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ABSTRACT: In an earlier study we investigated the reaction of iron(II) chloride
with NO in a strongly coordinating ionic liquid 1-ethyl-3-methylimidazolium
dicyanamide [emim][dca] and showed that the actual reactive species in solution
was [FeII(dca)5Cl]

4−. For the present report we investigated in detail how this
reaction could proceed in a noncoordinating ionic liquid 1-ethyl-3-methylimida-
zolium trifluoromethylsulfonate [emim][OTf]. The donor ability of OTf− is much
lower than that of dca−, such that the solubility of FeCl2 in [emim][OTf] strongly
depended on other donors like water or chloride ions present or added to the
ionic liquid. On increasing the chloride concentration in [emim][OTf], the
tetrachloridoferrate complex [emim]2[FeCl4] was formed, as verified by X-ray
crystallography. This complex undergoes reversible binding of NO, for which the
UV−vis spectral characteristics of the green−brown nitrosyl product resembled
that found for the corresponding nitrosyl complexes formed in water and
[emim][dca] as solvents. A detailed analysis of the spectra revealed that the {Fe−
NO}7 species has FeII−NO• character in contrast to FeIII−NO− as found for the other solvents. The formation constant,
however, is much higher than in [emim][dca], lying closer to the value found for water as solvent. Surprisingly, the Mössbauer
spectrum found in [emim][OTf] is very unusual and unsimilar to that found in water and [emim][dca] as solvents, pointing at a
different electron density distribution between Fe and NO in {Fe−NO}.7 First, the high isomer shift points to the presence of
iron(II) species in solution, thus indicating that upon NO binding no oxidation to iron(III) occurs. Second, the negligible
quadrupole splitting suggests a high local symmetry around the iron center. The nitrosyl product is suggested to be
[FeIICl3NO]

−, which is supported by electron paramagnetic resonance (EPR) and IR measurements. The nature of the Fe(II)
complexes formed in [emim][OTf] depends on the additives required to dissolve FeCl2 in this ionic liquid.

■ INTRODUCTION

Most chemical reactions performed in a laboratory or in
industry take place in solution. In synthesis, chromatographic
separation, extraction, purification, analysis and spectroscopy,
and crystal growth and cleaning, the required solvent can also
be a reactant.1 Therefore, the solvent can play a very important
role in solution chemistry.2 Furthermore, many important
chemical reactions are performed in organic solvents, but their
use is often problematic owing to toxicity, volatility,
flammability, and environmental hazards.3 The development
of alternative solvent strategies that would allow efficient
recovery and reuse of the solvent is of great importance if
environmental damage is to be avoided.4

Ionic liquids (ILs), low-melting molten salts composed
entirely of ions, are a relatively recent class of liquids attracting
increasing interest as greener alternatives to conventional
organic solvents with the aim of facilitating sustainable
chemistry.5 Because of their unusual physical and chemical
properties,6 such as high thermal stability,7 lack of inflamma-
bility,8 low volatility,9 chemical stability,10 and excellent
solubility of many organic compounds,11 many potential
applications, such as synthesis,12 (bio)catalysis,13 separation

processes,14 material science,15 and development of new
electrical and electrochemical devices,16 continue to expand
significantly.
The application of ionic liquids as substitutes for common

molecular solvents is limited by the dual influence they can
have in terms of both positive and negative impacts on chemical
reactions. It is known from the literature that some reactions
are improved on transferring them to an ionic liquid medium in
terms of the outcome, selectivity, or reaction rate, whereas
others are decelerated or even completely prevented.17 The
reason for these effects is not always clear, but it is expected
that the ionic components of the ionic liquid can interact with
reactants, products, or catalyst. Interaction with the catalyst or
activated species of metal complexes could lead to a change in
reaction rate or even selectivity based on structural
modifications. In addition, interactions with reactants or
products by solvation or ion-pair formation can influence the
processes by changing the activation barriers or the
nucleophilicity of substrates. The search for the origin of a
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certain effect is often complicated by various interactions, such
that information on the outcome or rate of a reaction is not
sufficient to draw definite conclusions. A real understanding of
the occurrences during the reaction and thus the possibility to
control the process are best achieved by a detailed mechanistic
investigation.
Numerous publications from our group demonstrated that

ionic liquids in general can be considered as normal solvents
and a wide range of experimental techniques can be applied to
study their behavior.18−20 However, the same investigations
revealed a distinct influence of ionic liquids as reaction medium
on the chemical processes carried out in them, often analogous
to the influence known from conventional solvents.21 Recent
work from our group has focused on the behavior of transition
metal compounds during well-known fundamental reactions in
different ILs.18,19,22,23 We found a significant influence of the
applied ILs on the different steps of the reactions: from altering
the nature of the starting compounds, including formation of
ion pairs or even of a completely new species due to the
noteworthy nucleophilicity of the IL’s anions, to mechanistic
modifications resulting in the deviation of reaction rates from
the conventional values. We concluded that ionic liquids are
anything but innocent solvents, especially those containing
anions that are clearly able to coordinate to metal centers.
In the framework of our interest in the potential influence of

ILs as reaction media on transition metal species, we extended
our investigations to an ionic liquid with a likely non-
coordinating anion to study the interference of a wider variety
of solvents. We present here our first results on the reaction of
FeCl2 with NO in 1-ethyl-3-methylimidazolium trifluorome-
thylsulfonate, [emim][OTf], as solvent. The structure and
physical properties of this IL are given in an earlier paper from
our group.18

The selected IL is among the best studied to date and is
readily available. Since it was previously found that even a very
low concentration of a synthetic impurity can dramatically
affect the underlying reaction mechanism,20 the purity of the
applied [emim][OTf] was thoroughly checked, including the
exact determination of water and chloride content. The latter
two components are significantly better nucleophiles than
triflate, and their presence in the IL at high concentrations,
compared to the applied amount of metal species, could affect
the experimental results, simulating the relevant nucleophilicity
of the ionic liquid itself. Furthermore, we applied various
spectroscopic measurements, like UV−vis, IR, and Mössbauer,
to improve our understanding of the occurrences in the studied
IL.

■ EXPERIMENTAL SECTION
Materials. All chemicals used were of analytical reagent grade and

of the highest purity commercially available. The water used was
double-distilled and deionized. FeCl2 anhydrous, purchased from
Sigma-Aldrich, was used as a source for the Fe(II) solutions. NO gas
(Praxair Deutschland GmbH & Co. KG, Bopfingen, purity 3.0) was
cleaned from trace amounts of higher nitrogen oxides by passing it
through concentrated KOH solution, an Ascarite II column (NaOH
on silica gel, Sigma-Aldrich), and a phosphorus pentoxide column. If
not stated otherwise, all experiments were performed under an inert
gas atmosphere.
Preparation of the Ionic Liquids. The purchased materials were

worked up to obtain the optical purity required for the applied
spectroscopic investigations. [emim][OTf] was obtained from Io-Li-
Tec GmbH & Co. KG and purified before use by repeated
recrystallization (liquid/methanol 1:1) and stirring with activated

charcoal (Norit A Supra) for 3−4 days. Afterward it was dried under
vacuum at 60 °C for 3−4 days and finally stored over molecular sieves
(type 3 A, nominal pore size 3 Å, obtained from Fisher Chemicals).
The water and chloride content for every new batch were determined
by Karl Fischer titration and ion chromatography, respectively. The
chloride concentration of the ionic liquid used for EPR measurements
and the determination of the equilibrium constant in solutions without
added [emim]Cl was below 0.003 M. In all other experiments it was
below 0.006 M. The water concentration is specified for each
particular experiment.

