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Preface

The objective of the COST Action CM 1206 EXIL (Exchange on Ionic Liquids) Action
was to coordinate European research activities and knowledge exchange on ionic
liquids and to explore their full potential in the context of fundamental and applied
chemistry, materials science and engineering. It provided a coordinated forum for an
efficient intra- and interdisciplinary knowledge and expertise exchange, networking
and dissemination of information and results, training and initiating collaborations.
Through 99 short-team scientific missions (STSM) of PhD students in 21 different
countries, one summer school, workshops, and joint publications, this network
supplied the scientific community with systematic high-quality information on ILs
and their applications through new and improved technologies and materials,
through cleaner and safer production techniques. The Action aims to combat mis-
information as well as to contradict data and reports.

This book provides an interesting snapshot of some of the main lines of current
and new research regarding the properties and applications of ionic liquids. The
chapters reflect the growing theoretical and computational work leading to new
predictive properties of ionic liquids.

The accurate experimental determination of these properties (Villaneuva– thermal
stability) and their mixtures with solvents (Bendova – liquid–liquid equilibria) or
solute (Dinis – aqueous biphasic systems with mixtures of polymers) are firstly devel-
oped. Then, the modeling of ionic liquids and their mixtures (Wang – multi-granular
modeling) is described. The impact of solid–liquid interfaces for energy applications
(Costa – advanced energy applications), and solid liquids interface for the synthesis of
nanomaterials (Minofar – silver nanoparticles in EMIMPF6), and surface treatments
(Verpoort – surface treatment) are discussed.

We would like to heartly thank all 400 participants of the EXIL from 21 differents
countries, particularly group leaders, MC members, STSM responsibles, and grant
holders and the 99 PhD students who participated in the exchange program through
STSMs.

Chair of the Action: Prof Rasmus FEHRMANN (DK)
Vice Chair of the Action: Dr Catherine SANTINI (FR)

https://doi.org/10.1515/9783110583632-201
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J.J. Parajó, M. Villanueva, J. Salgado

1 Thermal stability of ionic liquids

Abstract: Thermal stability of 50 ionic liquids (ILs) has been analyzed using a Perkin
Elmer thermogravimetric device. Several families with fixed anions and different
cations and vice versawere chosen to provide a comprehensive knowledge of thermal
properties of ILs against structure. For all the selected ILs, dynamic scans were
performed under air atmosphere and a heating rate of 10 K · min−1 to estimate the
short-term thermal stability. Isothermal studies were also carried out for some of the
above compounds, at temperatures lower than onset temperature (Tonset), in order to
evaluate the long-term thermal stability.

One of the most used parameters to characterise the long-term thermal stability
of an IL is Maximum Operation Temperature (MOT). Because the estimation of this
parameter involves the calculation of the activation energy of the degradation pro-
cess, the kinetics of some of the ILs was analyzed by using different dynamic kinetic
methods (Kissinger, Kissinger–Akahira–Sunose (KAS), Flynn–Wall–Ozawa (FWO)
and Friedman), and the obtained energy values were compared to those obtained
through isothermal methods. There was relatively good concordance in the values of
MOT using different criteria.

Keywords: thermogravimetry, onset temperature, long-thermal stability, maximum
operation temperature, activation energy

1.1 Introduction

Ionic liquids (ILs) have been considered “designer-solvents” [1] and proposed for
medical, industrial, cosmetic and food applications [2] due to their intrinsic properties.
These include nonvolatility, nonflammability, high thermal stability, high polarity,
large electrochemical window and high thermal conductivity, among others.

The thermal stability of a compound, which should be determined from the
maximum temperature of operation, can change depending on the use and conditions
that this compound is submitted to. For example, a systemwith low oxidation stability
and relative evaporation capacity, which was firstly classified as slightly stable, might
be used without problems in application under an inert atmosphere and in a closed
system. Due to these dependences and possibilities, the definition of thermal stability
and maximum operation temperature for ILs is nowadays an open question [3, 4].

J.J. Parajó, M. Villanueva, J. Salgado, Departamento de Física Aplicada, Universidade de Santiago
de Compostela, Spain
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Additionally, thermal stability of ILs is currently being evaluated using thermo-
gravimetric (TG) analysis at a single linear heating rate in controlled atmosphere. The
onset and peak decomposition temperatures obtained from these experiments often
overestimate the long-term thermal stabilities of ILs due to the scanning nature of
this test, and isothermal studies [5, 6] at temperatures significantly lower than those
exhibit appreciable decomposition [7, 8].

Thus, in order to establish amore realistic thermal degradation temperature, some
parameters have been defined in the literature; for instance the temperature T0.01/10h,
(temperature at which the decomposition of ILs reaches 1% in 10 h) [4, 9, 10].

This work summarizes the main analysis and conclusions with regard to the
thermal stability of ILs obtained from previous works by our group. The comparison
presented here is especially important since all the results are obtained in similar
experimental conditions, using the same technique and apparatus, providing a large
database of thermal stability results for ILs.

1.2 Materials and methodology

The selected ILs have different origin; some were kindly provided by Merck KGaA,
otherswere purchased fromdifferent companies as SigmaAldrich and Iolitec and some
of them were synthetized by co-workers; the specified fraction purity was higher than
0.95 in all the cases. The 50 ILs analyzed in this work are listed in Table 1.1, and the
cations and anions moieties structures of these ILs are shown in Figure 1.1.

ILs were used, in the main part of this work, without further purification,
because, in many potential industrial applications, contact with air does not allow
to avoid the residual water content, which is the main impurity. Nevertheless, and
taking into account that the influence of water content on thermal stability has not
been deeply studied, thermal stability of some ILs purified and saturated of water has
also been analyzed.

Thermogravimetry is the most commonly used technique to analyze the thermal
stability of fluids operating in dynamic and isothermal modes. Dynamic experiments
were performed at temperatures from 373 to 1,073 K with a heating rate of 10 K · min−1

and a purge gas flow of 20 cm3 · min−1. From the experimental curve, TG, and the
corresponding derivative, DTG, onset and endset temperatures were determined as it
is shown in Figure 1.2. Additionally, temperature at which the 1%, 2%, 5% and 10% of
mass loss appears T1%, T2%, T5% and T10%, respectively, the remaining mass at onset
temperature (Wonset), as well as the temperature of the minimum of the DTG peaks
(T1st and T2nd) can also be determined from these curves.

Like almost all the thermal analysis techniques, experimental conditions have a
strong influence on the results, and readers must pay attention to it before to perform
comparisons between different fluids. In the paper of Villanueva et al. [6], the

2 J.J. Parajó, M. Villanueva, J. Salgado
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influence of atmosphere, scanning rate and mass sample on the results of dynamic
scans of [C2C1Im][NTf2] were analyzed. It was observed that degradation temperatures
increased with the heating rate; in particular, onset temperature increased by
approximately 100 K when the rate grew from 1 to 20 K · min−1. Additionally, result
of this work also showed that inert atmosphere experienced with this IL imply higher
thermal stability, although, in a recent study [5] it was observed that the influence of
the atmosphere depends on the fluid, since the IL [P6,6,6,14][(C2F5)3PF3] presents
differences on starting degradation up to 100 K between air and nitrogen, whereas
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Figure 1.1: Chemical structure of cations and anions used in this work.
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Figure 1.2: TG (continuous) and DTG (dashed) curves of the IL [C4C1Im][NTf2]. Determination of onset,
endset and peak temperatures.
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in [C1OC2C1Pyrr][(C2F5)3PF3] the beginning of degradation curve scarcely differs in
20 K. In any case, the common characteristic is that thermal stability is higher in
nitrogen than in air atmospheres.

In the abovementioned work [5], the water influence is also studied frequently
due to bibliographic references that indicate the important effect that impurities,
such as water, have on the thermophysical properties of ILs [13–16]; nevertheless,
scarce data about the changes in thermal stability as consequence of impurities can
be found. As it was mentioned above, in order to analyze how water affects to this
property, a comparison between the TG-dynamic scans of some ILs was performed in
two different conditions of water content (as supplied and saturated). Saturated
samples were obtained keeping the selected ILs in an open bottle, weighing samples
every 24 h, reaching up to a constantmass (approximately 10 days).Water contents of
the pure andwater-saturated samples weremeasuredwith a Karl Fischer coulometric
titrator (Metler Toledo DL32) and results showed, as examples, an increase from 174
to 3,700 ppm for [C1OC2C1Pyrr][NTf2] and from 139 to 1,028 ppm for [C1OC2C1Pyrr]
[(C2F5)3PF3] after saturation, whereas neither TG and DTG curves nor the onset
temperature change significantly.

Moreover, in the work of Lorenzo et al. [7], the thermal stability of some ammo-
nium ILs related with choline was analyzed. In particular, TG curves corresponding
to the ILs incorporating [OTf]− anion exhibit three degradation steps. The first one
could be attributed to the loss of tied water, which is difficult to eliminate even drying
under vacuum, being necessary a preheating at similar temperatures than onset ones
to eliminate this water.

In summary, to make comparable results, it is important to take into account the
influence of experimental conditions and the peaks nature. Thus, this chapter collects
results obtained with the thermogravimetric analyzer equipment (TGA7-Perkin Elmer)
with the same experimental conditions, namely samples of similar weight (3–5mg)
placed in an open platinum pan, same heating rate and same atmospheric nature and
flow for a database of 50 ILs.

1.3 Results

1.3.1 Short-term thermal stability

TG and DTG curves of all the ILs under dry air atmosphere and 10 K · min−1 in a
temperature interval from 373 to 1,073 K were obtained.

Four different behaviours can be essentially observed from the comparison of the
shapes of DTG curves, as is presented in Figure 1.3.

A unique degradation step, as observed for [C1OC2C1Pyrr][NTf2], characterized by
no relevant residual mass detected at the end of the experiment.
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(a) Two resolved peaks corresponding to two different degradation processes in the
sample, as detected for [P6,6,6,14][(C2F5)3PF3].

(b) One resolved peak followed by a shoulder, as for [C1OC2C1Pyrr][(C2F5)3PF3].
(c) A resolved degradation step with a significant residue of the initial mass, as

observed for [C1C1Im][C1C1PO4] (approximately 20%), that can also present some
other small peaks or shoulders.

Onset temperatures of the 50 selected ILs, obtained from the TG and DTG curves in
dry air atmosphere, are presented in Figure 1.4. These values range between 485
and 709 K, and it can be clearly seen that the anion influence on the thermal
stability of ILs is higher than the cation one, ILs with [NTf2]

− and [OTf]− anions
being the most stable; meanwhile, dicyanamide, nitrate- and acetate-based ILs
were the least stable, agreeing with the main observations for thermal stability of
ILs in literature [17–20].

Although cation influence is lower than that of the anion [5–8, 21–23], results
show that the sequence with the cation family for the common anion [NTf2]

− is
Imidazolium > Pyrrolidinium > Piridinium ≈ Piperidinium > Choline ≈ Ammonium,
and for the common anion [OTf]− is Imidazolium > Piperidinium ≈ Pyrrolidinium >
Piridinium > Choline ≈ Ammonium.

Other temperatures determined from the dynamic TG–DTG curves, as Tpeak and
Tendset presented similar trends for these ILs.
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Figure 1.3: TG and DTG curves of (a) [C1OC2C1Pyrr][NTf2], (b) [P6,6,6,14][(C2F5)3PF3], (c) [C1OC2C1Pyrr]
[(C2F5)3PF3] and (d) [C1C1Im][C1C1PO4].
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1.3.2 Long-term thermal stability

To make a more realistic description of the thermal stability of the ILs, isothermal TG
analysis was used to determine its long-term thermal stability. This study provides
rates of decomposition at a given temperature after a given isothermal-heating time.
Figure 1.5 shows, as examples, isothermal scans corresponding to four ILs with
different cations. In all cases, six temperatures lower than Tonset were selected for
these scans. The lowest isothermal temperature was chosen when the mass loss was
lower than 1% in 5 h.

Fast degradation at the highest temperatures, close to Tonset, can be observed for all
the studied ILs, confirming that the onset temperature cannot be considered as the
maximum temperature of operation in any case. Furthermore, the shape of the
isothermal degradation curve depends on the IL considered, although there is a
common feature that is at the beginning of the curve, usually until 10%–15% of
mass loss, there is a linear behaviour.

1.3.3 Maximum operation temperature

Till now, a clear criterion on the degradation level allowed in different applications
does not exist, finding in literature a wide range, from the temperature corresponding
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Figure 1.5: (a) [C1OC2C1Pyrr][NTf2], (b) [P6,6,6,14][(C2F5)3PF3], (c) [C2Py][NTf2] and (d) [C4C1C1Im][OTf]
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to a 1% of mass loss in 1 year [24] to the temperature corresponding to a 10% of mass
loss in 10 h [25]. Indeed, one of the main reasons is that the criterion should depend
on the degradation level allowed by the application, as well as on the mechanism of
mass loss. Taking the previous consideration into account, a parameter that permits
characterizing the thermal stability for different degradation levels was necessary.
For this reason, the maximum operation temperature (MOT) was introduced in the
last years, although there are, also, different criteria to determine it. Some examples
are presented as follows:
(a) Wooster et al. [10] and Baranyai et al. [26] suggested that the temperature at which

1% degradation occurs in 10 h (T0.01/10 h) is a good indicator of thermal stability,
stablishing a method to estimate T0.01/10 h from dynamic scans by using eq. (1.1):

T0.01=10h =0.82T dW=dt ≠0ð Þ (1:1)

T(dW/dt)≠0 being the temperature in Kelvin at which the first appreciable weight
loss occurs.

(b) Efimova et al. [9] followed the criterion of Seeberger et al. [24] who took into
account short-term non-isothermal conditions at different heating rates and a
maximum level of degradation of 1%. They proposed the use of eq. (1.2) to
calculate the MOT for a defined time of operation (tmax):

MOT =
Ea=R

4.6 + ln A � tmaxð Þ (1:2)

where Ea is the activation energy of degradation process and tmax is themaximum
time of exposition.

Calculation of the Ea and A parameters can be done following different kinetic
methodologies. There are many works focused on the determination of the activation
energy of the degradation process of a specific material, which can be classified into
two categories, namely isothermal and dynamic methods. As the name suggests, the
first group uses isothermal TG curves [21], and activation energy is calculated by
application of Arrhenius equation [8, 25], whereas the secondmethodmakes calcula-
tions from data of dynamic TG and DTG curves, as is the case of Efimova et al. [9], who
used the Kissinger–Akahira–Sunose equation. Despite these kinetic methods being
widely used, scarce references applying them to ILs have been found [4].

The most common dynamic methods used in the bibliography are: Kissinger,
Flynn–Wall–Ozawa (FWO), Kissinger–Akahira–Sunose (KAS) and Friedmanmethods.
The first one, Kissinger method, is a dynamic method that uses the peak temperature
of the DTG curve to determine the activation energy. The other ones are isoconver-
sional methods, that is, they are based on the isoconversional principle [27–29], and
the activation energy is calculated as the mean value of those obtained for all the
considered conversion values. In a recent work [4], a deep study of the degradation
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kinetics of four imidazolium ILs with common anions ([C2C1Im][NTf2], [C3C1Im][NTf2],
[C4C1Im][NTf2] and [C4C1C1Im][NTf2]) was done, using isothermal and dynamic
methods. It was checked that, at least for these ILs, obtained activation energies
through the different methods are similar, so in order to determine the MOT, it does
not matter whatever the kinetic method is selected to estimate the activation degra-
dation energy. Nevertheless, this must be taken with caution, especially in cases
where several steps are overlapped on degradation process, as for example, [P6,6,6,14]
[(C2F5)3PF3] (see Figure 1.3).
(c) In previous works of our group [5, 8], the MOT at which an IL could be used was

estimated from the fit of four possible conversion degrees, or degradation levels
1%, 2%, 5% and 10%, with the temperatures of isothermal scans, that is, the time
that each IL takes to decompose in the above percentages was determined from
isothermal scans. A decreasing exponential function of the temperature (eq. 1.3)
was used to correlate these data of time and temperature:

t′=B e−C T− 273ð Þ (1:3)

t′ being the time in minutes, T the temperature in K, and B and C the fitting coeffici-
ents. Knowledge of these fitting parameters allows the estimation of the MOT.

Obviously, the stricter the criterion, the lower the MOT is. Taking into account that in
all of these calculations, an important loss of accuracy can appear (10%–15%), to
assess these criteria operation, temperatures should not overcome these MOT tem-
peratures in any case.

As example, Table 1.2 shows onset temperatures determined from dynamic scans
and the MOT values of three ILs, calculated as the temperature that each degradation
level takes place in 10 h. In all the cases, theMOT corresponding to the highest degree
of conversion is around 150 K lower than Tonset.

Table 1.3 summarizes the T0.01/10h values (expressed in Kelvin) predicted by the three
abovementioned methods. The highest values of MOT correspond to the dynamic
method used by Wooster et al. [10], as it was also observed in a previous work [23].
The lowest values of MOT are those obtained from Efimova et al. [9] and Seeberger
et al. [24] method. Up to our knowledge, no previous data have been published about
this parameter for the selected compounds.

Table 1.2: MOT for different degradation levels (1%, 5% and 10% in 10 h) and onset temperatures.

T./h/K T./h/K T./h/K Tonset/K

[COCCPyrr][NTf]    

[COCCPyrr][(CF)PF]    

[P,,,][(CF)PF]    
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Taking into account the data obtained from the isothermal study, the observed
trend, from higher to lower thermal stability, is [C1OC2C1Pyrr][NTf2] > [C1OC2C1Pyrr]
[(C2F5)3PF3] > [P6,6,6,14][(C2F5)3PF3], which is the same as those tendencies obtained in
other works with the Ea and Tonset values [5]. It can be seen again that ILs with [NTf2]

−

anions show higher values of thermal stability [4, 6–8, 21, 23], whatever the para-
meter studied and the criterion used are.

1.4 Main conclusions

Thermal stability of 50 ILs has been analyzed using dynamic thermogravimetric
analysis. Short-term thermal stability was characterized through onset temperatures.
The first conclusion is that the anion influence on the thermal stability of ILs is higher
than the cation one, ILs with [NTf2]

− and [OTf]− anions being the most stable, while,
dicyanamide-, nitrate- and acetate-based ILs were the least stable.

Two very similar sequences with the cation family for the common anion [NTf2]
−

and for the common anion [OTf]− (which are the most used in the literature) were
obtained:
– For [NTf2]

−: Imidazolium > Pyrrolidinium > Piridinium ≈ Piperidinium > Choline ≈
Ammonium.

– For [OTf]−: Imidazolium > Piperidinium ≈ Pyrrolidinium > Piridinium >
Ammonium.

Long-term stability was checked for several of the selected ILs using thermogravi-
metric isothermal analysis. The observed trend was the same than that obtained with
Tonset values. Maximum operation temperature was also estimated by the application
of three different criteria obtaining good concordance between them and with pre-
vious bibliographic results.
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M. Bendová, Z. Wagner, J. Rotrekl

2 Liquid–liquid equilibria in systems of ionic
liquids: A guide to experiments and data
analysis

Abstract: Experimental methods used to determine liquid–liquid equilibria (LLE) in
systems containing ionic liquids (ILs) are summarized. While these methods are essen-
tially the same as in studies of LLE in systems of molecular liquids, systems containing
ILs show some specificities that must be taken into account. The methods addressed are
therefore compared and assessed as to their suitability, advantages and drawbacks.

