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Abstract. Metal fluoroanions are of significant interest for fundamental structure and
reactivity studies and for making isotope ratio measurements that are free from
isobaric overlap. Iron fluoroanions [FeF4]

– and [FeF3]
– were generated by

electrospray ionization of solutions of Fe(III) and Fe(II) with the fluorinating ionic liquid
1-ethyl-3-methylimidazolium fluorohydrogenate [EMIm]+[F(HF)2.3]

-. Solutions con-
taining Fe(III) salts produce predominately uncomplexed [FeF4]

– in the negative ion
spectrum, as do solutions containing salts of Fe(II). This behavior contrasts with that
of solutions of FeCl3 and FeCl2 (without [EMIm]+[F(HF)2.3]

–) that preserve the
solution-phase oxidation state by producing the gas-phase halide complexes [FeCl4]

–

and [FeCl3]
–, respectively. Thus, the electrospray-[EMIm]+[F(HF)2.3]

– process is ox-
idative with respect to Fe(II). The positive ion spectra of Fe with [EMIm]+[F(HF)2.3]

– displays cluster ions having
the general formula [EMIm]+(n+1)[FeF4]

–
n, and DFT calculations predict stable complexes, both of which sub-

stantiate the conclusion that [FeF4]
– is present in solution stabilized by the imidazolium cation. The negative ion

ESI mass spectrum of the Fe-ionic liquid solution has a very low background in the region of the [FeF4]
– complex,

and isotope ratios measured for both [FeF4]
– and adventitious [SiF5]

– produced values in close agreement with
theoretical values; this suggests that very wide isotope ratio measurements should be attainable with good
accuracy and precision when the ion formation scheme is implemented on a dedicated isotope ratio mass
spectrometer.
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Introduction

Fluoroanions have been the subject of a range of fundamen-
tal and applied research because they have extensive po-

tential for useful fluorination chemistry and also provide a
means for studying fluorine interactions with Lewis acids such
as metal cations. For example, fluoroanions can be used to
probe new bonding motifs in organometallic complexes, in-
volving metals that include B [1], Co [2–6], Ga [7], As [1], Cd
[8], Pd [9], In [7], Sn [10], and U [11]. One of the most
intriguing properties of fluoroanion-containing materials is

the ability to solvate HF, which has the potential to provide
improved safety and efficiency for synthetic chemistry [7, 11–
28]. For example, anhydrous HF-containing systems have
great utility for synthesis of high oxidation state fluoroanions,
such as [AgF4]

– and [NiF6]
2– [29], and the extensive research

of Hagiwara and coworkers has shown that HF stabilized in
ionic liquids can be used to make a variety of fluoroanions,
including [BF4]

–, [PF6]
–, [AsF6]

–, [SbF6]
–, [NbF6]

–, [TaF6]
–,

and [(FH)2.3F]
– [20]. These approaches build upon established

approaches, such as using trimethylamine with fluoromethane
with the appropriate Lewis acid to synthesize BF4

–, PF6
–,

SiF5
–, SiF6

2–, GeF5
–, and GeF6

2– [30], and the more exotic
use of high oxidation state binary transition metal fluorides as
fluorinating agents [31].

Determination of fluoroanion composition and structure has
utilized both NMR and X-ray approaches. An excellent exam-
ple of the former are 19F NMR investigations of Sb
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fluoroanions as conjugates with HSO3F [32] and in HF-SbF5
systems [33]. X-ray crystallography has been used to determine
the structures of hexamethylpiperidinium salts of [IF2]

–,
[ClF4]

–, [IF4]
–, [TeF7]

–, and [AsF4]
– [34]. Extended X-ray

absorption fine structure is also highly useful, for example
investigations of metal fluoride bonds of singly and doubly
charged hexafluoroanions of Ru, Rh, and Pd [35], and Os, Ir,
and Pt [36]. Accurate measurement of the unit cell volumes of
lithium salts of singly and doubly charged hexafluoroanions of
Nb, Ru, Rh, Ta, Os, Ir, Pt, and Au were measured using
synchrotron X-ray powder diffraction studies [37]. In contrast,
there have been far fewer investigations of fluoroanion species
in the gas phase. Several prior investigations of gas-phase metal
fluoroanions have been motivated by the need to measure
isotope ratios without isotopic overlap. Measurements of trace
isotopes of many elements have been limited because they
require formation as anions, which is a practical requirement
for accelerator mass spectrometry. This is normally accom-
plished by compounding the metal of interest with oxygen,
which, while effective, introduces isobaric overlap problems
stemming from the two minor isotopes 17O and 18O. Litherland
and coworkers have noted this and recently canvassed the
periodic table, demonstrating that sputter ionization of a PbF2
matrix can be used to form metal fluoroanions [38–40]. The
MFn

– species that were formed in this manner generally
contained element M in the oxidation state most prominent in
the condensed phase.

