[101]

In contrast to that, the NbF5 system is less studied and only
the [Nb2F11]

� anion was characterized by single-crystal
diffraction.[102–104] Reports on the AF/NbF5 system (A=Rb, Cs, Tl)
exist. It was investigated by powder X-ray diffraction and
differential thermal analysis and it was assumed that com-
pounds of the composition A[Nb3F16] (A=Rb, Tl) and Cs[Nb4F21]
form.[105]

Dioxychloronium(V) hexadecafluoridotriniobate(V) crystalli-
zes in the monoclinic space group C2/c (No. 15) with four
formula units per unit cell, Pearson code mS88, and Wyckoff
sequence 15.f10e2. Selected crystallographic data and details of
the structure determination are given in Table 1. Atomic
coordinates, equivalent isotropic and anisotropic displacement
parameters are reported in the Supporting Information. The Cl
(1) atom occupies the Wyckoff position 4e (site symmetry 2)
and is surrounded by the oxygen O(1) and O(1)#1 giving a
[ClO2]

+ cation with a Cl�O bond length of 1.4084(6) Å and an
O�Cl�O angle of 119.06(5)°(Figure 11).

The two symmetry-independent Nb atoms, Nb(1) and Nb(2),
occupy the Wyckoff positions 8 f and 4e (site symmetries 1 and
2), respectively. Each of the Nb atoms is surrounded by six
fluorine atoms, of which F(1) and F(1)#1 are μ-bridging between
Nb atoms. The resulting [Nb3F16]

� anion consists of a cis-
bridging central [NbF6] polyhedron and can be described with

Figure 10. Crystal structure of [ClO2][[TiF3/2F3/1]2]. The 1
1 TiF3=2F3=1

� �
2

� �
� anion

is shown on the left and the column obtained from the Cl · · ·μ�F contacts on
the right. Coordination polyhedra of Cl atoms are shown in green and those
of Ti atoms in grey. Short contacts of F atoms belonging to the
1

1 TiF3=2F3=1

� �
2

� �
� anions with the neighboring Cl atoms and to further Ti

atoms are shown as dashed bonds. Atoms are shown isotropic with arbitrary
radii.

Figure 11. Cl and Nb atoms environments in the crystal structure of [ClO2][Nb3F16]. Short contacts of F atoms belonging to the [Nb3F16]
� anions with

neighboring Cl atoms are shown as dashed bonds. Symmetry transformations (left): #1 1�x, y, 1/2�z; #2 1�x, y, 1/2�z. Symmetry transformation (right): #1
1�x, y, 3/2�z. Displacement ellipsoids are shown at the 70% probability level at 100 K.
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the Niggli formula 1
0 hNbF1

2
F5

1
i
2
hNbF2

2
F4

1
i

h i
�

. The Nb�F bond

lengths lie in the range of 1.8183(5) to 1.9011(5) Å for terminally
bound F atoms and 2.0298(5) and 2.1082(5) Å for the μ-bridging
F atoms. They agree with previously reported Nb�F bond
lengths for [2,4-(OMe)2C6H5][Nb2F11], which are 1.857(2) to
1.872(3) Å for the terminal and 2.0584(5) Å for the μ-bridging F
atom at 100 K.[104] In comparison to [Sb3F16]

� salts with cations
such as Cs+, [Cl3]

+ [OCNCO]+ or [C10Cl10]
+, in which the

Sb�μ�F�Sb angles differ significantly from 180° and the [SbF6]
polyhedra are tilted against each other, the Nb�μ�F�Nb angle
in [ClO2][Nb3F16] is close to 180° with 175.13(3)° and the [NbF6]
polyhedra are not tilted against each other.[98,106–108] This might
be caused by the coordination number six of the Cl atom and
the shape of the formed [ClO2F4] polyhedron, see below.

Two of the F atoms, F(3) and F(4) atoms show short contacts
to the Cl atom with Cl · · ·μ�F distances of 2.4904(5) and
2.6554(6) Å. If these Cl · · ·μ�F contacts are considered, the Cl
atom is coordinated by 2+4 ligands in the shape of a distorted
octahedron. Then, a ladder-like structure motif with intercon-
nected [ClO2[Nb3F16]] units running along the c axis is obtained,
with a [ClO2]

+ cation coordinated by three [Nb3F16]
� anions

(Figure 12). The overall structure can then be described with

the Niggli formula 1
1 hClF 4

1þ1
O2

1
ihNbF 2

1þ1
F1

2
F3

1
i
2
hNbF2

2
F4

1
i

h i
.

The crystal structure of [ClO2][Mo3O3F13]

Dioxychloronium(V) tridecafluoridotrioxidotrimolybdate(VI) crys-

tallizes in the triclinic space group P1
�

(No. 2) with two formula
units per unit cell, Pearson code aP44 and Wyckoff sequence
2.i22. Selected crystallographic data and details of the structure
determination are given in Table 3. Atomic coordinates, equiv-
alent isotropic and anisotropic displacement parameters are
reported in the Supporting Information. The Cl(1) atom

occupies the general 2i position and is surrounded by the
oxygen atoms O(1) and O(2), giving the [ClO2]

+ cation, see
Figure 13. The Cl�O bond lengths are 1.3950(18) and
1.4068(18) Å and the O�Cl�O angle is 119.65(10)°.

