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ABSTRACT: The question of whether or not the chromium
hexafluoride molecule has been synthesized and characterized
has been widely discussed in the literature and cannot, in spite
of many efforts, yet be answered beyond doubt. New matrix-
isolation experiments can now show, together with state-of-
the-art quantum-chemical calculations, that the compound
previously isolated in inert gas matrixes, was CrFs and not
CrF¢. New bands in the matrix IR spectra can be assigned to
the Cr,F,, dimer, and furthermore evidence was found in the
spectra for a photodissociation or reversible excitation of CrFg

?
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under UV irradiation. However, even if CrFy is not stable at ambient conditions, its formation under high fluorine pressures in

autoclave reactions cannot be excluded completely.

B INTRODUCTION

Is chromium hexafluoride a stable compound? Almost 50 years
after the first report of its synthesis by Roesky and Glemser in
1963' this question could not yet be unambiguously answered.
The VI oxidation state of chromium is however well known,” as
in the anionic oxochromates(VI) [CrO,]*~ and [Cr,0,]* as
well as in their anhydrous form, chromium trioxide. Further,
the oxide fluorides CrO,F, and CrOF, are stable molecules and
were studied in the solid state®> as well as in the gas phase.%”
Yet, the highest neutral binary fluoride of chromium
characterized beyond doubt is CrFg, a deep red solid with a
melting point of 30 °C.*® Furthermore, the [CrF;]* cation with
chromium in its formal oxidation state VI was observed in mass
spectrometric experiments.” However, it is unclear whether it
was formed by ionization of neutral chromium pentafluoride or
by fluoride abstraction from chromium hexafluoride.

The parent compound, CrFg, was claimed to be synthesized
after high-pressure fluorination of either elemental chromium
or CrO;. The first synthesis starting from chromium powder
was conducted at 400 °C, and a fluorine pressure of 350 atm
was used. A lemon yellow product together with deep red
chromium pentafluoride was observed. On the basis of
elemental analysis the yellow product was identified to be
CrFq." In the second synthesis, the use of chromium trioxide as
the starting material was described. The use of CrO; allowed
somewhat milder reaction conditions (170 °C, 25 atm), which
also led to the formation of both yellow CrFy and red CrF,.'>"!

Both chromium hexafluoride and chromium pentafluoride
were subsequently evaporated and isolated in inert gas matrixes.
The recorded infrared spectra showed strong absorptions at
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767.7 cm™" (neon matrixes), 763.2 cm™" (argon matrixes), and
7589 cm™' (N, matrixes), which all exhibited the typical
isotopic pattern due to the different chromium isotopes in their
natural abundances. In addition, the absorptions due to CrF,
were also observed in the spectra and were much stronger
when CrF; was evaporated. Odgen et al. concluded from these
observations that the new band is caused by the octahedral
CrF4 molecule, whose expectation IR spectrum contains only
one single IR-active mode in the region of the Cr—F stretching
vibrations, and that CrFg disproportionates upon evapora-
tion.'""™"> Later, the experiments were repeated by Willner et
al,, who offered a different explanation for the observed spectra,
which were very similar to those obtained before.'>'* They
concluded that the new band should be assigned to CrF;
instead of CrF4 This was based on their observation that
gaseous CrFs showed no tendency to disproportionate and did
not decompose when being expanded into the vacuum.
However, the expectation spectrum of the C,,-symmetrical
chromium pentafluoride molecule consists of several IR-active
Cr—F stretching fundamentals. Willner et al. therefore
suggested that the intensities of the three A; modes would be
too low to be observed and that the two remaining bands
(corresponding to the B, and B, modes) would have almost the
same wavenumber."”® In their more detailed second inves-
tigation of chromium fluorides, a second broad band could be
assigned to CrFs, which overlaps with the bands of CrF, and
which might have been overlooked in the previous study.'*
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Figure 1. Optimized structures of molecular chromium fluorides; see Table 1 for bond lengths and angles.

Besides these experimental studies, the chromium hexa-
fluoride molecule was also investigated by quantum-chemical
methods. However, the main question addressed in these
studies was the structure of CrF4 and unfortunately not its
stability. Despite the initial proposition of a trigonal prismatic
structure (D), symmetry)," there is no doubt today that, if it
exists, CrFg would be octahedral.'®™"? The thermochemistry of
the higher chromium fluorides was investigated only by DFT
calculations, which indicate CrFq to be stable against the loss of
one fluorine atom."® Very recently, a new DFT investigation of
chromium fluoride molecules was published by Siddiqui in
which the elimination of a fluorine atom or molecule from CrFq
was predicted to be endothermic.’® However, no values were
given for the enthalpies of dissociation, and the findings
presented in this study are unlikely to be reliable in general, as a
triplet (!) ground state was predicted for chromium
hexafluoride, which is impossible for the d° electron
configuration of Cr'' and furthermore in disagreement with
all previous investigations of this molecule. In addition, it is well
known that DFT calculations can fail in the prediction of
thermochemical values due to significant nondynamical
correlation effects; see ref 21.