The fact that fluoroanions can be produced in ionic liquids
(ILs) suggests negative-mode electrospray ionization (ESI) as an
alternative means of producing gas-phase metal fluoroanions. A
number of groups have shown that ESI can be used to investi-
gate ionic liquids, despite their famously low vapor pressure; ion
pair evaporation was demonstrated by Hogan and de la Mora,
which explains how thesematerials are compatible with ESI-MS
[41]. Some of the initial ESI studies analyzed neat ionic liquids
for contaminants, which could be accomplished using a heated
curtain gas [42], or by merely placing a droplet in the flow of the
desolvation gas [43]. The low vapor pressure of the ionic liquids
enabled vacuum ESI-MS studies of imidazolium ionic liquids
from a tungsten emitter [44, 45], and investigations of ESI of ILs
as sources of cluster ions [46–49].

Finding degradation products has been a common objective
for ESI studies of ILs, for example measurement of
hexafluorophosphate degradation products caused by electroly-
sis of water [50], or radiolysis products [51]. Normally, ESI-MS
studies are conducted by diluting the ILs in polar or even non-
polar solvents [42, 52]. Generally the ESI response for IL
components and solutes is intense, so ESI has been used in a
wide range of analytical studies, including measuring the solu-
bility of ILs in water [53], the compositions of strontium [54]
and uranyl [55] coordination complexes, and the compositions
of Rh and Ru complexes used as catalysts [56, 57]. Facile ESI
production of IL-derived ion pairs was used to measure relative
anion–cation binding energies by collision induced dissociation
reactions that displayed trends similar to those generated using
density functional theory (DFT) calculations [58].

These studies suggested that abundant fluoroanions might
be produced by ESI of the fluorinating ILs, and this proved to
be the case. Solutions of a fluorinating ionic liquid 1-ethyl-3-
methylimidazolium fluorohydrogenate [EMIm]+[F(HF)2.3]

–

produced abundant [SiF5
–] by ESI, which was formed by

interaction of the IL with the fused silica capillary feeding the
electrospray capillary [59]. [EMIm]+[F(HF)2.3]

– was originally
developed by Hagiwara and coworkers [13–18, 20, 22, 24, 25]
with the objective of generating a fluorinating environment for
organic fluorination reactions [26–28]. The formula of this IL
implies that on average, 2.3 HF molecules are complexed for
each fluoride anion, forming a new liquid that is largely vacu-
um stable. Both [F(HF)2]

– and [F(HF)3]
– are present in the

fluorohydrogenate IL; however, these anions can be replaced
by [BF4]

–, [PF6]
–, [AsF6]

–, [NbF5]
–, [TaF5]

–, and [WF7]
–when

these metals were present [19, 21, 23]. Subsequent studies
focused on zirconium and showed that [ZrF5]

– and [ZrF6]
2–

were produced by treating Zr4+ or ZrO2+ salts with
[EMIm]+[F(HF)2.3]

– [60]. The Zr fluoroanions were observed
by diluting the IL-Zr solutions in acetonitrile and
electrospraying the resulting solutions.

In this report, we describe formation of [FeF4]
–; iron was

investigated because unlike Zr or Si, it has two easily accessible
oxidation states, and it is of interest whether electrospray of the
ionic liquid-metal solution would preserve the oxidation state
of iron originally present in solution. In addition to addressing
ion formation questions, the iron fluoroanions might have
utility for isotope ratio measurements; since fluorine is mono-
isotopic, the isotopic envelope of the iron fluoroanions reflects
only the iron isotope ratio.

Experimental
Iron Chloride Solutions

[EMIm]+[F(HF)2.3]
– was generated according the method of

Hagiwara by condensing anhydrous HF onto 1-ethyl-3-
methylimidazolium chloride [13]. A nominal 10 mM solution
of [EMIm]+[F(HF)2.3]

– in LC-MS grade acetonitrile (Fisher
Scientific, Pittsburg, PA, USA) was made by dissolving
10 μL of the ionic liquid in 5398 μL of solvent. Aqueous
solutions of Fe(II)Cl2 and Fe(III)Cl3 (each at 10 mM) were
prepared from nanoPure water. Iron chloride/acetonitrile solu-
tions were prepared by mixing the aqueous iron chloride solu-
tions with LC-MS grade acetonitrile in a 1:9 ratio to produce
approximately 1 mM iron chloride in a 9:1 acetonitrile:water
solvent. Solutions containing iron chloride and the ionic liquid
were prepared by mixing the aqueous iron chloride solutions
with 10mM [EMIm]+[F(HF)2.3]