Three symmetry-independent Mo atoms are present, Mo(1)
to Mo(3), which are each surrounded by one oxygen atom, and
five fluorine atoms in the shape of a distorted octahedron. With
a central cis-bridging [MoOF5] polyhedron, two of the F atoms,
F(5) and F(9), are μ-bridging between the other two Mo atoms,
resulting in the [Mo3O3F13]

� anion that can be described with

the Niggli formula1
0 hMoF1

2
F4

1
O1

1
i
2
hMoF2

2
F3

1
O1

1
i

h i
�

(Figure 13). Mo-

lybdenum oxide tetrafluoride, MoOF4, can also form other
anions of different nuclearity with fluoride ion donors, such as
the mononuclear [MoOF5]

� and the dinuclear [Mo2O2F9]
�

anion.[109,110]

The Mo�O bond lengths lie in the range of 1.6435(17) to
1.6457(17) Å and the Mo�F bond lengths for terminally bound
F atoms in the range of 1.8196(13) to 1.9288(13) Å and
2.1071(13) to 2.3161(13) Å for the μ�F atoms. They agree with
the previously reported bond lengths for [Cl2BrO6][Mo3O3F13],
which are 1.652(2)–1.662(2) Å (Mo�O), 1.819(2)–1.949(2) Å
(Mo�F), and 2.102(2)–2.249(2) Å (Mo�μ�F) at 100 K.[45]

The [Mo3O3F13]
� anion can also be thought of as a

[Mo2O2F9]
� anion that coordinates via the F(9) atom to a MoOF4

unit. This becomes evident, as the Mo(3)�F(9) bond of
2.3161(13) Å is significantly longer than the Mo(1)�F(5) and Mo
(2)�F(5) bonds of 2.1112(13) and 2.1071(13) Å, respectively. The
latter nicely agree with the Mo�μ�F bond lengths in the alkali
metal salts A[Mo2O2F9] (A=Li�Cs).[110]

Three of the F atoms of the anion, F(1), F(2), and F(11), show
short contacts to the Cl atom with Cl · · ·μ�F distances of
2.4617(15) to 2.9054(15) Å. In total, the Cl atom is then
surrounded by six ligands in the form of a distorted octahedron.
If the Cl · · ·μ�F contacts are considered, a dimer of the form
[[ClO2][Mo3O3F13]]2 that can also be described with the Niggli
formula

1
0 hClF 4

1þ1
O2

1
ihMoF 2

1þ1
F1

2
F2

1
O1

1
ihMoF2

2
F3

1
O1

1
ihMoF 1

1þ1
F1

2
F3

1
O1

1
i

h i

2

h i
is ob-

Figure 12. Section of the crystal structure of [ClO2][Nb3F16]. Short contacts of
F atoms belonging to the [Nb3F16]

� anions with neighboring Cl atoms are
shown as dashed bonds. Atoms are shown isotropic with arbitrary radii.

Figure 13. Cl and Mo atoms environments in the crystal structure of [ClO2]
[Mo3O3F13]. Short contacts of F atoms belonging to the [Mo3O3F13]

� anions
with neighboring Cl atoms are shown as dashed bonds. Symmetry trans-
formation: #1 1�x, 1�y, 1�z. Displacement ellipsoids are shown at the 70%
probability level at 100 K.
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tained (Figure 14). One of the dimers is surrounded by twelve
further dimers in a cuboctahedron-like manner, and therefore
the compound is related to the Cu structure type.[111]

The crystal structure of [ClO2][Re3O6F10]

Dioxychloronium(V) decafluoridohexaoxidotrirhenate(VII) crys-
tallizes with two formula units per unit cell in the triclinic space

group P1
�

(No. 2), Pearson code aP44 and Wyckoff sequence
2.i22. Selected crystallographic data and details of the structure
determination are given in Table 3. Atomic coordinates, equiv-
alent isotropic and anisotropic displacement parameters are
reported in the Supporting Information. The Cl(1) atom
occupies the general 2i position and is surrounded by the
oxygen atoms O(1) and O(2), giving the [ClO2]

+ cation, see
Figure 15. The Cl�O bond lengths are 1.384(4) and 1.418(4) Å
and the O�Cl�O angle is 118.9(2)°.

There are three symmetry-independent Re atoms present,
Re(1) to Re(3), which are each surrounded by four F and two O
atoms. Two of the F atoms are μ-bridging between Re atoms,
resulting in the [Re3O6F10]

� anion. This anion contains a central
cis-bridging [ReO2F4] polyhedron and can also be described

with the Niggli formula 1
0 hReF1

2
F3

1
O2

1
i
2
hReF2

2
F2

1
O2

1
i

h i
�

. The Re�O

bond lengths lie in the range of 1.652(3) to 1.692(3) Å, and the
Re�F bond lengths range from 1.858(3) to 1.935(3) Å for the
terminal and from 2.051(3) to 2.179(3) Å for the bridging F
atoms. They agree with the reported bond lengths for Cs
[Re3O6F10] which are 1.669(8) to 1.715(8) for Re�O, 1.848(6) to
1.936(7) for Re�F, and 2.039(6) to 2.213(6) Å for Re�μ�F, at
155 K.[112]

Table 3. Selected crystallographic data and details of the structure determinations of [ClO2][Mo3O3F13] and [ClO2][Re3O6F10].

