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On the Solid, Liquid and Solution Structural Organization of Imidazolium Ionic Liquids
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Sais derivados do cdtion 1,3-dialquilimidazdlio sdo uma das mais populares e investigadas
classes de liquidos idnicos a temperatura ambiente. Embora, em vérios casos, suas propriedades
fisico-quimicas e/ou o resultado dos processos que ocorrem nesses liquidos diferem significantemente
daqueles obtidos em solventes organicos dipolares, estes ainda podem ser descritos como simples
solventes organicos. Nesta revisao, serd introduzido o conceito que liquidos idnicos derivados do
cation 1,3-dialquilimidazdlio sdo mais convenientemente descritos como estruturas poliméricas
supramoleculares do tipo {[(DAD) (X) )™ [(DAD_ (X))]"}, onde DAI representa o cation 1,3-
dialquilimidaz6lio e X o anion. Este padrio estrutural € observado geralmente em sélidos e mantido
em grande extensdo no estado liquido e mesmo em fase gasosa. A introdugio de outras moléculas ou
macromoléculas no liquido idnico provoca a perturbacéo da rede de liga¢des de hidrogénios podendo
gerar, em alguns casos, nano-estruturas com regides polares e apolares onde compostos de inclusdo
podem ser formados.

1,3-dialkyl imidazolium salts are one of the most popular and investigated classes of room
temperature ionic liquids. Although in various cases the physical-chemical properties and/or the
outcome of the processes in these liquids significantly differ from those performed in “classical”
dipolar organic solvents, they are still regarded as merely homogeneous solvents. In this brief
overview it is developed the concept that pure 1,3-dialkylimidazolium ionic liquids are better described
as hydrogen-bonded polymeric supramolecules of the type {[(DAI) (X) )I™ [(DAD)_ (X))I"},
where DAl is the 1,3-dialkylimidazolium cation and X the anion. This structural pattern is a general
trend for the solid phase and is maintained to a great extent in the liquid phase and even in the gas
phase. The introduction of other molecules and macromolecules occurs with a disruption of the
hydrogen bond network and in some cases can generate nano-structures with polar and non-polar
regions where inclusion-type compounds can be formed.

Keywords: ionic liquids; molten salts, supramolecules, nano-materials, solvents, clusters

1. Introduction

Soon after the first reports on the syntheses and
applications in organometallic catalysis of the air stable
room temperature ionic liquids (RTILs) 1-n-butyl-3-
methylimidazolium tetrafluoroborate (BMI.BF,),
hexafluorophosphate (BMIL.PF,) and their analogues' in
the middle of the 1990s a renaissance of the rich chemistry
of molten salts? has begun and continues to flourish. 1,3-
Dialkylimidazolium cations associated with relatively
weak coordinating anions such as tetrafluoroborate,
hexafluorophosphate, trifluoromethane sulfonate, etc.
(Figure 1) are compounds with unique physical-chemical
properties: they are liquids over a large range of
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temperatures (down to —80 °C), posses high thermal and
chemical stability, large electrochemical window (up 7V),
high density, relatively low viscosity and negligible vapor
pressure (Table 1).?

X= BF,4, BMIL.BF,

NCON X= PFg, BMI.PFg
npy” N
BU X= CF3S0;, BMI.CF3S0;4
X X= NTf,, BMI.NTH,

Figure 1. Examples of 1,3-dialkylimidazolium ionic liquids.