– in acetonitrile in a 1:9 ratio to
produce approximately 1 mM iron chloride and 9 mM
[EMIm]+[F(HF)2.3]

– in the 9:1 acetonitrile:water solvent. In
one experiment, an aliquot of the aqueous iron(III) chloride
solution was treated with approximately 1000 molar equiva-
lents of hydrogen peroxide relative to Fe to ensure all of the
iron in solution was iron(III) prior to mixing with pure
acetonitrile.
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Electrospray Ionization Mass-Spectrometry
(ESI-MS)

Electrospray-ionization mass spectra were collected using a
microTOF-Q II (Bruker, Billerica, MA, USA). Samples were
injected via direct infusion into the ESI-MS at a rate of 3 μL/
min, using a syringe pump (KD Scientific, Holliston, MD,
USA). The ESI dry gas (desolvation gas as sheath gas for the
ESI droplets) temperature was 180 °C, and operated at a flow
rate of 4 L/min. Electrosprayed ions were transferred from the
ESI source to the acceleration region of the time-of-flight mass
analyzer via a capillary transfer tube, two serial ion funnels, a
hexapole, a quadrupole, and a collision cell. For single-stage
mass spectrometry, the quadrupole was operated in an rf-only
mode. For MS/MS experiments, it operates as a mass filter for
selecting the parent ion of interest prior to collision induced
dissociation occurring in the collision cell. Nitrogen was used
as the collision gas, at a pressure of about 1×10–2 mbar. Ion
energies in the MS/MS experiments were on the order of 20–
60 eV (Elab): excitation energy is imposed by applying a
potential to the collision cell as a percentage of the maximum
value, which was 200 eV. In the experiments shown, fragmen-
tation was achieved by applying 10%–30%. Ion elemental
composition can be deduced by way of accurate mass mea-
surement, which is facilitated by the mass resolution of the
instrument (~8000 m/Δm). Mass measurement accuracy of
about 5 ppm is achievable using external calibration. The mass
spectrometer was operated using standard Bruker tuning pa-
rameters, specifically Btune low^ (see Supplementary Material
Tables S1 and S2).

Computational Methods

Gaussian03 was used for optimization of all molecular geom-
etries and vibrational analyses [61]. Density functional theory
[62] calculations were performed at the B3LYP level of theory
[63, 64], with the 6-311++G(d,p) basis set for all atoms. Cal-
culations were initiated starting from a variety of structures that
were generated by intuition and previous experience with sim-
ilar zirconium–ionic liquid complexes [60]. All calculated
structures are true minima (i.e., no imaginary frequencies).
Coordinates for all calculated structures are provided in
Table S3 in the Supplemental Material.

Results and Discussion
Analysis of Iron(III) and Iron(II) Chlorides
Dissolved in [EMIm][F(HF)2.3]

The negative electrospray ionization mass spectrum of a solu-
tion of FeCl3 dissolved in water and then diluted with 10 mM
[EMIm]+[F(HF)2.3]

– ionic liquid in acetonitrile contained an
intense ion atm/z 132 that corresponds to [FeF4]

– (Figure 1), in
which the oxidation state of iron is preserved at +3 upon going
from the condensed phase to the gas phase. In this experiment,
fluoride has replaced chloride as the ligand on the Fe metal
center in an almost quantitative fashion. The only hint of

chloride in the strictly inorganic clusters is seen at m/z 148,
which corresponds to [FeClF3]

–, but this has a relative abun-
dance of <1%. A low abundance ion at m/z 113 is ascribed to
the Fe(II) species [FeF3]

–, which most likely arises as the
product of a low-efficiency ionic fragmentation reaction, sup-
ported by the collision-induced dissociation (CID) of [FeF4]

–,
which produces [FeF3]

– by elimination of a fluorine radical
(Figure 2a). [FeF3]

– is also produced by activating larger cluster
ions; for example, CID of [EMIm]+[FeF4]

–
2 produces a low-

abundance ion at m/z 113 in addition to the expected [FeF4]
–

formed by elimination of [EMIm]+[FeF4]
– (Figure 2b). The

[FeF3]
– measured could also be present in the aqueous phase

or could be induced by a reductive process occurring in the
electrospray ionization, but subsequent considerations argue
against these explanations. Lower abundance ions are seen at
m/z 103 and 123, which correspond to [AlF4]

– and [SiF5]
– [59],

an indication of the remarkable ability of the fluorohydrogenate
for attacking silicate.