We therefore reinvestigated this long-standing question by
new matrix-isolation experiments, using on the one hand the
laser-ablation technique to generate excited Cr atoms, which
were then reacted with F,, and, on the other hand, CrF;
presynthesized by autoclave techniques, which was then
evaporated and condensed at the cold window under an excess
of argon, neon, or neat fluorine. We furthermore predicted
thermochemical stabilities and vibrational spectra of high-valent
chromium fluorides using state-of-the-art quantum-chemical
methods up to the CCSD(T) level. Most of the quantum-
chemical studies as well as the laser-ablation experiments
presented in this article were done as part of the doctoral thesis
of coauthor T.S.** The corresponding reference is given at the
beginning of the respective sections. The introduction to this
article is to a large part also taken from the introduction to the
corresponding section S.1 of his thesis.
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B EXPERIMENTAL AND THEORETICAL METHODS

Caution: Fluorine and chromium fluorides are powerful oxidizers and
toxic. Suitable shielding and protective clothing and face masks are
necessary. Extensive care must be taken to avoid contact between the
fluorides and oxidizable materials.

High-Pressure Synthesis. Bulk CrF; was synthesized according
to the method published by Christe.*® In the glovebox, CrF; (kindly
provided by Dr. F. Kraus, powder X-ray pure) was loaded into a
passivated stainless steel reactor (150 cm?®), after which F, (99.8%,
Solvay Fluor GmbH) was added at —196 °C. The vessel was then
heated to 265 °C for 68 h, after which the remaining F, was pumped
off at =196 °C. After heating to room temperature, the reaction
products were condensed to prefluorinated PTFE tubes for analysis,
and CrFs was identified by its Raman spectrum.

Matrix Isolation Experiments. Matrix samples of in situ
generated chromium fluorides were prepared by co-deposition of
laser-ablated excited chromium atoms (99.9%, Smart Elements) with
F, (99.8%, Solvay Fluor GmbH) diluted at different concentrations in
neon (99.999%, Air Liquide) or argon (99.999%, Sauerstoffwerk
Friedrichshafen) as well as neat fluorine. The gases were mixed in a
custom-made stainless steel mixing chamber equipped with a
manometer, to which the neon and argon bottles as well as a stainless
steel F, storage cylinder were connected. During the preparation of the
gas mixtures the fluorine cylinder was cooled to 77 K in order to freeze
out possible impurities. However, some impurities such as HF, COF,,
or SiF, have been observed in the spectra in significant amounts. The
mixing vessel was connected to the matrix chamber by a stainless steel
capillary. Reactants were condensed onto KBr and CsI windows
cooled to 3.8—5.0 K (neon) or 10.0 K (argon and F,) using a closed-
cycle helium cryostat (Sumitomo Heavy Industries, RDK-205D)
inside the vacuum chamber. The cold windows were coated with a
protective argon layer before condensing neat fluorine matrixes. For
the laser ablation of chromium, the 1064 nm fundamental of a
Nd:YAG laser (Continuum, Minilite II; repetition rate 10 Hz, pulse
width S ns) was focused onto a rotating chromium target through a
hole in the cold window. The pulse energy of the laser was adjusted to
the metal, and the best spectra were obtained using laser energies of 32
mJ per pulse. Irradiation of the matrix samples was done using a
mercury arc street lamp (Osram HQL 250) with the outer globe
removed and different high-pass filters (Schott; types N-WG280, N-
WG320, GG400, OGS1S, and RG630). Matrix samples of
presynthesized chromium pentafluoride were generated by co-
deposition of CrFs with argon or neon. The reaction vessel for the
CrF; synthesis was directly connected to the spray-on line system of
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Table 1. Calculated and Experimental Structural Parameters of Molecular Chromium Fluorides®”

molecule parameter” B3LYP®
CrF, (Cyy, °By) ders 178.0
136.7
CrF; (D3 *Ay) deep 173.7
CrF, (Td, *A,) deer 1714
CrFs (Cy, *Ay) dc—F(a) 174.7
dCr—F(eql) 168.2
) 169.8
<F(eql)-Cr-F(ax) 914
<F(eql)-Cr-F(eq2) 121.8
CrFs (O 'Ay) deeg 1729
CrFs (Dyy ‘Ar) derr 173.9
<F-Cr-Xf 50.4
CryFyo (Dapy *By,) dee—F(w) 170.0
dee—F(eq) 171.0
dCr—F(br) 198.2
<E(br)-Cr-F(br) 76.5
<F(br)-Cr-F(eq) 94.1
<F(br)-Cr-F(ax) 84.1

“Bond lengths in pm, angles in deg.

bSee Figure 1 for atom labeling. “aVTZ basis sets. 4

CCSD(T)* expt? ref
179.8 179.2(5) 36
143.8
173.7 173.2(2) 39
1709 170.6(2) 38
173.8 174.2(10) 37
1673 169.5(6)°
170.1

94.2
119.7
172.4
173.4

50.4

, Values from GED measurements; nozzle temperatures

1520 K for CrF,, 1220 K for CrF;, 195—220 °C for CrF,, and 80 °C for CrF;. “Measured averaged bond length dc,_(eq)- fAngle between the Cr—F

bond and the C; axis.

the matrix chamber, and the vapor pressure at room temperature was
used for deposition. Infrared spectra were recorded on a Bruker Vertex
70 FT-IR spectrometer purged with dry air at 0.5 cm™" resolution in
the region between 4000 and 450 cm™' using an RT-DLaTGS or
liquid-nitrogen-cooled MCT-B detector.

