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ABSTRACT
This Account describes experimental data used to understand the
structure of ionic liquids and solute–solvent interactions of both
molecular solutes and dissolved metal complexes. In general, the
structures of the ionic liquids determined from experimental data
show good agreement with both simulated structures and solid-
state structures. For all ionic liquids studied, strong charge ordering
is found leading to long-range order even in the presence of a
solute. For dissolved metal complexes, the ionic liquid is not
innocent and a clear dependence on the speciation is observed
with variations in both the cation and anion.

Introduction
The structure of liquids has been studied for many years.
Investigations have, in general, been focussed on the
arrangements in molecular solvents such as water, t-
butanol, and simple chlorinated solvents. The field of
molten salts and the structures thereof is much less
studied, and within this field, the study of the structure
of room-temperature ionic liquids is in its infancy. Interest
in ionic liquids stems from their properties (including
effectively zero vapor pressure) and the ease by which
many of these properties may be varied. This area has
been the subject of an increasing number of publications
concentrating mainly on their use for electrochemical

processes or as reaction media, and these have been
subject of a number of recent reviews.1

A variety of experimental techniques have been used
to investigate liquid structure including neutron diffrac-
tion, X-ray scattering and extended X-ray absorption fine
structure (EXAFS), and NMR spectroscopy. The impor-
tance of the elucidation of liquid structures is clear
because this gives an indication as to which interactions
are important within the phase and, therefore, which
dominate many chemical and physical properties of the
liquid, for example, solvation, density, viscosity, and
polarity. With respect to the study of molten salt/ionic
liquid structure, Enderby and co-workers were the pio-
neers and clearly demonstrated that the structure of
molten NaCl, for example, was dominated by alternating
anion and cation interactions.2 In this case, the local order
extended out to three to four anion–cation pairs and the
molten salt is a highly structured liquid. Since this time,
experimental determination of ionic media has expanded
significantly with the examination of a wide range of
single-component and two-component salts.

Neutron diffraction has been used to examine the
structure of alkali haloaluminates of the type
(MX)y(AlX3)1–y , where M is an alkali metal and X is a
halogen (Cl or Br).3 For KBr- and KCl-based systems where
y ) 0.25 and 0.33, the diffraction clearly showed good
agreement with Raman and infrared data4 in that for both
bromide and chloride salts, [Al2X7]- anions dominated the
aluminium speciation. Furthermore, strong agreement
was found between the liquid structure and crystal
structures of related materials such as K[Al2Br7]. Badyal
et al. also examined the structure of binary mixtures of
AlCl3 and NaCl and LiCl from excess to a 1:1 mixture.5 In
this case, as the mixture became more ionic, that is, with
the addition of the alkali halide, the number of Al–Cl–Al
linkages decreased resulting in the formation of [AlCl4]-

species. Importantly, this also coincided with a decrease
in the long range order within the liquid despite the
presence of a high degree of charge ordering in the system.
The structure proposed from neutron scattering was in
good agreement with the X-ray diffraction performed by
Takahashi et al.6 on 1:1 binary mixtures of AlCl3 with LiCl
and NaCl. Therein, long-range order was found in the
liquid with [AlCl4]- tetrahedra surrounding a central
[AlCl4]- anion at distances of 6.75 and 6.98 Å for LiCl and
NaCl, respectively. X-ray diffraction was also employed by
Igarashi et al.7 to examine the liquid structure of a
LiF–NaF–KF eutectic mixture. For the ion pairs Li–F, Na–F,
and K–F, the nearest neighbor coordination and distances
were almost identical to those found in the individual
melts of the component salts.

