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Iron is the second most abundant metal in the earth’s crust,
and owing to this high natural abundance it can be considered
as one of the most important elements. Chemically it plays an
important role in the active sites of many enzymes and it is
therefore given increasing attention as a cheap, non-toxic, and
environmentally friendly alternative in organic catalysis.!"! In
both enzymatic and artificial catalytic reactions, oxidation
and reduction processes are crucial. The most abundant
oxidation states of iron are +2 and + 3, but higher oxidation
numbers up to + 6 are experimentally known.””! These higher
oxidation states of iron are usually stabilized by oxygen, for
example in the tetraoxoferrate(VI) anion [FeO,]*", of which
several salts are known.’! Beyond these anionic complexes,
neutral iron oxides, such as [O,Fe(n*-0,)], have been
stabilized under cryogenic conditions in rare gas matrices.[!
Furthermore, iron nitrido complexes in the +5 and +6
oxidation states have been successfully prepared in solution at
low temperatures, as shown by Maossbauer and X-ray
absorption spectroscopy.”

Despite a long history of research in this field, only a few
binary iron halides are known.”! Both FeF, and FeF,; are well-
known and intensively studied compounds,®*"!! whereas the
next in line, FeF,, has so far eluded unambiguous identifica-
tion. In a combined mass-spectrometric and matrix-isolation
investigation, FeF; was reacted with the fluorine atom donor
CeF,, and the existence of FeF, has been postulated based on
the relative abundance of [FeF;]" and [FeF,]* fragments in
the mass spectrum and a new weak IR absorption at
758.5cm™! in an argon matrix, which could not be assigned
to one of the lower fluorides." As no other related band was
observed, FeF, was assumed to have a highly symmetric,
either square-planar or tetrahedral structure, which is highly
improbable for a d* system for which a Jahn-Teller distortion
is to be expected. Furthermore, no quantum-chemical calcu-
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lations were made to support the assignment of the band or
the suggested structure.['?!

Herein, we present the IR spectra of matrix-isolated iron
tetrafluoride combined with state-of-the-art quantum-chem-
ical calculations, which strongly support our interpretation of
the spectra.

Laser-ablated iron atoms were codeposited with elemen-
tal fluorine under excess argon or neon onto a KBr or Csl
window cooled to 10.0 and 3.8 K, respectively, for deposition.
The IR spectra directly after deposition as well as after
additional annealing to slightly higher temperatures are
shown in Figure 1 for a neon and an argon matrix.

Directly after deposition, three major groups of absorp-
tions can be observed, two of which have previously been
assigned to FeF, and FeF; (see Figure 1),*""%] whereas the
third band at higher wavenumbers was previously unknown.
Beyond these iron fluorides, the absorptions of the [F;]~ anion
typically generated in this kind of laser-ablated experiments
can also be seen (510.2 cm ™' in argon and 524.8 cm™! in neon,
see Figure 2).11°!

The additional band at 778.6 cm™!, observed in neon
matrices, is relatively strong directly after sample deposition.
Annealing of the neon matrix to 9.0 K slightly reduces the
intensities of the 752.5 and 743.6 cm™! bands of FeF, and FeF;,
whereas the new 778.6 cm ™' band increases, (Figure 1, Ne (c)).
Irradiation of the neon matrix using the full spectra of
a mercury arc lamp leads to a decrease of the 778.6 cm ™! band
and an increase of the corresponding FeF, and FeF; bands
(Figure 1, Ne(e)). Based on our state-of-the-art quantum-
chemical calculations, we assign this new band at 778.6 cm™"
to the FeF, molecule, which is formed by the reaction between
F, molecules and adjacent iron atoms or lower fluorides and
decomposes upon irradiation 1 >220 nm to FeF, and FeF,
(Figure 1, Ne). Further photolyzation experiments with
different high-pass filter showed that FeF, only decomposes
when being irradiated with UV radiation with a wavelength of
A <320 nm (Supporting Information, Figure SI2).

Owing to the Jahn-Teller distortion in FeF,, a second IR-
active iron—fluorine stretching vibration is expected (see
below). In the spectra obtained from the neon matrices, a very
weak band was indeed observed at 656.7 cm™" (Figure 2).

In argon matrices, the new line only grows after annealing
to 30K as a broader band centered at 757 cm ', Unfortu-
nately, the second absorption, which was identified in neon,
could not be observed in argon. This is most likely due the
large width of the corresponding band. All attempts to reduce
the broadness of the band in argon matrices have so far failed.
Nevertheless, the difference spectrum in Figure 1, Ar(c)
undoubtedly shows the increase of the 757 cm™ band upon
decrease of the 730.5 cm™! and 728.5 cm™' bands of FeF, and
FeF; indicating an oxidation of the lower fluorides and the
formation of FeF,.
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and harmonic as well as anharmonic frequency
analyses of binary iron fluoride molecules using
density functional theory and ab initio methods
up to the CCSD(T) level. The energy minimized
structures are shown in Figure 3.