[emim]Cl was obtained from Solvent Innovation and purified at
least twice according to the following recrystallization procedure.
[emim]Cl (100 g) was dissolved in 10 mL of methanol and heated to
about 60−70 °C until the salt was dissolved completely. Then it was
allowed to cool down to ∼50 °C, and 100 mL of cold, dried acetone
was added. The mixture was stored at −30 °C overnight, and [emim]
Cl precipitated as a white solid. Afterward the remaining acetone was
removed and the salt was dried under vacuum.

Instrumentation and Measurements. Karl Fischer titrations
were done on a 756 KF Coulometer (Metrohm). Ion chromatography
was performed on an Ion Chromatography System ICS-3000
(Dionex) IonPac AS20 with a GS20 guard column.24

Thermodynamic Studies on the Reaction. The UV−vis spectra at
ambient pressure were recorded on a Varian Cary 1G spectropho-
tometer equipped with a thermostated cell holder. In a typical
experiment, deoxygenated [emim][OTf] was saturated with NO in a
gastight syringe.25,26 The NO solution was then mixed with a
deoxygenated Fe(II) ionic liquid solution in a tandem cuvette in a 1:1
volume ratio. Fe(II) solutions were prepared by addition of FeCl2 to
[emim][OTf], stirring the mixture overnight at 50 °C and in addition
applying 30−60 min of ultrasonic treatment because of the poor
solubility of the applied iron salt. The equilibrium constant Keq was
determined from absorbance changes measured at 473 nm in the
temperature range 10−35 °C.

The pressure dependence of the equilibrium constant Keq was
measured between 5 and 150 MPa on a Shimadzu UV-2101 PC UV−
vis spectrophotometer equipped with a custom-built high-pressure cell
and the use of a quartz pill-box cuvette.27 The high-pressure pump was
purchased from NOVA SWISS28 and enabled measurements in the
selected pressure range. The measurements were carried out at 5 °C to
slow down the decomposition of the nitrosyl complex during the time
of the experiment. In all experiments, pressure cycles were performed
to ensure that spectra collected during increasing pressure coincided
exactly with spectra recorded during subsequent decreasing pressure.

In addition, Keq for the studied nitrosylation reaction was
determined in [emim][OTf] solution with increased chloride content.
In a typical experiment, Fe(II) solutions were prepared by adding
FeCl2 and [emim]Cl to [emim][OTf] in the ratio [Fe2+]/[Cl−] = 1:7
and stirring the mixture overnight at 45 °C. No further ultrasonic
treatment or additional water was required to dissolve the employed
salt. The preparation of the NO solution, subsequent mixing in a
tandem cuvette, and determination of Keq were performed as described
earlier. The water content of the ionic liquid without and with added
amounts of chloride was 0.007 and 0.04 M, respectively.

EPR Spectroscopy. Perpendicular mode EPR spectra were recorded
on a JEOL continuous wave spectrometer JES-FA200 equipped with
an X-band Gunn diode oscillator, a cylindrical mode cavity, and a
liquid helium cryostat. The EPR measurements were performed in
quartz tubes at 20 K. Data analyses were done with the JES-FA Series
software package.

A solution of 0.0012 M FeCl2 in deoxygenated ionic liquid was
saturated with NO at 298 K in a gastight syringe and then rapidly filled
into the EPR quartz tube. The solution was frozen by immersing the
sample into liquid nitrogen before decomposition of the nitrosyl
complex could start. The sample was afterward mounted into the EPR
probe head that was placed into the precooled cryostat at 20 K. In
addition, the spectra of a 0.0012 M FeCl3 solution, a 0.0012 M FeCl2
solution before saturation with NO, and a saturated NO solution in
the deoxygenated ionic liquid were also recorded in the same manner
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as described earlier to enable a better evaluation of the nitrosyl
complex spectrum. The water content of the ionic liquid was 0.007 M.
IR Spectroscopy. IR spectra were recorded on an ATI Mattson

FTIR Infinity spectrometer with the use of a CaF2 cuvette (0.20 mm)
for the pure ionic liquid and 0.08 M FeCl2 ionic liquid solution before
and after saturation with NO at 298 K. The Fe(II) solution was
prepared by adding FeCl2 and degassed water to the deoxygenated
[emim][OTf] in the ratio 1:18 to achieve the necessary solubility of
the iron salt. For every studied species, independent measurements of
50 scans were performed under inert gas atmosphere. The water
content of the ionic liquid was 0.04 M.
Mössbauer Spectroscopy. 57Fe Mössbauer spectra were recorded

on a WissEl Mössbauer spectrometer (MRG-500) at 77 K in the
constant acceleration mode. 57Co/Rh was used as the radiation source.
WinNormos for Igor Pro software was used for the quantitative
evaluation of the spectral parameters (least-squares fitting to
Lorentzian peaks). The minimum experimental line width was 0.20
mm s−1. The temperature of the samples was controlled by an MBBC-
HE0106 MÖSSBAUER He/N2 cryostat within an accuracy of ±0.3 K.
Isomer shifts were determined relative to α-iron at 298 K.
Experimentally obtained spectra of the solutions without an excess
of chloride were simulated with the MFIT Simulation Program,
version 1.1, E. Bill, MPI for Bioinorganic Chemistry, Mülheim an der
Ruhr, Germany.
The following samples were measured before and after saturation

with NO: (i) a solution of 0.06 M 57FeCl2 in deoxygenated
[emim][OTf] with an added 18-fold amount of degassed water to
achieve the necessary solubility of the iron salt; (ii) a solution of 0.06
M 57FeCl2 in deoxygenated [emim][OTf] with added [emim]Cl and
degassed water resulting in a 7-fold excess of chloride and 18-fold
excess of water over iron(II); and (iii) a solution of 0.06 M 57FeCl2 in
deoxygenated [emim][OTf] with added [emim]Cl resulting in a 7-fold
excess of chloride over iron(II) ions but without adding extra water.
The water content of the ionic liquid itself, viz. (i) 0.04 M with
additional water, (ii) 0.1 M with additional [emim]Cl and water, and
(iii) 0.003 M with additional [emim]Cl, was taken into account in
preparing the described solutions. All solutions prepared at room
temperature were rapidly filled into the Teflon container placed in the
brass inlet. The solutions were frozen by immersing the samples into
liquid nitrogen before the oxidation of the dissolved iron(II)
compound to iron(III) or the decomposition of the nitrosyl complex
could start. The samples were afterward mounted into the Mössbauer
probe head that was placed into the precooled cryostat at 77 K. The
spectrum of solid [emim]2[FeCl4] was recorded in a similar way.
X-ray Crystal Structure Determination. [emim]2FeCl4 was

synthesized from FeCl2 (318 mg, 2.51 mmol) and [emim]Cl (1.83
g, 12 mmol), both dissolved in 2.5 mL of deoxygenated [emim][OTf]
containing 0.04 M water by stirring under vacuum at 44 °C overnight.
The clear brownish solution was placed in the refrigerator (4 °C), and
colorless crystals formed after 4 days that were suitable for X-ray
analysis; the molecular weight was 419.99 g/mol. A block-shaped
crystal of approximately 0.32 × 0.21 × 0.16 mm3 in size was covered
with protective perfluoropolyalkylether oil and transferred into the
cold N2 gas stream of the diffractometer. Intensity data of the crystal
were collected at 150(2) K on a Bruker Kappa APEX 2 IμS Duo
diffractometer using focusing QUAZAR Montel optics (Mo Kα
radiation, λ = 0.71073 Å). Data were corrected for Lorentz and
polarization effects, and semiempirical absorption corrections were
performed on the basis of multiple scans using SADABS.29 The
structure was solved by direct methods and refined by full-matrix least-
squares procedures on F2 using SHELXTL NT 6.12.30 All non-
hydrogen atoms were refined with anisotropic displacement
parameters. The hydrogen atoms were placed in positions of
optimized geometry, and their isotropic displacement parameters
were tied to those of the corresponding carrier atoms by a factor of 1.2
or 1.5. CCDC-778167 contains the supplementary crystallographic
data for this structure. These data can be obtained free of charge from
The Cambridge Crystallographic Data Centre via www.ccdc.cam.ac.
uk/data_request/cif.