Ionic liquids have also been examined, namely, AlCl3–N-
butylpyridinium chloride,8 AlCl3/1-ethyl-3-methylimida-
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zolium chloride ([C2mim]Cl),9 HCl/1-ethyl-3-methylimi-
dazolium chloride Cl,10,11 and AlCl3/LiSCN12 mixtures. In
these cases, X-ray and neutron scattering provided infor-
mation about the specific interactions between the anions
and cations; however, little data about the long-range
correlation beyond the first coordination sphere is de-
scribed. For example, in the mixtures containing HCl and
[C2mim]Cl, first-order differences using hydrogen/deute-
rium substitution on both the imidazolium ring and the
HCl indicated the presence of [HCl2]- as an asymmetric
species. In the case of AlCl3/LiSCN liquids, the aluminium
was modeled with tetrahedral coordination by three
chlorines and an isocyanate group. This complex clearly
showed that the nitrogen coordinated (as opposed to
sulfur) forming an AlCl3NCS- species, which is consistent
with a hard base–hard acid interaction compared with the
softer sulfur donation. A symmetric tetrahedral chloride
environment was also found around the lithium. X-ray
diffraction has been used to examine the liquid structure
of binary ionic liquids of 1,3-dialkylimidazolium fluoride
with HF.13 Again, the solid state and liquid structures are
closely related with each showing the presence of the
[HF2]- anion. In contrast, Shodai et al. reported that the
structure of liquid [(CH3)4N]F·nHF (n ) 3–5) had a range
of anion structures of the form [(HF)xF]- (x ) 1–3). In this
case, structures with x ) 4 or 5 were not found in the
liquid phase although similar compositions have been
found in the solid state.14

In contrast with X-ray and neutron scattering, to date,
EXAFS has only been used to examine the structure of
high-temperature molten salts in detail. EXAFS has a
number of limitations with regard to the study of liquid
structure, in that it is restricted in the coordination shell
that can be examined but conversely can give specific
information about an X-ray absorbing center. The detailed
arrangement of atoms within coordinated complexes
contained by the molten salts can be determined. In this
respect, Crozier et al. reported the use of EXAFS to
examine the detailed manganese and bromine coordina-
tion within the structure of solid and liquid [Bu4N][MnBr3]
and [Bu4N]2[MnBr4] between room temperature and
400 K.15 In the molten state, Mn–Br bond distances of 2.46
and 2.50 Å were found for [Bu4N][MnBr3] and
[Bu4N]2[MnBr4], respectively. In addition, approximately
three bromines were found to coordinate around the
manganese in the liquid state of [Bu4N][MnBr3] compared
with six for the solid-state structure. The relationship
between molten and solid Rb2ZnCl4 with ZnCl2/RbCl has
also been studied using EXAFS.16 On melting ZnCl2, zinc
is found to have tetrahedrally coordinated chlorines and
is linked by those at corner-sharing sites in a weak
extended network. In RbCl, significant disorder in the
chloride shell around the rubidium is evident and indi-
cates considerable movement of the Rb+ and Cl- in the
molten state. In the crystal structure of Rb2ZnCl4, the
chlorine coordination number around the Rb is between
8 and 9, whereas the Zn is found in isolated [ZnCl4]2-

units. In the molten state, the EXAFS also indicates
isolated [ZnCl4]2- units with a chlorine coordination of

7.6 around the Rb. This may be compared with a chlorine
coordination of 4.8 in liquid RbCl. The EXAFS clearly
shows that the solid and liquid structures of Rb2ZnCl4 are
similar and that the melt does not rearrange into a simple
combination of the component parts. These studies
highlight the fact that although there can be good cor-
relation between the liquid- and solid-state structures for
some systems, this is not always the case.

EXAFS analysis has been shown to provide important
information concerning the ionic character of the bonding
with molten salts. Cu and Br K-edge EXAFS has been used
to study the structure of molten CuBr.17 The fact that there
was little contribution to the Cu EXAFS data of Cu–Cu
distances and only a small contribution to the Br EXAFS
data of Br–Br distances indicated that the melt contained
nearly total covalent bonding similar to that found in the
solid. Similar results have also been found for AgBr where
the liquid state showed almost complete absence of the
Ag–Ag correlation distances in the Ag EXAFS data observed
in the liquid state.

Our interest has been in understanding the relationship
between the crystal and liquid structures of representative
room-temperature ionic liquid materials. In addition, the
interactions of solutes in ionic liquids have been examined
with the ultimate goal of providing insights into the ability
of these media to control selectivity, reactivity, and
solubility of molecules and catalysts, for example.