These observations suggest that iron is present in the
fluorohydrogenate IL as [FeF4]

–. If the iron existed predomi-
nantly as a solvated cation (e.g., as in the case of aqueous
solutions) one would expect to see ions containing a statistical
distribution of mixed halide ligands formed during evaporation
of the electrospray droplets. Since there is little signal from
mixed halide complexes, we conclude that the iron exists
overwhelming as the [FeF4]

– fluoroanion in the Fe(III)-ionic
liquid system.

Numerous cluster ions are seen in the anion spectrum that
consist of one or more [EMIm+] cations together with combi-
nations of [Cl–], [F(HF)–], and/or [FeF4

–] (Table 1). The most
abundant clusters contained [Cl–] as opposed to [F(HF)–]; the
relative intensities of envelope of ions from m/z 181 to 189 is
i l l u s t r a t i v e , w i t h [ E M I m + ] [ C l – ] 2 ( m / z
181)>[EMIm+][Cl–][F(HF)–] (m/z 185)>[EMIm+][F(HF)–]2
(m/z 189). Other cluster ion envelopes display the same trend.
This was surprising since the fluorohydrogenate anion forms a
more stable complex than the chloride anion in the condensed
phase [13]. This experiment was conducted using a 9:1 molar
excess of [EMIm+][F(HF)2.3

–]:FeCl3, and a significant fraction
of the fluoride may have been consumed in reaction with
Fe(III), leaving excess [Cl–] in solution available for complex
formation with [EMIm+]. Cluster ions containing [FeF4

–] an-
ions are present (Table 1) but in lower abundance than those
containing only [Cl–] anions. This may reflect weaker binding
between [EMIm+] and [FeF4

–] compared with [Cl–].
A relatively significant ion was seen at m/z 280, which

corresponds to [(CF3SO2)2N]
– (triflimide). It is present as a

contaminant in the electrospray ionization source as a result of
analyses of other ionic liquid systems. Triflimide is remarkably
difficult to purge from an electrospray instrument, and so our
opinion is that it should be introduced into the mass spectrom-
eter with reticence; on the other hand, it has a large negative
mass defect and can serve as an omnipresent mass standard.

With the exception of the cluster anions, the chemical
background in the mass spectrum was very low, which sug-
gests that high-accuracy, high-precision isotope ratios might be
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achievable using this ion formation chemistry. This expectation
is supported by isotope ratios measured for both [FeF4]

– and
[SiF5]

–, which showed very good agreement in comparison
with theoretical values (Table 2). Better precision and accuracy
are no doubt limited by detector response limitations, and mass
discrimination in the time-of-flight detector, which are manifest
in the baseline around the most intense isotopic ions, viz.,
[56FeF4]

– and [28SiF5]
– (Figure 3). We feel that measurement

of the fluoroanion isotopic envelopes using a mass analyzer
with dedicated collectors would have the potential for high
sensitivity, high accuracy, and high precision.

The positive ion spectrum of FeCl3-[EMIm]+[F(HF)2.3]
–

contained a base peak at m/z 111 corresponding to [EMIm]+,
and nothing else above 5% relative abundance (Figure 4). The
most abundant cluster ion corresponds to [EMIm]+2[F]

– at m/z
241. In the spectrum of [EMIm]+[F(HF)2.3]

– by itself, the m/z

Figure 1. Negative mode electrospray mass spectrum of 10 mM FeCl3 in water diluted 1:9 with 10 mM [EMIm+][F(HF)2.3
–] in

acetonitrile

Figure 2. Collision-induced dissociation spectra for the (a) negative-ion peak at m/z 132 ([FeF4]
–), (b) negative-ion peak at m/z 375

([EMIm]+[FeF4]2
–), (c) positive-ion peak at m/z 484 ([EMIm]+3[F]

-[FeF4]
–)
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241 ion is accompanied by [EMIm]+2[F(HF)]
– at m/z 261 that

is nearly as abundant [59]. However, in the FeCl3 experiment
the m/z 261 ion is very low in abundance, being replaced by
[EMIm]+2[Cl]

– atm/z 257. Other fluorohydrogenate cluster ion
congeners are also absent and, instead, higher [EMIm]+[Cl]–

cluster congeners are seen atm/z 403 and 551. As expected, an
[EMIm]+2[FeF4]

– cluster is observed atm/z 354. The ion atm/z
484 nominally corresponds to [EMIm]+3[F]

-[FeF4]
–; this com-

position stands out because in studies of zirconium it was
concluded that [ZrF6]

2– was present [60], and by analogy the
composition here might be [EMIm]+3[FeF5]

2–. However, we
believe that a better explanation is cluster formation involving
the neutral [EMIm]+[FeF4]

– clustering with [EMIm]+2[F]
– (m/z

241), since we do not see other evidence for [FeF5]
2–.