Compound [ClO2][Mo3O3F13] [ClO2][Re3O6F10]

Molar mass [g ·mol�1] 650.27 912.05
Space group (No.) P1

�

(2) P1
�

(2)
a [Å] 7.8633(5) 8.6351(5)
b [Å] 8.8097(6) 8.9888(6)
c [Å] 10.1029(7) 9.0785(6)
α [°] 73.285(5) 113.872(2)
β [°] 84.923(5) 96.647(2)
γ [°] 68.553(5) 98.259(2)
V [Å3] 623.77(8) 625.82(7)
Z 2 2
Pearson symbol aP44 aP44
1calc. [g · cm

�3] 3.46 4.84
μ [mm�1] 3.370 29.323
Color colorless colorless
Crystal morphology block block
Crystal size [mm3] 0.17×0.19×0.20 0.07×0.10×0.16
T [K] 100
λ [Å] 0.71073 (Mo�Kα)
No. of reflections 13712 54494
θ range [°] 2.11–32.58 2.43–33.47
Range of Miller indices �11�h�11 �13�h�12

�13�k�13 �13�k�13
�15� l�15 �13� l�13

Absorption correction integration multi-scan
Trans.max, Trans.min 0.66, 0.51 0.38, 0.09
Rint, Rσ 0.0420, 0.0523 0.0548, 0.0371
Completeness of the data set 0.998 0.941
No. of unique reflections 4537 4604
No. of parameters 199 199
No. of restraints 0 0
No. of constraints 0 0
S (all data) 0.964 0.973
R(F) (I�2σ(I), all data) 0.0245, 0.0345 0.0253, 0.0342
wR(F2) (I�2σ(I), all data) 0.0504, 0.0525 0.0500, 0.0517
Extinction coefficient not refined not refined
Δ1max, Δ1min [e ·Å

�3] 0.88, �1.17 2.44, �2.77

Figure 14. Dimer of [ClO2][Mo3O3F13], which is obtained by taking the
Cl · · ·μ�F contacts into account. Atoms are shown as isotropic with arbitrary
radii.
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Four of the F atoms, F(2), F(4), F(8) and F(9), show short
contacts to the Cl atom with Cl · · ·μ�F distances of 2.354(3) to
2.749(3) Å. The resulting coordination number for the Cl atom is
2+4 and its coordination sphere is distorted octahedral.
Overall, a column-like structure motif running along the a axis
is obtained considering these Cl · · ·μ�F interactions. The crystal
structure can be described with the Niggli formula

1
1 hClF 4

1þ1
O2

1
ihReF 2

1þ1
F1

2
F1

1
O2

1
i
2
hReF2

2
F2

1
O2

1
i

h i
(Figure 16).

Quantum-chemical calculations

Quantum-chemical solid-state calculations were carried out for
the investigated [ClO2]

+ salts with CRYSTAL17 (DFT-PBE0/TZVP
level of theory).[113,114] The optimized structures are reported in
the Supporting Information and a comparison of experimental
and calculated bond lengths, atomic distances, and angles are
given in Table 2 and Table 4 (O�Cl�O angles), Table 5 (M�O
and M�F bond lengths), and Table 6 (average atomic charges).
The calculated Cl�O bond lengths are ~1.44 Å and similar
among the investigated compounds, being approximately 1.6
to 2.6% larger than the experimentally determined ones. The
quantum-chemically calculated Cl · · ·μ�F distances are generally
shorter and the interaction of the Cl atom with the F atoms
seems to be overestimated by the employed level of theory.

To get a qualitative picture of the bonding in these
compounds, the atomic charges and overlap populations
between atoms were examined by Mulliken population analy-
ses. Average atomic charges are reported in Table 6 and the
average overlap populations in Table 7. The atomic charges of
the Cl atoms show only minor differences among the com-
pounds. The lowest charge with +1.09 on the Cl atom is
calculated for [ClO2][Mo3O3F13] and the highest with +1.20 for
[ClO2][Nb3F16]. The most negatively charged F atoms are the
bridging ones, whereas those bridging to the Cl atoms are
more negatively charged than those bridging between M
atoms. The average overlap populations indicate covalent Cl�O
bonds and ionic Cl · · ·μ�F interactions, which can be expected
as the respective distances are quite large. Overall, the impact
on the bonding within the [ClO2]

+ cations by the fluoridome-
tallate or oxidofluoridometallate anions is minor.

Raman spectra of [ClO2]+ compounds

The [ClO2]
+ compounds presented here were furthermore

investigated by Raman spectroscopy. An exemplary Raman
spectrum of [ClO2][AsF6] is shown in Figure 17 and low- and
high-resolution Raman spectra of the other salts are reported in
the Supporting Information. The Raman spectra were further-
more calculated by quantum-chemical calculations, which are
based on the optimized structures. Band assignments for the
calculated spectra are given in the Supporting Information.

In previous reports on the vibrational spectra of [ClO2]
+

compounds, the symmetry of the [ClO2]
+ cations was assumed

Figure 15. Cl and Re atoms environments in the crystal structure of [ClO2]
[Re3O6F10]. Short contacts of F atoms belonging to the [Re3O6F10]

� anions
with neighboring Cl atoms are shown as dashed bonds. Displacement
ellipsoids are shown at the 70% probability level at 100 K.

Figure 16. Section of the crystal structure of [ClO2][Re3O6F10]. Short contacts
of F atoms belonging to the [Re3O6F10]

� anions with neighboring Cl atoms
are shown as dashed bonds. Atoms are shown isotropic with arbitrary radii.

Table 4. Experimental and calculated O�Cl�O angles in [ClO2]
+ salts.

