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The fact that the physical and chemical properties of ionic liquids can be tailored is one of their key

www.rsc.org/ features. In most cases this is achieved by the appropriate selection of the cation and anion pair. In this
paper we suggest that simple chemometric models can be used to describe various properties of these
salts. We chose water and metal ions, generally considered as contaminants, to tune the melting and
freezing points of a model ionic liquid, 1-methyl-imidazolium nitrate ([Hmim][NO,]). Principal
component analysis was used to select two representative metal ions (Li(l) and Cu(ll)) on the basis of the
charge and atomic radius of the cation, the crystallization water and the melting point of nitrate salt,
which we believed would affect the behaviour of the [Hmim][NO,]. A D-optimal design was used to plan
the best experiments to obtain empirical models capable of predicting the melting and freezing points
of this ionic liquid as a function of water and metal cation content.

Introduction ILs’ properties. Although classified as “hydrophobic”, many
ILs absorb considerable amounts of water at room
temperature.”  For example, N,N-octylmethylpyrrolidinium
bis(trifluoromethanesulfonyl)imide ([ompyrr][Tf,N]) absorbed
0.7% moles of water when exposed for 5 min at 81% relative
humidity."

It is also well known that the addition of an inorganic salt can
considerably change the physical and chemical properties of an
IL.'"" For example, in one study the addition of LiBF, at
concentrations above 0.5 M to 1-methyl-3-ethylimidazolium
tetrafluoroborate ([emim][BF4)) made the
crystallization/melting peaks disappear, whereas the glass
transition temperatures shifted to higher values with increasing
LiBF4 concentrations.'? In addition, LiBF, decreased the ionic
conductivity and the self-diffusion coefficients of the individual
components of the IL, whereas the viscosity increased. A
similar behavior of conductivity and viscosity as a function of
lithium concentration has also been observed in the case of a
lithium bis(trifluoromethanesulfonyl)imide/1,3-dimethyl-3-

In the last twenty years ionic liquids (ILs) - low temperature
molten salts exclusively composed of ions - have attracted the
interest of a growing number of researchers in terms of their
potential in both experimental and theoretical fields.' ILs have
been proposed as solvents in several sectors, such as catalysis,?
electrochemistry,3 lithium batteries,* dye-sensitized solar cells,’
and lubricants®. Many ILs show interesting physical and
chemical properties, such as a very low vapour pressure, a
melting point below room temperature, wide liquid range, good
conductivity, and good solvent power. The practically infinite
combinations of cations and anions constituting ILs have led to
high levels of tunability of their properties. The correlation
between the systematic variations in the cation and/or anion
structure of “pure” ILs and their physical and chemical
properties has been systematically investigated, at least for the
most commonly used ILs (mainly imidazolium salts), to
accurately determine the relevant properties of these systems.’

There is considerable interest in the fluid properties of mixtures

limidazoli bis(trifl th Ifonyl)imid;
of ILs, ILs and molecular liquids or ILs and inorganic salts. prf)py “?31 azofum is(trifluoromethanesulfony .)mAn ©
Indeed. oi that the desired i be obtained. th mixture and, more recently, of lithium
ndeed, gtven that the desired properties can be obtamied, the bis(trifluoromethanesulfonyl)imide /N-alkyl-N-

preparation of a mixture of ILs or the addition of a molecular
liquid or salt to an IL is much easier and cheaper than the
synthesis of a new functionalized pure IL.® Often considered as
an undesired contaminant, water can actually be used to modify

methylpyrrolidinium bis(trifluoromethanesulfonyl) imide.'*

The ability to predict the effect of the addition of small amounts
of inorganic salts on the properties of an IL or an IL mixture is
very important for practical applications. Here, we report the
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development of models describing the dependence of the
melting and freezing points of a model ionic liquid, i.e.l-
([Hmim][NO3)), on the
concentration of additives such as inorganic nitrates, namely

methylimidazolium  nitrate
lithium nitrate and copper(Il) nitrate, and water.

Melting and freezing points are important properties of ILs,
which are strongly affected by the presence of dissolved
molecular or ionic species. The relatively high melting point
(about 60 °C) of pure [Hmim][NO;] enabled us to investigate
the effect of the additions without reaching particularly low
temperatures. Principal component analysis was used to
carefully choose the additives from commercially available
inorganic nitrates. The use of salts with the same anion as the
model IL limited any dissolution problems and enabled us to
evaluate the effect of the addition of only the cation. A D-
optimal design was used for the experiments, whose results
were fitted to a simple quadratic model.