In the second part of the chapter, data analysis is addressed to demonstrate the
wealth of information that can be obtained by means of using appropriate methods.
An example of multivariate calibration using the partial least-squares method is
given to show the means of separating overlapping UV–Vis spectra. Most impor-
tantly, though, a brief introduction to mathematical gnostics is given. This nonsta-
tistical approach to data uncertainty is a powerful tool in critical assessment of a
number of types of thermodynamic data, including LLE, and in a robust linear as well
as nonlinear regression even of small samples of scattered data.

Keywords: liquid–liquid equilibria, experimental methods, mathematical gnostics,
data analysis, multivariate calibration

2.1 Introduction

Studies of liquid–liquid equilibria (LLE), both in terms of experimental measure-
ments and data treatment, require great care in general. In systems of ionic liquids
(ILs), the experiments have to be designed and carried out even more carefully than
in conventional systems of molecular compounds. In this chapter, an overview of the
experimental possibilities and issues to watch out for in systems containing ILs will
be briefly summarized.

Similarly, attention should be paid to a relevant data analysis of the experimental
values that, in systems of ILs, may tend to show higher uncertainties or larger data
scattering. In this chapter, data analysis by means of methods based on mathematical
gnosticswill be discussed. Indeed, high-quality and advanced data analysis is extremely
important in critical assessment of all experimental data in general. In LLE data, the
necessity for a reliable description of the data by means of appropriate thermodynamic
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Chemical Process Fundamentals of the CAS, Prague, Czech Republic
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equations arises. This often means using nonlinear regression methods in cases of
complex shapes of objective functions.

2.2 Experimental determination of liquid–liquid
equilibria

Experimental methods used to determine LLE inmulticomponent systems containing
ILs are essentially the same as in the conventional systems of molecular compounds.
However, some specificities related to, for example, their high viscosity or an
increased interfacial tension between the studied IL and the remaining components
of the mixture may require special attention.

There are, in general, three types of methods to be used in these measurements.
The direct analytical (static) method involves taking samples of phases of a care-
fully equilibrated mixture and analyzing them using a suitable analytical method.
The main advantage of this experimental setup is that compositions of the equili-
brium phases and consequently tie lines are obtained. However, this method is
time- and material-consuming and requires a good knowledge of the analytical
methods at hand. The volumetric method is based on measurements of volumes of
equilibrium phases from which their composition is obtained by means of mass
balance. It allows for measurements of tie lines for a range of temperatures, how-
ever, only in binary mixtures andmostly with a lower precision than other available
methods. The cloud-point (synthetic) method then provides the possibility of mea-
suring the points of the binodal curve, but not the compositions of the equilibrium
phases.

2.2.1 Direct analytical method

In the direct analytical (or static) method, samples of carefully equilibrated phases
are taken and analyzed by a suitable analytical method [1]. In a thermostated
equilibrium cell, a heterogeneous mixture of a global composition corresponding
roughly to the midpoint on the tie line is prepared and thoroughly mixed for a
sufficiently long time to reach equilibrium. After another sufficiently long period of
time of settling during which the equilibrium phases clear out the samples of both
phases are taken. Both the stirring and settling times should be found experimentally
for each studied system; this holds particularly for systems containing ILs. Indeed,
in systems of ILs with molecular compounds, large differences in viscosity of
the studied components are often found, the viscosity of ILs at room temperature
often being of the order of tens to hundreds of mPa·s [2]. Also, values of the IL–air
surface tension are lower than that of water, but higher than those of conventional
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organic solvents (see, e.g., [3, 4]). This may lead to a poorer mass transfer on mixing;
however, the phase separation on settling is facilitated [5].

Equilibration times indeed have to be determined quite carefully. In systems
showing poor solubility of the IL in the molecular solvent starting measurements at a
temperature higher than 25 °C with up to several days of stirring may be needed to
reach the equilibrium [6]. Shorter times may lead to values of the measured solubility
of IL in water that may be significantly lower than the equilibrium value.

Not least importantly, cross-contamination of equilibrium samples should care-
fully be avoided. To a large extent, using an equilibrium cell design proposed by
Řehák et al. [7] (see Figure 2.1) allows for taking of non-contaminated samples. This
setup allows for a thorough mixing of the entire mixture while at the same time
ensuring that the sample of the lower phase is taken without the need to puncture the
phase boundary. However, the formation of emulsion after settling can occur. In such
cases, taking samples of the equilibrium phases is very difficult and even nearly
impossible. Moreover, even if the equilibrium phases seem homogeneous, small
droplets of one phase can be trapped in the second phase. This can lead to erroneous
results, for instance, in systems of hydrophilic ILs with water in which the solubility
of ILs in the aqueous phase is near the infinite dilution [6].

A large range of analytical methods can then be applied to analyze the samples of the
equilibrium phases. To analyze lower-boiling molecular compounds, gas chromato-
graphy is often applied [8–10]; however, care must be taken to add a guard column [8]
to the experimental setup, to avoid the contamination of the measurement column by
the nonvolatile ILs. NMR spectroscopy is a method of choice in some older works [11]
due to its relative simplicity and small amount of sample required. It should

a

a

b c

d

Figure 2.1: Measuring cell for the direct
analytical method designed by Řehák et al. [7]:
(a) thermostat in/out, (b) inlet for filling and
taking of the upper-phase sample, (c) inlet for
taking of the lower-phase sample, (d) magnetic
stirrer.
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nevertheless be noted that the uncertainty of theNMRanalyses is rarely better than 2%,
and that as a consequence suchmeasurements should only be used as a screening step
and is not acceptable for measuring solubilities lower than 3% (mass). Often, data with
“zero” solubility values are published when those only mean that the value is below
the detection limit of the device. Such data should only be consideredwith somedoubt,
as screening values rather than reliable equilibrium data. Should they be published,
detection limits of the analytical method should always be given. In addition, such
data should be analyzed as censored, which to the best of our knowledge has never
been done in literature till today. Measurements of physical properties, such as density
or refractive index, can also be used in indirect determination of the composition of the
equilibrium phases [12, 13], provided a homogeneous sample can be taken in sufficient
quantity without disturbing the overall equilibrium.

2.2.2 Volumetric method

The volumetric method can be used for measurements of LLE in binary systems and
consists of measuring volumes of the equilibrium phases in two mixtures of known
compositions. Calculation of the equilibrium compositions is then carried out from
mass balance [1, 14, 15]. The main advantage of this method is that even if a relatively
large amount of sample is required (of the order of tens of milliliters), the prepared
mixture can be used in repeated measurements over a large range of temperatures.
After that, the IL can be readily recycled for further experiments. On the other hand,
the uncertainty in the determined composition strongly depends on the difference
between the molar masses of the studied components.

2.2.3 Cloud-point method

The cloud-point (or dynamic, turbidimetric) method allows for measurements of
the points of the binodal curve [1, 16]. As a consequence, it does not provide
information on the composition of the equilibrium phases, only the extent of the
miscibility gap can be obtained. The measurements can be carried out in two
modalities. The first one consists in titrating a pure liquid or a homogeneous
mixture of known composition with another component at constant temperature
until the appearance of the second phase [8]. Besides other, it requires excellent
mixing, which makes this setup problematic for use with ILs. In the second
modality, that may also be called a polythermal arrangement, a binary mixture
of a known composition is heated or cooled at a defined rate to obtain the so-called
solution temperature, that is, the temperature at which the phase change occurs
[17]. An example of experimental setup for cloud-point measurement is shown in
Figure 2.2.
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As in both previous cases, some specificities should be borne inmind that are related to
studies of systems containing ILs. As in the direct analytical method, the large differ-
ence in viscosity of the ILs and molecular compounds lead to poorer mixing. In the
polythermal arrangement the mixture usually has to be overheated to a temperature
significantly higher (approximately 10–20 °C) than the solution temperature to obtain a
homogeneous mixture. The values of the surface tension of ILs [5] also make the
appearance of turbidity difficult to detect owing to its instability. Even if optical
methods of detection that significantly improve the accuracy of the cloud-pointmethod
are used [17, 18], small droplets can go undetected unless a careful visual inspection is
also used. As discussed in Section 2.2.1, in systems of ILs with molecular solvents poor
mass transfer and quick phase separationmay occur, whichmay lead to irreproducible
results if repeated measurements with the same mixture are carried out without a
sufficient equilibration times between the individual measurements.

2.3 Data analysis

The purpose of data analysis in general is to inspect available data and extract asmuch
information as possible. Ameasured value is never exact. Eachmeasurement is always
disturbed. Having a single measured value we cannot in principle judge howmuch the
value is shifted from the exact value and whether the shift is positive or negative. In
order to estimate uncertainty, either a series of repeated measurements is needed or a
dependence of one quantity on another and its mathematical model must be known.

a

a a

a

e

d d

ff e

bbc c

g g

Figure 2.2: Measuring cell for the cloud-point method. Left – homogenous system, right –
heterogenous system: (a) thermostat in/out, (b) laser source, (c) photodiode, (d) thermometer,
(e) control unit (computer), (f) inlet for filling, (g) magnetic stirrer.
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Methodology of such calculations can be traced back to the books of a Persian
scholar in the House of Wisdom in Baghdad, Muhammad Ibn Musa al-Khwarizmi, who
was inspired bymathematics described by Brahmagupta in ancient India, especially the
fundamental rules of algebra1 and the concept of zero, which is now naturally used as a
neutral element of an additive Abelian group. The basis of data analysis is rooted in the
theory of measurement where a measured value is considered a sum of a true value and
an error. A multiplicative model is also possible but there is a simple transformation
between them, hence both models are mathematically equivalent. Additivity of mea-
sured quantities is a natural concept, therefore the measured values are mathematically
modeled by means of an Abelian group. The theory of measurement further classifies
measurement errors, briefly to systematic errors that can be corrected by calibration and
random errors that cannot be avoided. The theory of measurement does not further
analyze the random errors and leaves this task to statistics.

Two paradigms of measuring uncertainty are nowadays most widely used. The first
approach has already been introduced, namely mathematical statistics. Most frequently
the random error is considered to have normal distribution with zero mean and known
variance, and the errors of individual measurements are uncorrelated. Violations of
some of these assumptions can also be admitted, and such cases are described both
from theoretical and practical point of view in the book of Beck and Arnold [19], and
requirements for statistical expression of uncertainty are specified by NIST [20]. Without
further theoretical explanation this approach will be described in Section 2.3.2.

Mathematical gnostics presents the second paradigm of measurement uncer-
tainty. Its brief explanation with one application relevant to the topic of this chapter
will be given in Section 2.3.2.1.

2.3.1 Partial least-squares regression in multivariate analysis

In some cases, a straightforward chemical analysis of samples of the equilibrium
phases is difficult or nearly impossible. This is particularly the case inmulticomponent
mixtures in which complex matrices are involved, leading for instance to overlapping
spectra in UV–Vis spectrophotometric analysis. Chemometric methods of multivariate
analysis based on principal components analysis (PCA) or partial least-squares regres-
sion (PLS) can then be applied to separate the interfering signals [21, 22]. These full-
spectrummethods not only allow for a decomposition of complicated spectra, but may
also help tackle nonlinearities or colinearity of the measured data.

The partial least-squares method is a covariance-based method of projection of
large sets of data into their latent structures, that is, it finds a regression of data by

1 The word algebra was invented by al-Khwarizmi in his book entitled al-Kitāb al-mukhtaṣar fī ḥisāb
al-jabr wal-muqābala (The Compendious Book on Calculation by Completion and Balancing).
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projecting both the observed and the predicted variables into a new space. Several
algorithms can be applied with a general model expressed as

X ¼ TPT þ E
Y ¼ UQT þ F

In this model, X is an n ×mmatrix of predictors (independent variables); Y is an n × p
matrix of responses (dependent variables); n is the number of samples; m is the
number of measurements; T and U are n × l matrices that are, respectively, projec-
tions of X (the X score, component or factor matrix) and projections of Y (the Y
scores); P and Q are, respectively, m × l and p × l orthogonal loading matrices and
matrices E and F are the error terms, assumed to be independent and identically
distributed random normal variables. The decompositions of X and Y are made so as
to maximize the covariance between T and U.

In determination of LLE in systems of ILs, the multivariate partial least-squares
regression algorithm (PLS2) was successfully used to separate overlapping spectra of
1-methylimidazole and 1-butyl-3-methylimidazolium hexafluorophosphate in their
ternary system with 1-chlorobutane [8]. However, the method presents a disadvan-
tage in that the number of factors to be used in the spectra decomposition is not easy
to optimize.

2.3.2 Advanced data analysis by mathematical gnostics

Mathematical gnostics is a nonstatistical approach toward data uncertainty. Based on
the theory ofmeasurement, the Abelian group of ideal values is considered a numerical
image of the true values of the measured quantity and an Abelian group of uncertain-
ties is considered a numerical image of disturbances. Their Cartesian product forms an
Abelian group of numerical images of measured values. The fundamental equation is
written as

A=A0 + SΦ

where A is the measured value, A0 is the ideal value, S is the scale parameter and the
whole term SΦ means uncertainty. Having in mind that the terms are numerical
images of entities from three different sets, their properties can be analyzed as shown
in the book of Kovanic and Humber [23]. For each data item A, a data weight f and an
irrelevance h can be calculated as

f =
2

q2 + q− 2

h=
q2 − q− 2

q2 + q− 2
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where

q= exp
A−A0

S

� �

The data weight measures the quality of a measured value, it is equal to one for a value
equal to the ideal value and decreases to zero for imprecise values. The irrelevance is
limited between minus and plus one and reaches zero for a value equal to the ideal
value. It is used to measure the departure of a measured value from the ideal value.
Both these properties ensure robustness.

Using an alternative algebraic expression, the link to thermodynamics is
obtained as shown in the abovementioned book. The energy and Boltzmann’s
entropy of a single datum can be calculated. Knowing the relations from the theory
of informationwe can also calculate probability for each individual data point. This is
the first difference from statistics.

The fundamental equation can also be rewritten using matrix calculus.
Examination of this form reveals the link to Lorentz transformations from special
theory of relativity. It thus follows that an additive quantity cannot be the measure-
ment error as used in statistics but the data weight f and irrelevance h should be used
as additive measures. This is the basis for a gnostic aggregation law that allows us to
find the relation for the gnostic distribution function from the properties of individual
measurements.

Mathematical gnostics thus differs from statistics in three principle features:
1. Based on thermodynamics of a single data point, probability can be calculated

and the aggregated properties are thus valid even for small data sets, extrapola-
tion from an infinite to finite data set is not used.

2. All properties are derived by using fundamental laws of nature.
3. The gnostic estimators are naturally robust.

2.3.2.1 Robust nonlinear regression along a gnostic influence function
in thermodynamic description of liquid–liquid equilibria

An experimentalist always takes care to prevent gross errors. However, larger experi-
mental errors may occur, and measurement methods may in principle be difficult
owing to the physico-chemical nature. If a dependence between two ormore quantities
is measured, repeated measurements are not always available because repetition at
exactly the same conditions is impossible. In such cases, outliers may remain unde-
tected if proper data analysis is not employed.

In the presence of errors of different magnitudes, statisticians usually assign
different weights. Such assignment is rather arbitrary based on judgement of an
experimentalist or set pragmatically to improve overall agreement of a model and
data. This idea is utilized in robust statistics where such weights are calculated a
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posteriori based on data analysis, and the data are iteratively reweighted by regres-
sion along an influence function [24]. The influence function is derived from the
model of outliers.

The statistical regression along an influence function is a useful tool but it has a
hidden pitfall. The number of outliers is always small, therefore it is impossible to
verify the validity of a selected model by statistical tests. The method can thus
unpredictably fail. Mathematical gnostics adds an influence function based on the
principles outlined above [25]. Nomatter which influence function is used, the points
conforming well to the model are characterized by the values of the a posteriori
weights close to one while the weights close to zero signal outliers.

We have extended the linear robust regression along an influence function to
nonlinear regression. In principle, it is a combination of regular maximum likelihood
regression explained in [26] enrichedwith application of iterative reweighting using a
gnostic influence function. The method was used not only for regression of LLE data
[18] but also for regression of data on diffusion through a porous membrane [27] and
temperature dependence of viscosities [28]. The latter application showed that it was
possible to detect a problem with a measuring device although it is not visible in the
graphical representation.

As mentioned in [26], nonlinear regression is difficult because several local
minima can exist. The gnostic influence function does not help to solve the problem.
On the contrary, if regression along an influence function is used, several local
minima can exist even in the linear case. Careful analysis is therefore needed and
these two typical situations can be observed:
1. The majority of data agree with the model and only a few outliers are detected. In

such a case we can assume that the model was found and we should try to find
differences occurring in these few measurements in the logbook.

2. A large amount of outliers are found. This usually signals separation of data into
two or more clusters. The result need not be the desired one. Instead we have to
continuewith analysis of the outliers. They can conform to amodel with different
parameters. If data are split into clusters according to an author or a method or a
batch of chemicals used or any other common condition, it is evident that we
have discovered a systematic error in at least one of the clusters.

Robust regression along an influence function has, however, a disadvantage and it
is its higher computation cost. It is not such a problem in simple regression if a
function value can be obtained by direct evaluation. The method becomes compu-
tationally expensive in case of regression of phase equilibrium data where a set of
nonlinear equations must be solved for each data point in each iteration over
model parameters. Robust regression adds another level of iterative reweighting.
If a large data set has to be analyzed, creative approach to data pretreatment is
inevitable.

Liquid–liquid equilibria in systems of ionic liquids 25

 EBSCOhost - printed on 2/13/2023 1:05 AM via . All use subject to https://www.ebsco.com/terms-of-use



References

[1] Weir RD, De Loos TW, Eds. Measurement of the Thermodynamic Properties of Multiple Phases,
VII. Elsevier: Amsterdam, 2005.

[2] Wasserscheid P, Welton T, Eds. Ionic Liquids in Synthesis; Wiley-VCH Verlag GmbH & Co. KGaA:
Weinheim, Germany, 2007.

[3] Almeida HFD, Carvalho PJ, Kurnia KA, Lopes-da Silva JA, Coutinho JAP, Freire MG. Surface
tensions of ionic liquids: Non-regular trend along the number of cyano groups. Fluid Phase
Equilib, 2016, 409, 458–465.

[4] Heintz A. Recent developments in thermodynamics and thermophysics of non-aqueous mix-
tures containing ionic liquids. A review. J Chem Thermodyn 2005, 37, 525–535.

[5] Huddleston JG, Visser AE, Reichert WM, Willauer HD, Broker GA, Rogers RD. Characterization
and comparison of hydrophilic and hydrophobic room temperature ionic liquids incorporating
the imidazolium cation Green Chem. 2001, 3, 156–164.

[6] Rotrekl J, Storch J, Velíšek P et al. Liquid phase behaviour in systems of 1-Butyl-
3-Alkylimidazolium bis(trifluoromethyl) sulfonylimide ionic liquids with water: Influence of the
structure of the C5 Alkyl substituent. J Solut Chem, 2017, 46, 1456–1474.

[7] Řehák K, Matouš J, Novák JP, Bendová M. (Liquid+liquid) equilibrium for (dimethyl phthalate +
water), (diethyl phthalate + water), and (dibutyl phthalate + water). J Chem Thermodyn, 2000,
32, 393–400.

[8] Bendová M, Sedláková Z, Andresová A, Wagner Z. Using partial least-squares regression
in multivariate UV spectroscopic analysis of mixtures of imidazolium-based ionic liquids
and 1-methylimidazole for measurements of liquid-liquid equilibria. J Solut Chem, 2012,
41, 2164–2172.