Structures of Dimethylimidazolium Salts
A range of 1,3-dimethylimidazolium ([dmim]+) salts have
been examined using neutron diffraction as analogues for
the longer chain length derivatives.18–20 These salts are
symmetric (Figure 1) and were used in the experimental
studies in order to simplify the analysis. Although they
have higher melting points than the ionic liquids based
on asymmetric alkyl chain substitution on the ring
nitrogen atoms, they still provide useful generic informa-
tion about ionic liquids. Figure 2 shows the probability
distribution of chloride around a central imidazolium
cation in [dmim]Cl,17 determined from modeling the
neutron data using the empirical potential structural
refinement (EPSR) process based on fitting the experi-
mental data with a reverse Monte Carlo procedure.21

Strong charge ordering was found to be present in this
ionic liquid with the anions and cations alternating in the
radial distribution function in agreement with that previ-
ously reported for alkali halide molten salts. Similarly,
probability distribution functions have also been deter-
mined for the corresponding ionic liquids with hexafluo-
rophosphate([PF6]-)18andbis{(trifluoromethyl)sulfonyl}imide
([NTf2]-)19 anions as shown in Figure 2. Differences are
observed between each of the distributions as a result of

FIGURE 1. Schematic of the 1-alkyl-3-methylimidazolium structure,
where for n ) 1 the structure represents the [dmim]+ cation.
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the differing anions present. An examination of the
cation–cation contacts shows that in [dmim]Cl the cations
are separated by 5.5 Å, while for the hexafluorophosphate
and bis{(trifluoromethyl)sulfonyl}imide analogues, the
spacings are 6.3 and 7.0 Å, respectively, that is the cation
to cation contacts become larger as the size of the anion
is increased, Cl- < [PF6]- < [NTf2]-. Similarly, the
anion–cation distances are expanded with anion size: 4.2
Å (Cl-), 4.5 Å ([PF6]-), and 5.2 Å ([NTf2]-). Although in
each case charge ordering was observed, the anion–ca-
tion–anion alternating pattern is less pronounced in the
case of [dmim][NTf2] than for either the [dmim]Cl or
[dmim][PF6] liquids as shown by the almost coincident
position of the second shells of the cations and anions in
[dmim][NTf2] at ∼13 Å.

From the EPSR model, the spatial probability distribu-
tion maps of the anions and cations may be examined in
detail. These are shown for each ionic liquid in Figure 3,
where it is clear that a gradual change is observed in the
space that the anions and cations occupy. The main
observations are that progressing from chloride to hexaflu-
orophosphate to bis{(trifluoromethyl)sulfonyl}imide, the
anions interact less with the ring hydrogens and the
cations and anions start to occupy different positions.
These effects are the result of the size and charge
distribution on the anion changing. The point-charge-like
behavior decreases as the anion size increases and the
charge becomes more delocalized. This has the effect of
reducing the hydrogen bonding accepting ability of the
anion, and thus the interaction with the ring hydrogens
reduces. A further consequence of this delocalization of

the charge is that ionic bonding in the liquid becomes
softer and results in increased overlap of the anions and
cations in the radial distribution of [dmim][NTf2]. More-
over, as the anion size increases, the anions and cations
must occupy mutually exclusive positions in order to pack
most efficiently, and thus it is only in the chloride liquid
that an onion-skin structure may be achieved.

As discussed, of key interest is the relationship between
the solid-state and liquid structure. In the case of [dmim]Cl
and [dmim][PF6], a remarkable similarity between the
reported crystal structure data and the interactions found
in the liquids is found. For example, in the solid-state
structure of [dmim]Cl, hydrogen–anion contacts dominate
the interactions with each cation interacting with six
anions, which is also found in the EPSR model of the
liquid structure. In the crystal structure, the closest
distance between the cations is found to be a van der
Waals contact distance between two methyl hydrogens in
adjacent cation dimers at 2.5 Å. This is not associated with
an attractive interaction, and the anion–cation interactions
control the structure, as expected. Importantly, this is the
shortest cation–cation distance in the liquid structure. In
contrast, a correspondence between the crystal structure
and liquid structure is not found for [dmim][NTf2]. This
is most clearly shown by the differences in the conforma-
tion of the anion between the solid and liquid states. The
bis{(trifluoromethyl)sulfonyl}imide anion can adopt either
cis or trans conformers, shown in Figure 4, and occupies
the cis form in the crystal.22 A distribution of forms is
found in the liquid with the trans most predominant as
shown in Figure 5.