The physical-chemical properties of these materials
can, in principle, be finely tuned by varying the N-
alkylimidazolium substituents and/or the anion (Table 1).
Most of the imidazolium ionic liquids are now
commercially available from several suppliers and their
synthesis is part of classical organic syntheses.*
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These materials are very popular and enjoy a plethora
of applications in various domains of physical sciences.
For example, they are used as “solvents” for organic,
organometallic syntheses and catalysis,’ as electrolytes in
electrochemistry, in fuel® and solar cells,” as lubricants,® as
a stationary phase for chromatography,’ as matrices for
mass spectrometry,'® supports for the immobilization of
enzymes,!! in separation technologies,!? as liquid
crystals,' templates for the synthesis of mesoporous,'
nano-materials'® and ordered films,'® materials for
embalming and tissue preservation,'” etc. Not surprisingly
an impressive number of specialized reviews® and books'®
have recently appeared dealing with their synthesis,
physical-chemical properties and applications. Moreover,
significant and indispensable theoretical works have been
recently performed in order to rationalize their structure
and physical-chemical properties.'® In the vast majority of
these studies imidazolium ionic liquids are regarded as
merely homogeneous “solvents” and their properties as
generally compared with those of classical “polar” organic
solvents. In this respect, several attempts have been made
in order to apply the classical parameters generally
employed for the description of molecular solvents such
as “polarity” (dielectric constant) and coordinating
properties for ionic liquids have met little success. However,
in many instances, the outcome of the reactions or physical
properties studied in these liquids strongly differs from
those performed or investigated in “classical” organic
solvents.

This brief overview will concentrate on the
development of the concept that “pure” imidazolium ionic
liquids can be described as polymeric hydrogen-bonded
supramolecules (highly ordered hydrogen bonded
materials) and in some cases when mixed with other
molecules they should be better regarded as nano-
structured materials with polar and non-polar regions rather
than homogeneous solvents. Nano-structured material can
be defined as materials with atoms arranged in nanosized
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clusters, which become the constituent grains or building
blocks of the material.”

2. Structural Organization in Solid Phase

Tonic liquids can be defined as electrolytes composed
entirely of ions that are liquid at temperatures close to
room temperature. Although most used and preferred ionic
liquids are those that are liquid at room temperature (Figure
1) detailed structural features are easily accessible by
looking at those that crystallize and that have their crystal
structure determined. A simple comparison of these data
can yield important information about the structural
features of the same material in the liquid phase. An over
view in the X-ray studies reported in the last years on the
structure of 1,3-dialkylimidazoilum salts? reveals a typical
trend: they form in the solid state an extended network of
cations and anions connected together by hydrogen bonds.
The monomeric unit is always constituted of one
imidazolium cation surrounded by at least three anions
and in turn each anion is surrounded by at least three
imidazolium cations (Figure 2). The strongest hydrogen
bond always involves the most acidic H2 of the
imidazolium cation (pK =23.0 for the 1,3-dimethyl
imidazolium cation)?’ followed by the other two
hydrogens (H4 and HS5) of the imidazolium nucleus and/
or the hydrogens of the N-alkyl radicals (H6, H7 and HS,
Table 2). These bonds possess properties of weak to
moderate hydrogen bonds — they are mostly electrostatic
in nature - (H-X bond lengths > 2.210%; C-HX bond
angles between 100°-180°).%

Although the number of anions that surround the cation
(and vice-versa) can change depending upon the anion
size and type of the N-alkyl imidazolium substituents, the
structural trend of one imidazolium hydrogen bonded to
at least three anions and one anion hydrogen bonded to at
least three cations is a general trend in imidazolium salts
(for examples see Table 2).

Table 1. Selected physical chemical data of some 1-alkyl-3-methylimidazolium based ionic liquids

R X Tg* (°C) Tm® (°C) Tde (°C) 7 (mPa s)¢ d (g.cm?)* o (mScm™)* Ref.
Et BF, -92 13 447 37 1.28 14 20
"Pr BF, -88 -17 435 103 1.24 5.9 20
"Bu BF, -85 none 435 180 (233) 1.21 3.5 (8.6) 3,20
"Bu PF, -61 10 — 219 (312) 1.37 1.6 (6.5) 3, 21
"Bu AlCI, -88 none — (294) 1.23 (24.1) 22
"Bu CF,SO, — 16 — 90 1.22 3.7 lc
"Bu N(Tf), — -4 >400 69 1.43 3.9 lc, 23
"Bu CF,CO, -30 none — 73 1.21 3.2 lc
Ethylene glycol none -13 196¢ 21 1.11 — 24