■ RESULTS AND DISCUSSION

Studies on NO activation by transition metal complexes has a
long tradition in our group.31 In a series of studies, detailed
mechanistic investigations on the interaction of NO with a
series of polyaminocarboxylate complexes of Fe(II) in aqueous
solution were performed.32 Furthermore, we verified the
mechanistic details of the underlying reaction in the absence
of chelating ligands, the so-called “brown ring” test reaction for
nitrate, and the nature of the reaction product [Fe-
(H2O)5NO]

2+ was clarified, an aspect that provoked consid-
erable discrepancies in the literature before.33 In a subsequent
study, we extended our investigations to a mechanistic survey of
the classic brown ring reaction in an IL and selected 1-ethyl-3-
methylimidazolium dicyanamide, [emim][dca], as the reaction
medium for which the anion exhibits a strong donor ability.19

The displacement of the aqueous by the IL medium caused
several changes in the reaction mechanism caused by a
completely modified structure of the dissolved Fe(II) species
in solution.
It is well-known that, on dissolving FeCl2 in water,

[Fe(H2O)6]
2+ is formed in weakly acidic solution. By a

subsequent reversible reaction with NO, one of the water
ligands is displaced by NO to form the characteristic green−
brown [Fe(H2O)5NO]

2+ complex, which is responsible for the
formation of the brown ring. The transfer of this reaction from
an aqueous to an IL medium revealed questions concerning the
structure of the ferrous reactant and product species, because
the situation becomes significantly more complicated in an IL.
In the case of [emim][dca], there are three potential ligands
present in the IL, viz. chloride ions from FeCl2 used as Fe(II)
source, water molecules present in the very hygroscopic IL
despite thorough drying, and the high concentration of dca
anions present in the IL, which are known for their strong
coordination ability.34,35 The crystal structure of the ferrous
complex isolated from the IL helped to clarify the situation. It
revealed a coordination polymer of Fe(II) complexes, where
every metal center exhibits a distorted octahedral coordination
sphere, formed by one chloride and five dca− ligands in end-on
and side-on coordination modes. A series of IR measurements
performed in solutions of varying concentrations of iron(II)
species, as well as in the solid state, enabled us to show that the
monomeric [Fe(dca)5Cl]

4− complex is present in the IL
medium (see Figure 1) and undergoes a reaction with NO
during which chloride is displaced to form the nitrosyl product

Figure 1. Structural information on the monomeric Fe(II) complex
present in the [emim][dca] solution (50% probability ellipsoids: red,
Fe; green, Cl; blue, N; gray, C).19
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{Fe−NO}7. Formally, the product has a FeIII−NO− character
as in the case of an aqueous medium.
Thus, both investigated solvents, water and [emim][dca],

exhibit appreciable donor strength and provide ligands, solvent
molecules (H2O), or anions (dca

−) to form the coordination
sphere of the metal center that is required to dissolve FeCl2 in
the IL. For this reason FeCl2 turned out to be readily soluble in
[emim][dca] through formation of the [Fe(dca)5Cl]

4−

complex.
Apparently, the situation will be significantly different in

[emim][OTf], because OTf− is a very weak donor and the
main questions are whether and in what form FeCl2 will
dissolve in this IL? We found that FeCl2 has a very poor
solubility in [emim][OTf] because the triflate anions, present
in a very large excess, are not able to provide an effective
coordination sphere for the metal center. The observed weak
solubility could be ascribed to the presence of a marginal
concentration of chloride ions that remained in the IL from the
synthetic route and especially water in the hygroscopic IL.
Furthermore, we found a correlation between the solubility of
FeCl2 and the water content of the IL. This suggested the
presence of water and/or chloride ligands in the coordination
sphere of the dissolved FeCl2, although it was not possible to
verify our suggestion by the isolation of any compound suitable
for X-ray analysis.
Work in Neat [emim][OTf]. We started our studies in neat

[emim][OTf], i.e., we purified the IL as well as we could in the
way described earlier. Our initial investigations demonstrated
that the nitrosylation reaction on the Fe(II) center occurs
successfully in [emim][OTf] as medium and the formation of
the nitrosyl complex is completely reversible, which was tested
by alternatively bubbling NO and N2 through the precursor
complex solution. The spectrum of the precursor complex in
[emim][OTf] exhibits no absorption band between 300 and
800 nm, whereas the nitrosylated species shows a two-band
maxima (see Figure 2) shifted to higher wavelength depending
on the applied solvent (see Table 1).
A collection of broad medium-intense (ε < 2000 M−1 cm−1)

features between 300 and 700 nm in the absorption spectra is
characteristic for the majority of high-spin nonheme iron-
nitrosyls.36 Two of the bands around 340 and 440 nm,
respectively, were attributed to ligand-to-metal charge-transfer

transitions (LMCT), whereas the one at lower energy around
600 nm was ascribed to a d-d transition. A series of iron-nitrosyl
complexes with iron chelated by polyaminocarboxylate ligands
was extensively studied in our group.32a These studies revealed
that the stability of the nitrosyl complexes is controlled by their
ability to bind NO as {FeIII−NO−}, which correlated with the
position of the LMCT band, viz. a synchronous increase in the
band energy and complex-formation constant was observed. On
the basis of these considerations, it was concluded that one of
the most stable nitrosyl complexes of the series studied, viz. the
[Fe(edta)(NO)]2− complex for which Keq = (2.05 ± 0.15) ×
106 M−1, demonstrated a pronounced {FeIII−NO−} charge
distribution, whereas the [Fe(H2O)5(NO)]

2+ complex tended
to be more of the FeII−NO• type, although the Mössbauer
spectrum clearly favored the FeIII−NO− formulation.33