The [dmim][NTf2] crystal structure is unusual because
most [NTf2]--based structures show the trans form. It is
possible that the reported structure of [dmim][NTf2] is
only one of a number of polymorphs one of which may
match the liquid structure more closely. Polymorphism
has been demonstrated for a wide range of ionic liquids,

FIGURE 2. Comparison of the partial radial distribution functions for
(a) the cation–cation distribution and (b) the cation–anion distribution
for the 1,3-dimethylimidazolium chloride, hexafluorophosphate, and
bis{(trifluoromethyl)sulfonyl}imide salts derived from the EPSR model.
Each radial distribution function is calculated from the center of the
imidazolium ring, from the phosphorus atom in the case of [PF6]

–,
and from the nitrogen atom in the case of [NTf2]

-.

FIGURE 3. Probability distributions of (a) the anions and (b) the
imidazolium cations around an imidazolium cation derived from the
EPSR model for liquid [dmim]Cl, [dmim][PF6], and [dmim][NTf2]. For
anion distributions in panel a, the contour level was chosen to
enclose the top 5% of the molecules, while for the cation distributions
in panel b, the contours enclose the top 20% of molecules each in
the distance range 0–9 Å.
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for example, 1-alkyl-3-methylimidazolium tetrachloropal-
ladate(II) salts ([Cnmim]2[PdCl4], n ) 10–18)23 and short24

and long25 alkyl chain halide-based methylimidazolium
salts. In the latter, large differences are observed in the
structures on heating the salts. These changes are associ-
ated with relaxation of alkyl chain conformers in the
cation. In the long chain salts, the liquid and the solvent
crystallized structures show completely different X-ray
scattering patterns with the interlayer spacing being
approximately twice as big in the crystal; however, after
relaxation the liquid and crystal structures are similar.

Although experimental data on ionic liquid structures
is limited, a wide range of simulations have been

applied to this media originally pioneered by the
seminal work of Lynden-Bell and co-workers.26 Com-
parison of simulation data with models produced from
the neutron diffraction show good general agreement.
For example, Figure 5 shows the cis/trans distribution
of the bis{(trifluoromethyl)sulfonyl}imide anion derived
from the EPSR-determined structure from experimental
data and that derived from Lopes and Padua using a
molecular dynamics simulation combined with a mo-
lecular force field approach to obtain the potentials.27

However, some differences are commonly observed; for
example, the simulated data can show greater structur-
ing of the lobe associated with the hydrogen at the C(2)
position, whereas the experimental data shows some
propensity for anions to position themselves above and
below the plane of the imidazolium ring.

The surface structure of long and short alkyl chain
length imidazolium-based ionic liquids has also been
investigated. With use of neutron and X-ray reflectivity
measurements,28 a lamellar structure of the ionic liquids
is found. While this is expected for the long chain
materials, which form liquid crystalline phases,29 segrega-
tion for the [C4mim]+-based ionic liquids was more
surprising. The reflectivity data, as well as sum frequency
generation spectroscopy30 and surface simulations,31 for
example, are valuable in modeling the interaction of ionic
liquids with surfaces, which is vital if surface-driven
processes such as heterogeneous catalysis32 or tribological
applications33 are to be understood in detail. Interestingly,
this type of behavior has also now been found in simula-
tions where hydrocarbon-rich and ion-rich areas are
separated. Although further research needs to be per-
formed in this area, this structural representation of the
system provides important data in the control of selectivity
and activity for transformations in ionic liquids.

Solute–Solvent Interactions
A good understanding of solute–solvent interactions is
vital if a comprehensive understanding of ionic liquid
chemistry is to be obtained. This is particularly important
where differences arise between reactions performed in
ionic liquids and in molecular solvents. An illustration of
the effect of the ionic liquid has been shown by the
examination of water solvation in ionic liquids using
simulation34 and vibrational spectroscopy.35 A clear de-
pendence on the dispersion of water in ionic liquids with
respect to its concentration has been established. At low
concentration, the water is molecularly dispersed, whereas
at higher concentrations, aggregated water is also present.
In contrast, in mixtures of water in alcohols, for example,
the liquid phase separates on a microscopic scale to form
hydrophobic regions and hydrophilic regions.36 This
detailed description has provided an explanation as to why
some “wet” ionic liquids can stabilize hydrolytically
unstable solutes.37

Molecular Solutes. Few experimentally determined
detailed structures of solute–ionic liquid structures have
been reported to date. In most cases, the solvent interac-

FIGURE 4. Models showing (a) the trans and (b) the cis conforma-
tion of the bis{(trifluoromethyl)sulfonyl}imide anion.