While the collision induced dissociation reactions of the
positive cluster ions produced [EMIm]+ overwhelmingly
(Figure 2b), the CID spectrum of [EMIm]+3[F]

-[FeF4]
– (m/z

484, Figure 2c) reveals binding preferences in that at the lowest
collision energies [EMIm]+[FeF4]

– is eliminated producing
[EMIm]+2[F]

– at m/z 241. This suggests that in this cluster,
[F]– is either very weakly or not at all bound to [FeF4]

–, which,
together with the lack of a peak at m/z 75.5 (un-clustered
[FeF5]

2–) in the anion spectrum, argues against the presence
of [FeF5]

2–. The dissociation process represents the reverse of
the clustering reaction proposed for formation of m/z 484, and
suggests that [EMIm]+ binds more strongly to fluoride com-
pared to [FeF4]

–.
The negative-ion mass spectrum of a solution generated by

dissolving the iron(II) salt FeCl2 in water followed by dilution
in [EMIm]+[F(HF)2.3]

–/acetonitrile was indistinguishable from
the negative-ion mass spectrum generated from an analogous

solution containing FeCl3 (Supplementary Figure S1). The
base peak was [FeF4]

–, a species in which Fe is in the 3+
oxidation state, and all other cluster ions were identical, with
close agreement between the relative abundances seen in the
FeCl3 and FeCl2 experiments. Additionally, the positive-ion
electrospray of this FeCl2/[EMIm]+[F(HF)2.3]

– acetonitrile so-
lution was identical to the positive-ion mass spectrum of the
FeCl3/ ionic l iquid solution, showing no trace of
[EMIm]+2[FeF3]

–, only [EMIm]+2[FeF4]
– and higher cluster

congeners of the same ions. Thus, in marked contrast to the
Fe(III) experiment, the oxidation state of the metal is different
in the gas phase compared with what is believed to be in
solution. Accordingly, it was hypothesized that either the Fe
oxidation state in solution was not what was stated, or that
Fe(II) is oxidized upon mixture with the [EMIm]+[F(HF)2.3]

–-
acetonitrile solution, or by the electrospray process.
Benchmark measurements for aqueous Fe(II) and Fe(III)
chloride solutions and DFT-calculated energetic differ-
ence between [FeF3]

– and [FeF4]
– (described below)

demonstrated that mixtures of Fe(II ) with the
fluorohydrogenate solution followed by ESI were in fact
oxidizing. The identity of the oxidizing agent is un-
known but is hypothesized to be oxygen, likely dissolved
in all of the liquids used in these experiments. It is
worthwhile noting that the spray chamber is continually
flushed with high purity nitrogen, which suggests that
atmospheric oxygen cannot be the oxidant; however, it is
possible that traces of oxygen are dissolved into the IL.
We attempted to remove this by sparging the sample IL
with nitrogen, but the results were inconclusive, and the
identity of the oxidant remains an open question.

Table 1. Ion Compositions for Anions Seen in the Negative Ion Electrospray Spectrum of Acetonitrile Solutions of Iron Chloride Salts Dissolved in
[EMIm]+[F(HF)2.3]

–. Monoisotopic m/z Values are Listed (i.e., Calculated for 35Cl). Intensity Values are Normalized to 100%

m/z Composition % Rel. intensity m/z Composition % Rel. intensity

103 [AlF4]
– 2.2 327 [EMIm]+2[Cl]

–
3 7.2

113 [FeF3]
– 1.0 331 [EMIm]+2[F(HF)]

–[Cl]–2 6.0
123 [SiF5]

– 9.2 335 [EMIm]+2[F(HF)]
–
2[Cl]

– 3.8
132 [FeF4]

– 100.0 339 [EMIm]+2[F(HF)]
–
3 1.3

181 [EMIm]+[Cl]–2 15.2 375 [EMIm]+[FeF4]
–
2 3.7

185 [EMIm]+[Cl]–[F(HF)]– 8.8 424 [EMIm]+2[FeF4]
–[Cl]–2 2.2

189 [EMIm]+[F(HF)]–2 6.4 428 [EMIm]+2[FeF4]
–[F(HF)]–[Cl]- 0.8

278 [EMIm]+[FeF4]
–[Cl]– 3.1 473 [EMIm–]+3[Cl]