[9] Meindersma GW, Podt AJG, de Haan AB. Ternary liquid-liquid ekvilibria for mixtures of toluene +
n-heptane + an ionic liquid. Fluid Phase Equilib, 2006, 247, 158–168.

[10] Rodríguez-Cabo B, Soto A, Arce A. Desulfurization of fuel-oils with [C2mim][NTf2]: A comparative
study. J Chem Thermodyn, 2013, 57, 248–255.

[11] Arce A, Rodríguez H, Soto A. Use of green and cheap ionic liquid to purify gasoline octane
boosters. Green Chem 2007, 9, 247–253.

[12] Deenadayalu N, Ngcongo KC, Letcher TM, Ramjugernath D. Liquid-liquid Equilibria for ternary
mixtures (an Ionic Liquid + Benzene + Heptane of Hexadecane) at T = 298.2 K and Atmospheric
Pressure. J Chem Eng Data 2006, 51, 988–991.

[13] Letcher TM, Reddy P. Ternary (liquid + liquid) ekvilibria for mixtures of 1-hexyl-3-methylimida-
zolium (tetrafluoroborate of hexafluorophosphate) + benzene + an alkane at T = 298.2 K and
p = 0.1 Mpa. J Chem Thermodyn 2005, 37, 415–421.

[14] Řehák K, Voňka P, Dreiseitlová J. Revision of the volumetric method for measurements of
liquid–liquid equilibria in binary systems. Fluid Phase Equilib 2005, 230, 109–120.

[15] BendováM, Wagner Z. Liquid-liquid Equilibria in binary system [bmim][PF6] + 1-Butanol. J Chem
Eng Data 2006, 51, 2126–2131.

[16] Hefter GT, Tomkins RPT, Eds. The Experimental Determination of Solubilities; John Wiley &
Sons, Ltd.: Chichester, 2003.

[17] Ochi K, Saito T, Kojima K. Measurement and Correlation of Mutual Solubilities in 2-Butanol +
Water. J Chem Eng Data, 1996, 41, 361–364.

[18] Bendová M, Wagner Z, Moučka M. Liquid-liquid Equilibrium in a Binary Systém 1-butyl-3-
methylimidazolium Hexafluorophosphate + Water: Experiment and data correlation. Int J Ther
2008, 11, 109–114.

[19] Beck JV, Arnold KJ. Parameter estimation in engineering and science. J. Wiley and Sons,
New York 1977.

26 M. Bendová, Z. Wagner, J. Rotrekl

 EBSCOhost - printed on 2/13/2023 1:05 AM via . All use subject to https://www.ebsco.com/terms-of-use



[20] Taylor BN, Kuyatt C., Guidelines for evaluating and expressing the uncertainty of NIST mea-
surement results, NIST Technical Note 1297, 1994.

[21] Trygg J, Wold S. Orthogonal projections to latent structures (O-PLS). J Chemom, 2002, 16,
119–128.

[22] Martens H, Naes T. Multivariate Calibration, Wiley, 1992.
[23] Kovanic P, HumberMB. The Economics of Information-Mathematical Gnostics for Data Analysis,

book 717 pp [on-line], 2015. available online at http://www.math-gnostics.eu/books, [cit 2017-
12-28] (5 September 2015).

[24] Heiberger RM, Becker RA. Design of an S function for robust regression using iteratively
reweighted least squares. J Comput Graph Stat, 1992, 1, 181–196.

[25] Kovanic P. A new theoretical and algorithmical basis for estimation, identification and control.
Automatica, 1986, 22 (6), 657–674.

[26] Voňka P, Novák JP, Matouš J. Application of the maximum likelihood method to the
parameter evaluation in heterogenous systems. Collect Czech Chem Commun, 1989, 54,
2823–2839.

[27] Setničková K, Wagner Z, Noble R, Uchytil P. Semi-Empirical Model of toluene transport in
polyethylene membranes based on the data using a new type of apparatus for determining gas
permeability, diffusivity and solubility. J Membr Sci, 2011, 66(22), 5566–5574.

[28] Andresova A, Storch J, Traïkia M, Wagner Z, Bendova M, Husson P. Branched and cyclic alkyl
groups in imidazolium-based ionqic liquids: Molecular organization and physico-chemical
properties. Fluid Phase Equilib, 2014, 371, 41–49.

Liquid–liquid equilibria in systems of ionic liquids 27

 EBSCOhost - printed on 2/13/2023 1:05 AM via . All use subject to https://www.ebsco.com/terms-of-use

http://www.math-gnostics.eu/books


 EBSCOhost - printed on 2/13/2023 1:05 AM via . All use subject to https://www.ebsco.com/terms-of-use



Teresa B.V. Dinis, Catarina M.S.S. Neves, Luís Barbosa,
João A.P. Coutinho and Mara G. Freire

3 Aqueous biphasic systems formed by
cholinium-based ionic liquids and mixtures
of polymers

Abstract: In the past years, the relevance of introducing ionic liquids (ILs) has been
shown as phase-forming components of aqueous biphasic systems (ABS), which allow
the tailoring of polarity differences between the coexisting phases. Although investiga-
tions on the IL chemical structure and polymermolecularweight have been carried out,
the use of mixtures of polymers can also be seen as a way of tailoring their two-phase
formation ability and separation performance, which was not attempted earlier. In this
work, we investigate novel ABS composed of cholinium-based ILs and mixtures of
polymers, namely polyethylene glycol (PEG) of 400 and 2,000 g·mol–1, at differentmole
fractions, as a way of tailoring the formation of ABS and their separation performance.
The respective liquid–liquid phase diagrams were determined, and their ability to
separate a set of alkaloids (caffeine, theophylline and theobromine) appraised. An
increase on the PEG 2000mole fraction favors the formation of ABS. However, this does
not follow a monotonous trend, where mole fractions of PEG 400 up to 0.3 do not
display significant impact on the two-phase separation capability. Among the studied
alkaloids, nicotine preferentially partitions to the IL-rich phase, while the remaining
alkaloids majorly partition to the polymer-rich phase. Different selectivity patterns
were verified, depending on the cholinium-based IL used and water content at the
IL-rich phase. Overall, by using mixtures of polymers it is possible to decrease the
viscosity of the coexisting phases and their toxicity impact, without losing their forma-
tion and separation capacities, by the addition of PEGs of lower molecular weight.

Keywords: aqueous biphasic systems, ionic liquids, polymers, partition coefficients,
alkaloids, selectivity

3.1 Introduction

The research on more sustainable solvents and processes for replacing the largely
applied volatile organic solvents (VOCs) fits within the green chemistry principles [1]
In this field, liquid–liquid extraction processes based on aqueous biphasic systems
(ABS) are seen as an alternative and promising route to replace the use of VOCs [2, 3].
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These systems are formed by combining at least two water-miscible nonvolatile com-
pounds that, above specific concentrations, undergo phase separation [4]. The most
common ABS are those composed of polymer–polymer [2, 3] and polymer–salt [2, 3]
pairs dissolved in aqueous media, in which polyethylene glycol (PEG) has been one of
the most investigated polymers due to its low cost and low toxicity [5] However,
the narrow hydrophilic–hydrophobic range associated with these more conventional
polymer-based ABS limits their applicability when selective extractions or separations
frommore complexmatrices are envisaged. More recently, the use of ionic liquids (ILs)
has been suggested to create ABS, [6] and a large number of IL–salt [4, 6], IL–polymer
[4, 7] and IL–carbohydrate [4, 8] combinations have been reported. Due to the innu-
merous combinations between IL cations and anions[9], IL-based ABS allow the
tailoring of polarity differences between the coexisting phases [4]. Accordingly, it has
been demonstrated that the introduction of ILs leads to ABS with high extraction
performance and selectivity for a large plethora of compounds [4].

Several PEG-IL-based ABS have been studied [4, 7, 10, 11], with selective separa-
tions achieved with these systems [12]. Moreover, the presence of ILs in ABS offers
additional advantages over traditional polymer–polymer ABS, such as lower viscos-
ities and faster phase separation [4] Besides the tunability of ILs,most reportedABS are
formed by ILs based on imidazolium and pyridinium cations and/or composed of
fluorinated anions, raising several toxicity and biodegradability concerns [13]. More
recent studies have proposed a new class of natural-derived cholinium-based salts or
ILs as more sustainable alternatives to the conventional IL structures [5, 14–16]. Most
cholinium-based ILs are easier to synthesize and are of lower cost [11, 24–26].
Furthermore, somepresent enhanced biocompatibility [17–20] and low toxicity profiles
[21–24]. This type of ILs also has demonstrated a high capability to undergo phase
separation or to create ABS in the presence of aqueous solutions of inorganic/organic
salts [16, 25–27] or aqueous solutions of polymers [5, 11, 14, 28, 29].

For ternary systems composed of ILs, high charge density salts and water, it has
been demonstrated that the two-phase separation occurs due to the competition of the
ions to form hydration complexes and to induce the salting-out [4, 16]. However, when
dealing with ternary systems composed of polymers, such as PEG, a more complex
scenariowas reported [4]. It has been demonstrated that the formation of ABS composed
of ILs and PEG depends on the balance of interactions of all components in equilibrium
(IL ions, PEG and water) [5, 14, 30], that largely depend on the ternary system composi-
tion. In addition to these works that allow to better understand the formation of IL-PEG
ABS, the molecular-level mechanisms driving the partitioning of biomolecules in these
systems were also investigated. Pereira et al. [11] evaluated the partitioning of three
alkaloids (caffeine, theophylline and theobromine) in a series of ABS formed by choli-
nium-based compounds and PEG 600 (PEGwith amolecularweight of 600 g.mol−1). The
authors [11] concluded that the biomolecules preferentially migrate to the most hydro-
phobic phase, as addressed by the phases’ water content, also allowing the use of this
type of data to characterize the relative hydrophobicity of the coexisting phases.
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Up to date, most reports on ABS formed by cholinium-based ILs and polymers
focused on the IL ions chemical structure and polymer molecular weight to manip-
ulate their two-phase formation ability and extraction performance [5, 11, 14, 28, 29]
Nevertheless, the polymer molecular weight and its weight can be tailored by
attempting the use of mixtures of polymers. In this work, we investigated ABS
composed of cholinium-based ILs and mixtures of two PEGs with distinct molecular
weights, namely PEG 400 and PEG 2000 with 400 and 2,000 g·mol–1, respectively, as
a way of tailoring the formation of ABS and the partitioning coefficients of a series of
alkaloids (caffeine, theophylline, theobromine and nicotine). The ternary phase
diagrams were determined at 298 K, for different ILs and mixtures of polymers at
different mole fraction compositions, to infer their two-phase formation aptitude,
followed by their evaluation to separate alkaloids through the determination of the
respective partition coefficients and selectivity.

3.2 Experimental section

3.2.1 Chemicals

PEGs of molecular weights of 400 and 2,000 gmol−1 (PEG 400 and PEG 2000), acquired
from Fluka and Alfa Aesar, respectively, were used. The studied cholinium ([N111(2OH)]

+)-
based ILs to form ABS with mixtures of polymers were commercially acquired, namely
cholinium dihydrogen phosphate [N111(2OH)][DHP] (>98 wt% from Iolitec) and cholinium
bitartarate [N111(2OH)][Bit] (97 wt% from Acros Organics). It should be remarked that
cholinium dihydrogen citrate, [N111(2OH)][DHC], cholinium bicarbonate, [N111(2OH)][Bic],
cholinium chloride, [N111(2OH)]Cl, cholinium acetate, [N111(2OH)][Ac], and cholinium
butanoate, [N111(2OH)][But], were also tested; however, they are not able to form ABS
with PEG 2000 or with the mixtures of polymers investigated. The alkaloids studied as
partitioning solutes were caffeine (99 wt%) and nicotine (99 wt%) from Fluka, and
theophylline (99 wt%) and theobromine (99 wt%) from Sigma-Aldrich. The chemical
structures of the cholinium-based ILs able to form ABS, polymers and alkaloids are
depicted in Figure 3.1. The water used was double distilled, passed through a reverse
osmosis system and further treated with a Milli-Q plus 185 apparatus.

3.3 Experimental procedure

3.3.1 Phase diagrams

The binodal curves, that is, the solubility curves that separate the monophasic and
biphasic regions, were determined through the cloud point titration method [31–35]
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at (298 ± 1) K and atmospheric pressure. Aqueous solutions of polymers at approxi-
mately 60 wt% and aqueous solutions of the different cholinium-based IL ranging
from 60 to 70 wt% were prepared and used for the determination of the binodal
curves. Repetitive dropwise addition, under constant stirring, of the aqueous solu-
tion of cholinium-based salts to the aqueous solutions of PEGs, or vice versa, was
carried out until the detection of a cloudy (biphasic) solution, followed by the
dropwise addition of water until observing a monophasic region (clear and limpid
solution). Pure PEG 400 and PEG 2000 andmixtures of both polymers at several mole
fractions of PEG 400 (0.9, 0.75, 0.5, 0.25 and 0.1) were used. The systems formed by
pure PEGs correspond to ternary systems, whereas those formed by mixtures of
polymers are quaternary systems, although they are treated in this work as pseudo-
ternary systems in order to simplify the evaluation of their impact toward the
behavior of phase diagrams. All the investigated cholinium-based salts were
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Figure 3.1: Chemical structures of the investigated ABS phase-forming components and alkaloids.
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previously demonstrated to induce the formation of ABS with PEG 400, with the
exception of [N111(2OH)][But] [5] On the other hand, only [N111(2OH)][DHP] and [N111(2OH)]
[Bit] were able to form ABS with PEG 2000 and mixtures of polymers. For the
remaining ILs only solid–liquid equilibrium was observed when PEG 2000 was
added. The chemical structures of the cholinium-based ILs able to form ABS with
PEG 2000 and mixtures of PEG 400 + PEG 2000 are given in Figure 3.1.

3.3.2 Composition of the coexisting phases (tie-lines)

The coexisting phases of the ABS investigated in this work were characterized by the
quantification of the phase-forming components. The cholinium cation, and thus the
IL content, in each phase was quantified by 1H nuclear magnetic resonance (NMR)
using a Bruker Avance 300 at 300.13 MHz, with dimethyl sulfoxide-d6 (DMSO-d6) as
solvent and 0.03 vol% of tetramethylsilane as the internal reference. Approximately
3 vol% of benzene was added to each sample as internal standard. Examples of the
obtained spectra for the PEG-rich and IL-rich phases are provided in the
Supplementary Material – Figure 3.S.1. The water amount in each phase was grav-
imetrically determined (±10–4 g) by evaporation, using an air oven at ~100 °C, until a
constant weight of the nonvolatile mixture (PEG + IL) was achieved. The amount of
PEG in each phase was determined by mass balance. This process was carried out in
triplicate to ascertain the associated standard deviations.

3.3.3 Partitioning and selectivity of alkaloids

Aqueous solutions of each alkaloid at the following concentrations were prepared:
4.7 × 10–3 mol·dm–3 for nicotine, caffeine and theophylline, and 1.1 × 10–3 mol·dm–3 for
theobromine. At these concentrations all molecules can be considered at infinite
dilution and completely solvated in aqueous media avoiding thus specific alkaloid–
alkaloid interactions. For the partitioning studies, ternary mixture compositions were
chosen based on the determined phase diagrams. All the partitioning studies were
performed at a constant mixture composition for [N111(2OH)][DHP]-based ABS (25.7 wt%
of PEG + 35.7 wt% of IL) and at variable compositions for [N111(2OH)][Bit]-based ABS
(21–42 wt% of PEG + 33–37 wt% of IL). This last IL leads to phase diagrams that
largely depend on the PEG mixture used, thus requiring to work with different
mixture compositions able to form liquid-liquid systems (instead of monophasic or
solid-liquid mixtures). Each mixture was vigorously stirred and left to equilibrate for
at least 12 h (period established in previous optimizing experiments) in order to
achieve a complete partitioning of each alkaloid between the two phases. After
careful separation of both phases, the alkaloids in each phase were quantified
by UV-spectroscopy, using a SHIMADZU UV-1700, Pharma-Spec Spectrometer, at a
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wavelength of 260 nm for nicotine, 272 nm for theophylline and 273 nm for caffeine and
theobromine, using calibration curves previously established. At least three ABS for
each set of conditions and three individual samples of each phase were quantified in
order to determine the average partition coefficients and corresponding standard
deviations. Blank control samples were always used.

The partition coefficients of the studied alkaloids, KAlk, are defined as the ratio of
the concentration of each biomolecule in the PEG- to that in the IL-rich phase,
according to eq. (3.1):

KAlk =
Alk½ �PEG
Alk½ �salt

(3:1)

The selectivity of the studied ABS to extract caffeine, theophylline and theobromine
with respect to nicotine to the PEG-rich phase was determined according to eqs.
(3.2)–(3.4), respectively,

Scaf=nic =
Kcaf

Knic
(3:2)

Stheof=nic =
Ktheop

Knic
(3:3)

Stheob=nic =
Ktheob

Knic
(3:4)

3.3.4 pH and conductivity measurements

After the phase separation, the pH values (± 0.02) and conductivities (± 0.01mS·cm–1)
of each phase were determined at (298 ± 1) K using a SevenMulti (METTLER TOLEDO
Instruments). The PEG- and IL-rich phases were identified by conductivity values.

3.4 Results and discussion

3.4.1 Phase diagrams

Several cholinium-based ILs or salts, composed of anions [DHC]–, [Bic]–, [DHP]–,
[Bit]–, Cl–, [Ac]– and [But]–, were tested with regard to their ability to form ABS when
combined with water and PEGs of two different molecular weights, namely 400 and
2,000 g·mol–1, or their mixtures. All the investigated cholinium-based salts were
previously demonstrated to induce the formation of ABS with PEG 400, with the
exception of [N111(2OH)][But] [5]. According to these data, PEG 2000 and mixtures of
PEG 400 and PEG 2000 (different mole fractions, namely 0.9, 0.75, 0.5, 0.25 and 0.1 of

34 Teresa B.V. Dinis et al.

 EBSCOhost - printed on 2/13/2023 1:05 AM via . All use subject to https://www.ebsco.com/terms-of-use



PEG 400) were investigated in order to evaluate the impact of mixtures of polymers
with different molecular weights on the ABS formation ability. From all ILs tested,
only [N111(2OH)][DHP] and [N111(2OH)][Bit] form liquid–liquid systems with PEG 2000
and mixtures of PEG 400 and PEG 2000 in water. For the remaining cholinium-based
salts, only solid–liquid equilibrium was observed when PEG 2000 or mixtures com-
prising PEG 2000 were added. In a previous work, the existence of favorable inter-
actions was demonstrated between PEG 600 and the IL anions, and that the strength
of these interactions increase in the following order: [DHP]− < [Bit]− < [Bic]− < [Lac]− ≈
[Gly]− ≈ [Ac]− < [DHC]− ≈ Cl–.5 The authors [5] concluded that IL–polymer interactions
play a significant role in the formation of respective ABS and that ILs with weaker
interactions with the polymer are those that more easily form two-phase systems,
being in agreement with the data gathered in this work where only [N111(2OH)][DHP]
and [N111(2OH)][Bit] are able to induce the two-phase formation with mixtures of PEG
2000 and PEG 400. Similar findings were provided by Cláudio and coworkers [36] in
the formation of ABS composed of protic alkylammonium-based ILs and PEG,
demonstrating that the formation of protic IL–PEG-based ABS is dependent on the
strength of the IL–PEG interactions [36].