FIGURE 5. Comparison of the distribution of the CF3 · · · CF3 distances
as a function of the number of anions in liquid [dmim][NTf2] derived
from the EPSR model, shown as bars, with that derived from the
molecular force field method developed by Lopes and Padua,27

shown as a solid line.

Structure and Solvation in Ionic Liquids Hardacre et al.

VOL. 40, NO. 11, 2007 / ACCOUNTS OF CHEMICAL RESEARCH 1149



tion with the solute has been examined rather than the
effect of the solute on the extended structure of the
solvent. The latter has been probed using neutron scat-
tering for mixtures of benzene with [dmim][PF6].38 As
expected, the addition of the solute expands the ion–ion
structure; however, more surprisingly, the long-range
charge ordering in the system is still present. This is a
consequence of the distinct ordering of the ions around
the benzene. Figure 6 shows the spatial distribution of
[PF6]- anions and [dmim]+ cations around a benzene
molecule derived from the EPSR simulation. Figure 6a,c
represent the spatial distribution of the ions in the first
coordination shell around a central benzene molecule. In
this first shell, the anions are found in the plane of the
benzene ring interacting with the slightly positively charged
ring hydrogens, whereas the cations are found above and
below the aromatic ring interacting with the electron-rich
π-system. In the second coordination shell, shown in
Figure 6b,d for the cation and anion, respectively, the
positions of the ions reverse with the anions above and
below the ring and the cations in the plane of the ring.
This is due to the cation–anion charge ordering forming
the alternating charge-ordered structure found in the pure
ionic liquid. Molecular dynamics simulations of this
system have also been examined by Lynden-Bell and co-
workers.39 Similar distributions were found around the
benzene molecule. Moreover, for the higher order shells,
alternating cation–anion layers are still observed. As found
with other comparisons of theory and experiment, some
differences are observed, and these relate to the changes
in structure with benzene concentration. In the simula-

tions, the same structure was observed irrespective of
whether one benzene, 33 mol % benzene, or 67 mol %
benzene was present in the simulation box. In contrast,
the EPSR model of the neutron data only showed clearly
defined distributions for the cations/anions where the
ion–ion interactions were minimized, that is, in benzene-
rich samples.

As with the pure solvents, it is informative to compare
crystal structures with the liquid structure where ap-
propriate. A crystal structure has been obtained for
[dmim][PF6]·0.5C6H6, which shows clathrate behavior with
the benzene molecules occupying channels in the salt
crystal.40 A comparison of the structure of the solid for
the benzene incorporated and pure salt material shows
that there is a huge reorganization of the cations, and this
is clear from the liquid structure in the cation spatial
distribution pattern. Furthermore, as found in the molten
state of the benzene with [dmim][PF6], short contacts are
also found between the cation hydrogens and the benzene
hydrogens in the crystal structure dominated by the
methyl hydrogen contacts. Despite these similarities
between the liquid and solid-state structures, the correla-
tion between the phases is weak in comparison with that
found for the pure salt and is likely to reflect the increased
complexity of the system. Lachwa et al. have also
been able to relate inclusion compounds in
[C2mim][NTf2]–benzene mixtures to their phase behavior
and postulate at least three different structures present
in the liquid dependant on the solute concentration.41

This shows the importance of the relative ratio of ion–ion,
ion–solute, and solute–solute interactions as discussed in
the case of [dmim][PF6] and benzene.37

As well as benzene, glucose has been examined in
[dmim]Cl.42 This is of particular interest due to the
discovery that cellulose dissolved in the IL 1-methyl-3-
butylimidazolium chloride at high concentrations.43 The
subsequent ionic liquid process allows facile material
manufacture of cellulosic products and the possible
replacement of the solvents traditionally employed, which
have high environmental impact. In this case, neutron
scattering experiments were used to validate molecular
dynamics simulations, which provided a detailed picture
of the glucose–ionic liquid interaction used as an analogue
for the practical system.