Compound ffO�Cl�O [°] calculated ffO�Cl�O
(DFT-PBE0/TZVP, solid-state) [°]

[ClO2][PF6] 119.75(5) 117.7
[ClO2][AsF6] 119.57(11) 116.7
[ClO2][IrF6] 118.3(2) 116.6
[ClO2][SnF2/2F4/1] 117.37(10) 115.3
[ClO2][[TiF3/2F3/1]2] 118.7(2) 116.1
[ClO2][Nb3F16] 119.06(5) 116.5
[ClO2][Mo3O3F13] 119.65(10) 117.1
[ClO2][Re3O6F10] 118.9(2) 116.5
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to be C2v, resulting in the three possible modes v3(B1) (vas(ClO2)),
v1(A1) (vs(ClO2)) and v2(A1) (δsciss(ClO2)) for the cation.[8] The
characteristic and usually most pronounced features in the
Raman spectra of the investigated compounds are the bands
assigned to the Cl�O stretching modes, vas(ClO2) and vs(ClO2),
which are located at 1283 to 1312 and at 1040 to 1078 cm�1,
respectively. The two naturally occurring Cl isotopes 35Cl and
37Cl lead to a splitting of the Cl�O bands, with differences of 13
to 15 cm�1 for vas(ClO2) and of 5 to 6 cm�1 for vs(ClO2).

[55] The
intensities of the bands of vs(ClO2) is in all cases higher than
those of vas(ClO2). The third possible mode is the scissoring of
[ClO2]

+, δsciss(ClO2), which can be observed in the range of 513
to 527 cm�1. The experimental and calculated vibrational

frequencies are listed in Table 8. Similar vibrational frequencies
were reported for [ClO2]

+ in compounds such as [ClO2][GeF5],
[ClO2][MF6] (M=Ru, Pt, Au, Sb), [ClO2][ClO4], [ClO2][Cd(ClO4)3],
[ClO2][Au(ClO4)4] and [ClO2][M(ClO4)4] (M= In, Tl).[34,37,40,42,43,115–118]

This indicates a minor effect of the anions and bridging atoms
(O or F) on the vibrational frequencies of the [ClO2]

+ cation.
The Raman spectra of the [MF6]

� anions in [ClO2][MF6] (M=As,
Ir) are similar to those of respective Li+ salts, albeit with more
bands due to lower symmetry of the [MF6]

� anion.[120,121] In the
Raman spectrum of [ClO2][SnF2/1F4/1], an additional band of a
[ClF2]

+ cation at 783 cm�1 is present, likely due to an impurity of
[ClF2][SnF5].

[122] The Raman spectrum is otherwise similar to the
reported one of [ClO2]2[SnF6], which itself has too many bands for

Table 5. Experimental and calculated M�O and M�F bond lengths (M: central atom of the anion) of fluoridometallate and oxidofluoridometallate anions in
[ClO2]

+ salts.

Compound Bond length [Å] Calculated bond length (DFT-PBE0/TZVP, solid-state) [Å]
M�O M�F

(non-bridging)
M�F
(bridging)

M�O M�F
(non-bridging)

M�F
(bridging)

[ClO2][PF6] – 1.5881(6) 1.5993(7)–1.6197(6) – 1.61 1.62–1.65
[ClO2][AsF6] – 1.7034(14), 1.7231(9) 1.7208(9), 1.7418(13) – 1.71 1.73–1.76
[ClO2][IrF6] – 1.868(2) 1.873(2), 1.892(2) – 1.85 1.88, 1.93
[ClO2][SnF2/2F4/1] – 1.9047(13) 1.9321(13)–1.9336(12),

2.0458(12),[a] 2.0627(13)[a]
– 1.91 1.95–1.96,

2.06[a], 2.08[a]

[ClO2][[TiF3/2F3/1]2] – 1.776(2) 1.778(2), 1.787(2),
1.968(1)–1.980(2)[a]

– 1.78 1.79, 1.80,
1.98–1.99[a]

[ClO2][Nb3F16] – 1.8183(5)–1.8675(5) 1.8743(5), 1.9011(5),
2.0298(5)[a], 2.1082(5)[a]

– 1.84–1.87 1.90, 1.94,
2.06[a], 2.12[a]

[ClO2][Mo3O3F13] 1.6435(17)–1.6457(17) 1.8196(14)–1.8454(13) 1.8699(14)–1.8957(13),
1.9288(13)–2.3161(13)[a]

1.65–1.66 1.84–1.87 1.89–1.93,
1.94–2.33[a]

[ClO2][Re3O6F10] 1.652(3)–1.692(3) 1.858(3)–1.875(3) 1.859(3)–1.935(3),
2.051(3)–2.179(3)[a]

1.67–1.68 1.86–1.87 1.88–2.03,
2.12–2.18[a]

[a] μ-Bridging between M atoms.

Table 6. Average atomic charges from Mulliken population analyses of the optimized solid-state structures of [ClO2]
+ salts.

Compound Average atomic charge [e]
M [a] Cl O ([ClO2]

+) O (Anion) F (non-bridging) F (bridging)

[ClO2][PF6] 1.78 1.15 �0.17 – �0.41 �0.44
[ClO2][AsF6] 1.62 1.15 �0.16 – �0.36 �0.42
[ClO2][IrF6] 1.70 1.15 �0.22 – �0.38 �0.42
[ClO2][SnF2/2F4/1] 1.82 1.17 �0.23 – �0.49 �0.52, �0.49[b]

[ClO2][[TiF3/2F3/1]2] 1.94 1.18 �0.18 – �0.49 �0.51, �0.54[b]

[ClO2][Nb3F16] 2.40 1.20 �0.21 – �0.47 �0.53, �0.61[b]

[ClO2][Mo3O3F13] 2.02 1.09 �0.17 �0.38 �0.40 �0.46, �0.52[b]

[ClO2][Re3O6F10] 2.09 1.19 �0.22 �0.50 �0.36 �0.42, �0.44[b]

[a] Central atom of the anion. [b] μ-Bridging between M atoms.

Table 7. Average overlap population between two atoms from Mulliken population analyses of the optimized solid-state structures of [ClO2]
+ salts.