The liquid–liquid phase diagrams of ABS composed of [N111(2OH)][DHP] or
[N111(2OH)][Bit], PEG 400, PEG 2000 or their mixtures, and water, are depicted in
Figure 3.2. For all phase diagrams, the biphasic region is located above the binodal
curve, whereas the monophasic region is below the solubility curve. All data are
shown in molality units to avoid effects derived from the phase-forming components
molecular weights. The detailed experimental weight fraction data are provided in
the Supplementary Material – Tables 3.S.1 to 3.S.12.

Comparing the phase diagrams of the PEG-based ABS composed of [N111(2OH)][DHP]
against those involving [N111(2OH)][Bit] for a given PEG or polymermixture, the first are
positioned at lower polymer/IL concentrations, meaning that [N111(2OH)][DHP] is more
able to form two-phase systems and consequently require lower amounts of polymer
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Figure 3.2: Phase diagrams of ABS at (298 ± 1) K and atmospheric pressure, composed of (A) [N111(2OH)]
[DHP] or (B) [N111(2OH)][Bit], and PEG 400 at different mole fractions in PEG 400 + PEG 2000 mixtures:
1.05 ( ), 0.90 ( ), 0.75 ( ), 0.50 ( ), 0.25 ( ), 0.10 ( ) and 0.0 ( ).
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or IL to undergo liquid–liquid demixing. This result is in good agreement with the
trend discussed earlier and with literature data, [5] where the authors [5] showed that
[N111(2OH)][DHP] establishes weaker interactions with PEG, and therefore has the
highest ability to promote ABS, followed by [N111(2OH)][Bit]. This trend occurs with
PEG 400, PEG 2000 and their mixtures.

Figure 3.2 allows to evaluate the influence of different contents of PEG 400 and
PEG 2000 in the formation of ABS. For the two cholinium-based ILs investigated,
ABS are more easily formed using polymers of higher molecular weight (PEG 2000
versus PEG 400). This behavior is in accordance with previous studies on PEG–salt
[5, 37] and PEG–IL [5, 36, 38] ABS. Pereira et al. [5] demonstrated the effect of PEG
molecular weight on the ABS formation ability with cholinium-based salts, increas-
ing in the order: PEG 400 < PEG 600 < PEG 1000. Furthermore, an increase in the
PEG 2000 mole fraction in the polymer mixtures, resulting in an increase of the
polymer hydrophobicity, leads to an easier ABS formation, that is, lower amounts of
phase-forming components are required to form two-phase systems. Still, the effect
of the addition of PEG 2000 does not follow a monotonous trend based on its mole
fraction (Figure 3.3).

In Figure 3.3 it is shown that it is possible to improve the performance of ABS
formation by continuously increasing the PEG 2000 amount for the systems contain-
ing [N111(2OH)][DHP] or [N111(2OH)][Bit]. However, for higher PEG 2000 contents (up to
ca. 0.3 of PEG 400), PEG 400 has no major relevance on the phase diagram formation
ability, being close to the performance displayed by systems composed of PEG 2000
alone. This trend can be seen as a major advantage when envisaging large-scale
applications since PEGs of lower molecular weight, such as PEG 400, allow to
decrease both the phases’ viscosity and toxicity impact [39, 40], while keeping the
two-phase formation ability.
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Figure 3.3: Correlation between the capability of cholinium-based compounds to create ABS
(addressed by the values at each binodal curve at which the molality of polymer is equal to the
molality of IL) and the mole fraction of PEG 400 in the PEG 400 + PEG 2000 mixture: [N111(2OH)][DHP]
( ) and [N111(2OH)][Bit] ( ) .
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3.4.2 Partitioning and selectivity of alkaloids

ABS composed of ILs and polymers, such as PEG, have demonstrated interesting
applications due to their wide polarity at the coexisting phases and separation perfor-
mance [5, 11, 14]. Although large efforts have been placed on the interpretation of the
molecular-level mechanisms that rule the formation of such type of systems [7, 11, 14,
36], research works on the use of these systems for the separation of biomolecules are
more scarce [11, 12]. In order to better understand the mechanisms that govern the
partitioning of biomolecules in ABS formed by ILs and polymers, as well as to identify
the potential of these systems as platforms of extraction and purification, in this work
we investigated the partitioning of several alkaloids, namely caffeine, theophylline,
theobromine and nicotine, between the two phases.

The logarithmic values of the partition coefficients of all alkaloids at (298 ± 1) K are
depicted in Figure 3.4. Detailed data on the partition coefficients and extraction
efficiencies are given in the Supplementary Material – Table 3.S.13. It should be
stressed that similar compositions of the phase-forming components in all systems
were considered to evaluate the partitioning behavior of four alkaloids – cf Section 3.2.
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Moreover, in all the investigated systems, the top phase corresponds to the polymer-
rich phase, whereas the bottomphase is chiefly composed of IL andwater, as identified
by conductivity (experimental data given in the Supplementary Material).

With the exception of nicotine that favorably partitions to the IL-rich phase, the
results obtained indicate that all alkaloids preferentially migrate to the polymer-rich
phase, independently of the PEG 400 mole fraction. The pH values of both phases
range between 3.5 and 5.0, as given in the Supplementary Material. Taking into
account the alkaloids speciation as a function of the pH, [20] caffeine, theophylline
and theobromine are mainly present as neutral molecules, while positively charged
species are the predominant form for nicotine. These results reinforce the relevance
of electrostatic interactions between the charged solute and the IL ions, in line with
previous works addressing the partitioning of alkaloids [11, 12].

As already stated, and according to the data shown in Figure 3.4, all alkaloids
migrate to the polymer-rich phase, while nicotine preferentially migrates to the IL-rich
phase. However, the increase in the PEG 2000mole fraction seems to favor the partition
of all biomolecules for the corresponding phases, with the highest partition coefficient
values obtained with ABS composed of IL and pure PEG 2000. Furthermore, ABS
constituted by [N111(2OH)][Bit] present lower partition coefficients when compared with
those containing [N111(2OH)][DHP], and for which the PEG 2000 addition or content has a
less significant influence. Overall, the obtained results suggest that it is possible to
tailor the separation performance of IL-PEG-based ABS by applying mixtures of PEGs.

The selective character of the studied ABS was further investigated by the
determination of selectivity of systems to extract caffeine, theophylline and theobro-
mine over nicotine. The corresponding results are shown in Figure 3.5. The increase in
PEG 2000 mole fraction influences the selective separation of nicotine from the
remaining alkaloids, and for which different selectivity patterns are observed depend-
ing on the IL used. The increase in PEG 2000 mole fraction in [N111(2OH)][DHP]-based
systems favors the separation of nicotine from the remaining alkaloids, whereas an
inverse behavior is observed in systems composed of [N111(2OH)][Bit].
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theobromine/nicotine ( ).
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The coexisting phases of the studied ABS were additionally characterized in order
to better understand the partitioning profiles observed for the four alkaloids. The
phase compositions were analytically determined, whose results are given in Table 3.1.

Along with the increase in PEG 2000 mole fraction, there is an increase in the IL
content and a decrease in the water and PEG contents in the IL-rich phase. Figure 3.6
represents the correlation between the selectivity of the studied ABS, discussed in
Figure 3.5, as a function of the water content in the IL-rich phase – phase for which
nicotine preferentially migrates. Detailed experimental data for alkaloids selectivity
available in Supplementary Material – Table 3.S.15. Different patterns are observed
between [N111(2OH)][DHP] and [N111(2OH)][Bit], although close linear correlations have
been found in both situations. The higher/lower water-affinity profiles of the IL-rich
phases follow the selective partitioning tendencies observed with the two cholinium-
based salts.

Among the studied alkaloids, nicotine presents the lowest affinity for water, as
predicted by its higher octanol–water partition coefficient (log Kow = 1.1720), while
caffeine, theophylline and theobromine display higher affinities for water, with log Kow

values of −0.07,20 –0.0420 and –0.78,20 respectively. Moreover, and as stated earlier,
nicotine is positively charged at the studied conditions and preferentially partitions to
the IL-rich phase, whereas the remaining alkaloids are in their neutral state and
preferentiallymigrate to thePEG-rich phase. According to Figure 3.6, for ABS composed
of [N111(2OH)][DHP], the increase in the water content in the cholinium-rich phase,
accompanied by the decrease of PEG 2000 in the system, leads to a favorable selective

Table 3.1: Weight fraction composition (wt%) of the polymer-rich phase (PEG), initial mixture point
(M) and IL-rich phase (IL) of systems composed of IL + PEG 400 + PEG 2000 + H2O.

PEG :
PEGTotal

(mole
fraction)

Weight fraction composition/(wt%)

[PEG]PEG [IL]PEG [PEG]M [IL]M [PEG]IL [IL]IL

[N(OH)][DHP]

. . . . . . .
. . . . . . .
. . . . . . .
. . . . . . .

[N(OH)][Bit]

. . . . . . .
. . . . . . .
. . . . . . .
. . . . . . .

The average uncertainty of all parameters is within ± 10%.
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separation of nicotine from the remaining alkaloids, reflected by the increase in
selectivity values. On the other hand, for ABS composed of [N111(2OH)][Bit], the increase
of water content in cholinium-rich phase, together with the increase of PEG 2000 in the
system, leads to a less favorable selective separation of nicotine from the remaining
alkaloids, as shown by the decrease in selectivity values. In summary, these results
show that it is possible to tailor the partition coefficients and selectivity of target
biomolecules using ABS composed of ILs and mixtures of polymers, in which the IL
and polymer type, and their content, play a significant role on the partition profile.

The novel ABS here determined, formed by ILs and mixtures of PEGs, allow us to
obtain novel insights on their two-phase formation ability and on the selective partition-
ing of biomolecules. Although a deeper understanding on the relative hydrophilic/
hydrophobic balance in these systems is still needed in order to better understand the
mechanisms behind their separation performance, it was demonstrated that the studied
systems allow the tailoring on the two-phase formation ability and separation perfor-
mancebyusingmixtures of polymers. Furthermore, it is possible todecrease the viscosity
of the coexisting phases and toxicity impact of these systems [39, 40], without losing
their formation and separation capacities, by the addition of PEGs of lower molecular
weight (up to some extents; in this work, up to ca. 0.3 mole fraction of PEG 400).

3.5 Conclusions

Novel ABS composed of cholinium-based ILs and mixtures of PEG 400 and PEG 2000
(at several mole fractions of PEG 400, namely 1.0, 0.90, 0.75, 0.50, 0.25, 0.10 and 0.0)
were investigated. The determined liquid–liquid phase diagrams show that it is
possible to improve the ability of two-phase separation by continuously increasing
the PEG 2000 amount. However, up to ca. 0.30 mole fraction of PEG 400, there is no
significant impact on the liquid–liquid demixing ability, which means that it is
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possible to decrease the viscosity of the coexisting phases and toxicity impact of
these systems, without losing their formation aptitude, by the addition of PEGs of
lower molecular weight. The investigated ABS were further evaluated as separation
techniques for biomolecules, using a set of alkaloids (caffeine, theophylline, theo-
bromine and nicotine). The selectivity of the ABS to separate nicotine over the
remaining alkaloids was also determined. Different selectivity patterns were verified,
depending on the cholinium-based IL used and water content at the IL-rich phase.
ABS formed by ILs and mixtures of polymers allow the tailoring of their formation
ability and separation performance, while bringing additional advantages in terms of
viscosity and toxicity impact when large-scale applications are envisaged.
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Table 3.S.1: Experimental weight fraction data for the ABS composed of [N111(2OH)][DHP]
(1) + PEG 400 (2) at a mole fraction of 0.90 at (298 ± 1) K and atmospheric pressure.

 w  w  w  w  w  w

. . . . . .
. . . . . .
. . . . . .
. . . . . .
. . . . . .
. . . . . .
. . . . . .
. . . . . .
. . . . . .
. . . . . .
. . . . . .
. . . . . .
. . . . . .
. . . . . .
. . . . . .
. . . . . .
. . . . . .
. . . . . .
. . . . . .
. . . . . .
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Table 3.S.2: Experimental weight fraction data for the ABS composed of [N111(2OH)][DHP]
(1) + PEG 400 (2) at a mole fraction of 0.75 at (298 ± 1) K and atmospheric pressure.

 w  w  w  w  w  w

. . . . . .
. . . . . .
. . . . . .
. . . . . .
. . . . . .
. . . . . .
. . . . . .
. . . . . .
. . . . . .
. . . . . .
. . . . . .
. . . . . .
. . . . . .
. . . . . .
. . . . . .
. . . . . .
. . . . . .
. . . . . .
. . . . . .
. . . . . .
. . . . . .
. . . . . .
. . . . . .
. . . . . .
. . . . . .
. . . . . .
. . . . . .
. . . . . .
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Table 3.S.3: Experimental weight fraction data for the ABS composed of [N111(2OH)][DHP]
(1) + PEG 400 (2) at a mole fraction of 0.50 at (298 ± 1) K and atmospheric pressure.

 w  w  w  w  w  w

. . . . . .
. . . . . .
. . . . . .
. . . . . .
. . . . . .
. . . . . .
. . . . . .
. . . . . .
. . . . . .
. . . . . .
. . . . . .
. . . . . .
. . . . . .
. . . . . .
. . . . . .
. . . . . .
. . . . . .
. . . . . .
. . . . . .
. . . . . .
. . . . . .
. . . . . .
. . . . . .
. . . . . .
. . . . . .
. . . . . .
. . . . . .
. . . . . .
. . . . . .
. . . . . .
. . . . . .
. . . . . .
. . . . . .
. . . . . .
. . . . . .
. .
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Table 3.S.4: Experimental weight fraction data for the ABS composed of [N111(2OH)][DHP]
(1) + PEG 400 (2) at a mole fraction of 0.25 at (298 ± 1) K and atmospheric pressure.

 w  w  w  w  w  w

. . . . . .
. . . . . .
. . . . . .
. . . . . .
. . . . . .
. . . . . .
. . . . . .
. . . . . .
. . . . . .
. . . . . .
. . . . . .
. . . . . .
. . . . . .
. . . . . .
. . . . . .
. . . . . .
. . . . . .
. . . . . .
. . . . . .
. . . . . .
. . . . . .
. . . . . .
. . . . . .
. . . . . .
. . . . . .
. . . . . .
. . . . . .
. . . . . .
. . . . . .
. . . . . .
. . . . . .
. . . . . .
. . . . . .
. . . . . .
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Table 3.S.5: Experimental weight fraction data for the ABS composed of [N111(2OH)][DHP]
(1) + PEG 400 (2) at a mole fraction of 0.10 at (298 ± 1) K and atmospheric pressure.

 w  w  w  w  w  w

. . . . . .
. . . . . .
. . . . . .
. . . . . .
. . . . . .
. . . . . .
. . . . . .
. . . . . .
. . . . . .
. . . . . .
. . . . . .
. . . . . .
. . . . . .
. . . . . .
. . . . . .
. . . . . .
. . . . . .
. . . . . .
. . . . . .
. . . . . .
. . . . . .
. . . . . .
. . . . . .
. . . . . .
. . . . . .
. . . . . .
. . . . . .
. . . . . .
. . . . . .
. . . . . .
. . . . . .
. . . . . .
. . . . . .
. . . . . .
. . . . . .
. . . . . .
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Table 3.S.6: Experimental weight fraction data for the ABS composed of [N111(2OH)]
[DHP] (1) + PEG 400 at a mole fraction of 0.0 at (298 ± 1) K and atmospheric pressure.

 w  w  w  w  w  w

. . . . . .
. . . . . .
. . . . . .
. . . . . .
. . . . . .
. . . . . .
. . . . . .
. . . . . .
. . . . . .
. . . . . .
. . . . . .
. . . . . .
. . . . . .
. . . . . .
. . . . . .
. . . . . .
. . . . . .
. . . . . .
. . . . . .
. . . . . .
. . . . . .
. . . . . .
. . . . . .
. . . . . .
. . . . . .
. . . . . .
. . . . . .
. . . . . .
. . . . . .
. . . . . .
. . . . . .
. . . . . .
. . . .
. . . .
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Table 3.S.8: Experimental weight fraction data for the ABS composed of [N111(2OH)][Bit]
(1) + PEG 400 (2) at a mole fraction of 0.75 at (298 ± 1) K and atmospheric pressure.

 w  w  w  w

. . . .
. . . .
. . . .
. . . .
. . . .
. . . .
. . . .
. . . .
. . . .
. . . .
. . . .
. . . .
. . . .

Table 3.S.7: Experimental weight fraction data for the ABS composed of [N111(2OH)][Bit]
(1) + PEG 400 (2) at a mole fraction of 0.90 at (298 ± 1) K and atmospheric pressure.

 w  w  w  w

. . . .
. . . .
. . . .
. . . .
. . . .
. . . .
. . . .
. . . .
. . . .
. .
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Table 3.S.10: Experimental weight fraction data for the ABS composed of [N111(2OH)][Bit]
(1) + PEG 400 (2) at a mole fraction of 0.25 at (298 ± 1) K and atmospheric pressure.

 w  w  w  w

. . . .
. . . .
. . . .
. . . .
. . . .
. . . .
. . . .
. . . .
. . . .
. .

Table 3.S.9: Experimental weight fraction data for the ABS composed of [N111(2OH)][Bit]
(1) + PEG 400 (2) at a mole fraction of 0.50 at (298 ± 1) K and atmospheric pressure.

 w  w  w  w

. . . .
. . . .
. . . .
. . . .
. . . .
. . . .
. . . .
. . . .
. . . .
. . . .

Table 3.S.11: Experimental weight fraction data for the ABS composed of [N111(2OH)][Bit]
(1) + PEG 400 (2) at a mole fraction of 0.10 at (298 ± 1) K and atmospheric pressure.

 w  w  w  w

. . . .
. . . .
. . . .
. . . .
. . . .
. . . .
. . . .
. . . .
. . . .

Aqueous biphasic systems formed by cholinium-based ionic liquids 51

 EBSCOhost - printed on 2/13/2023 1:05 AM via . All use subject to https://www.ebsco.com/terms-of-use



Table 3.S.12: Experimental weight fraction data for the ABS composed of [N111(2OH)][Bit]
(1) + PEG 400 (2) at a mole fraction of 0.0 at (298 ± 1) K and atmospheric pressure.

 w  w  w  w

. . . .
. . . .
. . . .
. . . .
. . . .
. .

Table 3.S.13: Partition coefficients (KAlk) and extraction efficiencies (EEAlk%) of caffeine, theophylline,
theobromine and nicotine in ABS composed of [N111(2OH)][DHP] or [N111(2OH)][Bit] + PEG 400 at different
mole fractions of PEG 400, at (298 ± 1) K and atmospheric pressure.

PEG mole
fraction

KCaf EECaf% KTheop EETheop% KTheob EETheob% KNic EENic%

[N(OH)][DHP]

. . . . . . . . .
. . . . . . . . .
. . . . . . . . .
. . . . . . . . .
. . . . . . . . .
. . . . . . . . .
. . . . . . . . .

[N(OH)][Bit]

. . . . . . . . .
. . . . . . . . .
. . . . . . . . .
. . . . . . . . .
. . . . . . . . .
. . . . . . . . .
. . . . . . . . .