–
4 1.7

280 [(CF3SO2)2N]
– 25.5 477 [EMIm]+3[F(HF)]

–[Cl]–3 1.5
282 [EMIm]+[FeF4]

-[F(HF)]- 2.1

Table 2. Isotope Ratios Measured for [FeF4]
– and [SiF5]

–, and Compared with Theoretical Values

Composition m/z % Abundance, relative to 56Fe- or 28Si-containing isotopomers % Abundance, theoretical

[54FeF4]
– 129.939 6.25±0.58 6.37

[56FeF4]
– 131.934 100 100

[57FeF4]
– 132.935 2.41±0.22 2.31

[58FeF4]
– 133.932 0.39±0.06 0.31

[28SiF5]
– 122.974 100 100

[29SiF5]
– 123.973 5.16±0.57 5.08

[30SiF5]
– 124.970 3.71±0.80 3.35
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Electrospray Analyses of Iron(III) and Iron(II)
Chloride Solutions

Negative electrospray ionization of an aqueous solution of
iron(II) chloride dissolved in ACN produced a mass spectrum
consisting almost entirely of the [FeCl3]

– isotopic envelope
(Figure 5a); a much lower abundance [FeCl4]

– envelope was
also recorded, but its intensity was <6% of the Fe(II) species.
The [FeCl4]

– is likely derived from Fe(III) in the spray solution,
since one would expect reduction, not oxidation reactions to
occur at the emitter in negative-ion mode electrospray. There-
fore, the overriding conclusion here is that the oxidation state of
iron in gas-phase species is the same as that presumed to be in
solution.

The spectrum generated by the complementary experiment
starting with FeCl3 produced abundant isotopic envelopes cor-
responding to the expected Fe(III) species [FeCl4]

– and the

Fe(II) species [FeCl3]
–, in a ratio of about 3:1 (Figure 5b).

Either the spray solution contains significant Fe(II) or the
electrospray process and/or subsequent transfer to vacuum is
reducing a significant amount of the Fe(III). A 1000-fold molar
excess of hydrogen peroxide relative to Fe(III) was added to the
Fe(III) solution (oxidizing any Fe(II) present to the 3+ state),
and then electrosprayed; this produced the same spectrum as
observed in the analysis of the aqueous FeCl3 solution
(Figure 5c), indicating that solution-phase Fe(II) does not make
a significant contribution to the appearance of gas-phase Fe(II)
species. These experiments suggest that the electrospray signa-
ture of Fe(III) chloride consists of [FeCl4]

– and [FeCl3]
– in

about a 3:1 ratio, and that the [FeCl3]
– is produced either by a

reductive process occurring in the electrospray source or by
gas-phase fragmentation of [FeCl4]

– through the elimination of
a chlorine radical (analogous to the fluorine radical elimination
seen in CID of [FeF4]

–). In source CID experiments showed
that [FeCl4]

– could be converted to [FeCl3]
–, but this did not

begin to occur until an additional 30 eV was applied (Supple-
mentary Figure S2), which suggests that reduction is caused by
the electrospray source. The reduction of a fraction of the
[FeCl4]

– contrasts sharply with the oxidative process seen in
electrospray ionization of Fe-containing solutions conducted in
the presence of [EMIm]+[F(HF)2.3]

–.

Computational Studies of the Iron Fluoroanions

Density functional theory calculations were performed in order
to understand whether or not there were underlying thermody-
namic reasons for the absence of [FeF3]

–-containing com-
plexes, and the nature of the interaction between the iron
fluoroanions and the [EMIm]+ cation. The stable structure
predicted for [FeF3]

– was a trigonal pyramid with a quintet
electron configuration (a complete list of coordinates calculated
for all structures is found in the Supplementary Material).
[FeF4]

– was predicted to be a tetrahedron with a sextet electron

Figure 3. Percent intensity, relative to the most abundant ion in the isotopic envelope. Open squares, with error bars, are measured
values. Filled circles are theoretical values. The lines are a representative individual spectrum. (a) [FeF4]

–; (b) [SiF5]
–

Figure 4. Positive mode electrospray mass spectrum of
10 mM FeCl3 in water diluted 1:9 with 10mM [EMIm+][F(HF)2.3

–]
in acetonitrile
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configuration. Energetically, tetrahedral [FeF4]
– lies 644 kJ/

mole below [FeF3]
–+F, although we note that such a reaction

is not a reasonable explanation for the high abundance of
[FeF4]