Experimental

Materials

1-Methylimidazolium nitrate was prepared by the dropwise
addition of a 70% nitric acid aqueous solution (Sigma Aldrich)
to equimolar methylimidazole (Sigma Aldrich, > 99%). The
resulting solution was kept below 10 °C and stirred for 6 h. The
excess water was removed under vacuum. The identity and
purity of the product were then checked by NMR.

Lithium and copper nitrate were purchased from Sigma
Aldrich.

Experimental Design

Experiments were designed according to a D-optimal design
based on the D-criterion, i.e. maximization of the determinant
of the information matrix (X’X), where X is the model matrix.">
Fulfilling the D criterion leads to a maximum spread of the
experiments in the experimental domain, so that a maximum
volume is occupied and the experimental domain is explored to
the maximum extent. This design is particularly helpful when
the experimental region is not regular in shape or when the
number of the experiments chosen by a classical symmetrical
design is too large. The design of the experiments and
calculations were carried out using dedicated software (Modde,
Umetrics).

The amount of water, expressed as mole/mole ratio of water to
the IL, and the concentration of the metal cation, expressed as a
mole/mole ratio of salt to the IL, were selected as model
parameters. The effect of these additives was studied at three
different levels, namely 0.0, 0.4 and 0.8 mol/mol of water and
0.0, 0.05 and 0.10 mol/mol of the metal cations respectively.
The following model was fitted to the data obtained from
thermoanalytical measurements:

Y = Bo+ BaXy + BoX + Bua(Xa) + Boa(X2)* + BroXaXy (1)
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where X, is the concentration of the metal ion, X, is the
concentration of water, and B,, are the coefficients of the
model. The model generated a surface of response describing
the dependence of the melting and freezing points of the
[Hmim][NO3] on the concentration of the additives. More
precisely, four experimental models were generated, two
related to the copper salt (melting and freezing points) and two
to the lithium salt. Each model was validated by verifying the
accuracy of prediction at points far from those used to develop
the model.

Sample Preparation

[Hmim][NO;] and the inorganic salts were dried before use.
The IL was heated to 60 °C in vacuum for 10 hours, and then
kept under a nitrogen atmosphere. Lithium and copper nitrates
were heated to 120 °C in vacuum for 24 h. A Karl-Fisher
titration established that a 0.003 and 0.005 mol/mol of water
remained after the drying procedures in [Hmim][NOs] and in
lithium nitrate respectively, whereas a 0.03 mol/mol of water
was estimated in copper nitrate by thermogravimetric analysis
(titration could not be used as copper reacts with the 171,
reagents). The maximum amount of “unwanted” water, i.e.
water left in our mixtures after the drying procedures, was
estimated at 0.006 mol/mol. The glassware used to prepare and
contain the samples was heated for 4 hours at 120 °C to remove
all traces of water, and then allowed to cool in a desiccator with
silica gel. Each sample was prepared in a vial with a perforable
septum by adding to about 1 g of [Hmim][NO;] the appropriate
amount of water and/or nitrate salt to the liquid. After each
addition, the amount added was checked by weighing. The vials
were then shaken and gently heated to favour the dissolution
and homogenization of the sample. While still in the liquid
state, the mixtures were quickly placed into an NMR tube
whose open end was immediately welded by a blowtorch. Each
sample was thus exposed to ambient air (relative humidity
<50%) for just a few tens of seconds during the loading
procedure and the welding of the tube.

Due to the small amounts of reagents used to prepare the
samples, we were unable to perfectly follow the experimental
plan (which resulted in a slight deformation of the experimental
design). This shift from the ideal conditions was taken into
account by modifying the design matrix from which the
empirical model was then derived. The planned and actual
compositions of the samples are reported in Table 1.