The average uncertainty associated with the partition coefficients and extraction efficiencies of the
alkaloids is within ±10%. The percentage extraction efficiency (EEAlk%) of each alkaloid corresponds
to the ratio between the weight of the alkaloid in the PEG-rich phase to the total weight of alkaloid.
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Table 3.S.14: Conductivities, water content and pH values of the coexisting phases of the ABS
composed of [N111(2OH)][DHP] or [N111(2OH)][Bit] + PEG 400 at different mole fractions of PEG 400, at
(298 ± 1) K and atmospheric pressure.

PEG 

mole
fraction

Bottom
phase

Top phase

Conductivity (μS·cm–) Water content (wt %) pH

Bottom
phase

Top
phase

Bottom
phase

Top phase Bottom
phase

Top
phase

[N(OH)][DHP]

 Salt PEG   . . . .
. Salt PEG (—) (—) . . . .
. Salt PEG (—) (—) . . . .
. Salt PEG ,  . . . .
. Salt PEG (—) (—) . . . .
. Salt PEG (—) (—) . . . .
 Salt PEG ,  . . . .

[N(OH)][Bit]

 Salt PEG   . . . .
. Salt PEG (—) (—) . . . .
. Salt PEG (—) (—) . . . .
. Salt PEG   . . . .
. Salt PEG (—) (—) . . . .
. Salt PEG (—) (—) . . . .
 Salt PEG   . . . .

The average uncertainty associated with all parameters is within ± 10%.

Table 3.S.15: Selectivity parameters for caffeine/nicotine (Scaf/nic), theophylline/nicotine (Stheof/nic)
and theobromine/nicotine (Stheob/nic) pairs in ABS composed of ILs and PEG 400 at different mole
fractions.

[N(OH)][DHP] [N(OH)][Bit]

PEG 

mole fraction
Scaf/nic Stheof/nic Stheob/nic Scaf/nic Stheof/nic Stheob/nic

. . . . . . .
. . . . . . .
. . . . . . .
. . . . . . .
. . . . . . .
. . . . . . .
. . . . . . .
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Yong-Lei Wang, Sten Sarman, Mikhail Golets, Francesca Mocci,
Zhong-Yuan Lu and Aatto Laaksonen

4 Multigranular modeling of ionic liquids

Abstract: Ionic liquids (ILs) are a special category of molten salts with melting points
near ambient temperatures (or by convention below 100 °C). Owing to their numerous
valuable physicochemical properties as bulk liquids, solvents, at surfaces and in con-
fined environments, ILs have attracted increasing attention in both academic and
industrial communities in a variety of application areas involving physics, chemistry,
material science and engineering. Due to their nearly limitless number of combinations
of cation–anion pairs and mixtures with cosolvents, a molecular level understanding of
their hierarchical structures and dynamics, requiring strategies to connect several length
and time scales, is of crucial significance for rational design of ILs with desired proper-
ties, and thereafter refining their functional performance in applications. As an invalu-
able compliment to experiments from synthesis to characterization, computational
modeling and simulations have significantly increased our understanding on how
physicochemical and structural properties of ILs can be controlled by their underlying
chemical and molecular structures. In this chapter, we will give examples from our own
modeling work based on selected IL systems, with focus on imidazolium-based and
tetraalkylphosphonium-orthoborate ILs, studied at several spatio-temporal scales in
different environments and with particular attention to applications of high technologi-
cal interest. We start by describing studies performed using ab initio methods on force
field development for tetraalkylphosphonium-orthoborate ILs, and computational stu-
dies on thermal decomposition of these ILs. The delicate interplay between hydrogen
bonding and π-type interactions in an imidazolium-orthoborate IL was studied by
performing ab initio molecular dynamics simulations. On the atomistic level, atomistic
simulations were performed with constructed force field parameters to study intrinsic
molecular interactions between residual water molecules and tetraalkylphosphonium-
orthoborate ionic species. For a typical trihexyltetradecylphosphonium bis(oxalato)
borate IL at varied concentrations, microstructures and dynamics were systematically
analyzed as water concentration increases. The liquid viscosities of typical trihexylte-
tradecylphosphonium-based ILs were estimated through equilibrium atomistic simula-
tions using Green–Kubo relation with charge scaling factors on ionic species.
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Additionally, atomistic simulations were combined with X-ray scattering experiments to
investigate phase behavior and ionic structures in IL mixtures with varied concentra-
tions. Peculiar features of X-ray scattering spectra of ILmixtures with organic solvent are
also discussed with an example dealing with ethyl ammonium nitrate and acetonitrile
mixtures. On the mesoscopic level, a united-atommodel for trihexyltetradecylphospho-
nium cation and coarse-grained models for butylmethy-limidazolium hexafluoropho-
sphate were proposed, and effective interactions between coarse-grained beads were
validated against experimental and computational data. Concluding remarks onmulti-
scale strategies in understanding and predictive capabilities of ILs and IL mixtures are
addressed in the final section. An outlook is provided to highlight future challenges
and opportunities associated with IL materials in multiscale modeling community.

Keywords: Multi-scale modelling, ab initio calculations, tribology, ionic liquids,
solid–liquid interfaces

4.1 Introduction

Ionic liquids (ILs) refer to a special category of molten salts, entirely consisting of
complex, stericallymismatchedmolecular ionswith theirmelting points at or close to
room temperature [1–3]. The first room temperature IL was reported already more
than 100 years ago by Pauls Valdens (Paul Walden) who presented the synthesis of
ethylammonium nitrate (EAN) by neutralizing ethylamine with concentrated nitric
acid in 1914 [4]. EAN is clear, colorless, odorless and has a melting point of 13–14 °C
and a rather low viscosity [4, 5]. However, this early report did not receive much
attention from the scientific community, and it was not foreseen that such salt
materials would become of widespread interest decades later. In 1951, Hurley and
Wier reported the synthesis of organic chloroaluminates by mixing alkylpyridinium
chlorides with aluminium compounds, which is now considered as the first genera-
tion of ILs [6]. Unfortunately, these organic chloroaluminates are not stable in the
presence of moisture because of their rapid hydrolysis. Additionally, their acidity and
basicity are not easy to regulate [6, 7], andmore detailed studies on these compounds
started from 1970s [2, 8]. In 1992, Wilkes and Zaworotko prepared moisture/water-
stable ILs consisting of imidazolium cations and tetrafluoroborate ([BF4]) anion
[9, 10]. It became clear that many ion combinations could form air- and water-stable
ILs [2, 10–12]. Immediate scientific research on synthesis, characterizations and
applications of ILs got an upswing in academia and industry communities [12–21].

The most frequently studied cationic structures have organic moieties, such as
imidazolium, guanidinium, morpholinium, piperidinium, pyrazolium, pyridinium, pyr-
rolidinium, thiazolium, sulfonium, tetraalkylammonium and tetraalkyl-phosphonium
ions. The anionic parts can be either organic or inorganic entities including
acetate, halogens, hexafluorophosphate ([PF6]), [BF4], orthoborate, nitrate ([NO3]),
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alkylsulfonate, alkylsulfate, bis(trifluoromethanesulfonyl)imide ([NTF2]), alkylpho-
sphate, trifluoromethylsulfonate ([TFO]), etc. [1, 8, 12–14, 16, 22, 23]. ILs have remarkable
and multifaceted physicochemical characteristics, such as negligible volatility, low
flammability, reasonable viscosity-conductivity feature, acceptable biocompatibility,
high thermal-oxidative stability, wide electrochemical window, as well as outstanding
ability to dissolve solutes of diverse polarities [1, 3, 7, 22, 24, 25]. An additional feature of
ILs is that their physicochemical properties and microstructural organization can be
widely tuned in a controllable fashion through judicious combinations of different
cation–anion moieties in a general way, and by mutating specific atoms in constituent
cations or anions [3, 22, 25, 26]. These characteristics make ILs exceptionally attractive
and reliable candidates as environmentally benign alternative to conventional molecu-
lar solvents in synthetic chemistry to offer precise control over growth rate, particle size
and morphology of nanomaterials [8, 11, 18, 23]; useful reaction media in catalytic
chemistry to optimize yield, selectivity, substrate solubility, product separation and
enantioselectivity [8, 11, 18, 27]; valuable working fluids in separation technology
through selective absorption of gas molecules [13, 16, 19, 23, 28]; promising versatile
electrolytes in electrochemical energy devices with tunable electrical conductivities and
varied electrochemical stability windows [7, 13, 17, 20, 21, 29–31]; suitable lubricants in
tribology to reduce wear and frictions between solid sliding contacts [14, 15, 32, 33].

Due to the existence of an enormous number of possible cation–anion combina-
tions, there are also nearly limitless opportunities to produce neat ILs and their multi-
component mixtures with distinct molecular structures and physical properties [3, 22,
23]. However, it is not feasible to systematically pick up ion combinations to synthetize,
purify and characterize them as they are simply too many. An efficient and reliable
predictive tool is needed to obtain amolecular level understanding of the many compet-
ing intermolecular interactions between and within ionic species to guide the develop-
ment cycle by providing expedient predictions of physicochemical properties for neat ILs
and ILmixtures aswell as providing an improved fundamental understanding of ILs and
thereby obtain data to develop fast structure–property relationship models [2, 25].

Computer simulations, in close interplay with experiments, can provide much
fundamental understanding of complicated phenomena on molecular level, which is
particularly useful for ILs because of their large diversities and their complicated
landscape of interactions. Various simulation methods are available to use at different
spatio-temporal scales depending on specific targets requested from studied model IL
systems [2, 31, 34–48]. Multiscale modeling approach generally involves several simu-
lation techniques, including quantum chemical calculations, ab initio, atomistic and
coarse-grained (CG) molecular dynamics simulations, to study specific model systems.
The advantages and drawbacks of various methods in different spatio-temporal scales
coexist and are often interchangeable [35, 42–45]. For quantumchemicalmethods, that
is, wave-function-based (Hartree–Fock) calculations or density functional theory
(DFT), the detailed physical insight into electronic structures of ILs is limited to
small systems containing only a few ion pairs. The advantage of these quantum
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chemical methods stems from their inherent accuracies through the electronic struc-
ture and can be systematically improved until predetermined target accuracy is
achieved but on an increasing cost of computing time. Static properties of molecular
clusters can be typically calculated even if some of these properties are not exclusively
representatives of bulk systems [38, 39, 49–51]. Using DFT-based (Born–Oppenheimer
or Car–Parrinello)molecular dynamics simulations it is nowpossible to set up a system
up to 100 ion pairs and cover a time scale of a few nanoseconds. However, this is still
far from being sufficient to sample any dynamical properties of ILs as they require
much bigger systems and simulation times of hundreds of nanoseconds.

To reach much longer time scales, classical atomistic simulations are carried out
to obtain dynamical and transport properties of ILs while treating systems consisting
of hundreds of thousands of atoms and simulating over nano or even microsecond
time scales [24, 34, 35, 41–45, 47, 52, 53]. Since the accuracy of thermodynamics,
microstructures and transport properties of model systems depend ultimately on
appropriate force field parameters, one can iteratively fine-tune interaction para-
meters and validate them at each refinement stage through underlying first-principles
calculations and comparison of computed properties against experimental data
when available. Additionally, one can further construct CG models allowing for
large systems to be simulated for long times, thus revealing liquid structural and
dynamical features of IL systems that are difficult to predict through conventional
atomistic simulations [31, 35, 36, 41–46, 54–56].

In this chapter, we will highlight our work done during the lifetime of the COST
action EXIL. We have studied many systems on butylmethylimidazolium- ([BMIM]),
EAN- and tetraalkylphosphonium-orthoborate-based ILs. Typical molecular structures
of these studied ILs are shown in Figure 4.1. We did start with force field development
and validation for tetraalkylphosphonium-orthoborate ILs. Quantum chemical

Figure 4.1: Representative ion structures of cations and anions discussed in this contribution.
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calculations were performed to study thermal decomposition mechanism of typical
tetraalkylphosphonium-orthoborate ILs. Ab initio molecular dynamics (AIMD) simula-
tions were performed to investigate the complex interplay between hydrogen bonding
(HB) characteristics and π-type stacking features in dimethylimidazolium bis(oxalato)
borate ([MMIM][BOB]) IL. With constructed force field parameters, atomistic simulations
were performed to study thermodynamics, microstructural and dynamical properties of
tetraalkylphosphonium-orthoborate ILs, as well as the dependence of these properties
on residual water contents in typical trihexyltetradecylphosphonium ([P6,6,6,14])-ortho-
borate ILs. We wanted to find out why it is difficult to remove residual water from a
hygroscopic IL by studying four [P6,6,6,14]-orthoborate ILs through calculations of solva-
tion free energy of dissolving water from gas phase into bulk ILs and followed the
coordination of dissolved water molecules among ions in IL matrices. Atomistic simula-
tions were carried out to elucidate microscopic interfacial structures and ordering
arrangement of [BMIM]-based ILs and [P6,6,6,14] bis(mandelato)borate ([BMB]) IL in
confined environment characterized by different surface charge densities. The liquid
viscosities and rheological properties of [P6,6,6,14]-orthoborate ILs were computed using
nonequilibrium shear flow simulations and equilibrium atomistic simulations using
Green–Kubo relations. Atomistic simulations were combined with X-ray scattering tech-
nique to reveal striking scattering patterns of various IL mixtures. Additionally, we
developed CG models for [P6,6,6,14] cation and [BMIM][PF6] IL to perform simulations at
extended spatio-temporal scales. In addition to a benefit of computational efficiency, it is
expected that these proposed CG models can reveal essential structural and dynamical
properties of ILs at mesoscopic level by integrating over less important degrees of
freedom at atomic level.

4.2 Quantum chemical calculations

4.2.1 Force field development

First-principles quantum chemical calculations and ab initio molecular dynamics
simulations of ILs can provide accurate microstructural information without any
experimental or empirical input. However, being computationally demanding,
these methods are mainly applied to study chemical reactions and to derive effective
interactions between ion pairs and to determine their delicate interactions with
solute molecules in small systems and at short time scales [38, 39, 46, 57].

Since 2000, there have been continuous efforts to develop and refine force field
parameters for IL systems. The first force field development for [MMIM] and ethyl-
methylimidazolium ([EMIM]) cations coupled with chloride (Cl) and [PF6] anions were
carried out by Hanke and coworkers [58]. A Buckingham repulsion dispersion termwas
included in nonbonded repulsion–dispersion interactions between atomic sites in
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cationic models to reproduce experimental crystal structures. Subsequent atomistic
simulations were performed at high temperatures due to the high melting points of
[MMIM]Cl and [MMIM][PF6] ILs and limited computational resources. In a following
study, the excess chemical potentials of hydroxyl, ether and alkane solutes in these ILs
were calclated using thermodynamic integration method [59]. This is the first example
of free energy calculation within an IL system, and it confirmed the importance of HB
and charge–charge interactions for the solvation behavior of ILs.

These early works were followed by several groups who came up with force field
developments either for specific ILs [24, 34, 60–64] or for an entire class of ILs [52, 53,
65–69]. These proposed interaction parameters for ILs were established by extending
and refining the well-developed force fields, such as AMBER, CHARMM, OPLS and
GROMOS, and thereafter were validated against available experimental properties,
including liquid densities, spectroscopic, neutron scattering and diffraction data and
X-ray crystallographic data on imidazolium-, pyridinium-, tetraalkylammonium- and
guanidinium-based ILs.

Following a similar procedure, we developed an atomistic force field [70] for a
new class of tetraalkylphosphonium-orthoborated ILs observed to have high friction-
reducing and antiwear properties in tribological applications [33]. This force field is
based on the AMBER framework employing the following functional forms to
describe intra- and inter-molecular interactions between ionic species:

Utotal =
X
bonds

Kr r − req
� �2 + X

angles

Kθ θ− θeq
� �2 + X

dihedrals

Kϕ2 1 + cos nϕ− γð Þ½ �

+
X
i < j

4εij σijrij
� �12

− σijrij
� �6h i

+ qiqj4πε0εrrij
n o

The first three terms represent the bonded interactions, that is, (harmonic) bond and
angle, and dihedral potentials, and corresponding potential parameters have their
usual meaning. The nonbonded interactions are described in the last term, including
van der Waals (vdW, here in the Lennard-Jones 12-6 form) and Coulombic interac-
tions between atom-centered point charges. The vdW interaction parameters
between different atoms are obtained from the Lorentz-Berthelot combining rules
with εij =

ffiffiffiffiffiffiffiffiffiεiiεjj
p

and σij = σii +σjj
� �

=2.
In the force field development, the optimized molecular geometries of isolated

tetraalkylphosphonium cations, orthoborate anions, as well as the bounded tetraalk-
ylphosphonium-orthoborated ion pair structureswere obtained fromquantum chemical
calculations. The optimized tributyloctylphosphonium ([P4,4,4,8]) [BOB] ion pair is char-
acterized by a piggy-back structure with [BOB] anion riding on octyl chain in [P4,4,4,8]
cation, as shown in Figure 4.2. Atomic partial charges were obtained using standard
restraint electrostatic potential methodology to fit molecular electrostatic potential
generated from ab initio calculations. The vdW parameters were taken from the
AMBER force field, and the bond stretching and angle bending force constants available
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in AMBER framework were subsequently adjusted to reproduce vibration frequency
data derived from both experimental measurements and ab initio calculations. The
missing bond, angle and dihedral terms in AMBER framework were obtained by fitting
torsion energy profiles deduced from ab initio calculations.

In order to validate the proposed force field parameters, extensive atomistic simula-
tions were performed for 12 tetraalkylphosphonium-orthoborate ILs [70]. The predicted
densities for neat ILs and the [P6,6,6,14][BOB] sample with a water content of approxi-
mately 2.3–2.5 wt%are in excellent agreementwith available experimental data [33]. The
calculated diffusion coefficients of tetraalkylphosphonium cations and orthoborate
anionsarequalitatively consistentwith available experimental viscosity data. The spatial
distributions of boron (B) and oxygen (O) in four orthoborate anions ([BOB], bis(mal-
onato)borate ([BMLB]), [BMB] and bis(salicylato)borate ([BScB])) around a [P4,4,4,8]
cation, as shown in Figure 4.3, indicate that there are mainly four high probability
domains for orthoborate anions in coordinating a [P4,4,4,8] cation in the first solvation
shell. The B atom in [BOB] anion exhibits dispersed tetrahedral distributions around a
central [P4,4,4,8] cation. An increase in anionic group size from [BOB] to [BMLB], [BMB]
and [BScB] leads to the expansion of spatial distribution domains for B atoms (meshed
yellow contour surfaces) around [P4,4,4,8] cation. The spatial distributions of O atoms
(solid red contour surfaces) in orthoborate anions are characterized by trefoil-like struc-
tures, and follow a similar tendency as those for boron atoms as anionic size increases.