Quantum-Chemical Calculations. The structures of all mole-
cules were fully optimized (by relaxing all parameters) at density
functional theory level using the B3LYP>*~*” hybrid functional, which
was shown to provide reliable results for comparable molecules.”®*’
Dunning’s correlation-consistent triple-é aug-cc-pVIZ (denoted as
aVTZ for brevity) basis sets were used for both fluorine and
chromium.*>*" Relativistic effects were not considered in the
calculations, as they are of minor importance for these light elements.
The ground states of all molecules were determined by calculating the
structures of all possible allowed spin multiplicities arising from the
respective d” electron configurations of chromium. Highly symmetrical
stationary points on the potential energy surface were computed
within the restrictions of the respective point groups, especially when
not corresponding to the (global) minimum structures. The
subsequent ab initio structure optimizations at the CCSD(T) level
were done starting from the structures optimized at the DFT level
while retaining the molecular symmetries. The ROHF reference
function has been used in the case of open-shell electron
configurations. In ab initio calculations the frozen core approximation
was used for the Is orbitals of fluorine as well as the 1s, 2sp, and 3sp
orbitals of chromium.

Harmonic frequency calculations were carried out for the stationary
points on the potential energy surface for different possible
isotopomers. The extrapolation of the thermochemical values to the
complete basis set (CBS) limit*> was done using different correlation-
consistent basis sets (aug-cc-pVXZ, X = D, T, Q).>>*' Whereas the
Hartree—Fock energy was extrapolated by an exponential fit (Eyp(X)
= Eyp(CBS) + B %), the correlation energy at the CBS limit was
obtained using an expression of the form E..(X) = E_,(CBS) +
BX3. The influence of core—valence correlation on the thermochem-
ical values at the CCSD(T) level was evaluated by single-point
calculations using the aug-cc-pwCVTZ-NR basis sets (denoted as
awCVTZ-NR)*"* and corresponding smaller frozen cores (F: none,
Cr: 1s2sp). For each molecule, two CCSD(T)/awCVTZ//CCSD(T)/
aVTZ calculations were done with both the small (sFC) and the large
frozen core (IFC), and the difference AE.y = Egzc — Ejpc was used as
an additive correction. The calculations at the DFT and ab initio level
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were done using the Gaussian09>* and CFOUR** program packages,
respectively.

B RESULTS AND DISCUSSION

Calculated Structures, Thermochemistry, and Vibra-
tional Frequencies (ref 22). The structures of the binary
chromium fluoride molecules were optimized at the CCSD(T)
level and are shown in Figure 1. All molecules were found to
have high-spin ground states with a maximum number of
unpaired electrons (Table 1). For CrF,, a C,,-symmetrical bent
structure (dc,_p = 179.8 pm, Zp_c,_p = 143.8°) was calculated
and agrees well with a previous computational investigation.>
Both chromium trifluoride and chromium tetrafluoride have
highly symmetrical structures of Dy, and T,; symmetry,
respectively, and the bond lengths were calculated to be
173.7 pm in CrF; and 170.9 pm in CrF,. For CrF;, the single
unpaired electron leads to a Jahn—Teller distorted trigonal
bipyramidal structure of C,, symmetry. The vibronically
unstable “E” state of the regular Dy,-symmetrical structure
reduces to %A, + °B; in C,, symmetry, and both states were
optimized at the CCSD(T) level. The A, state was calculated
to be a minimum, marginally lower in energy (0.6 k] mol™" at
the CCSD(T)/CBS level) than the *B, state, which was found
to be a transition state. Due to the 3-fold rotation axis in the
D3, point group, a “mexican hat”-like potential energy surface
was computed. This “mexican hat” potential shows three *A,
minima, which are connected by three ?B, transition states.
Based on this flat potential, the molecule is most probably
fluxional at already moderate temperatures. Figure 2 shows a
scan of this potential energy surface, which was calculated by
optimizing the structure of CrFg in Dj, symmetry and
subsequently displacing the chromium atom in the equatorial
plane of the trigonal bipyramidal transition state. As the
positions of the fluorine atoms were fixed during their
calculations, only an approximate potential energy surface was
obtained. Nevertheless, its trigonal symmetry as well as the
three minima and transition states can be recognized. The
calculated bond lengths in the A, minimum structure are dr(a)
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Figure 2. Scan of the “mexican hat” potential energy surface of CrFj at
the B3LYP/aVTZ level. The energy is plotted as a function of the
displacement of the chromium atom from the center of a trigonal
bipyramidal structure (see text); values in kJ mol™".