Compound Average overlap population [e]
Cl�O Cl · · ·μ�F M a�O M [a]�F (non-bridging) M [a]�F (bridging)

[ClO2][PF6] 0.17 0.01 – 0.25 0.22
[ClO2][AsF6] 0.17 0.01 – 0.29 0.26
[ClO2][IrF6] 0.17 0.01 – 0.13 0.11
[ClO2][SnF2/2F4/1] 0.18 0.01 – 0.22 0.18, 0.12[b]

[ClO2][[TiF3/2F3/1]2] 0.18 0.01 – 0.11 0.11, 0.07[b]

[ClO2][Nb3F16] 0.18 0 – 0.10 0.08, 0.04[b]

[ClO2][Mo3O3F13] 0.27 0.01 0.24 0.15 0.14, 0.09[b]

[ClO2][Re3O6F10] 0.19 0 0.19 0.13 0.12, 0.07[b]

[a] Central atom of the anion. [b] μ-Bridging between M atoms.
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a [SnF6]
2� salt.[123] They are both similar to those reported for [NF4]

[SnF5] and [N2F3][SnF5].
[70,71] The bands assigned to the [Ti2F9]

�

anion in the Raman spectrum of [ClO2][[TiF3/2F3/1]2] are similar to
those of A[Ti2F9] (A=Cs, NF4).

[92,124] The Raman spectrum of [ClO2]
[Nb3F16] is more complex than that of Li[NbF6], but similar to that
of [XeF][Nb2F11], with comparable vibrational frequencies for the v
(NbF6) bands.[120,125] The Raman spectrum of [ClO2][Mo3O3F13] is
more complex for the anionic part than the reported ones for A
[MoOF5] (A=Cs, Xe2F11) or A[Mo2O2F9] (A=Li – Cs), which is to be
expected.[109,110,126] The Raman spectrum of [ClO2][Re3O6F10] is
similar to that of Cs[Re3O6F10].

[112]

General remarks on the crystal structures of [ClO2]
+ compounds

The [ClO2]
+ cation is bent in the crystal structures of all herein

described salts as well as in the previously reported ones. Its
structure is in line with the VSEPR model for an AX2E species.[127]

The Cl�O bond lengths of the investigated salts range from
1.384(4) to 1.418(4) Å (Table 2) and are comparable to the Cl�O
bond length of 1.418(2) Å determined from the microwave
spectrum of gaseous ClO2F.

[128–130] They are much shorter than in
solid ClO2 (1.471(1) and 1.476(1) Å at 123 K).[131] The observed
O�Cl�O angles range from 117.37(10) to 119.65(10)°, which is
to be expected from the VSEPR model, which predicts an angle
below 120° for such a species. In our quantum-chemical
calculations, we also obtain angles below 120°. However, in
[ClO2][Au(ClO4)4] and [ClO2][Sb2F11], the O�Cl�O angles were
reported with 132(3) and 121.9(15)°, respectively, likely due to
the quality of the structure determinations.[37,44]

The Cl atom of the [ClO2]
+ cation is always surrounded by

additional bridging ligands, either F atoms in fluoridometallate
or oxidofluoridometallate salts or O atoms in perchlorate-
containing compounds.[37–40] The coordination number of the Cl
atom in the investigated compounds is usually 2+4, with a
distorted octahedral arrangement of the ligands, see Table 9.
The only exceptions are [ClO2][PF6], in which the coordination
number is 2+6 with a distorted square-antiprismatic ligand
arrangement, and the previously reported [ClO2][GeF2/2F4/1] in
which Cl atoms with both coordination number 2+4 and 2+6
are present.[42] A range of structural motifs is observed for the
[ClO2]

+ salts when the Cl · · ·μ�F interactions are considered.
These span from molecular, over column- and ladder-like ones,
to layer-like and framework structures and are summarized in
Table 9.

Conclusion

The reactions of the main group and transition metal oxides
TiO2, MoO3, Re2O7, SnO, P2O5, and As2O5 with ClF3 led to the

Figure 17. High-resolution (top) and calculated Raman spectrum (bottom) of
[ClO2][AsF6] with intensities given in arbitrary units.

Table 8. Comparison of experimental and calculated vibrational frequencies assigned to the [ClO2]
+ cation in compounds with fluoridometallate or

oxidofluoridometallate anions.

Compound vas(ClO2) [cm
�1] vs(ClO2) [cm

�1] δsciss(ClO2) [cm
�1] Reference

[ClO2][AsF6] 1296, 1283 1046, 1040 519 this work
1317 1127 521 calculated
1296 1044, 1039 521 [55]

1296, 1281 1045 518 [119]

[ClO2][IrF6] 1290 1061, 1056 518 this work
1319 1125 521 calculated
1300, 1286 1057 518 [115]

[ClO2][SnF2/2F4/1] 1303, 1289 1076, 1071 525, 515 this work
1310, 1306 1136, 1135 532, 530, 520 calculated

[ClO2][[TiF3/2F3/1]2] 1293, 1280 1049, 1044 517 this work
1310 1124 516 calculated

[ClO2][Nb3F16] 1304, 1291 1060, 1054 519 this work
1320 1135 524 calculated

[ClO2][Mo3O3F13] 1309, 1294 1061, 1056 513 this work
1329 1140 523, 513 calculated

[ClO2][Re3O6F10] 1312, 1298 1078, 1072 527 this work
1316 1135 528 calculated
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formation of [ClO2]
+ compounds with fluoridometallate ([[Ti3/

2F3/1]2]
�, [SnF2/2F4/1]

�, [PF6]
�, [AsF6]

�) or oxidofluoridometallate
([Mo3O3F13]