The shift in the LMCT band to higher wavelengths observed
for both ILs correlates with significantly lower complex-
formation constants found for the nitrosylation reaction in
these solvents. The lower intensity of the CT bands (see Table
1) compared to those found in aqueous medium suggests less
importance of charge transfer between the NO ligand and the
Fe center in the presented complexes. In addition, the more
intense (ε = 80 M−1 cm−1) d-d band relative to the CT band (ε
= 198 M−1 cm−1) in [emim][OTf] compared to the other
solvents32a underlines the stronger FeII−NO• character of the
iron-nitrosyl bond. Recent theoretical calculations using a
multiconfigurational CASSCF/CASPT2 approach suggest that
the nature of the Fe−NO bond in {FeNO}7 complexes can be
best understood in terms of contributions from a mixture of
FeII−NO• and FeIII−NO− resonance structures.37 Crystal
structures for some nonheme {FeNO}7 complexes show a
similar trend,38 where the more recent work reported evidence
for the presence of high-spin Fe(III) (S = 5/2) antiferromag-
netically coupled to NO− (S = 1).
The complex-formation constant at room temperature was

determined by performing a spectrophotometric titration for
the nitrosylation reaction by following the change in
absorbance (ΔAbs) at 473 nm for mixing various concen-
trations of the Fe(II) complex with NO as shown in Figure 3.
Keq was calculated according to eq 1, where A0 and A∞
represent the absorbance of the precursor complex and nitrosyl
product, respectively, and Ax is the absorbance at any Fe(II)
complex concentration. From the data in Figure 3, Keq was
found to be 420 ± 70 M−1. As shown in Table 1, this value lies
between those found in [emim][dca] and water as solvents if
we take the thermodynamically determined value for water into
account, but it is very close to the kinetically determined value
in water. This can be considered as a further indication that
water molecules participate in the formation of the coordina-
tion sphere of the iron complex upon dissolving FeCl2 in

Figure 2. Absorption spectral changes recorded for the reaction of
0.01 M Fe(II) precursor complex with NO in [emim][OTf] at room
temperature. Curves: precursor complex solution (trace a); precursor
complex solution saturated with NO (trace b).

Table 1. Comparison of the UV-Vis Data and Equilibrium
Constants of the Nitrosylated Fe(II) Complex in Different
Solvents

solvent band positiona [nm] Keq [M
−1]

water 451 (265) 585 (85) 1150 ± 50b

440 ± 110c

[emim][dca] 465 (156) 627 (35) 172 ± 20
[emim][OTf] 473 (198) 665 (80) 420 ± 70

aMolar extinction coefficients are quoted in brackets in M−1 cm−1.
bThermodynamically obtained value. cKinetically obtained value.
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[emim][OTf] as medium, thus affecting the equilibrium of the
nitrosylation reaction.

= +
−

+
∞A A

A A K

K

( ) [Fe ]

1 [Fe ]x 0
0 eq

II

eq
II

(1)

The influence of temperature (in the range 10−35 °C) and
pressure (up to 150 MPa and at 5 °C to prevent decomposition
of the nitrosyl complex) on the equilibrium was studied to
determine the standard reaction parameters for the nitro-
sylation reaction. A linear plot of ln(Keq) vs 1/T enabled the
determination of ΔH° = −6.0 ± 0.3 kJ mol−1 and ΔS° = +30 ±
1 J K−1 mol−1 from the slope and intercept, respectively,
according to eq 2. The results demonstrate that decomposition
of the nitrosyl product is favored on increasing temperature
according to an exothermic reaction for which ΔH° has a
negative value. According to eq 3, a linear fit of ln(Keq) vs
pressure allowed the determination of ΔV° = −0.8 ± 0.1 cm3

mol−1. This shows that increasing pressure favors the formation
of the nitrosyl complex, i.e., increasing temperature and
pressure have opposite effects on the coordination of NO to
the Fe(II) center in [emim][OTf].

= − Δ + Δ
°

°R K
H
T

Sln eq (2)

= − ΔK
P

RT
Vln eq

0
(3)

Our results demonstrate that temperature and pressure
variations have only a small influence on the studied
equilibrium in [emim][OTf] as solvent. The calculated
standard reaction parameters are summarized in Table 2 and
compared with the data obtained earlier in the other solvents.
In all three cases, formation of the Fe(II)-nitrosyl complex
occurs in a reversible exothermic process with similar enthalpy
values in [emim][OTf] and water.
The significantly positive value of the standard reaction

entropy in [emim][OTf] can be ascribed to the poor

stabilization of the resulting nitrosyl complex in this medium
compared to [emim][dca], where ΔS° has a large negative
value. The observed difference is likely associated with the
varying chemical nature of the iron complex in the different ILs.
In [emim][dca] the Fe center is coordinated to five dca−

ligands (see Figure 1) and thus is well incorporated in the bulk
of the solvent, leading to a decrease in entropy. In the case of
[emim][OTf], the iron center coordinates most likely only to
Cl− and water ligands and not to the IL’s anion. Therefore, the
metal complex lacks the manifold of interactions with the
solvent and the consequential stabilization present in the other
IL, hence resulting in a large positive value for ΔS°.
Subsequently we applied different spectroscopic methods

that proved to be successful in our previous attempts to
characterize the nitrosyl product, viz. IR, EPR, and Mössbauer
spectroscopy. IR spectroscopy is in general considered to be a
useful tool for the determination of the bonding mode and
oxidation state of NO in metal-NO complexes.39 According to
the literature, free NO in solution does not exhibit any
absorption bands that are readily detectable in the relevant
window of the spectrum.40 FTIR measurements of [emim]-
[OTf] solutions using a CaF2 cuvette provided better results
than those obtained by attenuated total reflection IR (ATR-IR)
spectroscopy, as was already the case in [emim][dca] as
solvent.19 Spectra of the Fe(II) solution before and after
saturation with NO were measured at room temperature and
are presented in Figure 4.

The formation of a single peak at 1804 cm−1 was clearly
observed, indicating the formation of the iron-nitrosyl complex.
This value is very similar to that found in aqueous solution; see
Table 3. In the case of water as medium, the explanation for the
electronic distribution between the iron center and the NO
ligand was based on the results gained from IR measurements

Figure 3. Change in absorbance at 473 nm for the reaction of the
Fe(II) complex with NO in [emim][OTf] as a function of the FeCl2
concentration. Experimental conditions: c(NO) = 7 mM, T = 25 °C.

Table 2. Standard Reaction Parameters for the Formation of
the Fe(II)-Nitrosyl Complex in Different Solvents

solvent [emim][OTf] [emim][dca]19 water33

ΔH° [kJ mol−1] −6.0 ± 0.3 −37 ± 1 −11 ± 2
ΔS° [J K−1 mol−1] +30 ± 1 −81 ± 4 +12 ± 6
ΔV° [cm3 mol−1] −0.8 ± 0.1 −7.5 ± 0.2 +4.8 ± 0.6

Figure 4. IR spectra of the Fe(II) (black line) and nitrosylated Fe(II)
solution (red line) in [emim][OTf] at room temperature. Exper-
imental conditions: 0.08 M Fe(II) solution saturated with NO at 298
K, v ̃ = 1804 cm−1 (m, NO).