= 173.8 pm, dg(eq;) = 167.3 pm, and dg(p) = 170.1 pm. Finally,
an octahedral structure (O, symmetry) with a chromium—
fluorine distance of 172.4 pm was calculated for chromium
hexafluoride. The trigonal prismatic conformer of this molecule
was also calculated to be 45.6 kJ mol™ higher in energy at the
CCSD(T)/CBS level of theory. Furthermore, this structure
shows one imaginary frequency at 95.2 cm™" at the CCSD(T)/
aVTZ level and is therefore in line with the above-mentioned
previous investigations in which the O,-symmetrical conformer
was also obtained as the minimum structure. The average Cr—F
bond lengths in the lower chromium fluorides decrease with
increasing oxidation state of the metal and reach a minimum for
CrF, and CrFs, which can be explained by the higher charge at
the central atom, which leads to more polarized and stronger
bonds. By contrast, the bond length increases again for CrFy,
thus hinting at the steric crowding in the ligand sphere,
prohibiting an ideal relaxation of the bond length. Beyond these
mononuclear compounds, the Cr,F;, dimer has also been
computed at the B3LYP/aVTZ level. It shows a D,;-
symmetrical structure consisting of two edge-sharing CrF,F,
octahedra. The calculated ground state of this molecule is *B;,,
and the terminal Cr—F bond lengths of dg(.q) = 171.0 pm and
dr(xx) = 170.0 pm are similar to those of the monomer, whereas
expectedly the Cr—F distances are significantly larger for the
bridging fluorine atoms (198.2 pm).

For all monomeric chromium fluorides except the elusive
CrFg, experimental gas phase structures were obtained by
electron diffraction measurements.**~* With the exception of
CrF;, the calculated bond lengths were slightly smaller than the
experimental ones (Table 1). These differences between the
experimental and the computed values would increase if the
effects of the elevated temperatures of the experiments were
considered, especially for the lower fluorides, for the
evaporation of which higher temperatures were necessary.
The agreement between the calculated and measured bond
lengths thus significantly increases with increasing oxidation
state of the metal, which can be explained by the reduced
importance of core—valence correlation in the higher-valent
fluorides: It was shown before that the consideration of core—
valence correlation in the structure optimizations leads to a
shortening of the bonds in comparable molecules,* which is
more pronounced for lower oxidation states of the metal.*®

To answer the question of the thermochemical stability of
chromium hexafluoride, three different possible decomposition
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reactions were calculated (Table 2). At the DFT level only the
bimolecular F, elimination is found to be exothermic, whereas

Table 2. Calculated Thermochemistry of CrF4 and CrF*

reaction B3LYP? CCSD(T)*

CrFg — CrF, + F, 23.6 (145) -223  (-323)
CrFg — CrF + F 55.3 (47.7) 303 (23.2)
CrFg — CrFy + 1/2 F, -224 (-268) —461  (=50.4)
CrFg — CrF; + F, 339.7 (329.6) 303.1 (294.6)
CrFg — CrF, + F 1236  (115.8) 100.4 (91.7)
CrFs — CrF, + 1/2 F, 46.0 (41.3) 24.1 (18.1)
CrFs — 1/2 CrFg + 1/2 CrF, 342 (34.0) 522 (55.5)
CrFs — 1/2 Cr,Fy, -11.7 (~8.6)

“Energies in kJ mol™'; values in parentheses are ZPE corrected. bavTz
basis sets. “Extrapolated to the CBS limit and corrected for CV effects,
ZPE correction using the aVTZ basis sets.

the unimolecular elimination of difluorine (yielding CrF,) is
thermochemically favored at the CCSD(T) level as well. For
comparison, the same decomposition reactions were all
calculated to be endothermic for the experimentally verified
CrFs molecule. The claimed synthesis of chromium hexa-
fluoride was conducted at high temperatures and high fluorine
pressures. According to the principle of Le Chatelier, these
conditions favor the formation of CrFy. Furthermore, there are
in principle good arguments for a kinetic stability of this
molecule. First, the unimolecular F, elimination leading to CrF,
is spin-forbidden, as this latter molecule has a triplet ground
state. The lowest-lying singlet state of CrF, was computed to be
156.1 kJ mol ™" above the triplet ground state at the CCSD(T)/
CBS level. The corresponding spin-allowed F, elimination
reaction would therefore be endothermic. Second, the
bimolecular elimination of F, probably has a high activation
barrier due to the negatively charged ligand spheres of the two
CrFg¢ molecules. If matrix-isolated molecules are considered,
this reaction is most likely inhibited by the solid inert
environment.

It can therefore not be completely excluded that CrFy was
actually synthesized and survived the transfer to the inert
matrixes as a metastable species. As the experimental matrix IR
spectra of the vapor phases above samples of CrFg and the
supposed CrF4 were identical, it was suggested that CrFg
disproportionates to yield CrF, and CrF,. This disproportio-
nation was therefore also quantum chemically investigated,
showing that the energy of reaction is endothermic by +56.4 kJ
mol ™! at the coupled-cluster level, indicating that the reaction is
unlikely to proceed and therefore confirming the experimental
observation that gaseous CrF; is stable against disproportiona-
tion. However, lattice effects were not considered in the
calculation, and the difference between the lattice enthalpies of
CrF, and CrF; might actually lead to an overall exothermicity
of the disproportionation reaction due to the additional
stabilization of solid CrF, as the product. Furthermore, the
dimerization of CrF was also calculated, and the formation of
Cr,F, was found to be exothermic by 8.6 k] mol™" at the
B3LYP/aVTZ level.