�, [Re3O6F10]
�) anions. The reaction of ClF3 with

oxygen-containing Nb powder, as well as the hydrolysis
reaction of [ClF2][IrF6], led to the formation of [ClO2][Nb3F16] and
[ClO2][IrF6], respectively. Bent [ClO2]

+ cations, with Cl�O bond
lengths from 1.384(4) to 1.418(4) Å, are present in the crystal
structures of these compounds. The Raman bands of the
[ClO2]

+ cations are observed in the range from 1283 to 1312 (vas
(ClO2)) and from 1040 to 1078 cm�1 (vs(ClO2)). The O�Cl�O
angles are below 120° in all compounds with 117.37(10) to
119.65(10)°, which is in line with predictions based on the
VSEPR model and quantum-chemical calculations. The Cl atom
shows furthermore short Cl · · ·μ�F contacts to F atoms from the
neighboring anions, resulting in coordination numbers of 2+4
or 2+6 ([ClO2][PF6]) and distorted octahedral or distorted
square-antiprismatic arrangements of the ligands. The structure
motifs of the [ClO2]

+ compounds differ a lot and seem to be
dictated by the nature of the anion. Quantum-chemical
calculations indicate that these Cl · · ·μ�F interactions are weak
and ionic. The [ClO2]

+ cation seems to enable the isolation of
rather unusual salts with mono-, bi- and polynuclear anions.

Experimental Section
General: Volatile materials were handled in a Monel metal Schlenk
line, which was passivated with undiluted fluorine and/or chlorine
trifluoride at various pressures before use. Moisture-sensitive
compounds were stored and handled in an Ar-filled glove box
(MBraun). Reaction vessels were made out of fluoropolymer (PFA)
and closed by stainless-steel valves (SS316 or 316 L, Swagelok). All
vessels were passivated with fluorine before use. Preparations were
carried out in an atmosphere of dry and purified argon (5.0, Praxair).

Chlorine trifluoride was stored over NaF to remove traces of HF.
Hydrogen fluoride was stored over K2[NiF6] to remove traces of
moisture. Caution! Fluorine, chlorine trifluoride, and dioxychloronium
(V) compounds must be handled using appropriate protective gear
with ready access to proper emergency treatment procedures in the
event of contact. They are potent oxidizing agents that are only stable
under the rigorously anhydrous conditions employed in the exper-
imental procedures outlined in this section. They react vigorously to
explosively upon hydrolysis or contact with organic materials. The
utmost precautions must be taken when disposing of these materials
and their derivatives.

Syntheses – General: A PFA reaction vessel was loaded with the
starting material and attached to a stainless-steel valve. The valve
was then connected to the Monel metal Schlenk line, the reaction
vessel was evacuated and an excess of ClF3 was condensed onto
the solid at 77 K. The reaction vessel was then placed in a stainless-
steel Dewar vessel and allowed to warm to room temperature over
a period of a few hours. The reaction vessel was then stored at
room temperature for the time specified below. All volatiles were
then pumped off and the product was isolated in a glove box.

[ClO2][AsF6], [ClO2][SnF5], [ClO2][Ti2F9], [ClO2][Nb3F16], [ClO2]
[Mo3O3F13]: [ClO2][AsF6]: 14 mg As2O5 (0.061 mmol) was reacted
with 0.17 g of ClF3 (1.8 mmol). The reaction vessel was stored at
room temperature for two weeks. (25.5 mg isolated) [ClO2][SnF5]:
23.6 mg SnO (0.18 mmol) was reacted with 0.49 g of ClF3
(5.3 mmol). After that, 0.5 mL of anhydrous HF were condensed on
to the reaction mixture at 77 K. The reaction vessel was stored at
room temperature for a few hours. Both [ClO2][SnF5] and a [ClF2]

+

-containing compound were present in the product. [ClO2][Ti2F9]:
20.0 mg TiO2 (0.25 mmol) was reacted with 0.15 g of ClF3
(1.6 mmol). The reaction vessel was stored at room temperature for
four days (40.1 mg isolated). [ClO2][Nb3F16]: 10.6 mg Nb powder
(0.11 mmol) was reacted with 0.20 g of ClF3 (2.2 mmol). The
reaction vessel was stored at room temperature for one day. Both
crystals of [ClF2][NbF6] and [ClO2][Nb3F16] were present in the
product. [ClO2][Mo3O3F13]: Method 1: 18.0 mg MoO3 (0.13 mmol)
was reacted with 0.13 g ClF3 (1.4 mmol). The reaction vessel was
stored at room temperature for 19 days (10.7 mg isolated). Method

Table 9. Overview of coordination numbers (C. N.) of the Cl atoms and structure motifs in [ClO2]
+ fluoridometallates and oxidofluoridometallates.