This journal is © The Royal Society of Chemistry 2012
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Table 1. Planned and actual compositions of samples

Ion Water
concentration concentration
ID Ion (mol Me/ mol IL ) (mol H,O/ mol IL)
Planned Actual Planned Actual
N1 Cu 0.00 0.00 0.00 0.00
N2 Li 0.00 0.00 0.00 0.00
N3 Cu 0.05 0.07 0.00 0.00
N4 Li 0.05 0.05 0.00 0.00
N5 Cu 0.10 0.14 0.00 0.00
N6 Li 0.10 0.11 0.00 0.00
N7 Cu 0.00 0.00 0.40 0.45
N8 Li 0.05 0.05 0.40 0.45
N9 Cu 0.10 0.14 0.40 0.41
N10 Cu 0.00 0.00 0.80 0.81
N11 Li 0.00 0.00 0.80 0.80
N12 Cu 0.05 0.07 0.80 0.79
N13 Li 0.05 0.08 0.80 1.02
N14 Cu 0.10 0.14 0.80 0.85
N15 Li 0.10 0.11 0.80 0.82
N16 Li 0.10 0.11 0.80 0.83
N17 Li 0.10 0.11 0.80 0.82
N18 Li 0.10 0.11 0.80 0.76

Thermal analysis

Thermal analysis was carried out by a home-made power
compensation differential scanning calorimeter interfaced with
a computer'. The calorimeter consisted of two twin
(differential) calorimetric cells housing a reference NMR tube
and an NMR tube containing about 350 mg of sample
respectively. The power resolution was about 10 mW. The
measurement procedure required a preliminary reference
temperature scan with two empty NMR tubes, which was
subtracted from the subsequent scans. Our calorimeter enabled
temperature scans to be performed and the temperature'” to be
modulated. In this study the modulation was not used and a
calorimetric measurement only provided the value of the
apparent specific heat, related to the heat flow generated or
absorbed from the sample. The operating temperature range
was -5 °C to 75 °C, with a scanning rate equal to 40 °C/h. The
addition of copper nitrate gave rise to two melting points, and
only the highest point corresponding to the complete melting of
the sample was considered for the calculations. The relative
standard deviation estimated from four replicate measurements
was about 12% for the freezing point and 2% for the melting
point. Since melting occurs at quasi-equilibrium conditions
whereas crystallization takes place in a subcooled liquid (i.e. in
a metastable state), such different dispersions of data are not

surprising.

This journal is © The Royal Society of Chemistry 2012

Results and Discussion

LiNO3; and Cu(NOs), were chosen as representative additives
on the basis of a principal component analysis (PCA). This
technique, which does not require any a priori assumptions
concerning the distribution of data, allows multidimensional
data to be represented in a bidimensional plot (score plot). This
result is achieved by a transition from an initial set of m
generally correlated variables to another set of n (n<m)
uncorrelated variables (principal components), which are
obtained by linear combinations of the initial variables and are
ordered according to the decreasing explained variance. The
initial variables can be represented in terms of principal
components on a second plot (loadings plot) which enables
their mutual correlations to be studied (highly correlated
variables are projected close to each another, anticorrelated
variables are projected symmetrically with respect to the origin
of axes). Parameters relevant to the nitrate salts, such as melting
point and water crystallization molecules, and to their
respective cations (charge, atomic radius) were included in the
selection of additives. This is because they are considered to be
significant in the IL-inorganic salt interaction and thus
suspected to play a role in determining the shift of the melting
and freezing points of [Hmim][NOj;]. In fact, the melting point
of a salt depends on the compactness and stiffness of the crystal
lattice, which are related to the sizes of the constituent atoms
and their binding energy. The presence of water molecules or
additional cations obviously affects the melting and freezing
point of the [Hmim][NO;]. If the unlikely formation of a
system with complete miscibility within the solid is ruled out, a
decrease in both points can be expected either from a
thermodynamic point of view or by evaluating the stability of
lattice and/or crystalline cells. The presence of water and/or
inorganic salts should hinder the formation of a highly ordered
lattice, resulting in a less compact and rigid structure.

We hypothesized that the intensity of this perturbation was
macroscopically related to the charge and size of the added
cation, to its ability to form nitrate salts with a high melting
point, and the presence of water crystallization molecules.

(@)
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Figure 1. Principal component analysis of selected parameters related to
commercial nitrate salts: a) score plot, b) loading plot.

The values of these parameters relevant to commercial nitrate
salts that we used for PCA are reported in Table S.1.