The vibrational spectra of the matrix-isolated lower
chromium fluorides CrF,, CrF;, and CrF, are experimentally
well known, and there is no doubt about the assignment of
their bands.""'**"** All these compounds show the expected
splitting due to the different isotopes of chromium in their
natural abundances (*°Cr: 4.3%, “*Cr: 83.8%, >3Cr: 9.5%, and
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Table 3. Calculated and Observed Wavenumbers of Molecular Chromium Fluorides” in the 400—100 cm™" Region

molecule mode B3LYP?

CrF, (G, °By) Ay 617.8 (56)
B, 721.4 (235)

CrF; (Dy, *Ay) Ay 669.5 (=)
E' 759.0 (469)

CrF, (T, *Ay) A, 713.9 (<)
T, 783.5 (602)

CrF; (Czw ZAz) A 608.9 (0)
A, 720.6 (0)
B, 7277 (310)
B, 763.5 (324)
A, 828.3 (209)

CrFs (O, 'Ayy) E, 587.2 (-)
Ay 708.2 (=)
Th 761.0 (939)

CryFyg (D *Bsu) Bj, 407.6 (268)
By, 428.5 (31)
A, 466.8 (=)
B, 690.3 (59)
A 6913 =)
By, 740.8 (=)
B, 745.5 (481)
By, 775.3 (333)
Ay 778.5 (=)
By, 786.8 (=)
By, 831.8 (477)

“Values in cm™" for **Cr isotopomers; numbers in parentheses are infrared intensities in km mol ™. baVTZ basis sets. “Published values: 790.17 cm™

caled expt (matrix)
CCSD(T)® Ne Ar

679.5 654.4

678.8 (=)

761.9 (537) 762.8° 749.3

722.1 (=)

799.7 (669) 790.2° 784.37

623.9 (0)

720.1 (0)

790.1 (337) 767.7¢ 763.1%

809.5 (222) 791.5 785.9

8442 (211)

589.9 &)

7168 =)

785.3 (1019)
415.8 4143

4316

672.9 672.8
735.5 731.9
766.8 763.1
816.3 812.6

1

for CrF, and 767.71 cm™" for CrF5.'* “Published values: 784.3 cm™" for CrF, and 763.2 cm™' for CrF, (assigned to CrFg).'""?

*Cr: 2.4%). By contrast, the origin of the band observed at
763.0 cm™" in argon and 767.7 cm™" in neon matrixes is so far
unclear."®™"* This band shows the typical isotopic pattern of
chromium and was observed in the matrix IR spectra obtained
after the thermal evaporation of samples of either CrF; or the
putative CrF,. It was subsequently attributed to both of these
molecules, and the correct assignment is still under debate. In
order to solve this long-standing problem, the harmonic
frequencies of the chromium fluoride molecules were
computed at the CCSD(T)/aVTZ level; see Table 3. The
computed wavenumbers of CrF; and CrF, agree well with the
experimental values. [Despite many efforts, the CCSD(T)/
aVTZ frequency calculations yielded only an unreasonably high
wavenumber of 928.1 cm™ for CrF,, although the structure is
almost the same as that obtained in a previous study in which a
value of 748 cm™" was obtained at the CCSD(T)/6-311G(d)
level.>>] The difference between the calculated and exper-
imental wavenumber is only 0.9 cm™ for chromium trifluoride
but 5.9 cm™ for chromium tetrafluoride. This larger deviation
in the case of CrF, can be explained by the reduced importance
of core—valence correlation for high oxidized metals, as it was
previously shown by us in the case of the comparable iron
fluoride molecules.”® Despite the small deviations, these
frequency calculations are nevertheless very accurate and can
be expected to give reliable results for CrFg and CrFy as well.

In principle only one single IR-active Cr—F stretching
fundamental is expected for the octahedral CrFg molecule.
Indeed, the harmonic frequency calculations at the CCSD(T)/
aVTZ level show only one mode at 785.3 cm™. At first glance,
this value agrees well with the ambiguously assigned
experimental band of CrF, especially if we keep in mind that
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the consideration of anharmonic corrections would further
decrease the difference between the calculated and the
experimental wavenumber of 767.7 cm™' in neon matrixes.
Moreover, the computed isotopic shifts are also in good
agreement with the experimental findings (Table S1). In the
case of CrFs all computed Cr—F stretching vibrations of the
C,,-symmetrical molecule are in principle IR active. Never-
theless, only three of these modes, at 790.1, 809.5, and 844.2
cm™, are calculated to show considerable IR intensities at the
CCSD(T) level.

At this point it seems clear that, based on the first
experimental attempts only where one single band was
observed in the spectra, this band must logically be assigned
to CrFg. However, the general observations made by Willner et
al. about the stability of CrFs, which did not show any tendency
to disproportionate, contradicts the hypothesis of the formation
of CrF at least in the gas phase. This outcome is also
supported by the coupled-cluster calculations (vide supra).
Furthermore, in their first publication Willner et al. assigned the
band in question to chromium pentafluoride, arguing that only
two of its Cr—F stretching modes would show a significant IR
intensity and that furthermore these two absorptions would
overlap to form only one single band."® Hence, if that were the
case, CrFy and CrF4s would be indistinguishable by IR
spectroscopy. Anyway, in a more detailed second investigation
of Willner et al. another broad band that was attributed to CrF;
was identified.'* If the corresponding third band were even
broader, it might not be observed in the spectra, thus giving an
alternative explanation for the concordance of the experimental
spectrum of CrFg with the expectation spectrum of CrFg. This
interpretation is supported by the calculated wavenumber and