¢ Glass transition temperature, ® Melting point, ¢ Decomposition temperature, ¢ Viscosity at 25 °C and in parenthesis at 30 °C, ¢ Density at 25 °C,

f Conductivity at 25°C and in parenthesis at 60 °C, ¢ boiling point.
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Note that even in the case B(Ar), anions the network is
formed through relatively strong C-H- hydrogen bonds.”
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Figure 2. Two-dimensional simplified solid-state model of the poly-
meric supramolecular structure of 1,3-dialkyl imidazolium ionic
liquids showing the hydrogen bonds between the imidazolium
cation(C) and the anions (A) (one cation is surrounded by three
anions and vice-versa).
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In the case of the octahedral PF, anion the equatorial F
atoms participate preferentially in hydrogen bonding
network and in the case of the tetrahedral BF, anion only
three of the F atoms are usually involved in the linkage.

The three dimensional arrangement of the imidazolium
ionic liquids are generally formed trough chains of the
imidazolium rings (Figure 3). In some cases there are
typical -7t stacking interactions among the imidazolium
rings and in the case of 1-alkyl-3-methylimidazolium salts
arelatively weak C-H 7 interactions via the methyl group
and the imidazolium ring-sr system can be also found. This
molecular arrangement can generate channels in which
the spherical anions are accommodated as chains. This
structural pattern depends on the anion geometry and the
internal arrangements along the imidazolium columns vary
with the type of the N-alkyl substituents. Of note that other
effects than 7-7 stacking, such as the entropy effect and
electrostatic interactions may not favorable the formation
of structures of the type shown in Figure 3.

Therefore, it can be proposed that the best
representation for the imidazolium salts in the solid phase

Table 2. Sclected structural data for Imidazolium H bonded with various anions (H bond distances in A and bond angles in °). Only the anions
that have significant interactions® with H of the imidazolium ring are shown

X2, 3
\H47_<H5’ !
R\/NON H7
Y \l/\RZ
H6 2 H8
\'X1
R! R X He-X! H-X? Ho-X? HI-X? Ho-X! HE-X! Ref.
H Me 1 (@ 3.38 3.60 3.47 30
H "Pr i (ch 2517 2.882 2.995 2.760
157.5 122.2 139.0 147.5 31, 32
H "Pr F (F) 1.965 2312 2.067 2.745
160.2 139.3 174.9 135.8 33
H Me Br (Br) 2.775 2.886 2.967 2.996 3.201
150.3 164.0 152.6 137.6 151.2 34
H Me 1 2.928 3.132 3.169 3.169 3.133
143.9 164.5 155.8 150.0 155.7 34
H "Pr Ar (BPh,)  2.349 2.779 2.654
148.7 155.8 134.3 60
H Me F (PE,) 2.559 2.690 2.644
128.8 132.8 119.2 35
Me "Dod. F (PF,) 2.578 2.504 2.587 2.402 2.592 2.699
103.1 163.4 139.8 164.9 114.4 138.7 36
PhMe PhMe 1@ 2.546 2.698 2.899 2.556
161.7 164.3 143.7 165.8 37
PhMe Ph,Me F (BF,) 2.267 2.548 2561 2514 2613
146.1 128.6 115.9 137.5 134.2 55
PhMe PhMe F (PF,) 2.203 2.525 2.536
153.5 151.0 124.3 55

@« The sum of van der Waals radii for H/F; H/Cl; H/Br and H/I are: 2.67; 3.09; 3.48 and 3.86 A, respectively; ® C-X bond distance.
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Figure 3. A schematic view of the arrangements of imidazolium
cations showing the channels in which the spherical anions (A) are
accommodated.

is: [(DAT) (X), _)I™ [(DAT)_ (X) )]".where DAI is the 1,3-

X-n

dlalkyhmldazollum cation and X is the anion.