Figure 4.2: Optimized [P4,4,4,8][BOB] ion pair structure obtained from quantum chemical calculations
at B3LYP/6-311++G(d) level of theory. The unit of O...H distance is Å.
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4.2.3 Quantum chemical calculations on ionic liquid thermal
decomposition

Understanding thermal decomposition of ILs on the nascentmetal surface is important
for the explanation of lubrication mechanisms in the presence of IL lubricants. In a
recent work, a combined quantum chemicalmodeling and experimental approachwas
utilized to explain thermal decomposition of [P4,4,4,8][BOB] and [P4,4,4,8]Cl ILs [57].
Quantum chemical calculations (i.e., vibration analysis and potential energy scans)
revealed ionic structural changes of [P4,4,4,8] cation and [BOB] anion during thermal
decomposition. The [P4,4,4,8] cation is rigid due to its stable central polar segments, and
[BOB] anion exhibits high structural and energetic symmetry properties. The cleavage
of B─O bond in [BOB] anion initiates the thermal decomposition in neat [P4,4,4,8][BOB]
IL, as shown in Figure 4.4. The activation barrier in the beginning of reaction is 246.3 kJ
mol−1. The resulting monocyclic anions further react with [P4,4,4,8] cation in which
P─O bonds are least stable. Three butyl chains in [P4,4,4,8] cation are oriented toward
[BOB] anion with activation barriers ranging from 268.1 to 310.9 kJ mol−1, and the octyl
chain is isolated with higher activation barrier of 377.9 kJ mol−1. The reaction products
between butyl chains and anionic fragments include trialkylphosphines, alkenes, CO
and CO2. In contrast, the stable octyl radical reacts with anionic fragment and forms
alkyl-boranes. The calculated structural features and product distributions are in
agreement with experimental data obtained from Fourier transform infrared spectro-
scopy, thermal gravimetric analysis (TGA) and mass spectrometry (MS) experiments.

According to quantumchemical calculations, the compact [P4,4,4,8]Cl IL is less stable
since the activation barriers with accessible butyl chains are around 167.0 kJ mol−1.
Meanwhile, the isolated octyl chain in [P4,4,4,8] cation does not react with Cl anion
demonstrating weaker nucleophilicity than that for [BOB] anion. These computational

Figure 4.3: Spatial density distribution functions of boron atom (meshed yellow surface) and oxygen
atoms (solid red surface) in four orthoborate anions around a [P4,4,4,8] cation obtained from atomistic
simulations. The yellow and red contour surfaces correspond to 4.0 and 5.5 times of the average
number densities of the corresponding atoms in bulk system.
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results are contradicted with TGA measurements where [P4,4,4,8]Cl IL is more stable at
high temperature. Although, the sample of [P4,4,4,8][BOB] lost less weight at initial stage
of test, it was shown that [BOB] anion is more stable at the initial stage of reaction.
Presumably, nucleophilic anionic fragments are initially accumulated and further cause
rapid thermal decomposition of [P4,4,4,8] cation in related ILs.

4.2.4 Ab initio molecular dynamics simulations of ionic liquid
clusters

With developed force field parameters, the structural and dynamical properties
of ILs that are balanced by Coulombic and dispersive forces can be investigated

1 TS1

TS2 TS3

TS42

3

2.9 Å

4.9 Å

2.7 Å

2.1 Å

Figure 4.4:Optimized ionic structures of stationary points and transition states observed for thermal
decomposition of an isolated [BOB] anion. The scanned coordinates in transition states are marked
with dotted line. Atomic distances are presented by Å. Blue circles are attributed to imaginary
frequencies: TS1 (−1381.61 cm

−1), TS2 (−270.30 cm−1), TS3 (−494.31 cm
−1) and TS4 (−1924.23 cm

−1) as
asymmetrical stretching around circled atoms.
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on a molecular scale. For imidazolium-based ILs, the delicate intermolecular coor-
dinations, like HB and π-type interactions that are rarely occurring simultaneously
in traditional molten salts [1, 2, 10], are critical for the formation of rich ionic
structures in bulk liquid and confined environment [1–3, 26, 39, 40, 49, 50, 71].
However, the nature of these interactions is distinctive and complex, and addition-
ally, the delicate interplay among these interactions is complicated and depends on
specific ion types [38–40, 51, 72, 73].

For imidazolium cations coupled with small anions, such as Cl, thiocyanate
([SCN]) and [NO3] [38–40, 49, 51], HB and π-type interactions simultaneously
occur between ionic species. Their cooperative effect promotes the formation of
prominent ordered microstructures in bulk liquids. However, when imidazolium
cations are associated with large anionic groups, like [NTF2] [50, 72], both HB and
π-type interactions are considerably weakened in IL phase. Large anions typically
have multiple HB interaction sites and exhibit reduced HB strength and direction-
ality in liquid environment. Additionally, these large anions take preferential on-
top distribution above and below imidazolium rings, leading to π-type interac-
tions being partially blocked due to anionic size effect. The delicate interplay of
HB and π-type interactions among ionic species, either competitive or coopera-
tive, becomes more complicated than this intuitive explanation implies if anions
are featured with ring structures, like the chelated orthoborate families [33, 57, 70,
74–76].

We performed AIMD simulations to study the complex interplay between HB
characteristics and π-type stacking features in the [MMIM][BOB] IL [77]. This IL is
selected because of the relative simplicity of [MMIM] cation and [BOB] anion, but
essential intermolecular interactions, like HB and π-type interactions between
[MMIM] cations and [BOB] anions, are included. AIMD simulation results indicated
that interactions between [MMIM] cations are stabilized by distinctive parallel π–π
stacking interactions between imidazolium rings at short distance, which overtake
repulsive electrostatic interactions and other weak intermolecular interactions in
determining the relative distribution of neighboring imidazolium rings character-
ized by preferential on-top parallel orientations. The spatial orientations of imida-
zolium to neighboring oxalato rings are characterized by π–π stacking and parallel
displaced offset stacking configurations at short distance and by sharp perpendi-
cular distributions at intermediate distance, respectively. The former is stabilized
by directional HB interactions between hydrogen atoms of [MMIM] cations and
oxygen atoms of [BOB] anions, while the latter is dominated by attractive electro-
static interactions between ionic species. The spatial coordination pattern between
intermolecular oxalato rings in [BOB] anions is balanced by repulsive Coulombic
interactions and steric hindrance effect, leading to their tilted orientation in coor-
dinating neighboring imidazolium cations in local ionic environment. Representative
imidazolium-imidazolium, imidazolium-oxalato and oxalate-oxalato ionic structures
are presented in Figure Figure 4.5.
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4.3 Atomistic Molecular Dynamics Simulations

4.3.1 Tetraalkylphosphonium-orthoborate ionic liquid–water
mixtures

For IL-related research and applications in laboratory and in industrial community, an
inevitable and critical issue is the presence of impurities in IL samples [8, 59, 78–80].
As an omnipresent compound, water is one of the most common contaminators found
in ILs, on one hand due to the intrinsic hygroscopic nature of some ILs, and on the
other hand because many chemical processes (synthesis, extraction, etc.) involve
water [33, 38, 79–86]. It has been well documented in experimental studies that even
small traces of water can dramatically alter microstructures in an IL matrix, and
thereafter result in significant changes in ILs’ physicochemical properties, such as
liquid densities [79, 83–85], diffusion coefficients [33, 82, 84–86], viscosities and
rheological quantities [80–84, 86], as well as reactivity and selectivity of chemical
reactions taking place in ILs [2, 3, 8, 12, 16, 18].

Figure 4.5: Representative molecular structures and orientations among close contact ionic groups.
The imidazolium-imidazolium pair is featured with π–π stacking distribution. The imidazolium-
oxalato pair is characterized by π–π stacking and parallel displaced offset stacking distributions,
as well as HB interactions between hydrogen atoms in [MMIM] cations and oxygen atoms in [BOB]
anions. The oxalato-oxalato pair is described by tilted molecular distribution that promotes HB
interactions with neighboring [MMIM] cations.
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It was found in a recent work that the functionalization of orthoborate anions
has obvious effect on residual water content in tetraalkylphosphonium-orthoborate
ILs [33]. The retained water molecules are quite difficult to remove from these IL
samples even after iterative purifications including vacuum drying for a few hours
at 85–90 °C. The intrusion of water molecules may disturb microstructural organi-
zation in local environment, leading to a distinct change in thermodynamic proper-
ties, transport quantities and even macroscopic functional performance of ILs in
practical applications. Thus, amolecular level understanding of the critical effect of
residual water molecules on phase behavior of tetraalkylphosphonium-orthoborate
ILs is necessary, not only because water is inevitably present in many practical
applications, but also because it provides a new opportunity to tune various proper-
ties of tetraalkylphosphonium-orthoborate ILs by introducing a controllable
amount of water molecules.

In order to understand why it is difficult to remove water molecules from IL
matrices, we, from a thermodynamic point of view, calculated the solvation free
energy of transferring one water molecule from gas phase into bulk [P6,6,6,14]-
orthoborate ILs as a function of temperature [76]. The calculated solvation free
energies are positive and exhibit linear dependence on temperature, indicating that
such a solvation procedure is a thermodynamically non-spontaneous process. The
larger the solvation free energy the harder it is to dissolve water into IL matrix, that
is, the easier it is to remove water from IL sample, which is exactly the experimental
procedure to purify freshly synthesized IL sample through degassing it in a vacuum
oven at elevated temperature. At given temperatures, the solvation free energy of
dissolving one water molecule in four [P6,6,6,14]-orthoborate ILs follows an order of
[BMLB]>[BScB]>[BMB]>[BOB], indicating a similar possibility of removing water
from IL samples. These thermodynamic simulation results are qualitatively consis-
tent with the experimentally determined water content in four [P6,6,6,14]-orthobo-
rate IL samples [33]. Additionally, it takes less energy to dissolve the second water
molecule within solvation shells of the first dissolved one into [P6,6,6,14]-orthoborate
IL matrices. This is attributed to an energetically favorable pairwise interaction
between two water molecules, and preferential multibody interactions between
water molecules and neighboring anionic groups at short distances.

The dissolution procedure does not only depend on thermodynamics but also on
kinetic effects due to cooperative interactions between residual water molecules in IL
matrices. In order to characterize how these dissolved water molecules behave in IL
matrices, and the particular association/dissociation patterns of water molecules in
coordinating neighboring [P6,6,6,14] cations, orthoborate anions and even water
molecules nearby, we calculated the potential of mean force (PMF) between two
dispersed water molecules in different [P6,6,6,14]-orthoborate ILs as a function of
water–water separation distance [76]. The water–water PMF profiles shown in
Figure 4.6 indicate complex interactions of water molecules with neighboring ionic
species depending on local ionic environment in IL matrices. A characteristic deep
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potential minimum located at around 0.28 nm is observed in four PMF profiles,
indicating that intermolecular attractive interactions dominate PMF profile at short
distance and favor the formation of a close contact water dimer complex through HB
interactions. Additionally, this water dimer complex strongly coordinates with neigh-
boring anionic species and forms stable ring structures through HB interactions. It
takes approximately 28 kJ/mol in [P6,6,6,14][BOB], [P6,6,6,14][BMLB] and [P6,6,6,14][BMB]
ILs, and around 38 kJ/mol in [P6,6,6,14][BScB] IL, respectively, to break these ring
structures before pulling water molecules to larger distances. As separation distance
between two water molecules slightly increases, there is still not enough space
between water molecules for one ion to squeeze in due to its relatively large ionic
size. This leads to unstable intermediates contributing to gradually increased water–
water intermolecular potential energies until the formation of an ion-separated
metastable water association structure at a larger distance.

The water–water association/dissociation patterns at larger separation distances
are characterized by particular features depending on intrinsic molecular structures
of orthoborate anions and delicate interactions of dispersed water molecules with
surrounding ionic species. On the one hand, the hydrogen atoms in water molecules
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Figure 4.6: Potential of mean force results between two dispersed water molecules, and three key
intermediate configurations of dispersed water molecules in coordinating neighboring orthoborate
anions in four [P6,6,6,14]-orthoborate IL matrices obtained from atomistic simulations at 333 K.
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are exclusively coordinated with oxygen atoms in hydrophilic C=O groups in ortho-
borate anions. The multiple hydrogen bonding acceptor sites (oxygen atoms) in
orthoborate anions blur some insignificant metastable ion-separated potential mini-
mum in corresponding PMF profiles. On the other hand, the introduction of either
small methylene groups or large aromatic rings to [BOB] anion leads to distinct
spatial coordination pattern of dispersed water molecules around neighboring ortho-
borate anions, as shown in Figure 4.7. In [BOB] and [BMLB] systems, the dispersed
water molecules are preferentially coordinated with anions in equatorial region of
oxalato ring planes due to directional HB interactions. However, in [BMB] and [BScB]
ILs, water molecules are specifically localized around central polar segments to avoid
direct contact with hydrophobic phenyl rings in [BMB] and [BScB] anions. Such a
distinct spatial distribution of water molecules embedded in cavities between neigh-
boring ionic species contributes to the formation of intermolecular hydrogen bonds
between water molecules and anionic groups, and further mediates local ionic
structures through ion⋯water⋯ion multiple complexes. By pulling two water mole-
cules further away, the PMF oscillation becomes weak, indicating that interactions
between dispersed water molecules are partially or totally screened by intervening
multiple ionic species in between.

Figure 4.7: Spatial probability distribution functions of oxygen (solid red surface) and hydrogen
(meshed green surface) atoms in water molecules around orthoborate anions in the first solvation
shell obtained from atomistic simulations at 333 K. The red and green contour surfaces are drawn at
4.0 times of the average number density of the corresponding atoms in bulk system.
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Comparing the potential depth of metastable ion-separated water association
structure and the corresponding water–water separation distance in respective PMF
profile, as well as the activation energy barrier from stable water dimer complex to
metastable ion-separated water association structure, it can be further identified that
the introduction of hydrophobic groups, either the small methylene unit or the large
aromatic moiety, can essentially decrease the potential depth of ion-separated water
association structure and the corresponding activation energy barrier, as well as shift
the latter configurations to short separation distances. Integrating the activation
energy barriers, solvation free energies and the residual water contents in four
[P6,6,6,14]-orthoborate ILs, we proposed that the removal of water molecules from IL
matrices follows a two-step procedure. The separation of coupled water molecules
within a heterogeneous IL matrix is the primary pathway, and the subsequent
removal of water from bulk ILs is the secondary procedure in purification process.
From a structural point of view, the introduction of hydrophobic units into central
polar segments and the resulting conjugated structures in orthoborate anions can
decrease the activation energy barrier for the separation of boundedwatermolecules,
and hence can effectively reduce water content in the corresponding IL samples. This
provides a valuable guidance for future design and synthesis of new orthoborate
anions with different chemical polarities and possibly varied functional performance
in practical applications.

In these four [P6,6,6,14]-orthoborate ILs, the [P6,6,6,14][BOB] IL holds special sig-
nificance. It was found that the residual water content in freshly synthesized [P6,6,6,14]
[BOB] IL sample is 2.3–2.5 wt% [33], which corresponds to a water mole fraction of
approximately 0.5 in this sample. That is, the ratio of [P6,6,6,14][BOB] ion pairs and
water molecules is 1:1, which might suggest interesting ionic structures like water
molecules residing between close contact ion pair structures. By performing exten-
sive atomistic simulations, four distinct compositional regimes were identified con-
cerning the evolution of microscopic liquid organization, local ionic structures,
volumetric quantities and translational and rotational mobilities of ionic species in
[P6,6,6,14][BOB] IL–water mixtures as water concentration increases [74, 75]. The
variations of liquid densities and translational diffusion coefficients of ionic species
in [P6,6,6,14][BOB] IL–water mixtures as water concentration increases are illustrated
in Figure 4.8.
– In neat ILs and IL–water mixtures with water mole fractions xwater ≤ 0.5, the

[P6,6,6,14] cations and [BOB] anions are closely coupled together via strong elec-
trostatic interactions. The microscopic liquid organization is characterized by a
connected apolar network consisting of volume-occupying alkyl substituents in
[P6,6,6,14] cations and isolated polar domains composed of central polar segments
of [P6,6,6,14] cations, [BOB] anions and water molecules. Such a heterogeneous
local ionic environment leads to an exponential increase in translational diffu-
sion of ionic species in [P6,6,6,14][BOB] IL–water mixtures as water concentration
increases. Most of the added water molecules are dispersed and preferentially
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associated with neighboring ionic species, leading to the local ionic environment
characterized by solvent-shared ion pairs through cation–water–anion triple
complexes. The restricted distribution of water molecules in local ionic environ-
ment results in a constrained reorientation of water molecules on a cone surface
due to their dual nature in coordinating neighboring ionic species through HB
interactions.

– In IL–water mixtures with intermediate water mole fractions of 0.5 < xwater ≤ 0.8,
large water clusters appear and dominate size distribution of water aggregates
since there is no sufficient void space to accommodate more water molecules.
A distinct chain-like aggregate characterized by anion���(H2O)n���anion structure
serves as bridge connecting more anionic species between isolated polar
domains, as well as mediating their relative distribution and orientation in IL–
water mixtures. The local ionic organization of thesemixtures is characterized by
solvent-mediated ion pairs. This leads to enhanced spatial correlations between
ionic species, and thus considerably slows down translational and orientational
mobilities of ionic species in IL–water mixtures.

– In IL–water mixtures with water mole fractions of 0.8 < xwater ≤0.95, water mole-
cules are dynamically percolated throughout the entire simulation box and
constructing a water network, leading to microscopic liquid environment
described by interpenetrating polar and apolar networks. The percolation of
polar domains within apolar framework promotes a rapid increase in transla-
tional diffusion of ionic species in these water-concentrated mixtures. Albeit
there is a large amount of water in these mixtures, the central polar segments
of [P6,6,6,14] cations and [BOB] anions remain in close proximity to each other
through sharing one or more water molecules. This complex structure is ratio-
nalized by strong electrostatic interactions and favorable HB interactions
between ionic species.

– In water concentrated mixtures with water mole fractions of xwater > 0.95, a
further progressive dilution of IL–water mixtures leads to a percolation limit of
IL in water, that is, upon further dilution, the connected apolar network (already
stretched to its limit) starts to break up and loses its continuous nature. The local
ionic environment is characterized by loose micelle-like aggregates in a highly
branched water network.

The striking evolution of microstructures, local ionic environment, translational and
orientational diffusion of ionic species in [P6,6,6,14][BOB] IL–water mixtures indicate
that these mixtures are characterized by particular microstructural and dynamical
heterogeneities. Such a spatio-temporal heterogeneity can be attributed to a compe-
tition between favorable HB interactions and strong Coulombic interactions between
central polar segments in ionic species, and persistent dispersion interactions
between hydrophobic alkyl chains in [P6,6,6,14] cations.
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4.3.2 Neat ionic liquids in confined environment

4.3.2.1 [BMIM][PF6] on neutral graphene surface

Either ILs used as lubricants between sliding contacts in tribology [12, 14, 15, 32, 33],
as electrolytes in electrochemical energy devices [1, 7, 12, 16, 17, 21, 29, 31, 71, 87] or
as liquid absorbents for CO2 capture from fossil-fuel burning power plants [12, 13, 19,
20, 28], a common feature is the presence of interfaces between ILs and solid, gas
phases [1, 7, 12–17, 19, 20, 26, 28–30, 32, 71, 87–93]. Experimental investigations of ILs
under confinement indicate that physicochemical properties (melting points, surface
tensions, chemical reactivities, etc.) and microstructures of ILs in interfacial regions
are different to those in bulk phase [1, 7, 12, 14, 15, 17, 19, 23, 26, 28–30, 32, 71, 87–89,
93]. The direct recoil spectrometry measurements indicated a perpendicular distribu-
tion of imidazolium ring planes and a parallel orientation of butyl chains in [BMIM]
cations in IL–gas interfacial region [94]. However, experimental characterizations
based on sum frequency generation (SFG), high-resolution Rutherford backscattering
spectroscopy and X-ray reflectivity observations [95–98] suggested that imidazolium
rings prefer to take flat orientations along IL–gas interface, whilst butyl chains are
loosely packed together and protruded from liquid phase into gas phase with a
certain tilt. Additionally, in IL–solid interfacial region, nuclear magnetic resonance
experiments showed that interfacial ionic structures of supported [BMIM][PF6] IL
depend strongly on solid surface types and the thickness of the confined IL film [93].