dx.doi.org/10.1021/ic500651r | Inorg. Chem. 2014, 53, 5820—5829



Inorganic Chemistry

isotopic shifts for the B; Cr—F stretching mode of CrF;, which
shows a behavior very similar to that of the T, mode of CrFq.
This B, mode corresponds to the antisymmetric F(ax)—Cr—
F(ax) stretching vibration of CrFs, whereas the remaining two
high IR intensities of the A; and B, modes correspond to the
Cr—F stretching vibrations in the equatorial plane. One might
speculate that the flat potential energy surface in the equatorial
plane is responsible for the extreme broadness of the two latter
bands and that the experimentally observed absorption
corresponds to the B, vibration of CrF;.

Laser-Ablation Matrix-Isolation Experiments (ref 22).
Matrix-isolated chromium fluoride molecules can either be
generated directly during the matrix-isolation experiment or be
synthesized in bulk and then be evaporated to the matrixes.
Using the former method, several ways exist for the in situ
generation of chromium fluorides. In a previous study, pieces of
chromium were reacted with elemental fluorine at elevated
temperatures, and the highest chromium fluoride obtained this
way was CrF,*> Another approach is based on the laser-
ablation technique for the generation of highly reactive excited
metal atoms, which can then react with F, to form the
corresponding fluoride molecules.

In the present work, laser-ablated chromium atoms were co-
condensed together with F, under excess neon or argon at
cryogenic temperatures of 5.0 and 10.0 K, respectively. Using a
F, concentration of 0.5% in neon, three major groups of
absorptions were observed directly after deposition; see Figure
3. By comparison with published values'*** these bands could

(e)

(d)

Absorbance

780 750 720 690 660

810

wavenumber [cm"]

Figure 3. IR spectra in the 820—640 cm™' region obtained after co-

deposition of laser-ablated chromium atoms with 0.5% F, diluted in
neon. (a) After 30 min of sample deposition at 5.0 K. (b) After
annealing to 9.0 K. (c) Difference spectrum (spectrum after annealing
minus spectrum directly after deposition). (d) After broadband UV
irradiation with 4 > 200 nm. (e) Difference spectrum (spectrum after
irradiation minus spectrum after annealing). * denotes impurities of
F,.

be assigned to the lower fluorides CrF,, CrF;, and CrF,; see
Table 4. When the matrix samples were annealed to 9.0 K, the
bands of CrF, slightly increased at the expense of the CrF,
absorptions, and further UV irradiation of the matrixes using
the full spectrum of a mercury arc lamp led to a growth of all
observed chromium fluoride bands. The photochemistry of the
matrix samples was investigated in more detail by irradiating the
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Table 4. Observed Bands in the Matrix Isolation
Experiments and Their Assignment

molecule Ne Ar F,
SOCrF, 685.1
S2CrF, 679.5 654.4
SCrF, 676.9
S*CrF,
S0CrF, 768.0
S2CrF, 762.8 749.3
S3CrF, 760.1 746.8
S*CrF, 757.7
S°CrF, 795.4 789.4
S2CrF,(site) 791.7 785.6
S2CrE, 790.2 784.3 784.2/788.7
S3CrF, 787.8 782.0
S*CrF, 785.5 779.4
S°CrEq (B;) 774.2 769.5
S2CrFq (B,) 767.7 763.1 764.2
$3CrFq (B)) 764.7 760.1 761.1
$*CrFq (B;) 761.6 757.1
CrFs (B,) 791.5 785.9
CrFg* 790.3 788.2 787.3
788.3 786.9 783.9
779.0 778.3
CrO,F, 788.6
7263
CrOF, 754.9 750.9
750.4 746.6
Cr,Fy, 8163 812.6
766.8 763.1
735.5 7319
672.9 672.8
431.6
415.8 4143

sample using different high-pass filters of successive lower
wavenumber edges (Figure S2). No changes were observed in
the spectra when using A > 515 nm irradiation, whereas the use
of lower wavelengths led to an increase of all chromium
fluoride bands. In the corresponding experiments with argon as
the matrix host, the bands of CrF,,*' CrF,,** and CrF,'" could
be observed directly after deposition. Upon annealing to 25 K,
the band of CrF, grew, while that of CrF, decreased, and
broadband irradiation led to an increase of all chromium
fluoride bands; see Figure S1 in the Supporting Information.
Different fluorine concentrations ranging from 0.25% to 20%
F, in neon were tested in the experiments. As expected, the
intensities of the CrF, band increased with increasing F,
content of the matrix (Figure S3). The general features of
the spectra did not change until a F, concentration of 5% in
neon was used when a new broad absorption at 755 cm™!
(labeled A in Figure S4) appeared in the spectra as a shoulder
of the CrF; band. This new band grew upon annealing at the
expense of the CrF; and CrF, absorptions and can therefore be
expected to correspond to a higher chromium fluoride. Upon
broadband UV irradiation, the new band disappeared, whereas
a broad new band (labeled B in Figure S4) grew at 785 cm™".
Already at this fluorine concentration the quality of the matrixes
was significantly reduced, and at even higher fluorine
concentrations no useful information could be retrieved from
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the spectra, which consisted only of broad and unresolved
bands.