The joint analysis of the score plot (Figure 1a) and the loading
plot (Figure 1b) gives a more thorough interpretation of the
PCA results. The first principal component appears to relate to
the characteristics of nitrate salt (water crystallization
molecules and melting point), and thus cations such as AI*",
Cr’" and Fe*" on one side and Pd*", Pb>" and K' on the other
side are plotted close to one another and in proximity of the x
axis of the score plot. The second principal component seems to
be more related to the characteristics of the cation, i.e. size and
charge. This explains the position of cations such as Ce**, TI**
and La®* on one side and Ag®, Na" and Li" on the other. Ba®",
Sr** and Cs* are characterized by large atomic radii and a high
melting point of the nitrate, whereas Mn>*, Zn>" and Co*" show
low levels of the same parameters. Salts with similar features
lie close to each other on the score plot, and this information
can thus be used to select representative salts with different
features.

Based on this analysis, four representative nitrates (iron,
barium, copper and lithium) located in different regions of the
plots were selected. Cu(NOj3), and LiNO; showed optimum
solubility in [Hmim][NOs] during preliminary tests, and thus
were chosen for subsequent experiments. Table 1 reports the
experimental plan and the composition of the actual samples.
The experiments were carried out in a random order.

4| J. Name., 2012, 00, 1-3
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Table 2. Experimental results: melting and freezing points determined by
differential scanning calorimetry in the various experiments.

D Melting point Freezing point
(°C) °C)
N1 64.5 52.3
N2 65.1 51.9
N3 56.2 39.6
N4 63.7 55.6
N5 40.6 9.0
N6 61.2 51.0
N7 48.8 31.4
N8 48.0 31.1
N9 30.1 -3.6
N10 37.0 153
N11 36.7 153
NI12 325 7.1
N13 36.5 16.6
N14 17.1 -2.0
N15 35.7 16.2
N16 35.7 20.4
N17 36.5 21.0
N18 37.2 20.7

The melting and freezing points determined by differential
scanning calorimetry are reported in Table 2. These data reveal
that the addition of water (in our range of concentrations) has a
more marked effect than the addition of salt, and that copper
decreases the melting and freezing points more than lithium.
The melting points observed ranged from about 65 °C (pure
ionic liquid) to 17 °C, when the highest amounts of water and
copper were added. The corresponding freezing points were
about 52 °C and -2 °C. Interestingly, a similarly low freezing
point was obtained in experiment N9 (5.1 mol/mol of water and
0.13 mol/mol of copper) with a quite different melting point.
The apparent increase in the freezing point in experiment N4
results from a combination of uncertainty in the measurement
of this parameter and the negligible effect of the addition of a
low amount of lithium. In all the “twin” experiments (copper vs
lithium with the same concentrations), the shifts in both melting
and freezing points obtained with lithium were lower than those
obtained with copper.

Figures 2 and 3 show the response surfaces related to the
models describing the dependence of melting and freezing
points on the composition of the mixture, whereas the
coefficients of the models are reported in Table 3. As expected
and previously seen from raw data, the presence of water or of
an inorganic cation significantly decreases both the melting and
freezing points.

This journal is © The Royal Society of Chemistry 2012
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Table 3. Coefficients to be inserted into Equation 1 to obtain the models that
estimate the melting and freezing points of the mixtures. 0.8
Lithium Copper
Coefficient Melting Freezing Melting Freezing
point point point point -
Bo 50.1 33.1 452 23.8 .
B -0.6 0.8 -6.1 -9.7 %
B> -12.7 -18.0 -12.6 -14.5 E
B -1.8 -2.4 -1.8 -2.4
B2z 1.8 3.9 1.8 3.9
Bz 0.8 32 0.8 3.2
0.00 0.02 0.04 0.06 0.08 0.10
mol LiNOs / mol IL
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Figure 2. Contour plots representing the response surfaces describing the
melting (a) and freezing point (b) of mixtures of [Hmim][NOs], water and
Copper(ll) nitrate. Labels report temperature values for each isotherm.

Figure 3. Contour plots representing the response surfaces describing the
melting (a) and freezing point (b) of mixtures of [Hmim][NO3], water and lithium
nitrate. Labels report temperature values for each isotherm.

In the investigated range, water has a more significant effect
compared to the metallic cations.

This journal is © The Royal Society of Chemistry 2012

This is evident from the absolute values of coefficients 3,
which are larger than coefficients ;. In fact, this result is a
consequence of investigating a much larger range of water
concentrations than the range of cation concentrations. If the
concentration of water is comparable to the concentration of
metallic cation, copper has by far the largest effect, followed by
water and then lithium. A synergic “water-metal cation” effect
can be observed in the case of copper (II) which is not observed
with lithium. Figure 4 shows DSC curves of pure [Hmim][NO;]
or [Hmim][NOs] with added lithium or copper nitrate.