3. Structural Organization in Liquid and Gas
Phase

Is this structural feature maintained in the liquid phase?
Several indications indicate that indeed 1,3-
dialkylimidazolium possess analogous structural patterns
in both the solid and liquid phase and to some extent even
in the gas phase. Note that although significant randomness
in organization is necessary to describe the structure of a
liquid, in most of the cases there is only 10-15% volume
expansion on going from the crystalline to the liquid state
and the ion-ion or atom-atom distances are similar in both,
the solid in liquid states. Furthermore, while long-range
order is lost on going from the crystal to the liquid,
similarities remain as a consequence of the Coulombic
forces between cations and anions of the imidazolium ionic
liquids.®® Tt is clear that the long-range Coulomb
interactions in ionic organic liquids can lead to longer
spatial correlations than those in comparable van der Waals
organic liquids.*

The IR spectra of these materials in both the solid and
liquid phase are almost identical and show the
characteristic C-H~X hydrogen bonding bands* in the
region 3100-3200 cm™ pertaining to the interaction of
H2, H4 HS5 of the imidazolium cations with the anions
(Figure 4).

The hydrogen bonding system between the cation and
anion has been also evidenced by NMR studies of pure
liquid organo-aluminate imidazolium molten salts. The
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Figure 4. Infrared spectra of some 1-n-butyl-3-methylimidazolium
ionic liquids showing the C-H...F stretching frequencies (3100-
3200 cm™).

imidazolium H chemical shifts change with the
concentration of AICI, (Lewis acidity of the liquid).*
Moreover, H/H-NOESY experiments indicate the existence
of spin diffusion in 1,3-dialkyimidazolium ionic liquids.*

Recoil Spectrometry experiments with liquid BMLPF,
indicated that bulk stoichiometry is conserved at the
surfaces (the surface is neither enriched with the cation
nor with the anion). The N-imidazolium atoms and alkyl
side chains are deeper in the surface and the average
orientation of the cation is with the plane of the ring in the
vertical position.*?

However, one of the strongest evidences has been
recently obtained through the structural investigation of
1,3-dimethylimidazoliumchloride (DMI.CI) and its
hexafluorophosphate analogue (DMI.PF,) by neutron
diffraction analysis in both the solid and liquid phase.
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The model derived from the obtained data using Empirical
Potential Structure Refinement indicated that significant
charge ordering is present in the liquid phase and that the
local order in these liquids resembles those found in the
solid phase.* Similar observations have been obtained
from various X-ray and neutron scattering studies of solid
and liquid NaCl, i.e, the structural organization observed
in the crystal exists in the liquid phase.*

Moreover, the Raman spectra* of crystalline and liquid
state of BMI.CI are quite similar indicating the three-
dimensional structure found in the solid state’? is
maintained in the liquid phase. Optical heterodyne-
detected optical Kerr effect (OHD-OKE) experiments used
to study the orientational dynamics of 1-ethyl-3-
methylimidazolium nitrate indicated that the nature of the
interactions in this ionic liquid is very different to those
occurring in van der Waals organic liquids. These
intermolecular interactions are stronger than those in the
van der Waals liquids and in liquid crystals.®

This structural pattern is even maintained in the gas
phase and evidence for the clustering — supramolecules
formed through association of the 1,3-dialkylimidazolium
cation with the anions — has been obtained by mass
spectrometry experiments. Clusters of the type
[(DAD,(AICI)]* (DAI= 1,3-dialkylimidazolium cation)
have been observed in organo-aluminate molten salts under
conditions of fast atom bombardment mass spectrometry
(FAB-MS).”” Moreover, electron spray mass spectrometry
experiments in both positive and negative modes (ESI(+)
and ESI(-)) of various 1,3-dialkylimidazolium cations
associated with different anions show also the formation
of supramolecular structures of the type [(DAI) (X) )I™
[(DAD) _ (X))]"(x, n=1, 2, 3, ... and x>n). In the case of
BMI.BF, (dissolved in acetonitrile and then transferred to

B.? 3% i
1+ .
[(BMD)2(BF4)31"
Sa46
313 °
[ ]
e |z.|s
444
766
145 ¢
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24+ HH HH S 1{HH) 1234 Ly

Figure 5. ESI-(-) mass spectrum of BMLBF, from an acetonitrile solution. Note the series of singly negatively charged gaseous [(BMI) (BF4)
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the gas phase) the series of a single-charged supramolecules
(n= 1) with x varying form 1 to 13 (Figure 5). Notably,
double-charged (n= 2 and x varying from 13 to 25) and
triple charged clusters (n= 3 and varying from 34 to 39) are
also detected.*® Notably, stable supramolecular aggregates
with magic masse numbers such as [(DAI),(BF,),]" and
[(DAI),(BF,)),]* were found in the case of the
tetrafluoroborate anion.