For absorbed [BMIM][PF6] IL on neutral graphene surface with finite film thick-
ness, it was observed in atomistic simulations that the confined IL film thickness has
a significant effect on interfacial ionic structures and ordering orientational distribu-
tions of [BMIM][PF6] ion pairs in IL–graphene and IL–gas interfaces [99]. Interfacial
monolayers are formed in IL–gas interfacial region with ordering ionic structures.
With an increase in IL film thickness, the orientations of [BMIM] cations in interfacial
monolayers change gradually from dominant flat distributions along IL–gas inter-
face to that characterized with several favorable orientations with different propor-
tions, as shown in Figure 4.9. In these favorable orientations, themain distribution of
imidazolium rings is their parallel distributions along IL–gas interface beneath the
exposed outermost layer and perpendicular orientations with tilted angles toward
IL–gas interface at the exposed outermost layer. The outmost layer is populated with
alkyl groups and is imparted with hydrophobic feature. Distinct ionic layers with
well-regulated interpenetrating polar and nonpolar networks are formed in the
vicinity of IL–graphene interfacial region. The imidazolium rings lie preferentially
flat on IL–graphene interfacial region, with the methyl and butyl chains in [BMIM]
cations stretched out along graphene surface.

The presence of solid surface and formation of dense interfacial layers further
complicate ILs’ dynamical properties compared with those in bulk regions. It is
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shown that the dynamical quantities of the confined [BMIM][PF6] ionic groups are
highly heterogeneous depending on their relative positions in confined IL film, as
characterized by mean square displacements of specific groups [100] shown in
Figure 4.10. In IL–gas interfacial region, the relaxation and diffusion of terminal
carbon atoms in butyl chains of [BMIM] cations are much faster than that in other
layers of confined IL film and that in bulk region of simulation system without

Figure 4.9: (A) Definition of Cm and Cb vectors in [BMIM] cationic framework and (B) probability
distributions of these two vectors in the same ion for [BMIM] cations in IL–gas interfacial region in
simulation systems consisting of varied numbers of [BMIM][PF6] ion pairs on graphene surface. The
notations →, ↓ and ↑ indicate that Cm or Cb vectors being parallel or perpendicular to the IL–gas
interface with terminal carbon atoms projected into bulk region or protruded into gas phase,
respectively. (C) Representative configurations of [BMIM] cations in IL–gas interfacial region.
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confinement, due to their liberated motion in this interfacial region. In IL–graphene
interface region, the dynamical heterogeneities of ionic groups are embodied both in
their overall diffusions and in the diffusive components in parallel plane along solid
surface and in perpendicular direction to solid surface, respectively. The overall
translational mobility of [BMIM][PF6] ionic species is characterized with slaved
diffusion, and it takes much longer time for them to leave the cage formed by
surrounding counterions before reaching the true diffusive regime than that without
confinement.

The particular dynamical heterogeneity of confined [BMIM][PF6] ionic groups is
intrinsically related to their orientational preference andmicroscopic ionic structures
in IL–graphene and IL–gas interfacial regions. The confinement effect induced by
neutral graphene surface and formation of two-dimensional interpenetrating meso-
phase contribute to the slaved diffusion of [BMIM][PF6] ion pairs in IL–graphene
interfacial region. However, such a confinement effect is short-ranged, and its

Figure 4.10: Representative snapshot of confined IL film consisting of 500 [BMIM][PF6] ion pairs on a
neutral graphene surface and the division of this IL film into ten layers based onmass density profile.
Mean square displacements of imidazolium rings and terminal carbon atoms of butyl chains in
[BMIM] cations and of [PF6] anions in different layers of confined IL film, as well as that in simulation
system without confinement.
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influence on dynamical properties is limited in bottom layers of confined IL film and
becomes negligible with the increase of film thickness. For IL film with enough
thickness, such as larger than 3 nm, the exposed outmost layer is populated with
alkyl groups, mainly terminal carbon atoms of butyl chains of [BMIM] cations, which
facilitates their liberated motion and hence contributes to their fast diffusion in IL–
gas interfacial region. Beneath such exposed layer in IL–gas interface, the micro-
scopic ionic structure resembles that in bulk region of confined IL film, and hence
exhibits similar dynamical properties. It is the spatial structural heterogeneity of
confined ion pairs in interfacial region that contributes directly to the striking
dynamical heterogeneity. Both spatial and temporal heterogeneities of confined
[BMIM][PF6] ion pairs experiencing in interfacial regions are important for under-
standing the interfacial phenomena occurring in IL–solid and IL–gas interfacial
regions before advancing their applications in related areas.

4.3.2.2 [BMIM]-based ionic liquids on charged quartz surfaces

The confined ionic species, however, exhibit distinct microstructures and ordering
orientations in IL–solid interfacial region if solid surfaces are characterized by
positive or negative charges [1, 7, 17, 30, 71, 87]. On charged quartz surfaces, the
atomic force microscope (AFM) measurements revealed that the formation of inter-
facial layers of solvated ILs is strongly related to quartz surface charge and roughness
[1, 26, 101]. The SFG spectroscopic signature indicated that imidazolium rings prefer
to lie on quartz surface with the attached alkyl chains taking on tilted orientations
[89, 90, 92]. However, this qualitative conclusion was summarized based on a simple
assumption that each confined cation behaves as a rigid entity, and on limited
orientational information of “reporter” groups, such as the vibrational frequency of
C—H bonds on imidazolium rings.

Due to the lack of specific spectroscopic signatures for aliphatic chains, the
distribution and orientation of alkyl chains in [BMIM] cations are not directly inves-
tigated. Therefore, we designed two chemically different quartz surface models to
mimic the adsorption of [BMIM]-based ILs on synthesized and catalytic quartz
surfaces [90–92, 102]. The dangling silicon atoms in one bare quartz surface are
saturated with silanol Si(OH)2 groups, whereas those in the other one are fully
hydrogenated and covered by silane SiH2 groups, respectively [103], as shown in
Figure 4.11. Such an intrinsic difference in local chemical composition leads to the
quartz surfaces saturatedwith Si(OH)2 and SiH2 groups characterized by negative and
positive charges, respectively, which result in distinct stacking behavior of absorbed
[BMIM]-based ILs on these two quartz surfaces.

Atomistic simulation results revealed that dense ionic layers, characterized by
distinct mass, number, charge and electron densities, are formed in quartz interfacial
region. The orientational preferences of confined ionic groups are characterized with
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different features depending on quartz surface charges, ionic sizes and molecular
geometries of anionic groups. In positively charged SiH2 interfacial region, the
anionic groups are particularly absorbed on solid surface due to strong electrostatic
interactions. Themain axes of asymmetric [TFO] and [NTF2] anions are perpendicular
and parallel to SiH2 surface, respectively. However, an opposite effect is observed in
negatively charged Si(OH)2 interfacial region. The [BMIM] cations, either coupled
with spherical ([BF4] and [PF6]) or aspherical ([TFO] and [NTF2]) anions, are exclu-
sively absorbed onto negatively charged Si(OH)2 surface. The imidazolium rings lie
predominantly perpendicular to Si(OH)2 surface, with the corresponding methyl and
butyl chains elongated along Si(OH)2 surface, respectively. The anions exhibit ran-
dom orientations in subsequent anionic layer, due to the partially screened inter-
molecular interactions between anions and atoms on Si(OH)2 surface. Typical
configurations of absorbed [BMIM] cations and their coupled [BF4], [PF6], [TFO] and
[NTF2] anions in Si(OH)2 and SiH2 interfacial regions are shown in Figure 4.11.

The distinct structural and orientational preferences of confined [BMIM] cations, and
their coupled anions in IL–quartz interfacial regions are intrinsically related to quartz
surface charge densities, molecular ionic sizes and geometries, as well as preferential
intermolecular interactions between ionic groups and atoms constituting quartz solid
surfaces. Given that ILs serve as both charged species and solvent molecules in
confined environment, large ion concentration corresponds to small Debye length,

Figure 4.11: Representative configurations of [BMIM] based ILs confined in charged SiH2 (top)
and Si(OH)2 (bottom) quartz interfacial region.
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indicating that electrostatic interactions are partially screened, and thus other fac-
tors, like crowding effect originated from solid surface templating issue, become
important. The subtle interplay between screening and crowding effects contributes
to the formation of electric double-layer structures in charged interfacial region, which
may provide an opportunity to unveil intrinsic ionic structures in controlling macro-
scopic functional performance of electric supercapacitors [7, 16, 20, 29, 30, 71, 87].

4.3.2.3 [P6,6,6,14][BMB] ionic liquid on charged gold electrodes

For all the confined [BMIM]-based ILs in solid interfacial regions, either on neutral
graphene surface or on charged quartz surfaces, the charge density on solid surfaces
is constant. In these confined systems, it is straightforward to study interfacial
structures of confined ionic species on solid surfaces with specific charge densities,
but not convenient to investigate the dependence of microstructural ordering dis-
tributions and orientations of confined ionic species on surface charge densities in
IL–solid interfacial region. The application of external electric fields on solid surfaces
with different interfacial charge densities, as verified in AFM and surface force
apparatus (SFA) experimental characterizations [1, 26, 71, 104–107], is an effective
way to induce molecular position fluctuations in confined environment, leading to
the accumulation of specific ionic species in interfacial region and finally resulting in
reconstruction of interfacial layering structures.

In order to understand the dependence of interfacial structures of confined ionic
species on solid surface charge densities, we performed intensive atomistic simula-
tions to probe interfacial ionic structures and molecular arrangements of [P6,6,6,14]
[BMB] IL (chosen owing to its excellent tribochemical properties in mechanical
engineering contacts [33, 108]) confined between neutral and charged gold electro-
des with controllable surface charge densities [109]. Detailed analyses of simulation
results indicate that the interfacial chemical compositions, molecular arrangements
of [P6,6,6,14][BMB] IL are different depending on surface charge densities to gold
electrodes. For [P6,6,6,14][BMB] IL confined between neutral electrodes, due to the
interfacial layer and a subsequent intermediate layer are formed before reaching bulk
region of confined IL film. The innermost layer consists of both [P6,6,6,14] cations and
[BMB] anions, which take compact ionic structures and checkerboard molecular
arrangement in interfacial region. In this mixed innermost layer, both hexyl and
tetradecyl chains in [P6,6,6,14] cations lie preferentially parallel along electrodes, and
the most probable configuration of oxalato and phenyl rings in [BMB] anions is
characterized by consecutive parallel and perpendicular arrangement adjacent to
neutral electrodes, respectively.

As gold electrodes get electrified but with low surface charge densities (<20
μC/cm2), the mixed innermost layer thickness gradually increases as that in sur-
face charge density, due to a gradual accumulation of [P6,6,6,14] cations and [BMB]
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anions, and their counterions being squeezed out from the innermost layer adjacent to
negatively and positively charged electrodes, respectively. The effect of charging elec-
trodes has little influence on the molecular alignment of hexyl and tetradecyl chains in
[P6,6,6,14] cations along negatively charged electrodes due to their delocalized charge
distributionwithin cationic framework and their saturated distribution in the innermost
cationic layer. However, charging gold electrodes results in new orientational patterns
for oxalato rings in the same [BMB] anions from parallel–perpendicular orientation to
that characterized by constraint molecular arrangement with a tilted angle of 45° from
positively charged electrode. In the meantime, the molecular distributions of phenyl
rings are alerted accordingly due to their direct bonding to oxalato rings through flexible
C—C bonds in [BMB] anions. Upon further charging gold electrodes with surface charge
densities equal or higher than 20 μC/cm2, distinctive innermost interfacial layers exclu-
sively consisting of [P6,6,6,14] cations and [BMB] anions are formed adjacent to negatively
and positively charged electrodes, respectively. This implies a templating effect in
producing compact and tightly bounded innermost layers closest to charged electrodes
as surface charge density increases. Such an interfacial effect will in turn alter packing
ionic structures in subsequent layers, and so forth, resulting in enhanced compact
interfacial structures in confined environment. It is expected that more energies are
needed for a probe to rupture, to penetrate and to displace the innermost ionic layer due
to the absorbed ionic species being strongly bounded to oppositely charge electrodes, as
indicated from previous AFM and SFA measurements [104–107]. The orientations of
oxalato and phenyl rings in [BMB] anions are described by broad and featureless
characteristics before distinctive coordination pattern observed for [BMB] anions adja-
cent to positively charged electrodes with surface charge density of 100 μC/cm2.

It is noteworthy that [P6,6,6,14] cations and [BMB] anions exhibit different responses
to changes in external electric field generated from charged electrodes, which will have
a profound effect on interfacial frictionwhen this IL is used to lubricate gold engineering
surfaces in technical applications. These atomistic simulation results are helpful in
elucidating interfacial changes in ionic structures and molecular arrangements of
[P6,6,6,14][BMB] IL confined between gold electrodes, and may provide more physical
insight in further investigation of ILs’ electrotunable friction response and lubrication
mechanism in mechanical engineering systems.

4.3.3 Simulation algorithms for calculation of ionic
liquid viscosity

The most immediate way to calculate the liquid viscosity is to perform a shear
flow simulation. This can be done by using SLLOD equations of motion [110].
They have been used since 1980s to calculate the liquid viscosities of alkanes,
Lennard-Jones liquids and liquid crystals [111–113]. When these equations are
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used, a planar Couette velocity field, u= _γzex, that is, a velocity in the x-direc-
tion varying linearly in the z-direction, is added to the ordinary Hamiltonian
equations of motion

q
.

iα
=
piα
mα

+ _γexziα (4:1a)

and

_piα =Fiα − _γexpiαz − ςpiα (4:1b)

where piαand qiα are the linear momentum relative to streaming velocity, the
position of atom α of molecule i, _γ is the velocity gradient or shear rate, mα is
the mass of atom α and ζ is a thermostatting multiplier removing the excess
heat generated by the shear field. The algebraic expressions for this multiplier
can be selected in a few different ways depending on the desired ensemble. The
edge effect vanishes by applying Lees–Edwards sliding brick boundary condi-
tions. The viscosityη, in the Newtonian or linear regime is obtained as the zero
field limit of ratio of the zx-component of shear stress, σs

zx, and the velocity
gradient

η= lim s

t!∞zx
tð Þ= _γ. (4:2)

According to linear response theory, the zero shear rate limit of the viscosity thus
obtained should be exactly the same as the one given by the Green–Kubo relation for
the viscosity

η=
V

10kBT

ð∞
0

dt < �σs tð Þ :�σs 0ð Þ > eq, (4:3)

where V is the volume of the system, kB is Boltzmann constant, T is the absolute
temperature, �σs = 1

2
�σ + �σT
� �

− 1
3 Tr �σð Þ is the symmetric traceless part of stress tensor

and the subscript “eq” denotes that the average is evaluated in an equilibrium
ensemble. Since shear flow simulations and the Green–Kubo relation should give
the same results, they provide an important cross-check of atomistic calculations,
that is, the shear rates in eq. (2) fall into a linear regime and that the correlation
functions in eq. (3) have decayed. It is also a consistency test of the computer program
used to perform simulations.

The shear flow algorithm and equilibrium Green–Kubo method have recently
been adopted to calculate the liquid viscosities of [P6,6,6,14][BMB] and [P6,6,6,14][BOB]
ILs. The selection of these two IL systems is due to their potential technological
applications such as lubricants and electrolytes for fuel cells and others. It should be
noted that it is still a challenge in a proper sense of word to calculate liquid viscosities
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of [P6,6,6,14][BMB] and [P6,6,6,14][BOB] ILs owing to their complexmolecular structures.
Since these ionic molecules are rather large, there are polarization and charge
transfer phenomena that can be explicitly handled in classical molecular dynamics
simulations [114, 115]. However, this is also time consuming in practice for the
abovementioned tetraalkylphosphonium-orthoborate ILs, because very long simula-
tions are needed to evaluate their liquid viscosities. Therefore, we adopted a feasible
procedure by using charge scaling factors between ionic species to calculate the
liquid viscosities of these ILs.

The preliminary results of atomistic simulations on these ILs have shown that
the viscosities of [P6,6,6,14][BMB] IL system do not change within statistical uncer-
tainty when system size is increased from 96 to 735 ion pairs [116]. This is advanta-
geous when the Green–Kubo relation is evaluated since thermal fluctuations are
larger in smaller systems, whichmeans that the time correlation functions converge
faster. It has also been established that the viscosities obtained using the Green–
Kubo method from equilibrium atomistic simulations agree with those obtained
from shear flow simulations in the linear regime, which is in accordance with linear
response theory. This provides a significant consistency test of simulation algo-
rithm and shows that the computation time is long enough to obtain reliable values
for the viscosity. As an example of computational results, we show the viscosities of
an equimolar mixture of [P6,6,6,14][BMB] and [P6,6,6,14][BOB] ILs as a function of
temperature between 363 and 423 K in Figure 4.12. These viscosities have been
evaluated using Green–Kubo relation (eq. (3)) with a charge scaling factor of 0.8.
It is obviously shown that the liquid viscosity of this mixture can be described by a
rather simple Arrhenius expression over the studied temperature range, despite the
complexity of this simulation system consisting of [P6,6,6,14] cations and [BMB] and
[BOB] anions.
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Figure 4.12: Liquid viscosities of an equimolar mixture of [P6,6,6,14][BMB] and [P6,6,6,14][BOB] ILs at
different temperatures evaluated using Green–Kubo relations with a charge scaling factor of 0.8 for
ionic species.
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4.3.4 Atomistic simulations and small-angle X-ray scattering
studies of alkylammonium nitrate with cosolvents

EAN was studied already in the year of 1914 by Paul Walden in a pioneering study,
which is considered to mark the beginning of investigation on ILs [4, 12]. After more
than 100 years, many features of EAN, andmore in general of alkyl ammonium nitrate,
and their mixtures with other solvents, are still attracting considerable interest.

We have recently investigated both experimentally and by means of mole-
cular modeling the mixtures of this class of IL with important cosolvents such as
N-methyl-2-pyrrolidone (NMP) and acetonitrile (ACN) [79, 81, 117, 118]. IL mix-
tures with cosolvents are macroscopically homogeneous but are typically char-
acterized by microheterogeneity at nanoscale level. Small-angle X-ray scattering
experiments (SAXS) on some IL mixtures with some cosolvents have revealed a
pronounced scattered intensity in low q region of SAXS pattern [119–121]. Such
phenomenon, termed as low q excess (LqE), is higher at low concentration of IL.
In a recent investigation, some of us found that the mixtures of EAN with ACN
display the same phenomenon. Furthermore, the LqE phenomenon observed at
low concentration of EAN is the highest reported to date [118].

A combined experimental (volumetric measures, wide and small-angle X-ray
scattering) and computational study performed on the whole concentration range
of this EAN–ACNmixture allows to understand the microscopic origin of this finding.
The partial molar volumes suggest that addition of small amount of EAN to ACN does
not lead to a homogenous solution at molecular level, and that EAN molecules self-
associate. The isobaric thermal expansivity data pointed to a similar conclusion
concerning the lack of homogeneity at molecular scale. The nonhomogeneity of
local structure leads to density fluctuations, and this is the origin of LqE observed
at EAN molar fraction (xEAN) lower than 0.5. Through the calculation of entity of
density fluctuation at different EAN molar fractions, it can clearly be seen that the
highest fluctuations occur at the lowest EAN concentration and that they decrease
exponentially with increasing EAN molar fraction.