FeF, and FeF; are both well-known molecules
of D, and D;, symmetries, respectively, which
exist in their high-spin ground states ("A, and °A/’,
respectively). The calculated equilibrium bond
lengths at the CCSD(T)/aVTZ level are 177.1 pm
for FeF, and 175.8 pm for FeF;. Consideration of
core—valence (cv) correlation using the awCVTZ-
NR basis set for iron leads to a slightly shorter
bond length of FeF; (dp._r=175.5 pm, Adg.r=
0.3 pm), whereas for FeF, the cv effect is larger
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Figure 1. IR spectra in the 730~790 cm™' region (Ne) and the 710-770 cm™' region
(Ar) obtained after co-deposition of laser-ablated iron atoms with F, in excess of the
respective noble gas. a) After 1 h of sample deposition at 3.8 K (Ne) and 10.0 K (Ar).
b) After annealing to 9 K (Ne) and 30 K (Ar). c) Difference spectrum (spectrum
measured after annealing minus spectrum directly after deposition). d) After irradi-
ation 1>220 nm. e) Difference spectrum (spectrum measured after irradiation minus

spectrum after annealing).
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Figure 2. Infrared spectra in the 500-800 cm™' region obtained after

co-deposition of laser-ablated iron atoms with F, in excess neon (*gas
phase CO, bands). a) After 1 h of sample deposition at 3.8 K using
0.5% F,. b)—d) As in (a) but with b) 1% F,, ¢) 2% F,, d) 3% F,.

When the fluorine concentration is increased from 0.5 to
3% in Ne (see Figure2) or Ar (Supporting Information,
Figure SI1), the intensity of the FeF, clearly increases. The
major difference between the neon and argon experiments is
that FeF, is immediately formed after sample deposition
when neon is used as the matrix host, whereas the corre-
sponding band in the argon matrices only appears after
annealing to 30 K.

To unambiguously identify the reaction products by IR
spectroscopy (Table 1), we performed structure optimizations
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rotationally and vibrationally averaged internu-
clear distances r, were determined experimen-

wavenumber [cm™] g

tally by GED diffraction experiments."*!!l The
calculated r, values are slightly longer than the
experimental values, but nevertheless the agree-
ment is good (Table2). It can be further
improved if larger basis sets are used and
relativistic effects are considered.””! Still, despite

Table 1: Observed IR absorptions obtained after co-deposition of laser-
ablated iron atoms with elemental fluorine in excess noble gases."!

Compound Neon Argon References
*’FeF, 750.0 - pw
S6FeF, 752.5 730.5 pw
*SFeF, 752.8 731.3 [13]
*FeF, 758.0 736.1 pw
>°FeF, 743.6/744.6 728.5 pw
*SFeF, 743.6 728.5 [14,15]
*FeF, 748.3 - pw
*°FeF, 651.9 - pw
*SFeF, 778.6 757 pw
*FeF, 784.4 763 pw

1

[a] Values in cm™'. pw = present work.

1758 pm
177.1 pm (175.5pm) g
(176.5 pm)
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Figure 3. Equilibrium structures of molecular iron fluorides calculated
at the CCSD(T)/aVTZ level. Values in parentheses were obtained using
the awCVTZ-NR basis set for iron.

the small deviations of the bond lengths, the experimental
wavenumber values are excellently reproduced by our
calculations (see below). The structure optimization of FeF,
in its quintet high-spin state yielded a flattened tetrahedral
structure (D,, symmetry, electronic state °E) and, as expected,
not a higher symmetrical structure. Thus, the initial presump-
tion of a square planar or a regular tetrahedral structure
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Table 2: Calculated and experimental structural parameters.?!
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compared to those of FeF; in Table 4, show only

Molecule B3LYPE MP2®  cCSD(T)® cCsD(T)M  ccsD(M Exp. substantial endothermic decomposition energies for
FeF,.

FeF, (Dxu’Ag) 1762 17738 11;;; 176.7.178.4 17;;; 176.9(4) The most probable decomposition pathway com-

FeF, (Dy,'A) 1764 1759 1758 175.6 175.5 176.3(4) puted at the CCSD(T)/aVTZ level is the bimolecular

177.3 177.1 elimination of F,, requiring 42.5kJmol™" at 0K.