– and the depleted abundance of [FeF3]
– since fluorine

Figure 5. (a) Negative mode electrospray mass spectrum of 10 mM FeCl2 in water diluted 1:9 with acetonitrile. (b) Negative mode
electrospraymass spectrum of 10 mM FeCl3 in water diluted 1:9 with acetonitrile. (c)Negative mode electrospraymass spectrum of
10 mM FeCl3 in water mixed with H2O2 and diluted 1:9 with acetonitrile

Figure 6. DFT-generated structures for the [EMIm]+ iron fluoride complexes. (a) and (b) [FeF4]
– complexes. (c) and (d) [FeF3]

–

complexes
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atoms are not likely to be present in the electrospray experi-
ments. If neutral FeF3 were present, complexation with [F]–

might account for formation of the dominant [FeF4]
– anion, and

this is predicted to be exothermic by 432 kJ/mol.
Metal fluoroanions are stable in the fluorohydrogenate ionic

liquid, which is consistent with the presence of the anion–
cation complexes in the gas phase [19, 21]. We focused DFT
modeling on the [EMIm]+2[FeF4]

– and [EMIm]+[FeF4]
–
2 com-

plexes, comparing these with the analogous [FeF3]
– species to

see whether there were significant differences in interaction
energies that might help explain the low abundance of the
latter. In the [EMIm]+2[FeF4]

– cationic complex (Figure 6a),
the cations are bound to [FeF4]

– by four F–H bonds involving
three H and two F atoms situated in a BW^ geometry. The
anions preferentially bind with the methyne H atom of the
imidazolium ring, which is the most acidic H atom in the
cation, and two H atoms on vicinal alkyl groups are also
involved.[58] The F–H bond lengths ranged from 2.17 to
2.23 Å for each cation, consistent with hydrogen bonds of
intermediate strength. The F–Fe bond lengths are all about
1.83 Å, nearly identical to uncomplexed [FeF4]

–, even though
the [FeF4]

– tetrahedron is slightly distorted in the
[EMIm]+2[FeF4]

– cluster, with bond angles of the binding F–
Fe–F moieties at 100o, and the non-binding F–Fe–Fmoieties at
about 114o; by way of comparison, the F–Fe–F bond angles in
uncomplexed [FeF4]

– are 109o).
The structure of the anionic complex [EMIm]+[FeF4]

–
2

displays one of the [FeF4]
– anions bound to the methyne side

of the imidazolium in the same BW^ motif, with practically
identical F–H and F–Fe bond lengths and F–Fe–F bond angles.
The second [FeF4]

– anion is bound via two F–H bonds involv-
ing the acetylenic H atoms; these are significantly shorter at
2.00 and 2.04 Å but there are fewer of them. The geometries of
both [FeF4]

– anions in this complex are very similar to one
another.

Calculation of the total cation-anion binding energies pro-
duced a value of 461 kJ/mol for [EMIm]+2[FeF4]

– (Table 3,
reaction 1), and a very similar value of 443 kJ/mol for
[EMIm]+[FeF4]

–
2 (reaction 2). Based on the structural prefer-

ence for binding to the methyne H atom displayed by the
[EMIm]+2[FeF4]

– cation, modeling of the unsymmetrical
[EMIm]+[FeF4]

–
2 anion was expected to show an energetic

preference for elimination of the anion bound to the acetylenic
side of the imidazolium ring (Figure 7). DFT modeling sug-
gested that this was energetically favored, by 384 kJ/mol.

EMIm½ �þ2 FeF4½ ��→2 EMIm½ �þ þ FeF4½ �� ð1Þ

EMIm½ �þ FeF4½ ��2→ EMIm½ �þ þ 2 FeF4½ �� ð2Þ

Stable complexes were also predicted for [EMIm]+2[FeF3]
–

and [EMIm]+[FeF3]
–
2, with calculated anion–cation complex

binding energies of 523 and 556 kJ/mol (reactions 3 and 4,
respectively). These values are even higher than thoseT
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calculated for the [FeF4]
–-containing complexes, suggesting

that if [FeF3]
– is present, its clusters should form and be

observed in the mass spectra. Thus, it is unlikely that Fe(II) is
present in the sample solutions generated from the IL and either
Fe(II) or Fe(III).