The samples containing lithium salt show a pattern of melting
peaks compatible with a system with a partial miscibility within
the solid phase and with the formation of a solid solution,
whose maximum solid solubility at the eutectic temperature lies
in the interval 0.05 < X;; < 0.1. This can be deduced from the
presence of a small peak in the region around 25°C only in the
samples with a high concentration of salt. This is likely due to
the melting of an eutectic mixture.

J. Name., 2012, 00, 1-3 | 5
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Figure 4. DSC curves of pure [Hmim][NO3] and [Hmim][NO3] added with
different concentrations of lithium or copper nitrate.

When lithium nitrate was replaced with copper nitrate, there
was a change in the shape of DSC curves with respect to both
pure [Hmim][NO;] and LiNOz/[Hmim][NO3z] mixtures. Two
distinct DSC peaks of a similar intensity appeared in the curve
well below the melting temperature of pure IL. The position of
these peaks shifted to lower temperatures and their intensity
significantly decreased with a high copper salt concentration. In
this suggests
formation of a stable Cu(NOj3),/IL complex that gives rise to

our experimental conditions the possible
two eutectic mixtures. The reported ability of Cu(NO3), to form

nitrocuprates ions in non-aqueous solvents supports this
hypothesis'®. However alternative hypotheses such as copper
nitrate forming a 3D coordination polymer network or a metal-
Hmim complex cannot be ruled out. '*?*2!

The prediction capability of the models was tested by
performing two new experiments under significantly different
conditions from those used for developing the model. A point
in the center of the experimental domain was chosen for
copper, whereas a point along one of the diagonals of the
experimental domain was chosen for lithium, as the center of

the domain had already been used to develop the model.

Table 4. Validation of the models: predicted and experimental values of
melting and freezing points

Ton Water Melting | Melting
Ton Concentration Concentration (ﬁzgt) (%(:;t)
mol Me/mol IL mol H,O/mol IL o o
Cu 0.07 0.4 4243 40+1
Li 0.03 0.6 4443 46+1
Ton Water Freezing | Freezing
Ion Concentration Concentration (gﬁelgt) (%(:;t)
mol Me/mol IL mol H,O/mo IL o o
Cu 0.07 0.4 19+6 23+2
Li 0.03 0.6 24+6 27+2

6 | J. Name., 2012, 00, 1-3
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The results of this validation are reported in Table 4, where
confidence intervals of melting and freezing points were
estimated from the replicate measurements included in the
experimental plan in Table 1. The optimum agreement between
predicted and experimental values demonstrated the validity of
the models. A maximum unwanted amount of 0.006 mol/mol
of water had been estimated by Karl-Fisher titration for our
mixtures. The model allowed to assess that the maximum
possible shifts of the melting and freezing points due to such
water are 1 and 2 °C, which are within the uncertainty of the
model.

Conclusions

We evaluated the effect of the addition of water and metal ions
1L,
[Hmim][NO;]. The presence of water and nitrate salts led to a

on the melting and freezing points of a model
substantial decrease in the melting and freezing points of the
IL. The use of an experimental plan based on a D-Optimal
design enabled us to develop and validate four models for
predicting the melting and freezing points as a function of water
(up to 0.8 mol/mol) and lithium or copper (II) (up to 0.1 in
mol/mol) content with a limited number of experiments.

The analysis of the response surfaces showed that in the
investigated experimental range, the effect of water was greater
than the metal cations. However, when concentrations were
comparable, copper provided by far the largest effect, followed
by water and then lithium.

A synergic effect between water and copper cation was
observed, whereas this effect was negligible with lithium. A
reasonable explanation for the different behaviour of copper
may lie in the formation of a stable Cu(NOs3),/IL complex.

The development of models able to predict the melting point
with an accuracy of about 5% and the freezing point with an
accuracy of about 15% is the greatest strength of this study.
This methodological approach was exceptionally successful,
given the complexity of the observed phenomena, and could be
extended in the future to other ILs and physical parameters. We
believe that our results are also a further demonstration of the
tunability of ionic liquids, one of the most successful features
of these compounds in the field of Green Chemistry.
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