Table 3. Comparison of the Peak Positions in the IR
Spectrum Originating from the Iron-Nitrosyl Complex in
Different Solvents

solvent water33 [emim][OTf] [emim][dca]19

position in spectrum [cm−1] 1810 1804 1767
acceptor number41 54.8 37.1 31.7
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on iron(II) polyaminecarboxylate complexes obtained before in
our group32a and supported the presence of a species formally
written as {FeIII−NO−}.
For the high-spin {FeIII−NO−} systems, the strength of the

Fe−NO and N−O bonds is strongly influenced by the effective
nuclear charge on iron.36 In such systems the nitroxyl unit
behaves as a relatively weak π-acceptor but a strong π-donor. In
a complex with an anionic set of ligands, the effective nuclear
charge on iron is decreased and lowers π-donation from the
NO− orbitals. This leads to weaker N−O and Fe−NO bonds
and thus lowers the NO stretching frequency. Displacement of
the anionic by neutral ligands increases the effective charge on
iron, which is compensated by an increased donation from the
NO− ligand. The NO stretching frequencies of 1810 cm−1 in
water and 1767 cm−1 in [emim][dca] as medium are in good
agreement with such considerations because the iron center is
coordinated only to neutral (water molecules) or anionic (dca−

and Cl−) ligands, respectively.
On the other hand, the NO stretching frequency correlates

with the solvent polarity, expressed by acceptor number (AN)
of the solvent.42 AN is a measure of the solvent’s electrophilic
properties, namely, the ability to accept electron pairs or at least
electron density.43 The acceptor numbers for a series of ionic
liquid were recently determined in our group,41 and the values
for [emim][dca], [emim][OTf], and water are included in
Table 3. Previous detailed investigations utilizing sodium
nitroprusside as a model complex revealed that the transfer of
electron density from the negatively charged ligands to the
solvent promotes the flow of electron density from the metal
center to the ligands. This, on the one hand, decreases the π-
back-bonding interaction of the Fe and nitrosyl ligand and, on
the other hand, increases π donation from the nitrosyl ligand to
Fe, resulting in an increase in the strength of the N−O bond
and a higher NO stretching frequency.42 Accordingly, the
solvent with higher AN can stabilize the N−O bond even in a
complex with an anionic set of ligands.
A similar effect may be valid in the studied IL. Although the

Fe is coordinated mostly by anionic ligands (Cl−) and thus the
NO stretching frequency should resemble the value in
[emim][dca], the AN of [emim][OTf] is higher such that
the solvent stabilizes the negative charge of the ligands and
consequently the NO stretching frequency increases.
Hence, the IR data for the iron-nitrosyl complex in

[emim][OTf] solution supplement the UV−vis data and
provide direct evidence for the coordination of NO to the
Fe(II) center. Once again, the obtained results are more similar
to those found in aqueous solution, from which we conclude
that at least a part of the coordination sphere of the iron center
is occupied by water molecules.
The X-band EPR spectrum of the nitrosylated Fe(II)

complex was measured in frozen solution at 20 K as shown
in Figure 5. The spectrum reveals at least two species present in
a frozen solution. The very asymmetric broad signal centered at
about g = 1.98 is typical for “free” NO molecules in frozen
solution. The low g value and the large width of this S = 1/2
spectrum indicate the presence of substantial spin−orbit
interaction, as expected for the NO radical. The low-field part
of the spectrum together with a signal at g = 2.04 could be
assigned to the iron-nitrosyl complex with g values of 4.05, 4.05,
and 2.04, which are typical of a spin quartet species (S = 3/2)
with dominating zero-field splitting, D ≫ hν (0.3 cm−1 at X-
band), and vanishing rhombicity, E/D = 0. These signals found
in [emim][OTf] as medium are of a much lower intensity than

those observed in [emim][dca], but are otherwise very similar
to them. Related spectra are also presented in the literature for
solutions of [Fe(edta)(NO)]44 or [(1,4,7-trimethyl-1,4,7-
triazacyclononane)-Fe(NO)(N3)2]

45 or [Fe(H2O)5NO]Cl2.
33

In general, EPR spectra of high-spin nonheme {Fe−NO}7
complexes typically show effective g values very close to g ≈ 4
and g ≈ 2, indicative of an S = 3/2 total spin.36 Hence, the
subspectrum assigned to the iron-nitrosyl product confirms the
S = 3/2 ground state of the {FeNO}7 core.
Mössbauer spectroscopy is known to be very helpful to

distinguish between oxidation and spin states of the iron center.
The zero-field Mössbauer spectra of 57FeCl2 dissolved in
[emim][OTf] containing added water to improve solubility of
the iron salt were measured in frozen solution at 77 K before
and after the reaction with NO and turned out to be very
complex. The obtained parameters and species suggested to be
present in the investigated solutions are summarized in Table 4.
The spectrum of the Fe(II) solution prior to nitrosylation

can be deconvoluted into two overlapping quadrupole doublets
with only a small (∼10%) difference in relative intensities. The
doublet with the higher intensity shows a very large isomer shift
(1.38 mm/s), typical of high-spin Fe(II) coordinated to
oxygen-donor ligands (e.g., water).46,33 The corresponding
quadrupole splitting is also large; see Table 4. On the basis of
these results, we suggest that the species is the high-spin
[Fe(H2O)6]

2+ complex, which can be formed in [emim][OTf]
solution because a considerable amount of water was added to
the ionic liquid to increase the solubility of the starting iron salt
(57FeCl2) to reach the high concentration required for the
Mössbauer experiment. The second doublet also demonstrates
a high isomer shift and quadrupole splitting, typical of high-spin
Fe(II) in a 4- to 6-fold oxygen-rich coordination environment,
containing also other ligands, e.g., chloride. Similar values are
also known from the literature.47 These results are consistent
with our initial assumptions: because triflate anions apparently
do not provide a strong enough coordination environment for
the metal center, the solubility of the iron salt is poor, until
some water is added. These water molecules, along with the
chloride ions originating from the employed salt (57FeCl2),

Figure 5. X-band EPR spectrum of the nitrosylated Fe(II) solution in
[emim][OTf]. Experimental conditions: 0.0012 M Fe(II) solution
saturated with NO at 298 K, measuring temperature 20 K, microwave
frequency 8.9858 GHz, power 1 mW, and modulation 1.0 mT at 100
kHz.
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form the coordination sphere of the iron species present in the
ionic liquid solution prior to the nitrosylation reaction.
The spectrum recorded following saturation of the Fe(II)

solution with NO can be simulated when the presence of three
different species is assumed. The one with the largest isomer
shift and quadrupole splitting still accounts for ca. 50% of the
overall relative intensity and can be assigned to the high-spin
[Fe(H2O)6]

2+ complex, which seems to be unaltered by the
presence of NO. The second species with the lower isomer shift
and quadrupole splitting resembles the high-spin Fe(II)
complex with mixed chloro and aqua ligands that was present
in the solution before the nitrosylation, although it now
accounts for ca. 20% of the overall relative intensity. The
residual 30% presents the third component that was formed
during nitrosylation as it was not present in the mixture before.
The isomer shift is again typical for a high-spin Fe(II) center in
a 4- to 6-fold coordination environment. However, this species
is very unusual due to the extremely low quadrupole splitting:
0.03 mm/s. There are only a few examples of iron-containing
species with similarly small quadrupole splitting published to
date, e.g., the Fe(III)48 or Fe(II)49,46a species with chloro and/
or aqua ligands or Fe(II) species with nitrogen ligands.50 In all
these cases, such a small value or even the lack of the
quadrupole splitting was ascribed to an ideal symmetric
coordination environment and in consequence a minimal
electric field gradient at the metal center. Adopting this
explanation to our case implies a high local symmetry around
the iron center, which more likely requires only one type of
ligand. However, if the studied species is a result of
nitrosylation, at least one of the ligands should be NO.
Apparently the nature of the nitrosylation product is more
complicated as to be deciphered only by means of Mössbauer
spectroscopy.
Effect of Added Chloride to [emim][OTf]. Our results

demonstrate that, under the selected experimental conditions,
the ionic liquid solution contains different species, which
complicates the exploration of the situation. In an effort to
simplify the matter and to increase the ratio of chloride
coordinated species, we increased the chloride content of the
solution by adding [emim]Cl at otherwise unchanged
conditions. This attempt was very successful in different
respects. This time we were able to isolate crystals of the
ferrous complex suitable for X-ray analysis.
On dissolving FeCl2 and [emim]Cl in the ratio Fe2+/Cl− =