Compound C. N. of Cl Structure motif Niggli formula

[ClO2][Mo3O3F13] 2+4 molecular structure (dimeric)
1

0 hClF 4
1þ1
O2

1
ihMoF 2

1þ1
F1

2
F2

1
O1

1
ihMoF2

2
F3

1
O1

1
ihMoF 1

1þ1
F1

2
F3

1
O1

1
i

h i

2

h i

[ClO2][AsF6] 2+4 columnar structure
1

1 hClF 2
2þ1
F 2

1þ1
O2

1
ihAsF 1

1þ2
F 2

1þ1
F3

1
i

h i

[ClO2][[TiF3/2F3/1]2] 2+4 columnar structure
1

1 hClF 4
1þ1
O2

1
ihTiF 2

1þ1
F3

2
F1

1
i
2

h i

[ClO2][Re3O6F10] 2+4 columnar structure
1

1 hClF 4
1þ1
O2

1
ihReF 2

1þ1
F1

2
F1

1
O2

1
i
2
hReF2

2
F2

1
O2

1
i

h i

[ClO2][Nb3F16] 2+4 ladder-like structure
1

1 hClF 4
1þ1
O2

1
ihNbF 2

1þ1
F1

2
F3

1
i
2
hNbF2

2
F4

1
i

h i

[ClO2][MF6], M=Ru[43], Ir, Sb[34] 2+4 layer structure
1

2 hClF 4
1þ1
O2

1
ihIrF 4

1þ1
F2

1
i

h i

[ClO2][SnF2/2F4/1] 2+4 layer structure
1

2 hClF 2
2þ1
F 2

1þ1
O2

1
ihSnF 1

1þ2
F 2

1þ1
F2

2
F1

1
i

h i

[ClO2][PF6] 2+6 framework structure
1

3 hClF 2
2þ1
F 4

1þ1
O2

1
ihPF 1

1þ2
F 4

1þ1
F1

1
i

h i

[ClO2][BF4]
[41] 2+4 framework structure

1
3 hClF 4

1þ1
O2

1
ihBF 4

1þ1
i

h i

[ClO2][GeF5]
[41,42] 2+4 & 2+6 framework structure

1
3 hClF 4

2þ1
O2

1
ihClF 4

2þ1
F 2

1þ1
O2

1
ihGeF 2

1þ2
F 1

1þ1
F2

2
F1

1
i
2

h i

[ClO2][Sb2F11]
[44] 2+4 framework structure

1
3 hClF 4

1þ1
O2

1
ihSbF 2

1þ1
F1

2
F3

1
i
2

h i
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2: 22.19 mg MoOF4 (0.12 mmol) was reacted with 0.08 g of ClF3
(0.9 mmol). The reaction vessel was stored at room temperature for
eight days (16.0 mg isolated).

Low-temperature syntheses of [ClO2][PF6] and [ClO2][Re3O6F13]:
[ClO2][PF6]: 10.5 mg P2O5 (0.074 mmol) was reacted with 0.12 g of
ClF3 (1.3 mmol). The reaction vessel was then stored at �37 °C and
colorless crystals grew at the top of the reaction vessel after a few
hours at this temperature. The reaction vessel was then opened to
the atmosphere at circa �40 °C to isolate some of the crystals for
single-crystal X-ray diffraction. They were quickly transferred into
cold (circa �40 °C) Galden HT270 (perfluoropolyether, Solvay) and
handled under a stream of cold nitrogen. Crystals of [ClO2][PF6]
rapidly deteriorated at room temperature and contact to the
atmosphere. [ClO2][Re3O6F13]: 19.7 mg Re2O7 (0.04 mmol) was
reacted with 0.10 g of ClF3 (1.1 mmol). The reaction vessel was then
stored at �37 °C and colorless crystals grew from the yellowish
solution after a few hours at this temperature. The reaction vessel
was then opened to the atmosphere at<0 °C to isolate some of the
crystals for single-crystal X-ray diffraction. The crystals were handled
under cold perfluorinated oil and a stream of cold nitrogen. Crystals
of [ClO2][Re3O6F13] rapidly deteriorated at room temperature and
contact to the atmosphere.

Hydrolysis of [ClF2][IrF6]: [ClO2][IrF6] was obtained as a hydrolysis
product of [ClF2][IrF6]. 21.9 mg Ir powder (0.11 mmol) was reacted
with 0.19 g of ClF3 (2.1 mmol). The reaction vessel was then stored
at �37 °C and yellow crystals grew from the red solution at that
temperature after one hour. The reaction vessel was then opened
to the atmosphere at<0 °C to isolate some of the crystals for
single-crystal X-ray diffraction. The crystals turned out to be of the
compound [ClF2][IrF6].

[57,59] After that, the reaction vessel was closed
again and stored at room temperature for ten days, after which
yellow crystals of [ClO2][IrF6] grew from the solution.

Single-crystal X-ray diffraction: Crystals of the moisture-sensitive
compounds were selected under dried perfluoropolyether (Fomblin
YR1800, Solvay, stored over molecular sieve 3 Å) and mounted on a
MiTeGen loop. Crystals of [ClO2][PF6] and [ClO2][Re3O6F10] were
selected in the absence of air under dried, cooled perfluoropo-
lyether (Galden HT270, Solvay, stored over molecular sieves 3 Å)
and mounted on a MiTeGen loop. Intensity data of suitable crystals
were recorded with a D8 Quest diffractometer (Bruker), an IPDS2, or
an IPDS2T diffractometer (STOE). The diffractometers were operated
with monochromatized Mo-Kα radiation (0.71073 Å), multi-layered
optics (D8 Quest), or a graphite monochromator (IPDS2 and IPDS2T)
and equipped with a PHOTON 100 CMOS detector (D8 Quest) or an
image plate detector (IPDS2 and IPDS2T). Evaluation, integration,
and reduction of the diffraction data was carried out with the
APEX3 software suite (D8 Quest) or the X-Area software suite (IPDS2
and IPDS2T).[132,133] The diffraction data were corrected for absorp-
tion utilizing the multi-scan method of SADABS or TWINABS within
the APEX3 software suite (D8 Quest) or the integration method
with the modules X-Shape and X-Red32 of the X-Area software
suite (IPDS2 and IPDS2T). The structures were solved with dual-
space methods (SHELXT) and refined against F2 (SHELXL).[134,135]