More interestingly, it was possible to produce and
isolate mixed clusters of the type [(X")BMI(X?)] (X', X*=
CF3SO3, PF,, BF, and BPh,) via mass-selection and then
dissociate by collision activation to determine the intrinsic
strength of the hydrogen bonds between imidazolium
cation and anions. The strength of the hydrogen bonds
follows the order CF,CO,>BF,>PF >BPh,, which is in
the same order as those obtained earlier based on IR
studies.’

4. Structural Organization in Solution

It is evident that “pure” 1,3-dialkyimidazolium ionic
liquids in the solid, liquid and gas phase are well-organized
hydrogen-bonded polymeric supramolecules. Moreover
there is now much evidence indicating that some of the
supramolecular organization can be maintained when they
are mixed with other substances. 1,3-Dialkylimidazolium
ionic liquids-aromatic mixtures form liquid clathrates and
in the case of a DMLPF -benzene mixture the inclusion
compound [(DMLPF,),(benzene)], could be trapped and its
X-ray structure determined.*” This compound maintains a
three-dimensional hydrogen bonded network of anions and
cations with the formation of channels in which the benzene
molecules are included. The benzene molecules are isolated
within the channels and they are staggered through 7-7

¢ Singly Chraged
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supramolecules of m/z 313, 540, 766, 991, and so on (Am/z 226 for '°B). The spectrum has been blown up from m/z 900 to show more clearly
the series of doubly charged supramolecules [(BMI)n(BF4)n+2]'2 (n = 13-25) of m/z 1556, 1670, 1783, and so on (Am/z 113 for '°B), and the triply
charged ones [(BMI) (BF4) .17 (n = 34-39) of m/z 2648, 2723, 2799, 2802 and so on (Am/z 75.3 for 'B).
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sandwich between two imidazolium cations. It is worth to
note that again one cation is surrounded by three anions
and in its turn each anion is surrounded by three cations. It
is interesting to note that inclusion of benzene molecules in
the ILs is a relative slow process. The solubility of benzene
in BMLPF, is 0.66-mole fraction but this value is attained
only after around 45 minutes of mixing. If the mixture was
left to mix for less time, such as 15 min, a solubility of
around 20-wt% was observed.’!

The solvatation of the 1,3-dialkylimidazolium ionic
liquids follows the same trend observed for classical
quaternary ammonium salts® i.e. it occurs only with
anions,”® at least for saturated molecules.’ The
conductivity of 1,3-dialkylimidazolium liquids such as
BMI.BF,, BMI.PF, and BMI.BPh, dissolved in organic
solvents behaves like classical quaternary ammonium
salts. The conductivity initially decreases with an increase
in concentration and then increases with a further increase
in salt concentration (Figure 6)*>¢indicating the formation
of triple ions of the type [(DAD), (X)[*[(DAD(X),]

3.04

2.8+

2.64

2.4+

A /S cm?mol”

1.8+

164 ™

14 T T T T T T T T T T T

0 5 10 15 20 25 30 35 40 45 50 55
C/mmol L™

Figure 6. Variation of the conductivity with the concentration of
BMLPF, in 8 wt% of CH,CN in CHCI,.

The formation of hydrogen-bonded aggregates through
disruption of the polymeric structure can also explain the
augmentation of the BMI.PF, conductivity when saturated
with carbon dioxide (a molecule with a relatively large
quadrupole moment). Indeed, an increment of greater than
3 times (from 3 x 10*to 10 x 10*Scm™) in the conductivity
was observed by the addition of 60 bar of CO, at 50 °C.%
Indeed, an irregular ionic lattice model has been successful
used to predict the CO, solubilities with BMI.PF_.>**

The formation of such floating aggregates was also
observed by analyzing the changes of solution enthalpies
of these ILs in chloroform. For example, at very low
concentrations a constant value for the enthalpy of solution
is observed. As the concentration increases the enthalpy
starts to change (to at around 60 mmol L) and further
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increasing the BML.BF, concentration another deviation
at concentrations around 110 mmol L™ is observed with a
reverse enthalpy variation (Figure 7). These enthalpy
variations can be associated with the formation of contact
ion pairs followed by their association forming triple ions.