FeF, 1719 1709 1715 171.3 Although FeF, is, as expected, computed to be less

(D24 °E) (138.5) (140.2) (139.7) (139.4) stable than FeF;, it still shows only endergonic

[a] Bond lengths [pm] and angles [°]. Values in italics are effective, rotationally and
vibrationally averaged r, values at 1050 K for FeF, and 1260 K for FeF;. [b] aVTZ basis
set for Fe and F. [c] aVTZ basis set for F and wCVTZ-NR basis set for Fe. [d] aVTZ
basis set for Fand awCVTZ-NR basis set for Fe. [e] Values in parentheses correspond

to the angle F-Fe-F(trans).

derived from the observation of only one IR absorption in the
region of the iron—fluorine stretching modes is doubtful.

Harmonic frequencies were calculated at different levels
of theory up to the coupled-cluster level. Furthermore,
anharmonic corrections (VPT2) were considered at MP2
and CCSD(T) level. For FeF,, the calculated anharmonic
frequency computed at the CCSD(T)/aVTZ level is 9.8 cm™
too low when compared with the experimental value in neon
matrices. The agreement can be increased to a difference of
2.1cm™' if cv correlation effects are considered using the
awCVTZ-NR basis set of iron. Note that the calculated
frequency at CCSD(T)/aVTZ level of FeFj; is already in very
good agreement with experiment (Table 3 and the Supporting
Information).

This observation correlates well with the calculated bond
lengths, because cv correlation was more important for the
former case than for the latter. As expected, the frequency
analysis for FeF, shows two distinct IR-active iron—fluorine
stretching modes at 779.0 (E) and 650.9cm™ (B,) at
CCSD(T)/aVTZ level. Here, the anharmonic corrections
have been calculated at MP2 level, as they are very similar to
those obtained at CCSD(T) level for the lower fluorides.
Nevertheless, our computed frequencies agree excellently
with the bands determined in neon matrices (Av (B, mode) =
35cm™' and Av (E mode)=0.2cm™"). Furthermore, the
broad *°FeF, absorption shows a shoulder at 784.4 cm ™', which
can be assigned to the *FeF, isotopic band, leading to an
isotopic shift of 5.8 cm™, in excellent agreement with the
calculated value and additionally confirming the character-
ization of FeF, (Table 3). The shoulder corresponding to the
*FeF, isotopomer is also observed in the argon experiments
(763 cm™"; Supporting Information, Figure SI1, inset).

To put these experimental observations of FeF, at
cryogenic conditions into perspec-
tive, the thermochemical stability
of this compound was also ana-

decomposition channels at standard conditions, at
least if only gas-phase species are considered (see
Table 4). To evaluate the possible existence of iron
tetrafluoride as bulk material, a Born—Fajans—Haber
cycle starting from solid FeF; and elemental fluorine

Table 3: Calculated and observed wavenumbers [cm™'] of the Fe—F
stretching modes of molecular iron fluorides.

Mol.® (Mode) CCSD(M® ccsD(M)¥ ccsD(M) Ne Ar

FeF, ¢ 742.7 747 .4 750.4

(=) Cerel 7518 756.2 759.4 7525 7305
Sfell 757.4 761.8 765.1 758.0  736.1
Avi,, 5.6 5.6 5.7 5.5 5.6

FeF, 742.8 744.4 -

()  *refl 7512 753.4 755.1 743.6 7285
SFell 756.0 758.2 759.9 748.3 -
Avi,, 48 48 48 4.7 -

FeF, V& 650.9 656.9 -

(B)  *°Fefl  660.0 665.6 - 6567 -
“Felfl 661.5 667.1 - - -
Avi,, 1.5 1.4 - - -

FeF, ! 779.0 782.1 -

(E) Sopell 7914 794.4 - 7786 757
Srelfl 797.2 800.2 - 784.4% 763
Avi,, 5.8 5.8 - 5.8 6

[a] Symmetry labels are those for the corresponding stretching modes.

[b] aVTZ basis set for Fe and F. [c] aVTZ basis set for F and wCVTZ-NR
basis set for Fe. [d] aVTZ basis set for Fand awCVTZ-NR basis set for Fe.
[e] Anharmonic corrected frequesncies. [f] Harmonic frequency calcula-
tions using the **Fe or **Fe isotope. [g] Anharmonic corrected frequen-

cies using MP2 anharmonic values. [h] Shoulder.

was constructed (Scheme 1). The Gibbs standard sublimation
enthalpy of FeF; was taken from literaturel'”! and the Gibbs
reaction enthalpy for the gas-phase reaction was calculated at
the CCSD(T)/aVTZ level. The result indicates that a mini-
mum of A, G(FeF,) =136.4 kJmol ' would be needed to be
released upon condensation of gaseous FeF, if the compound
were stable as bulk material. For an estimation of the
sublimation enthalpies of FeF,, we applied a previous

Table 4: Calculated thermochemistry of FeF, and FeF; at different levels of theory.?!