Figure 7 illustrates the probability distribution of
chloride ions around a glucose molecule from a molecular
dynamics simulation of 96 [dmim]Cl ion pairs and a single
glucose molecule. The chlorides, shown in red, are found
to hydrogen bond to the hydroxyls in the glucose, denoted
O1, O2, O3, O4, and O6. In contrast, the cations are only
found to bind weakly to the solute, and thus the anion
interaction is of primary importance in the solubilization
of the solute. On average, the number of hydrogen bonds
to the glucose is more than the coordination number of
anions around the solute within a radius of 6.0 Å. Using
a chronological map of H-bonds between specific chloride
anions and glucose hydroxyl groups, one can determine
the number of hydrogen bonds involving the glucose
molecule and average coordination number. Taking the

FIGURE 6. Probability distribution of (a, b) the imidazolium cation
and (c, d) the hexafluorophosphate anion around a benzene molecule
derived from the EPSR model in a mixture containing 1:2 [dmim][PF6]/
benzene. For distributions a and c, the contour level was chosen to
enclose the top 5% of the ions in the distance range 0–8 Å, while
for distributions b and d, the contours enclose the top 25% of ions
in the distance range 0–12 Å.
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definition that only Cl · · · O distances <3.5 Å and Cl · · · H–O
angle >150.0° constitute hydrogen bonds, on average 4.39
hydrogen bonds are formed compared with 3.86 anions
in the first shell. The consequence of this is that some of
the hydroxyls must be bridge bound to anions as shown
in Figure 8 for a 3:5 chloride/hydroxyl ratio. Overall, the
most common configuration is a 4:5 chloride/hydroxyl
ratio where only one anion “bridges” two hydroxyl groups.
These simulations were performed using a single solute
molecule in 96 [dmim]Cl ion pairs. However, the poten-
tials used are consistent with the neutron scattering data.
This is shown by the excellent agreement between ex-
perimental and simulated curves in terms of peak position
and the overall shape of the data in Figure 9 for a much
higher concentration of glucose, namely, a 1:5 glucose/
solvent mixture. Preliminary analysis of this data shows
that the effect of the increased glucose concentration has

variable influence on the ionic liquid structure. The
immediate cation–anion interaction remains largely unaf-
fected by the inclusion of the glucose in the system. Small
differences in the second anion shell in the radial distri-
bution function are observed with this peak decreasing
in intensity due to the presence of the glucose interrupting
the alternating cation–anion structure of the ionic liquid.
A similar decrease is also found in the intensity of the first
peak in the anion–anion radial distribution function
compared with that of the pure ionic liquid.

For this system, although there are no crystallographic
data available, NMR has been used to examine the local
interactions between glucose and [C4mim]Cl.44 In agree-
ment with the simulation, the cations do not interact
strongly with the solute, and the main interaction is with
the anion. Remsing et al. used the variation of 35/37Cl NMR
line broadening as a function of the glucose concentration
to estimate the coordination number of the anions. A
significant difference between the simulation, and the
NMR data is found with the latter showing a 1:1 correla-
tion of hydroxyls with anions compared with a calculated
value of ∼5:4. It has been suggested that this difference
may be associated with the determination of a coordina-
tion number compared with the number of hydrogen
bonds. The NMR data is not sensitive enough to distin-
guish between two OH groups hydrogen bonding to two
separate chlorides and two OH groups bound to the same
chloride and thus overestimates the coordination number.

In both studies, the importance of anion–solute inter-
actions has been clearly shown by theory and spectros-
copy for a range of solutes. Due to the large number of
atoms in most ionic liquids and the fact that neutron
scattering relies on the contrast between samples with
isotopically exchanged atoms, in particular, hydrogen/
deuterium, to provide a number of scattering profiles that
may be fitted and analyzed, the number of systems that
can be studied practically is limited. Currently, to enable
a difference to be observed between samples, 2–3% of the

FIGURE 7. Two views, (a) top face of molecule and (b) looking down
onto the ring oxygen, of the three-dimensional spatial distribution of
chloride anions around the glucose molecule in the chair conforma-
tion. The distribution was calculated in the local frame of the glucose
and drawn at five times the bulk density from the molecular dynamics
simulation of a single glucose molecule in 96 [dmim]Cl ion pairs.
Reprinted with permission from ref 42. Copyright 2006 Wiley-VCH.

FIGURE 8. Probability distribution of chloride around glucose
showing the structure associated with a 3:5 chloride/hydroxyl ratio
calculated in the local frame of the glucose and drawn at five times
the bulk density from the molecular dynamics simulation of a single
glucose molecule in 96 [dmim]Cl ion pairs. Reprinted with permission
from ref 42. Copyright 2006 Wiley-VCH.