Beyond this, neat elemental fluorine was also used as a
reactive matrix host because the formation and stabilization of
high-valent chromium fluorides are expected to be favored
under such conditions. In contrast to the above-described
observations, the use of pure F, as the matrix material led again
to spectra that were better resolved than those obtained using
high fluorine concentrations in noble gases. In such neat
fluorine matrixes at 10 K two main groups of absorptions could
be identified as being metal-dependent, while all other bands
could also be observed when neat F, was deposited without
chromium. The first group of absorptions consists of two bands
at 784.2 and 788.7 cm ™', which were, by comparison with the
spectra of the argon matrixes and those published for nitrogen
matrixes,'" assigned to the S*CrF, molecule. Note, the matrix
shifts observed in fluorine and argon matrixes were found to be
similar in general, and the splitting of the band might be
induced by the diatomic matrix host as in the case of N,. The
second new absorption was a rather narrow band observed at
764.2 cm™" with an isotopic counterpart at 761.1 cm™" (labeled
A in Figure 4). After annealing of the matrix to 25 K, this band

B
(—e)—\«——/\r_-____.

(d)

(©) M

Absorbance

(b)
CrF,

OF,

A CrOF,
@ <

840 810 780 750 720

Wavenumber [cm’']

Figure 4. IR spectra in the 850—700 cm™' region obtained after co-
deposition of laser-ablated chromium atoms with neat F,. (a) After S0
min of sample deposition at 10.0 K. (b) After annealing to 25 K. (c)
Difference spectrum (spectrum after annealing minus spectrum after
deposition). (d) After irradiation with A > 400 nm. (e) Difference
spectrum (spectrum after irradiation minus spectrum after annealing).

grew at the expense of the CrF, bands. In the irradiation
experiments with UV light of 2 > 200 nm the 764.2 cm™ band
vanished and a broad absorption at 780—790 cm™" appeared in
the spectrum (labeled B in Figure 4). The behavior of the new
group A absorptions in the experiments with either 5% F, in
neon or neat F, as the matrix material is similar, and both bands
should correspond to the same higher chromium fluoride
species. The position of the band in fluorine matrixes agrees
very well with the 763.1 cm™" previously observed in argon
matrixes, attributed to both CrFy and CrFy. Furthermore, the
behavior in the irradiation experiments is the same as that
published for the 767.7 cm™ band in neon,'* and it is therefore
highly probable that the 764.2 cm™"' measured in F, matrixes is
also caused by the same molecule, which, for several reasons,
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we assume to be chromium pentafluoride. One argument is that
the calculated thermochemical properties of the high-valent
chromium fluorides suggest CrF to be an intermediate species
on the way to CrFq if the latter can be formed and stabilized at
all. The absence of any other bands that can be attributed to a
higher chromium fluoride thus indicates the group A
absorptions to be due to CrF. Further support for our
assignment of the controversial band can be found in the matrix
IR spectra obtained after evaporation of presynthesized CrF;,
which will be presented below.

Matrix Isolation of Presynthesized High-Valent Fluo-
rides. Bulk chromium pentafluoride was evaporated to
generate matrix samples of CrF;, for which the fluorination
vessel was directly connected to the spray-on line system of the
matrix chamber. When CrFs was co-deposited with neon as the
matrix host, the absorptions of both CrF, and CrFs could be
observed in the spectra (Figure 5) with a well-resolved isotopic
splitting. The positions of the bands agree very well with the
bands described before, and the previously reported site
splitting for the S*CrF, was also observed.'* Based on published
values in N, matrixes, further bands could be assigned to the
CrO,F, (726.3 and 788.6 cm™') and CrOF, (750.4 and 754.9
cm™") molecules, resulting from partial hydrolysis of CrFs
caused by traces of water. In agreement with previous studies,
irradiation of the matrix with visible light of 4 > 400 nm led to a
decrease of the CrFg band, while three new bands appeared at
779.0, 788.3, and 790.3 cm™'. When the CrF; concentration in
the matrix samples was higher, additional bands could be
observed in the spectra (Figures SS and S6). First, the
absorptions of CrF, were superposed by a second broad band
centered at 791.5 cm™, which, in the annealing and irradiation
experiments, showed the same behavior as the 767.7 cm™ band
assigned to CrF; and is therefore most probably caused by the
same molecule. This observation is in line with those made by
Willner, who also observed this second band, which supports
the assignment of the 767.7 cm™" band to CrFy, as CrF should
not have any other IR-active mode in this spectral region."*
Second, five further bands were observed at 415.8, 672.9, 735.5,
766.8, and 816.3 cm™', which grew upon annealing of the
matrixes while the two bands of CrFg decreased. Unfortunately,
the neon matrixes can be annealed only to 9.0 K, and this
behavior can therefore much better be observed in the
experiments with argon (vide infra). We assign these bands
to the chromium pentafluoride dimer, corroborating a previous
tentative assignment of two of these bands to Cr,F, or a higher
oligomer of CrFy.'* This interpretation of the bands is further
supported by our quantum-chemical calculations at the
B3LYP/aVTZ level, which predict five vibrational modes with
considerable IR intensity in this region of the spectrum, and the
calculated wavenumbers fit well to the experimental data; due
to its very low intensity, a sixth mode predicted at 428.5 cm™
could not be observed. The observation of the conversion of
monomeric CrFs to its dimer upon annealing of the matrixes,
which is calculated to be exothermic by 8.6 kJ mol™ at the
DFT level (vide supra), gives another hint that the 767.7 cm™
band is caused by chromium pentafluoride. Irradiation
experiments were done as well, and Cr,F, is unstable against
A > 400 nm irradiation. The corresponding Cr,F;, bands
disappeared, while the same absorptions as in the photolysis of
the monomer grew.