1:7 in [emim][OTf], colorless crystals precipitated at low
temperature (4 °C) which turned out to be the
tetrachloridoferrate(II) complex with two [emim]+ cations for
charge neutralization, [emim]2[FeCl4]. The crystal structure
was resolved at 150 K; the crystal belongs to the tetragonal
system, space group I 41/a (Z = 8) (see Table 5 for further
crystallographic data).
Tetrachloridoferrate complexes of Fe(II) or Fe(III) with

large organic or organometallic cations are known from the
literature,51,52 but as far as we know there is no evidence for

such complexes obtained directly from IL media. Crystal
structures of tetrachloridometallates of transition metal ions
with dialkylimidazolium cations, e.g., [emim]2[CoCl4] and
[emim]2[NiCl4], are known.53 They were obtained to gain
more information about the structure of ambient-temperature
ILs; however, the solids were isolated not from an IL medium
but from conventional solvents. Considerable attention in
recent literature was given to ionic liquids containing
tetrachloridoferrate(III) due to their noticeable magnetic
properties.54 In addition, there are examples of FeCl3- and
FeCl2-based ionic liquids,55 obtained by mixing with [bmim]Cl
similar to the AlCl3-containing ILs,56 which at that time
resulted in growing interest in research in the field of ionic
liquids. However, these studies did not report any crystal
structures of tetrachloridoferrate(II) complexes. Furthermore,
the numerous studies in which transition metal chlorides were
placed in ionic liquids for a variety of purposes were reviewed
in 1988.57 There are investigations on the behavior of
molybdenum,58 titanium,59 copper,60 nickel, and iron61

chlorides. In all these cases, visible absorption spectroscopy
or more often electrochemical techniques were applied to
characterize the complexes.
Some examples of coordination compounds with the in

principle weakly coordinating [OTf]− anion are known from
the literature,62 but as expected no coordination to the metal
center occurs in the presence of more strongly coordinating
ligands.63 A similar situation was observed in our case: no OTf−

is present in the structure and every iron center is coordinated

Table 4. Summary of the Isomer Shifts (IS), Quadrupole Splittings (QS), and Relative Intensities of the Species Likely to Be
Present in the 57FeCl2 Solutions of [emim][OTf], before and after Nitrosylation

precursor, without NO after saturation with NO

IS, mm/s 1.38 1.19 1.40 1.15 1.13
QS, mm/s 3.40 2.60 3.44 2.70 0.03
relative intensity, % 54.7 45.3 53.4 18.5 28.1
presumable species [Fe(H2O)6]

2+ [FeClx(H2O)y]
n, x = 4, y = 1, 2 [Fe(H2O)6]

2+ [FeClx(H2O)y]
n, x = 4, y = 1, 2 Fe(II) h.s. species

Table 5. Crystallographic Data for [emim]2FeCl4 Collected
at 150 K (Estimated Standard Deviations in the Last
Significant Digits Are Given in Parentheses)

empirical formula C12H22Cl4FeN4

M [g mol −1] 419.99
system tetragonal

space group I 41/a
a [Å] α [°] 14.1040(9) 90
b [Å] β [°] 14.1040(9) 90
c [Å] γ [°] 19.239(2) 90
V [Å3] Z 3827.1(5) 8

crystal size [mm3] 0.32 × 0.21 × 0.16
ρcalcd [g cm−3] 1.458

μ(Mo Kα) [mm−1] 1.345
F(000) 1728

θ range [°] 2.89−29.50
reflections collected 41508

independent reflections, Rint 2680, 0.0398
independent reflections with I > 2σ(I) 2677

parameters refined 96
max. transmission min. transmission 0.8136 0.6729

R1[F
2 > 2σ(F)2] 0.0389
wR2(F

2) 0.1155
Goodness-of-fit on F2 1.091
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by only four chloride ions, giving the tetrachloridoferrate anion.
Furthermore, we discovered a slight disorder in the ethyl group
of the [emim]+ cation (see Figure 6), which is neglected in the
subsequent discussion because the prevailing interactions
include mainly the hydrogen atoms bound directly to the
imidazole ring.

The ions are packed in the unit cell as shown in Figure 7.
The geometry of [FeCl4]

2− is that of a slightly distorted

tetrahedron with bond angles ranging from a low of 107.81° to
a high of 110.31°. The four intramolecular Fe−Cl bond
distances of 2.32 Å are in good agreement with the values
reported for the tetramethylammonium tetrachloridoferrate(II)
complex (average value of 2.29 Å)51 and are considerably
longer than the Fe(III)−Cl distances (average value of 2.19
Å),52 as expected for the high-spin Fe(II) center. The shortest
Fe−Fe distances between the [FeCl4]

2− anions with 8.536 Å
are somewhat longer than in the case of high-spin iron(II)
bridged complexes19,64 (values from 8.119 to 8.414 Å).
In a survey of neutron diffraction data, Taylor and Kennard65

have demonstrated, using the values of 0.12 and 0.175 nm for
the van der Waals radii of hydrogen and chlorine atoms,
respectively, that a contact shorter than 0.295 nm reliably
indicates the presence of a C−H···Cl hydrogen bond. This kind
of nonclassical hydrogen bonding is a type of weak

intermolecular interaction that plays an important role in
crystal packing66 and was also found in the present structure.
The local structure around a single cation is shown in Figure 8.

All three hydrogen atoms of the imidazolium ring are involved
in significant hydrogen-bonding interactions with three differ-
ent [FeCl4]

2− anions, with the shortest contact of 2.592 Å
arising for the H(1) and somewhat longer contacts of 2.728 and
2.753 Å for the H(2) and H(3) atoms, respectively. These
values are in good agreement with those found for the similar
structures of [emim]2[MCl4], M = Co, Ni53 (2.56−2.59 Å for
H(1) and 2.63−2.84 Å for H(2,3)).
Two crystallographically distinct anions were found in the

structure, with hydrogen bonding to either H(1) protons (see
Figure 9) or H(2) and H(3) (see Figure 10) protons of the

imidazolium ring, but not to both. Nevertheless, all the chlorine
atoms of the anion are involved in a complex three-dimensional
hydrogen-bonding network. In addition, we found a hydrogen-
bonded ring structure (see Figure 11), reminiscent of that
reported elsewhere.53,67

An earlier contribution reported that, when the chlorine
atom is hydrogen bonded to a cation, the mean M−Cl bond
length is longer.53 The authors compared the bond lengths for
the tetrachloridometallate(II) complexes with the [emim]+

cation, for which they detected hydrogen-bond interaction
with the anion or with the tetramethylammonium cation, for

Figure 6. [emim]+ cation showing the disorder of the ethyl group.

Figure 7. View of the unit cell of [emim]2[ FeCl4] along the b-axis.
The a-axis is vertical, and the c-axis is horizontal. Red denotes Fe
atoms, green denotes Cl atoms, blue denotes N atoms, and gray
denotes C atoms; H atoms are omitted for the sake of clarity.

Figure 8. Local structure around a single cation in [emim]2[FeCl4].