FIGURE 9. Total structure factors from a 1:5 glucose/[dmim]Cl
solution as measured by small-angle neutron scattering (black), the
fit to data from the empirical potential structure refinement procedure
(red), and the calculated curve from molecular dynamics simulations
(blue). Reprinted with permission from ref 42. Copyright 2006 Wiley-
VCH.
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total number of atoms in a sample must be H–D ex-
changed, for example. If the purpose of the experiment is
to investigate the solute–solvent interaction, the exchange-
able atoms should also be on the solute. Obviously, the
contrast is greatest where the difference in neutron
scattering length between the isotopes is greatest, and
hence, H–D exchange is most commonly used. X-ray
scattering patterns may also be used to supplement the
data and will provide useful information regarding heavy
solutes. Therefore, the neutron scattering is limited to
samples where high mole fractions of solutes are possible
and that can undergo isotopic exchange where the dif-
ference in the neutron scattering length is high. Clearly,
if the solute causes a large change in the ionic liquid
structure this can be probed without the need to use
isotopically exchanged solutes.

Dissolved Metal Complexes. EXAFS has been exten-
sively employed to examine the structure of metal
complexes in both first and second generation ionic
liquids both in situ during reactions and ex situ.45 Dent
et al. were among the first to employ the technique to
study the dissolution of [C2mim][MCl4] in
[C2mim]Cl–AlCl3 binary mixtures, for M ) Mn, Co, and
Ni, as a function of AlCl3 mole fractions.46 Importantly,
this study showed the noninnocent nature of the ionic
liquid on the dissolved species for the first time.
Therein, the coordination of Ni, Co, and Mn was found
to change from [MCl4]2- to [M(AlCl3)4]- as the mole
fraction of AlCl3 increased.

Our interest has been to examine the speciation of
complexes during and following reaction using EXAFS.
For example, the catalytically active species formed
during the Ni-catalyzed dimerization of but-1-ene in a
range of chloroaluminate ionic liquids has been studied
in detail.47 In situ Ni K-edge data was taken for
NiCl2(PiPr3)2 and [Ni(MeCN)6][BF4]2 in basic and acidic
chloroaluminate ionic liquids using mixtures of AlCl3

and [C2mim]Cl in the absence and presence of ethyla-
luminium chloride and correlated with the reaction
kinetics. Irrespective of the system examined here,
[Ni[AlCl4]3]- was found in all the solutions that showed
high activity over extended reaction times. Deactivation
of the catalysts over time was attributable to the gradual
transformation to an inactive tetrachloronickel species
or by reduction to metallic nickel.

The Heck reaction catalyzed by palladium salts and
complexes in room-temperature ionic liquids has also
been examined in detail using in situ EXAFS.46,48 In this
case, the importance of correlating the structural data
with the reaction kinetics was clearly illustrated. For
example, on dissolution of palladium acetate in non-
halide-based ionic liquids formation of ∼1 nm pal-
ladium nanoparticles, which showed good activity, was
observed, as shown by the pseudo-radial distribution
functions in Figure 10. In constrast dissolution in
chloride-based ionic liquids resulted in the formation
of [PdCl4]2- in general, as shown for the ionic
liquid 1-hexyl-2,3-dimethyl imidazolium chloride

([C6mmim]Cl) in Figure 10c. In this ionic liquid, the C(2)
position is capped by a methyl group; however, in
1-hexyl-3-dimethyl imidazolium chloride ([C6mim]Cl),
this position is occupied by an acidic hydrogen, which
can be abstracted by the base present in the Heck
reaction and results in the the formation of a bis-
carbene palladium complex. The Heck reaction in the
chloride-based ionic liquids showed poor reactivity but
in the presence of the reagents did gradually form
palladium metal, and at this point, the reaction was
initiated. The correlation between the induction period
and the nanoparticle formation was strong, and al-
though the metal may not be the active site for the
catalysis,49 the presence of Pd(0) is clearly important.
Carbene complexes have also been identified by EXAFS
in the Suzuki reaction catalyzed by [NiCl4]2--based ionic
liquids.50 Interestingly, in this case, Zhong et al. showed
that pretreatment with base prior to reaction to form
the carbene complex improved the reaction.