AH/kJ mol™

8 ] - =

0 ' 20 ' 40 ' 60 ' éO ' 1‘00' 150' 1L10' 1250' 1;30
C/mmol L™

Figure 7. A _H changes of BMIL.BF, in chloroform with the salt
concentration.

Multinuclear NMR studies with EMI.X (X= Cl, Br and
I) ionic liquids indicated that they form contact ion pairs
(through hydrogen bonds of the imidazolium hydrogens
with the halide anions) even in relatively polar molecular
solvents such as propionitrile. In trichloro and
dichloromethane these salts exits in quasi-molecular states
showing the classical aromatic (imidazolium) stacking
interactions.” Moreover, when BML.BPh, is highly diluted
in solvents of high dielectric constant such is DMSO they
form solvent separated ion pairs. In opposition when
dissolved in solvents of relatively low dielectric constants
such as CDCI, they form contact ion pairs (via C-H7
bonds) as observed by "H NOESY NMR experiments with
BMILBPh,.*” The apparent volumes for the cation and
anion, calculated from "*C-NMR relaxation times,
increases with an increase in the concentration indicating
the formation of floating aggregates through hydrogen
bonds. Similar results have been obtained by NMR studies
with 1-ethyl-3-methylimidazolium tetrafluoroborate ionic
liquid.®' More recently, it has also been demonstrated by
heteronuclear NMR experiments on BML.BF, that contact
ion pairs exist in the presence of small amounts of water
and even in DMSO solution.®

It is very clear that in the 1,3-dialkylimidazolium ionic
liquids maintain to a great extent their hydrogen-bonded
network of the type [(DAD) (X) )™ [(DAT)_ (X) )] in the
presence of other molecules and macromolecules. Therefore
the incorporation of molecules and macromolecules in the
ionic liquid network causes changes to the physical-
chemical properties of these materials and can cause, in
some cases, the formation of polar and non-polar regions.
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Compton was the first to propose that mixtures of
imidazolium ionic liquids with other molecules should be
described as nano-structured materials while investigating
the diffusion coefficient of neutral and charged molecules
in these liquids containing controlled amounts of water.®*
Thus, the diffusion coefficients for two representative redox
systems, the oxidation of neutral N,N,N’,N’-tetramethyl-p-
phenylenediamine (TMPD), the reduction of cationic methyl
viologen (MV?*), have been determined as a function of the
water content of the ionic liquids (BMLBF, and BMLPF)).
Clearly, very different effects of water on the rate of diffusion
of ionic and neutral species in ionic liquids (Table 3) are
observed and the conventional correlation of rate of
diffusion and viscosity (Stokes-Einstein) fails.

This behavior can be attributable to the presence of a
nano-structure in the wet ionic liquid, which allows neutral
molecules to reside in less polar regions and ionic species
to undergo faster diffusion in the more polar or wet regions.
This type of nano-inhomogeneity is also encountered in
some liquid crystalline or concentrated surfactant media.®

Table 3. Diffusion coefficient data (D/cm’s™') determined from the
limiting current for the oxidation process (TMPD) and reduction
(MV2+) processes

IL TMPD MV
Dry Wet? Dry Wet?
BMILBF, n.d. n.d. 1.5 x 10®% 2.7 x 107

BMI.PF, 2.6 x 108 52x 10° 1.1 x10% 1.0 x 107

* 25 wt.% in BMI.BF, and 5-6 wt.% in BML.PF,. n.d. = not deter-
mined.