Figure 9. Local structure around a single anion in [emim]2[FeCl4]. All
depicted Cl···HC distances are equivalent.
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which no hydrogen bonding was either claimed or expected,
and found a difference of ∼0.02 Å for both Co and Ni centers.
On comparing the Fe−Cl bond lengths in our compound
(2.315 Å) with the corresponding tetramethylammonium salt51

(2.292 Å), we noted nearly the same difference of 0.023 Å.
The described observations concerning the extensive hydro-

gen-bond interactions between the cations and the anions
demonstrate that the isolated [emim]2[FeCl4] species cannot
be described as a simple collection of ion pairs. All ring protons
and all chlorine atoms of the anions are involved in an extended
three-dimensional hydrogen-bonding network. Furthermore,
the detected Fe−Cl bond lengths are in line with the values
expected for a high-spin Fe(II) center.
In addition, we performed Mössbauer spectroscopy on the

obtained solid [emim]2[FeCl4] at 77 K; see Figure 12. The
resulting spectrum shows only one doublet with the quadrupole
splitting (2.10 mm/s) and especially the isomer shift (1.05
mm/s) typical for a tetrachloridoferrate(II) complex with a

high-spin Fe(II) center in a tetrahedral environment, well-
known from the literature.68

The structure of the metal species present in solution can
differ from the one found in the solid state, as was the case for
the iron complex studied in [emim][dca] as medium before.19

For example, additional water molecules can coordinate to the
metal center upon dissolving it in [emim][OTf]. Further
investigations are required to verify the nature of the dissolved
iron complex.
On the basis of this success, we performed zero-field

Mössbauer measurements in the frozen IL solution (77 K) with
increased chloride content and varying water concentration
before and after the nitrosylation reaction. The obtained
parameters, as well as the species likely to be present in the
investigated solutions, are summarized in Table 6.
First of all, 57FeCl2 with added [emim]Cl (Fe2+/Cl− = 1:7)

and water (Fe2+/H2O = 1:18) was dissolved in [emim][OTf],
and Mössbauer spectra were recorded. The spectrum obtained
prior to nitrosylation could be deconvoluted into two
overlapping quadrupole doublets with very similar isomer
shifts of 1.02 and 1.05 mm/s. The shifts as well as the
quadrupole splittings resemble the values found for high-spin
tetrachloridoferrate(II) complexes described above. Both
species are present in equal amounts as can be seen from the
relative intensity values. The larger quadrupole splitting for the
second compound can be explained, if we assume the formation
of a chlorido-bridged diiron complex and thus with lower local
symmetry around the metal center. The isomer shift (1.05 mm/
s) is lower than the value found for iron(II) chloride dihydrate
(FeCl2·2H2O; 1.12 mm/s).47b For this species a polymeric
structure was determined such that each metal ion is
surrounded by four in-plane chloride atoms with the two
water molecules completing a distorted trans-octahedral
arrangement. This could indicate that no water molecules
coordinate to the iron center upon dissolving it in the IL.
However, similar values were also obtained for “pure”
tetrachloridoferrate(II) complexes ([C5H7S2]2[FeCl4], 1.15
mm/s; [(CH3)4N]2[FeCl4], 1.25 mm/s; [(C2H5)4N]2[FeCl4],
1.16).69

The product spectrum can be simulated by assuming the
presence of two different species. The first one is presented by a
doublet with parameters typical for the high-spin Fe(III) center
(see Table 6), due to the presence of only weak ligands (like
H2O or Cl−) in solution.47d,48a The second component has a
very high isomer shift (1.63 mm/s) and a quadrupole splitting
close to zero. A compound with similar parameters was already
observed in the nitrosylated IL solution without additionally
added chloride ions (see Table 4). We suggested the presence

Figure 10. Local structure around a single anion in [emim]2[FeCl4].

Figure 11. Hydrogen-bonded ring structure in [emim]2[FeCl4].

Figure 12. Zero-field Mössbauer spectrum of the solid
[emim]2[FeCl4] at 77 K.
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of a high-spin Fe(II) center with high local symmetry. A
somewhat too high value of the isomer shift in the current
spectrum could originate from a deficient fit. It is, however,
remarkable that these species represent nearly 80% of the
product mixture.
Furthermore, we performed Mössbauer measurements at the

same high chloride content but in extra dried IL and without
any added water; see Figure 13. The results are also presented

in Table 6 and show a clear similarity to those found in solution
with a high water concentration. The spectrum of the frozen IL
solution before nitrosylation reveals again two doublets, which
can be ascribed to the high-spin mononuclear and chloride-
bridged tetrachloridoferrate(II) species present in nearly equal
amounts. The third component with the small isomer shift
(0.66 mm/s) and quadrupole splitting (0.63 mm/s) indicates
the presence of a small amount (8%) of a Fe(III) impurity in
the studied solution.
The spectrum of the nitrosylated solution shows again the

doublet of the high-spin (h.s.) Fe(III) center and a singlet of
the h.s. Fe(II) species present in nearly the same ratio as in the
solution with higher water content; see Figure 14. Thus, we
conclude that, if there is any influence of the varying water
content on the nature and/or composition of the species
present in the IL solution, it is not detectable with the selected
method.
On the basis of the Mössbauer results and the determined

crystal structure, we conclude that a tetrachloridoferrate(II)

complex is formed in [emim][OTf] solution with increased
chloride content (added as [emim]Cl). The proposed reaction
with NO can be expressed by the following equation:

+

⇆ +

[emim] [FeCl ] NO

[emim][FeCl NO] [emim]Cl
2 4

3 (4)

The reversibility of the nitrosylation reaction was tested
under these conditions and the equilibrium constant was
determined thermodynamically, as described above. The
estimated value is much higher than that found before in the
IL solution without added [emim]Cl (see Table 7), suggesting
that more of the nitrosyl complex is formed under such
conditions.
On the basis of the reported results, we suggest that the

product species present in the Mössbauer spectrum as a singlet
with a high isomer shift is the nitrosyl product generated in

Table 6. Comparison of the Mössbauer Parameters for Species Obtained upon Dissolving 57FeCl2 in [emim][OTf] with Added
Chloride and Varying Water Content before and after the Nitrosylation Reaction; The Proposed Iron Species Are Given for All
Ascertained Values

precursor, without NO after saturation with NO

IS 1.02 1.05 0.42 1.63 with extra H2O
QS 2.24 2.91 1.48
relative intensity, % 44 56 24 76
possible species [FeCl4]

2− [Fe2Cl6]
2− Fe(III), h.s. Fe(II), h.s.

IS 1.02 1.05 0.66 0.41 1.31 extra dry IL
QS 2.31 2.93 0.63 1.46
relative intensity, % 49 43 8 22 78
possible species [FeCl4]

2− [Fe2Cl6]
2− Fe(III) impurity Fe(III), h.s. Fe(II), h.s.

Figure 13. Zero-field Mössbauer spectra of 0.06 M 57FeCl2 in
deoxygenated extra dried [emim][OTf] (0.03 M water) with added
[emim]Cl (Fe2+/Cl− = 1:7) at 77 K (dots) fitted with three
quadrupole doublets: (blue) IS = 1.02 mm/s, QS = 2.31 mm/s
monomeric high-spin tetrachloridoferrate(II) complex; (red) IS = 1.05
mm/s, QS = 2.93 mm/schloride-bridged diiron complex; (green) IS
= 0.66 mm/s, QS = 0.63 mm/sFe(III) impurities.

Figure 14. Zero-field Mössbauer spectrum of 0.06 M 57FeCl2 in
deoxygenated extra dried [emim][OTf] (0.03 M water) with added
[emim]Cl (Fe2+/Cl− = 1:7) after the reaction with NO at 77 K (dots)
fitted with the quadrupole doublet, IS = 0.41 mm/s, QS = 1.46 mm/
sh.s. Fe(III) species, and the singlet, IS = 1.31 mm/sh.s. Fe(II)-
nitrosyl product.