lyzed. Three possible decomposi- Reaction B3LYP/aVTZ MP2/aVTZ CCSD(T)/aVTZ
tion channels for iron tetrafluoride AE®I AG° AE®I AG° AEPPI AG°
were taken into account: the con-  fef, _ref,+F, 369.5 330.9 297.6 264.8 317.8 289.6
certed elimination of F, as well as  FeF,—FeF,+F 194.9 156.6 87.1 49.4 116.0 78.7
the homolytic bond breaking of one  FeF,—FeF;+ '/ F, 120.4 97.3 33.1 16.5 425 23.2
iron—fluorine bond, and the corre- F€F3—>F6Fz+ F 323.6 292.9 312.7 281.3 348.8 322.0
. . . 1
spondlng bimolecular reaction. The FeF;—FeF,+ '/, F, 249.1 233.6 261.8 248.3 275.3 266.4

results, which are summarized and
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[a] Values in kjmol™". [b] Values are corrected for ZPE.
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AG=-232
FeF; )+ %2 Fy » FeF,,

AWG =159.6 — 4G <~ 1364

FeF;, + % F,, ———» FeF,
AG<0.0
Scheme 1. Born—Fajans—Haber cycle for the formation of solid FeF,
under standard conditions. Values are in kJ mol™".

method!"® and obtained an estimated value of A,,H(FeF,)
~ 135 kJmol™". However, the entropic contribution, which
amounts to 61.4 kJmol™' for FeF;, needs to be taken into
account and it is thus unlikely that FeF, is a stable compound
in the condensed phase.

In conclusion, matrix-isolation experiments in neon and
argon clearly show IR absorptions that are consistent with the
formation of a higher iron fluoride beyond FeF;. The new IR
bands observed in neon (778.3 and 656.7 cm™') and argon
matrices (757 cm™') can unambiguously be assigned to the
new binary iron tetrafluoride owing to the excellent agree-
ment between the calculated wavenumbers and the exper-
imental values using neon as the matrix host. With increasing
fluorine concentration, the intensity of the band correspond-
ing to FeF, increases. Furthermore, the computed and
experimental isotopic shifts of **FeF,/**FeF, further support
this assignment. The present findings support the previous
tentative assignment of the 758.5 cm™" argon matrix band to
a higher iron fluoride.'” Although the FeF, molecule is
computed to be stable in the gas phase under standard
conditions, its existence as bulk material seems improbable, as
shown by a Born-Fajans—Haber cycle. Nevertheless, it might
be stabilized in aHF solutions, but the calculation of solvation
energies are beyond the scope of the present study.

Experimental Section
Matrix-isolation experiments: Argon (99.999 %, Sauerstoffwerk Frie-
drichshafen) and neon (99.999 %, Air Liquide) were stored in glass
bulbs, and F, (99.8%, Solvay) in a stainless steel cylinder cooled to
77 K during the experiments to freeze out impurities. The gas storage
vessels were connected to a self-made matrix chamber by a stainless
steel capillary. The reactants were condensed onto KBr and Csl
windows cooled to 3.8 K (neon) or 10.0 K (argon) using a closed-cycle
helium cryostat (Sumitomo Heavy Industries, RDK-205D) inside the
vacuum chamber. For the laser-ablation experiments, the 1064 nm
fundamental of a Nd:YAG laser (Continuum, Minilite II, 10 Hz
repetition rate and 6 ns pulse width) was used which was focused onto
a rotating iron target (99.9 %, Strem chemicals) through a hole in the
cold window. Matrix samples have been prepared by the laser-
ablation process of iron atoms together with co-deposited F, (differ-
ent concentrations ranging from 0.5 to 3 %) under excess of rare gas
for 1 h. The infrared spectra were recorded on a Bruker Vertex 70
spectrometer purged with dry air at 0.5 cm™! resolution in the region
between 4000 and 450 cm ' using a RT-DLaTGS and liquid nitrogen
cooled MCT detector. The matrix samples were irradiated by
a mercury arc street lamp (Osram HQL 250) with the outer globe
removed.

Quantum-chemical calculations: The structures of all molecules
have been fully optimized (by relaxing all parameters) at density
functional theory level using the B3LYP!"?" hybrid functional and

© 2012 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

Dunning’s correlation consistent triple-C basis set for Fe and F (aug-
cc-pVTZ, for brevity denoted as aVTZ).”2% All possible spin
multiplicities have been considered. Structure optimizations at ab-
initio levels (MP2 and CCSD(T)) have then been performed for the
ground states of all molecules within the restrictions of their
respective point groups. To evaluate the influence of the core—
valence contributions, several triple-C basis sets of iron have been
used (aug-cc-pVTZ, cc-pwCVTZ and aug-cc-pwCVTZ).2 Harmonic
and anharmonic frequency calculations were carried out for sta-
tionary points on the potential energy surface for both *Fe and **Fe
isotopes. For the DFT and ab initio calculations, the Gaussian03["’]
and CFOURPY program packages, respectively, were used.
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