All experiments have also been performed with argon as the
matrix host, which allowed higher annealing temperatures and
therefore a better observation of the dimerization process of
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Figure 5. Matrix IR spectra in the 800—760 cm™ region obtained after co-deposition of presynthesized CrF with neon. (a) After 30 min of sample
deposition at 5.0 K. (b) After irradiation with A > 400 nm. (c) Difference spectrum (spectrum after irradiation minus spectrum directly after

deposition). * denotes impurities.
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Figure 6. Matrix IR spectra in the 850—400 cm™ region obtained after co-deposition of presynthesized CrF; with argon. (a) After 30 min of sample
deposition at 10.0 K. (b) After annealing to 25 K. (c) Difference spectrum (spectrum after annealing minus spectrum directly after deposition).

CrF;. Figure 6 shows a spectrum containing the bands of CrF,,
CrF,, and Cr,F,, in which the second broad band of CrFs at
7859 cm™! can be seen very clearly. Upon annealing, both
bands of CrF; decreased, while the five absorptions of Cr,F, at
414.3, 672.8, 731.9, 763.1, and 812.6 cm™' grew. Due to the
higher concentrations, even the sixth very weak band of the
dimer could be observed at 431.6 cm™!. However, one of the
bands of the dimer almost coincides with the narrow absorption
of CrF;, and the two bands could not be clearly resolved. When
the argon matrixes were irradiated with 4 > 400 nm, the bands
of CrFs and Cr,F), decreased, and in analogy to the
experiments with neon, three new bands were observed at
778.3, 786.9, and 788.2 cm™". Interestingly, the higher possible
annealing temperatures in the case of argon matrixes allowed
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the further observation that the bands of CrFs could be
regenerated when the previously photolyzed matrix samples
were annealed to 25 K for S min (Figure S7). We therefore
assume these new bands to be caused either by CrFs in an
excited electronic state or by a CrF,-F complex formed after
homolytic breaking of one of the bonds of CrF; after which the
dissociated fluorine atom remains trapped at the same matrix
cage. The regeneration of the former chromium pentafluoride
occurs upon thermal stimulation. Beyond this, it was found that
keeping the matrix at 5.0 K for 11 h also led to the regeneration
of a small fraction of CrFs. The same behavior could also be
observed in the laser-ablation experiments with neat F,, where
the 7642 cm™ band attributed to CrFg reappeared after
annealing of previously photolyzed matrix samples. Preliminary
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quantum-chemical calculations were done in order to identify
the nature of this new band of “CrF;” but unfortunately without
any success, and a more detailed investigation is beyond the
scope of the present investigation.

B CONCLUSION

The present investigation aims at the clarification of the long-
standing discussion of whether chromium hexafluoride exists or
not. Two debatable absorptions at 767.7 and 763.2 cm™ have
been found in previous matrix-isolation experiments at
cryogenic conditions, which have been assigned to CrFg and
CrFs. Here we show by matrix-isolation experiments in
conjunction with state-of-the-art quantum-chemical calculations
that the previous assignment of CrF was correct.

Evidence for this assignment is given by the observation of a
second broad band, which must be assigned to the same
species. The flat potential energy surface for the Jahn—Teller
distortion of CrFs might be held responsible for the broadness
of this second band and the nonobservation of the third Cr—F
stretching mode of the predicted high IR intensity.
Furthermore, the bands of the Cr,F,, dimer could be
unambiguously assigned in both neon and argon matrixes and
whose formation upon annealing of the matrix samples is
accompanied by a decrease of both bands assigned to
chromium pentafluoride. By contrast, the bands of CrFg were
not observed in the matrix spectra obtained after the reaction of
laser-ablated chromium atoms with fluorine diluted in neon and
argon as the matrix hosts, where the highest formed chromium
fluoride was CrF,. When fluorine was used as the matrix host,
the narrow band of CrF; with the typical isotopic splitting of
chromium could be observed at 764.3 cm™}, showing that neat
F, matrixes are indeed able to stabilize high oxidation states
that cannot be reached at lower fluorine concentrations. The
absence of any other band that could be assigned to a higher
chromium fluoride indicates this band to be due to CrF;. Upon
UV irradiation, an excited form of CrFs is generated, either
CrF; in an excited electronic state or a CrF,-F complex, which
relaxes to the ground state or recombines to CrF; upon
annealing of the matrixes. No evidence was found in the
experiments for chromium hexafluoride. According to our
CCSD(T) calculations, CrFg is a thermochemically unstable
species. Nevertheless, its formation at high fluorine pressures
and elevated temperatures in autoclave reactions cannot be
excluded with certainty.
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