Table 7. Equilibrium Constants for the Iron-Nitrosyl
Complex Formation in Different Solvents

solvent water33 [emim][OTf] [emim][dca]19

Keq [M
−1] 1150 ± 50a 420 ± 70c 172 ± 20

440 ± 110b 1010 ± 300d

aThermodynamically obtained value. bKinetically obtained value. cCl−

anions in the solution originate mainly from the used iron(II) chloride.
dCl− anions in the solution originate from the used iron(II) chloride
and the added [emim]Cl.
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[emim][OTf] as medium. First, this compound is present
under all studied conditions, i.e., varying chloride and water
concentrations; see Tables 4 and 6. Second, its fraction in the
product mixture is linked to the equilibrium constant
determined for the nitrosylation reaction under different
conditions; see Table 8. In the solution with low chloride

concentration, viz. chloride originating only from the IL itself or
from FeCl2 used as source for Fe(II), the Keq value is ∼400 M−1

and the content of the discussed iron species is ∼30%. With
increasing chloride content achieved by addition of [emim]Cl
to FeCl2 upon dissolution in [emim][OTf], the equilibrium
constant is ∼2.5 times larger as well as the content of the iron
compound.
The Mössbauer experiments do not allow us a more explicit

prediction about the structure of the discussed complex than
that the iron center possesses high local symmetry.
Furthermore, the parameters indicate that the metal center
keeps the oxidation state of +2; thus, no oxidation to Fe(III)
upon nitrosylation is observed, in contrast to the observations
in [emim][dca]19 or water33 as reaction medium. These results
are in agreement with our EPR experiments, because a spin
quartet state of S = 3/2 can also result from a FeII−NO•

complex.

■ CONCLUSIONS
The goal of this study was to investigate the binding of NO to
FeCl2 in a noncoordinating IL [emim][OTf] as reaction
medium. Because triflate is a weak donor ligand, the addition of
water and/or chloride to the IL was required to increase the
solubility of FeCl2. Preliminary studies showed that the UV−vis
product spectrum of the reversible binding of NO resembled
the spectral characteristics obtained in water and [emim][dca]
as solvents. A detailed analysis of the spectra, however, revealed
that the {Fe-NO}7 species has FeII−NO• character in contrast
to FeIII−NO− as found for the other solvents. Comparison of
the formation constants obtained in [emim][OTf] and water,
as well as the clear correlation between the water and chloride
content of the ionic liquid and the solubility of the applied
FeCl2 salt, indicated that triflate is indeed a weak donor ligand
and practically has no coordination ability in the studied
system. Therefore, other potential ligands such as chloride and
water are required to form the coordination sphere around the
Fe(II) complex and to stabilize this complex in the IL medium.
On increasing the chloride concentration of the solution by

addition of [emim]Cl, the composition of the reaction mixture
shifted from complexes containing water and/or chloride
ligands toward chloride-rich compounds. This process could be
followed by Mössbauer spectroscopy, which indicated the
presence of the tetrachloridoferrate complex in solution.

Furthermore, the structure of this species isolated directly
from the ionic liquid was verified by X-ray crystallography.
The reaction mixture following nitrosylation was also

examined by Mössbauer spectroscopy. The formed nitrosyl
product is suggested to be [FeIICl3NO]

−, which is present in
the spectrum as a singlet with a high isomer shift and appears in
the spectrum under all studied conditions. Its content in the
reaction mixture is directly linked to the complex-formation
constant. The obtained Mössbauer parameters indicate a high
local symmetry around the iron center and suggest that upon
NO binding no oxidation of Fe(II) to Fe(III) occurs, in
contrast to the other solvents studied before. EPR and IR
experiments support this proposal and reveal a spin quartet
ground state (St = 3/2) and a less negative character of
coordinated NO, respectively, compared to the other solvents
studied before.
A comparison of our present results with reactions

thoroughly studied in conventional solvents before indicates
that the nature of the complex species present in ILs strongly
depends on the applied solvent and/or additives used to modify
the solubility properties of different ILs. Especially the donor
property of the anionic component of the IL seems to play a
decisive role when dealing with transition metal ions. It follows
that, although different reactions can be successfully transferred
from conventional solvents into ILs, the potential influence of
this medium on the chemical behavior of the system has to be
verified in advance by detailed spectroscopic and mechanistic
investigations.
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Mössbauer Measurements

low Cl−

concentration
high Cl−

concentration

Keq 420 ± 70 M−1 1010 ± 300 M−1

ratio of the discussed iron
species

28% 76%

Inorganic Chemistry Article

DOI: 10.1021/acs.inorgchem.5b00595
Inorg. Chem. 2015, 54, 6763−6775

6773

mailto:rudi.vaneldik@fau.de
http://dx.doi.org/10.1021/acs.inorgchem.5b00595


(4) (a) Knochel, P. Modern Solvents in Organic Synthesis; Springer,
Berlin, 1999. (b) Adams, D. J.; Dyson, P. J.; Tavener, S. J. Chemistry in
Alternative Reaction Media; Wiley, Chichester, U.K., 2004. (c) Kerton,
F. M.; Marriott, R. Alternative Solvents for Green Chemistry, 2nd ed.;
RCS Publishing: Cambridge, U.K., 2013. (d) Kerton, F. M.; Liu, Y.;
Khaled, W.; Hawboldt, K. Green Chem. 2013, 15, 860−871.
(e) MacMillan, D. S.; Murray, J.; Sneddon, H. F.; Jamieson, C.;
Watson, A. J. B. Green Chem. 2012, 14, 3016−3019. (f) Breeden, S.
W.; Clark, J. H.; Macquarrie, D. J.; Sherwood, J. Green Solvents. In
Green Techniques for Organic Synthesis and Medicinal Chemistry; Zhang,
W., Cue, B., Eds.; John Wiley & Sons: Chichester, U.K., 2012; Chapter
9, pp 243−257.
(5) Kokorin, A., Ed. Ionic Liquids: Applications and Perspectives;
InTech: Rijeka, Croatia, 2011.
(6) Chiappe, C.; Pieraccini, D. J. Phys. Org. Chem. 2005, 18, 275−
297.
(7) (a) Anderson, J. L.; Ding, R.; Ellern, A.; Armstrong, D. W. J. Am.
Chem. Soc. 2005, 127, 593−604. (b) Kosmulski, M.; Gustafsson, J.;
Rosenholm, J. B. Thermochim. Acta 2004, 412, 47−53.
(8) Smiglak, M.; Reichert, M. W.; Holbrey, J. D.; Wilkes, J. S.; Sun,
L.; Thrasher, J. S.; Kirichenko, K.; Singh, S.; Katritzky, A. R.; Rogers,
R. D. Chem. Commun. 2006, 24, 2554−2556.
(9) (a) Earle, M. J.; Esperanca, J. M. S. S.; Gilea, M. A.; Lopes, J. N.
C.; Rebelo, L. P. N.; Magee, J. W.; Seddon, K. R.; Widegren, J. A.
Nature 2006, 439, 831−834. (b) Zaitsau, D. H.; Kabo, G. J.; Strechan,
A. A.; Paulechka, Y. U.; Tschersch, A.; Verevkin, S. P.; Heintz, A. J.
Phys. Chem. A 2006, 110, 7303−7306.
(10) Neumann, J.; Steudte, S.; Cho, C.-W.; Thöming, J.; Stolte, S.
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