The effect of water on the diffusion coefficient for
neutral and for ionic species suggests that wet ionic liquids
may not be regarded as homogeneous solvents, but have
to be considered as nano-structures with polar and non-
polar regions. The presence of these hydrogen-bonded
nano-structures with polar and non-polar regions may be
responsible for the stabilization of enzymes supported in
ionic liquids that can maintain their functionality under
very extreme denaturative conditions. It is well known
that the thermal stability of enzymes is enhanced in both
aqueous and anhydrous media containing polyols as a
consequence of the increase in hydrogen bond interactions.
Thus, both the solvophobic interactions essential to
maintain the native structure and the water shell around
the protein molecule are preserved by the “inclusion” of
the aqueous solution of free enzyme into the IL network,
resulting in a clear enhancement of the enzyme stability.
In the case of immobilized enzyme (Novozym 435), no
loss of activity has been observed at 120 °C and the
resulting half-life time at 150 °C was twice that observed
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for the free enzyme. In this case, the enzyme-support
interactions combined with the influence of IL improving
greatly the enzyme stability."

The presence of these nano-inhomogeneities with polar
and non-polar regions provides highly interesting
properties for the application of ionic liquids in separation
processes and as media for the generation of nano-materials.
Imidazolium ionic liquids when used as stationary phases
for gas chromatography seem to have a dual nature. For
example they act as a low-polarity stationary phase to non-
polar compounds whereas molecules with strong proton
donor groups are tenaciously retained.’

Transition-metal nanoparticles can be generated by
simple reduction of metal salts or by controlled
decomposition of organometallic compounds ‘dissolved”
in imidazolium ionic liquids. Using this approach various
stable nanometric transition-metal particles with narrow
size and size distribution can be prepared. Moreover, since
most of imidazolium ionic do not possess a measurable
vapor pressure the Pt(0) nanoparticles imbibed in BMIL.PF,
ionic liquid could be examined by Transmission Electron
Microscopy (TEM). A detailed examination of the
nanoparticles imbibed in the ionic liquid and their
environment shows an interaction of the BMLPF, ionic
liquid with the Pt(0) nanoparticles (Figure 8).

Figure 8. TEM micrograph (negative image — under-focus) of the
Pt(0) in BMLPF, ionic liquid showing the contrast density fluctua-
tion around the metal nanoparticles.

The interaction between transition-metal nanoparticles
with the ionic liquid can be described as nano-particle
inclusion compound. Not surprisingly, imidazolium ionic
liquids easily form micro-emulsions using different
surfactants such as long chain alcohols and the properties
of the new micelle-ionic liquid solutions can be explored
in inverse gas chromatography processes.®® Moreover,
nano-structured materials can be constructed within these
ionic liquid-micro emulsions.®’

5. Conclusions

In summary pure 1,3-dialkylimidazolium ionic liquids
are hydrogen-bonded polymeric supramolecules of the
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type [(DAD (X) )1 [(DAD__(X))]" where DALl is the 1,3-
dialkylimidazolium cation and X is the anion. This
structural pattern is a general trend for both, the solid and
the liquid phase and is apparently maintained to a great
extent even in the gas phase. The introduction of other
molecules and macromolecules occurs with a disruption
of the hydrogen bond network and in some cases generating
nano-structures with polar and non-polar regions where
inclusion-type compounds can be formed. These inclusion
compounds can involve molecules (such as arenes),* ions
(such as charged transition-metal complexes)%®,
macromolecules (such as enzymes'' or cellose®) and
nanoparticles (such as transition-metal nano clusters)'® and
the stabilization of this process is mainly due to the
electronic and steric effects provided by the nano-structures
of the type [(DAD) (X), _)]™ [(DAD)_ (X))]"™. When they are
infinitely diluted in other molecules they can form solvent-
separated ion pairs that an increase of the concentration of
the imidazolium salt they collapse to form contact ion
pairs - through hydrogen bonds involving the cation with
the anion — and a further salt concentration increment leads
to triple ions, etc, (Figure 9).
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Figure 9. Simplified two-dimensional model of the structural fea-
tures of 1,3-dialkylimidazolium ionic liquids from hydrogen-bonded
polymeric supramolecules (pure form) to solvent separated ion pairs
(infinite dilution). + Represents the 1,3-dialkylimidazolium cation,
— the anion and the dashed line the hydrogen bonds.
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