EMIm½ �þ2 FeF3½ ��→2 EMIm½ �þ þ FeF3½ �� ð3Þ

EMIm½ �þ FeF3½ ��2→ EMIm½ �þ þ 2 FeF3½ �� ð4Þ

The structure of [EMIm]+2[FeF3]
– (Figure 6c) contained

[FeF3]
– in a distorted trigonal planar geometry: F–Fe–F angles

directed towards the cation are 100° and 105°, significantly
smaller than the 120° angle calculated in uncomplexed trigonal
planar structure. This geometry is somewhat surprising because
the uncomplexed trigonal pyramid with a quintet electronic
configuration is 390 kJ/mol lower than the trigonal planar
structure as a singlet. Attempts to optimize [EMIm]+2[FeF3]

–

(and [EMIm]+[FeF3]
–
2) with [FeF3]

– in the trigonal planar
geometry with a singlet electronic configuration were not suc-
cessful, and neither were attempts to calculate a triplet elec-
tronic configuration. Although not locating an optimized struc-
ture does not rule out the possibility, it likely indicates a
preference for the quintet electronic configuration. A true tri-
gonal planar geometry is not allowed for a 3-coordinate d6

metal as a quintet due to orbital degeneracies. It was surprising
that the F–Fe–Fmoieties having bond angles approaching 100o

did not adopt the BW^ bonding motif seen in the distorted
tetrahedron [FeF4]

–; however, we believe that orienting the
methyne H atom into the center of the F–Fe–F cleft would
result in cation-cation repulsion. The bidentate interaction re-
sults in a complex that that is actually more stable than those
formed from via the BW^ bonding motif.

Comparing the [EMIm]+2[FeF3]
– structure with that of the

analogous [FeF4]
–-containing complex, the weaker F–H bonds

in the [FeF3]
–-containing molecule have approximately the

same bond lengths as do all of the F–H bonds in the [FeF4]
–-

containing complex. However, there in nothing in the latter
comparable to the short 1.77–1.78 Å bonds seen in the [FeF3]

–

complexes and, hence, it is probable that these are primarily
responsible for the higher anion–cation binding energy of the

[FeF3]
– complex (523 compared with 461 kJ/mol for the

[FeF4]
– complex].

In case of the [EMIm]+[FeF3]
–
2 complex, cation repulsion is

not an issue, and one [FeF3]
– moiety does adopt BW^ bonding

via four F–H bonds ranging from 2.11 to 2.21 Å involving the
methyne H atom and H atoms from the pendant alkyl groups
(Figure 6d). In this environment, the bonding F–Fe–F moiety
has a bond angle of 103o, just slightly greater than the values
calculated for the complexes [FeF4]

– anions. However, the
calculations suggest that BW^-bonding would likely not be
possible with an F–Fe–F angle greater than about 103°. The
second [FeF3]

– anion binds with the acetylenic H atoms via two
F–H bonds (1.97 and 1.99 Å), just like it does in the
[EMIm]+[FeF4]

–
2 complex. This interaction also causes some

distortion of the trigonal planar geometry, but the bond angle of
the binding F–Fe–F moiety is only reduced to 111o. The atoms
comprising the imidazolium ring and the atoms of both [FeF3]

–

anions are practically co-planar, and this was the case for the
[EMIm]+2[FeF3]

– complex as well. The anion–cation binding
energy in [EMIm]+[FeF3]

–
2 is significantly greater compared

with the analogous [EMIm]+[FeF4]
–
2 complex (556 versus

443 kJ/mol), which is surprising given that both complexes
have similar bonding.

Conclusions
The [FeF4]

– fluoroanion can be formed in abundance by ESI of
a d i l u t e so lu t i on o f t he f l uo rohyd rogena t e IL
[EMIm]+[(HF)2.3F]

– containing either Fe(II) or Fe(III). In the
Fe(II)-IL experiment, iron is oxidized, a result that contrasts
with ESI of aqueous Fe(II) or Fe(III) (with no IL present) in
which the oxidation state of iron is preserved or partially
reduced as the complexes are transferred into the gas phase.
The result is consistent with the thermodynamic advantage
gained in forming [FeF4]

–, even though an oxidizing agent
has not yet been identified. Interaction with the imidazolium
cation increases the stability of the [FeF4]

– anion in the con-
densed phase ionic liquid, which in turn leads to enhanced
formation of gas-phase [FeF4]

–. The mass spectra generated
by these experiments have low background and no isobaric
interferences, characteristics that are favorable for accurate
measurements of isotope ratios of iron samples. This result,

Figure 7. Dissociation pathways for [EMIm]+[FeF4]
–
2

C. A. Zarzana et al.: Iron Fluoroanion Generation by Ionic Liquid Electrospray 1567



together with prior demonstrations of the formation of EMIm-
fluorohydrogenate ionic liquids containing B, P, As, Nb, Ta,
W, and U, and the recent observation of Zr and Si fluoroanions
by electrospray, suggests that this approach will have wide
applicability for forming metal fluoroanions, not only for iso-
tope ratio measurements but also for gas-phase ion chemistry
studies.
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