EXAFS has also been invaluable in understanding
speciation of actinides and lanthanides in ionic liquids.51

For example, in the extraction of heavy metals from
aqueous streams using ionic liquids, the mechanism of
the separation has been examined in detail.52 EXAFS has
been used to understand the coordination of uranium
using extractants such as carbamoylphosphine oxide
(CMPO) and tri(n-butyl)phosphate. In [C4mim][PF6] or
[C8mim][NTf2] as the extracting solvent, two uranium
species are formed both containing uranyl oxygens with
either 4–4.5 equatorial oxygens or the formation of
[UO2(NO3)(CMPO)]+. In contrast, in dodecane complexes
with six equatorial oxygens due to the coordination of two
monodentate CMPO molecules (PdO bound) and two
bidentate nitrate anions were observed. The difference
was attributed to the coordination of water. From the data,
a mechanism whereby ionic liquid cation exchange with
ions in the aqueous phase was proposed. From EXAFS
studies, an analogous mechanism was also proposed for
the extraction of Sr2+(aq) using ionic liquids using cis-

FIGURE 10. Comparison of the experimental (solid line) and fitted
(dashed line) pseudo-radial distribution functions from palladium
acetate dissolved in (a) [C4mim][PF6], (b) [C6mmim]Cl, and (c)
[C6mim]Cl at 80 °C.
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syn-cis-dicyclohexyl-18-crown-6 as the ligand.53 In both
cases, irrespective of the hydrophobicity of the ionic liquid
used, significant dissolution of the ionic liquid in the
aqueous phase was found.

The speciation of uranium in the electrochemical repro-
cessing of nucelar fuel has been studied using UV–vis
combined with EXAFS. Following anodization of uranium
metal in [C2mim]Cl, the U LIII-edge EXAFS showed a mixture
of uranium(IV) and uranium(VI) oxidation states corre-
sponding to a 1:1 mixture of [UCl6]2- and [UO2Cl4]2-

species.54 The presence of the high oxidation states was
unexpected and was attributed to the presence of water in
the ionic liquid. More complex speciation was observed
following the oxidative dissolution of uranium(IV) oxide in
[C4mim][NO3] using concentrated nitric acid as the oxidizing
agent.55 Therein, a dinuclear dioxouranium(VI) salt contain-
ing a bridging oxalate ligand, 1-butyl-3-methylimidazolium
µ4-(O,O,O ′ ,O ′ -ethane-1,2-dioato)-bis{bis(nitrato-
O′,O)dioxouranate(VI)} ([C4mim]2[{UO2(NO3)2}2(µ-C2O4)]), as
well as UO2(NO3)2·6H2O are formed in 15:85 mononuclear
nitrate/dinuclear oxalate dimer molar ratio in solution.

It should be noted that although the solvation of metal
complexes in ionic liquids has been investigated by a
number of groups, further research is needed in order to
understand the properties of these systems in, for ex-
ample, catalysis and electrochemistry. This is particularly
true in third generation ionic liquids where few studies
have been reported.

Summary
Our understanding of ionic liquid systems both in terms
of the structure of the liquid and ionic liquid–solute
interaction is becoming more established. Clear charge
ordering is found in the ionic liquids; however, as ex-
pected, with increased delocalization of the charge in the
anion the ionic bonding becomes softer, which results in
increasing overlap of the anion/cation coordination shells.
In the presence of benzene, the long-range order found
in the pure solvent still exists, and the anions and cations
initially solvating the molecule in the plane of the benzene
and above and below the ring, respectively. For glucose,
strong hydrogen bonding between the hydroxyl groups
and chloride is observed, which is thought to be the reason
the chloride-based ionic liquids are able to dissolve
cellulose efficiently. In this case, bridging chloride anions
are present in the predominant structure resulting in the
4:5 chloride/hydroxyl ratio being most prevalent. Solvation
of metal-containing species in first and second generation
ionic liquids shows a wide range of structures and EXAFS
has been instrumental in understanding the structure-
–activity relationships in both catalytic and extractive
systems. For example, in the Heck reaction, the reaction
was only found to be efficiently catalyzed in the presence
of palladium nanoparticles. Therein the growth of the
particles directly correlated with the rate of reaction. In
the presence of chloride, the palladium was stabilized as
either [PdCl4]2- or a bis-carbene complex, which pre-
vented nanoparticle growth and resulted in low activity

for the Heck coupling process. However, despite the
insight gained from these studies, the number of experi-
mental reports is still relatively low compared with
theoretical studies. Although there is still a lack of
experimentally determined data available that may be
compared with the simulations, where it exists, there
appears to be good agreement between the theory and
experiment.
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