Systematic absence violations were observed for the space groups
of the compounds [ClO2][PF6] and [ClO2][Nb3F16]. However, the very
weak intensities of the corresponding reflections were very close to
the tripled standard uncertainties. The solution and refinement of
the structures in crystallographic subgroups resulted in significant
correlations between atomic coordinates and non-positive definite
displacement parameters for some atoms. The crystal structures
were consequently solved and refined in the space groups reported
here, which were also indicated by the Addsym feature of the
program package PLATON when checking for additional symmetry
within the subgroups.[136,137] The crystals of [ClO2][IrF6], [ClO2][Ti2F9]
and [ClO2][Re3O6F10] used for the diffraction experiment were non-

merohedral twins (two twin components in [ClO2][IrF6], [ClO2][Ti2F9]
and [ClO2][Re3O6F10], respectively). The lattice parameters and twin
laws of [ClO2][IrF6] and [ClO2][Re3O6F10] were determined with the
program CELL_NOW.[138] In the case of [ClO2][Ti2F9], the twin
components were determined manually in the X-Area software. In
all cases, only the non-overlapping reflections of the major twin
component were used for the structure solution. The data were
initially refined with all reflections with the HKLF5 format option in
SHELXL (overlapping reflections and non-overlapping reflections of
all twin components). The data were then processed with the
HKLF5Tools program: the non-overlapping reflections of the weaker
diffracting twin component were removed, the non-overlapping
reflections of the major twin component were merged in point
groups 2/m ([ClO2][IrF6] and [ClO2][Ti2F9]) or 1

�

([ClO2][Re3O6F10] and
the overlapping reflections were merged in point group 1.[139] The
final refinements were carried out against the detwinned dataset
(created by SHELXL with the LIST 8 option as an FCF file and
converted to an HKL file with HKLF5Tools). The locations of highest
residual electron densities after the final refinement were the
following: [ClO2][PF6]: 0.38 Å from atom O(2), [ClO2][AsF6]: 0.76 Å
from atom F(1), [ClO2][IrF6]: 0.63 Å from atom Ir(1), [ClO2][SnF5]:
0.79 Å from atom Cl(1), [ClO2][Ti2F9]: 1.25 Å from atom F(2), [ClO2]
[Nb3F16]: 0.57 Å from atom Cl(1), [ClO2][Mo3O3F13]: 0.70 Å from atom
O(5) and [ClO2][Re3O6F10]: 0.70 Å from atom Re(1). Representations
of the crystal structures were created with the Diamond
software.[140]

Deposition Numbers 2034213 (for [ClO2][PF6]), 2034214 (for [ClO2]
[AsF6]), 2034215 (for [ClO2][IrF6]), 2034216 (for [ClO2][SnF5]), 2034217
(for [ClO2][Ti2F9]), 2034218 (for [ClO2][Nb3F16]), 2034219 (for [ClO2]
[Mo3O3F13]), and 2034220 (for [ClO2][Re3O6F10]) contain the supple-
mentary crystallographic data for this paper. These data are
provided free of charge by the joint Cambridge Crystallographic
Data Centre and Fachinformationszentrum Karlsruhe Access Struc-
tures service www.ccdc.cam.ac.uk/structures.

Raman spectroscopy: The Raman spectra were measured with a
Monovista CRS+ confocal Raman microscope (Spectroscopy &
Imaging GmbH) using a 532 nm solid-state laser and either a 300
grooves/mm (low-resolution mode, FWHM: <4.62 cm�1) or a 1800
grooves/mm (high-resolution mode, FWHM: <0.368 cm�1) grating.
Samples were either transferred into dried glass vessels or
immersed in perfluorinated oil (Fomblin YR1800, Solvay, stored
over molecular sieve 3 Å) on a microscope slide.

Solid-state quantum-chemical calculations: Periodic quantum-
chemical calculations were carried out with the PBE0 hybrid density
functional method (DFT-PBE0).[113,114] Triple-zeta-valence+polariza-
tion (TZVP) level basis sets were applied for all atoms. Details of the
basis sets that were employed are given in the Supporting
Information. All calculations were carried out with the CRYSTAL17
program package.[141] The reciprocal space was sampled with the
following Monkhorst-Pack-type k-point grids: [ClO2][PF6]: 4×2×2,
[ClO2][AsF6]: 2×2×5, [ClO2][IrF6]: 3×4×3, [ClO2][SnF5]: 4×4×4,
[ClO2][Ti2F9]: 2×2×5, [ClO2][Nb3F16]: 3×3×3, [ClO2][Mo3O3F13]: 3×3×
3, [ClO2][Re3O6F10]: 3×3×3. For the evaluation of the Coulomb and
exchange integrals (TOLINTEG), tight tolerance factors of 8, 8, 8, 8,
16 were used for all calculations. Both the atomic positions and
lattice parameters were fully optimized within the constraints
imposed by the space group symmetry. Default DFT integration
grids and optimization convergence thresholds were applied in all
calculations. Mulliken population analyses were carried out for all
compounds. A ferromagnetic ground state was employed for [ClO2]
[IrF6] and the resulting magnetic moment was 2.0 μB for the [IrF6]

�

anion (1.4 μB contribution from Ir). The harmonic vibrational
frequencies and Raman intensities were obtained through usage of
the computational scheme implemented in CRYSTAL17.[142–144] The
Raman intensities were calculated for a polycrystalline powder
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sample (total isotropic intensity in arbitrary units). The Raman
spectra were obtained by using a pseudo-Voigt band profile (50 :50
Lorentzian:Gaussian) and an FWHM of 8 cm�1. The Raman spectra
were simulated taking the experimental setup (T=293.15 K, λ=

532 nm) into account. The band assignments were carried out by
visual inspection of the normal modes with the Jmol program
package.[145]
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