Atomistic simulations of these mixtures in the whole concentration range
allowed reaching an understanding of these EAN–ACN systems at molecular level.
The general Amber force field was used for bonded and vdW parameters [122], while
partial charges were calculated at B3LYP/aug-cc-pVTZ level of theory, using a
restricted electrostatic potential procedure. The initial simulation boxes for atomistic
simulations were prepared using the same molar fraction as that in experimental
samples. A dielectric constant of 1.8 was used in simulation with EAN, which is
equivalent to charge scaling of 0.75.

Analysis of atomistic simulation trajectories at xEAN = 0.1 reveals that EAN mole-
cules organize in wormlike structure surrounded by ACN molecules. These molecular
structures are constituted mainly by EAN, and their density is higher than that of neat
IL due to a solvophobic effect and is much denser than ACN. Similar organization,
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although less pronounced, is observed for xEAN molar fraction of 0.3 and 0.5, while at
higher EAN content the mixtures are homogeneous at molecular level, with ACN
molecules dissolved in EAN matrix. The structural heterogeneity is observed in ato-
mistic simulations only for mixtures that display LqE in SAXS patterns. This clearly
indicates that the physical objects generating density variations that induce LqE are
wormlike structures formed mainly by EAN ionic species.

4.4 Coarse-Grained molecular dynamics simulations

4.4.1 United-atom model for [P6,6,6,14] cation

Compared with traditional molten salts, one fascinating feature of ILs is that they
exhibit distinct heterogeneous nanostructural ordering [41]. The nanoscopic liquid
organization in bulk ILs is characterized by either spongelike interpenetrating polar
and apolar networks or segregated polar domains within apolar framework depend-
ing on the number of hydrophobic alkyl units in ionic species. The characteristic size
of nanoscopic structural heterogeneity is found to scale linearly with aliphatic chain
length in imidazolium and pyrrolidinium cations, as indicated by both SAXS experi-
ments and atomistic simulations [36, 54, 123–127].

However, the dependence of nanoscopic liquid morphology on aliphatic chain
length in tetraalkylphosphonium cation is complicated since there are four aliphatic
chains in tetraalkylphosphonium cation, and each one can be tuned with varied
aliphatic substituents [68, 70, 74, 75, 128] and mutated with different polar and apolar
groups [34, 124]. Additionally, tetraalkylphosphonium cations can be associated with
various anions and molecular liquids [33, 68, 70, 74–76, 108, 109, 129], leading to
spectacular ionic structures and distinct liquid morphologies in IL matrices. The liquid
organizational morphologies of [P6,6,6,14]-based ILs, as indicated from X-ray scattering
experiments and atomistic simulations conducted by Castner andMargulis groups, are
dominated by three distinct landscapes at different length scales associated with short
range adjacency correlations, positive–negative charge alternations at intermediate
range and long-ranged polarity ordering correlations [34, 123, 124, 130].

Since aliphatic chain length is a sensitive handle to microstructural ionic envir-
onment in IL matrix, we performed atomistic simulations to elucidate the effect of
linear aliphatic substituents in tetraalkylphosphonium cations on liquid landscapes,
microstructures and dynamical properties of ionic species in local ionic environment
[131]. Simulation results indicated that bulk tetraalkylphosphonium chloride ILs are
characterized by distinct microscopic ionic structures and heterogeneous liquid
morphologies depending on aliphatic chain length in tetraalkylphosphonium
cations. For ILs consisting of small tetraalkylphosphonium cations, like in triethyl-
butylphosphonium chloride ([P2,2,2,4]Cl) IL, microstructural liquid morphologies are
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characterized by bicontinuous spongelike interpenetrating polar and apolar net-
works. Lengthening aliphatic chains in tetraalkylphosphonium cations leads to the
polar network consisting of Cl anions and central polar groups in cations being
partially broken or totally segregated within apolar framework.

The liquid morphology variations and heterogeneous microstructural changes in
six tetraalkylphosphonium chloride ILs are qualitatively verified by prominent polar-
ity alternation peaks and adjacency correlation peaks observed at low and high q
range in total X-ray scattering structural functions, respectively, and their peak
positions gradually shift to lower q values with lengthening aliphatic chains in
tetraalkylphosphonium cations, as shown in Figure 4.13. The charge alternation
peaks registered in intermediate q range exhibit complicated dependence on alipha-
tic chain length in tetraalkylphosphonium cations due to the complete cancellations

Figure 4.13: Structural functions S(q) in the range of q ≤ 25 nm−1 and q ≤ 100 nm−1 (inset graph) for six
tetraalkylphosphonium chloride ILs obtained from atomistic simulations at 323 K. These structural
functions are vertically shifted by 2 units based on previous curves for clarity. The peak symbols in low,
intermediate and high q values correspond to polar–apolar alternations, positive–negative charge
alternations and close contact adjacency correlations, respectively. Representative liquid morpholo-
gies of six tetraalkylphosphonium chloride ILs at 323 K are illustrated, in which polar domains (red)
consist of Cl anions and central P(CH2)4 groups in tetraalkylphosphonium cations, and apolar entity
(cyan) is composed of the remaining alkyl units in tetraalkylphosphonium cations, respectively.
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of positive contributions of same charge ions and negative contributions of ions of
opposing charge.

The particular liquid morphologies and heterogeneous ionic structures in
tetraalkylphosphonium chloride ILs are intrinsically manifested in dynamical
properties characterized by mean square displacements, translational mobilities,
van Hove correlation functions and non-Gaussian parameters of tetraalkyl-phos-
phonium cations and chloride anions in bulk systems [75, 100]. The terminal
carbon atoms in aliphatic chains exhibit overall higher diffusivity than central
phosphorus (P) atoms in tetraalkylphosphonium cations, and their cooperative
effect contributes to the medium diffusion coefficients of the whole tetraalkyl-
phosphonium cations. The P and Cl atoms exhibit comparable translational diffu-
sivities due to their strong Coulombic coordination feature in polar domains,
highlighting the existence of strongly correlated ionic structures in IL matrices.
Lengthening aliphatic chains in tetraalkylphosphonium cations leads to concomi-
tant shift of van Hove correlation functions and non-Gaussian parameters to larger
radial distances and longer timescales, respectively, indicating the enhanced
translational dynamical heterogeneities of tetraalkylphosphonium and chloride
ions in constrained local environment.

In typical IL matrices, the liquid structural heterogeneity generally spans
over an order of a few nanometers and is mainly derived from principle interac-
tions involving different molecular moieties in ILs. The atomistic modeling of
nanoscopic liquid organization of ILs over length scales beyond intermolecular
distance requires that simulation system size should be several times larger than
characteristic length scale of nanostructural organization of model ILs, and long
time simulations should be performed to properly sample molecular conforma-
tions of ionic species in liquid organization [35, 41–44]. The latter, in particular,
should be excruciatingly long due to the slow relaxation of ionic groups in bulk
liquid matrix. Additionally, the lengthening aliphatic chains or increasing the
number of hydrophobic alkyl units in ionic species leads to their voluminous
characteristics, which further slows their reorientations in bulk region. This
proposes a severe fundamental challenge for atomistic simulations despite of
their initial successes in identifying the existence of nanostructural ordering
phenomena in bulk ILs.

In this regard, CG models and simulations become imperative, and open a
possibility to sample over large length and long time scales with a modest computa-
tional cost. The main aim of coarse-grained Molecular Dynamics (CGMD) simulations
is tomake this problem tractable withminimal diluting chemical rigor [35, 36, 41–43].
The CG strategy starts with a choice of specific length scale for coarsening and then
subsumes all atoms presented within that length scale into one superatom or bead.
These beads are then connected to one another by “bonds” to reproduce an overall
architecture of CG molecule. The connected beads interact with each other via bond
stretching and bending forces with similar interaction forms as that used in atomistic
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models but with different interaction parameters. The speedup in mimicking model
IL systems using CGmodels is achieved, on the one hand, due to manyfold reduction
in total number of degrees of freedom and the usage of softer interaction potentials,
and on the other hand, due to the utilization of a larger time step than that used in
atomistic simulations. These benefits make CGMD simulation a powerful way to
capture slow processes that occur in complex fluids.

Due to the voluminous characteristics of tetraalkylphosphonium cations, we
proposed an united-atom (UA) model for [P6,6,6,14] cation through a multiscale
modeling protocol in which the force field parameters derived at high-resolution
scale are transferred to low-resolution level in a self-consistent computational
scheme using a bottom-up approach bridging different length and time scales
[129]. Quantum chemical calculations were first performed to obtain the optimized
molecular geometries of an isolated [P6,6,6,14] cation and a tightly bounded [P6,6,6,14]
Cl ion pair structure, the latter of which is characterized by strong electrostatic
interactions and moderate HB interactions between Cl anion and [P6,6,6,14] cation,
respectively, as shown in Figure 4.14. The procedure to develop effective force field
parameters and atomic partial charges for atomistic [P6,6,6,14] cation is the same as
that used in previous works [64, 66, 68, 70]. Furthermore, an economical and
nonpolarizable UA model is constructed for the [P6,6,6,14] cation. The hydrogen
atoms in four methylene groups that are directly connected to central P atom in
atomistic [P6,6,6,14] cation are retained in the UA model due to their preferences to
form hydrogen bonds with Cl anion. Other methylene and methyl units in aliphatic
chains in [P6,6,6,14] cation are represented as single interaction sites. The interaction
parameters for UA sites are carefully tuned based on the transferable potentials for
phase equilibria force field [132] to qualitatively match bond and angle distributions
as that obtained from atomistic simulations, as shown in lower panels in
Figure 4.14. A reduced partial charge of +0.8e is used in UA [P6,6,6,14] cationic
model as an effective way to account for the average electrostatic polarization effect
in condensed liquid state.

Atomistic and CG simulations were performed over a wide temperature range of
273–393 K to validate the proposed UA model against available experimental and
computational data. The predicted volumetric quantities, including liquid density,
volume expansivity and isothermal compressibility, of bulk [P6,6,6,14]Cl IL agree well
with experimental measurements. The proposed UA [P6,6,6,14] cationic model can
essentially depict intrinsic local ionic structures and thermodynamics predicted by
ab initio calculations and atomistic simulations, and nonlocal transport properties
against corresponding experimental characterizations of [P6,6,6,14]Cl IL over a wide
temperature range. From a perspective point of view, the proposed multiscale mod-
eling protocol to construct atomistic and UA models from ab initio calculations is
useful and can be extended to other classes of ILs.
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4.4.2 Coarse-grained model for [BMIM][PF6] ionic liquid

By further coarse-graining of the proposed UAmodels to an upper level, like lumping
three UA beads into a new one, one can continuously reduce computational time
relative to atomistic and UA models and facilitate computational studies of solute-
based dynamics onmicrosecond scale. Of course, this computational saving comes at
an expense of some realism of real ionic models. There is an inevitable trade-off
between computational cost and physical accuracy inherent to any CG model devel-
opment. Additionally, CG models can reveal essential structural properties and
qualitatively describe transport properties of model IL systems at mesoscopic level
by integrating over less important degrees of freedom at atomic scale [31, 35, 36, 55,
56, 133, 134].

Wang and Voth first developed a generic CG model for ILs consisting of imida-
zolium cations coupled with [NO3] anion to study their nanoscopic ionic structures
with varied aliphatic chains attached to imidazolium rings [35, 36, 54, 125].
A multiscale coarse-graining approach based on the force matching method was
adopted to reproduce the effective forces acting on CG beads to match with those
calculated from atomistic simulations. The subsequent CGMD simulations demon-
strate that charged imidazolium rings and anions organize into continuous ionic
network due to strong electrostatic interactions, and the neutral aliphatic chains
in cations form nonpolar domains separated from ionic framework, respectively
[35, 36, 54, 125]. The geometrical constraints of head and tail groups in cations result
in a novel balanced liquid crystal-like structure at low temperatures. This physical
picture can qualitatively explain the experimentally observed IL crystal structure,
the transition from IL to isotropic liquid crystal and changes in physicochemical
and structural properties of ILs with varied aliphatic chains. In subsequent work,
several coarse-graining schemes were proposed for imidazolium cations [31, 41, 55,
134]. Interaction potentials between CG beads are either obtained from specific
coarse-graining approaches, like iterative Boltzmann inversion (IBI) method [134],
or described by generic interaction potentials [55]. CGMD simulations show that
these CG models exhibit different efficiency in describing microstructural organiza-
tions of [BMIM][PF6] ILs at varied thermodynamic conditions depending on the
detailed coarse-graining strategy [35–37, 41, 55, 125, 129, 134].

It should be noted that in the effective potentials derived specifically for [BMIM]
[PF6] IL in above studies, electrostatic interactions are either explicitly calculated
with Ewald summation-based methods [35, 36, 55, 125, 133], or implicitly included in
interaction potentials [134]. In order to evaluate the different treatment of electro-
static interactions in CGMD simulations, we proposed a CG model for [BMIM][PF6] IL
based on following principles [37]: (i) Three methylene units in aliphatic chains are
treated as single CG bead. This is one of the most popular coarse-graining schemes
widely used in other CG simulations [55, 134]; (ii) Imidazolium ring and two remain-
ing methyl units are symmetrically divided into two CG beads; (iii) The anionic group
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is described by one CG bead, which is the normal scheme in other CG models for IL
system [35, 55, 133, 134]. With these guiding principles, the CG prototype for [BMIM]
[PF6] IL was constructed and is illustrated in Figure 4.15.

Three sets of effective interaction potentials between CG beads were derived from two
iteration procedures, that is, the Newton inversion (NI) [135] and IBI methods [134],
respectively, with different treatment fashion of electrostatic interactions based on
radial distribution functions (RDFs) calculated from atomistic simulations. It is
shown in Figure 4.15 that even the forms of effective interaction potentials derived
from the NI and IBI procedures with varied treatment of electrostatic interactions are
different, three sets of effective potentials can reproduce RDFs as that obtained from
atomistic reference simulations with statistical uncertainty. With three sets of con-
structed CG potentials, we performed CG simulations on [BMIM][PF6] IL over large
spatial and long temporal scales and thereafter the obtained CG simulation results

Figure 4.15: The CG model for [BMIM][PF6] IL and typical effective interaction potentials derived from
the NI and IBI methods with different treatment procedure of electrostatic interactions. Liquid
densities and diffusion coefficients of [BMIM][PF6] IL calculated from CG simulations using three
sets of interaction potentials are compared with experimental and atomistic simulation results.
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were comprehensively compared with experimental and atomistic simulation results
on thermodynamics, microstructures, charge density distributions, scattering and
dynamical properties to validate the proposed CG protocols. The interaction poten-
tials deduced from two methods with explicit treatment of electrostatic interactions
provide results that are most consistent with atomistic simulation results, whereas
simulation results obtained from the effective potentials with implicit inclusion of
electrostatic interactions show noticeable deviations for thermodynamic, structural
and dynamical properties. In addition, the translational diffusion coefficients of ionic
groups obtained from CGMD simulations are larger than that calculated from atomis-
tic simulations, which is attributed to the simple description of [BMIM] cation and
[PF6] anion. This discrepancy becomes small as temperature increases, which is
rationalized by the fact that force field details become unimportant and just short-
ranged bead connectivity prevails at high temperatures [134]. In the development of
effective potentials with the NI and IBI methods, the electrostatic interactions should
be explicitly incorporated in iteration processes. In subsequent CGMD simulations,
the long range electrostatic interactions should also be calculated explicitly with
proper methods [136–138] to improve the reliability of dynamical properties of model
IL systems at wide temperature range.

4.5 Conclusions and outlook

We have given several examples on how computer modeling and simulations at
different length and time scales can provide valuable insight to better understand
these very complex IL systems. It is clear that molecular modeling should be always
closely combined with experiments as seen in the above investigations to study
microstructural and dynamical properties of ILs in bulk region and in confined
environment. It is fortunate that this relatively “new” class of materials has appeared
at a time when simulation methodologies and computing power have converged to
enable sophisticated modeling on these materials. The research field of ILs has
reached an astonishing level enriched by computational knowledge gained from
quantum chemical calculations, ab initio, atomistic and CG simulations. Had exten-
sive interest in ILs blossomed 17 years earlier, it is unlikely that molecular simula-
tions would be able to address all critical questions that are being tackled today. Lots
of spectacular phenomena taking place at bulk region and in confined environment
are still mysterious. Molecular simulations, in a long period of time in future, will be
on an equal footing with experimental investigations on these striking properties of
ILs in varied applications.

In future work, molecular simulations will be generally adopted in two modes
within IL community. The first mode is the accurate prediction of physicochemical
and microstructural quantities of model IL systems. Simulations have already been
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shown to make quantitative predictions of thermodynamics, microstructures, liquid
morphologies and dynamics of neat ILs and IL mixtures, and this area will continue
to be an important area in future investigation. The predictions of molecular proper-
ties, especially for ILs under harsh conditions where experimental characterizations
are difficult to conduct, such as at high temperatures and pressures, will be of special
significance. Additionally, the thermodynamic property predictions for IL mixtures,
either for binary, ternary or multicomponent mixtures, should be paidmore attention
as these multicomponent mixtures are characterized with desirable properties that
are absent in single IL sample [8, 18, 23, 34, 49]. However, care should be taken before
making broad generalization. The current data set is quite restricted and some
properties have been investigated for one set of ILs and other properties have been
studied for others. Most IL mixtures exhibit nonideality in thermodynamics, but this
does not imply that it will always be the case. Near ideal mixing is possible and has
been observed in experiments [23, 49]. For IL mixtures used as absorbents for CO2

capture, a critical parameter is the gas solubility of CO2 in ILmixtures [19, 28]. Mixture
solubility measurements are much harder to carry out experimentally than those for
pure species solubility, but are in principle no more difficult to conduct in a simula-
tion. The predicted thermodynamic properties can be further used as input para-
meters to test, develop and validate molecular theories, such as the statistical
associating fluid theory and regular solution theory.

The second mode is providing qualitative insight into the structure–property
relationship, which is even more important than calculating detailed physicochem-
ical properties. Either IL or ILmixtures used as electrolytes in electrochemical devices
[7, 17, 20, 21, 29], as absorbents for gas separation [16, 19, 28], as solvents for material
synthesis or as lubricants in tribology [14, 15, 32], the overall goal is to maximize their
functional performance in macroscopic applications. Clearly, such a goal is ambi-
tious, but achievable in the long term. As discussed in previous sections, multiscale
modeling simulations have already been adopted to elucidate the delicate interac-
tions between HB and π-type interactions, to describe striking coordination pattern
between residual water molecules and ionic species in IL matrices and distinct
structural ordering quantities of ionic species in confinement, and to unveil nano-
sized polar and apolar domains within heterogeneous ionic environment. Future
studies aimed to interpret the effect of molecular ionic structures on their functions in
varied applications will become increasingly important. In this manner, multiscale
modeling simulations may help suggest new application areas and experiments.

Despite the fact that impressive progresses have been made over the last dec-
ades, many problems still remain. Quantum chemical calculations have been invalu-
able in understanding the complex interplay of intermolecular forces in ILs and
relationship to their thermodynamic properties. However, the proper description of
transport properties is still not sufficient to generate reliable statistical data and to
compute ion mobility due to limitations in computational resources. Accurate ato-
mistic force fields must be further developed and validated for a much larger range of
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ionic compounds. Many force fields have been published, especially for imidazolium-
based ILs [24, 46, 52, 58, 61, 62, 65, 66]. Lopes and Padua have produced a large set of
force field parameters based on OPLS format [52, 67, 69], and several other groups
have been active in developing force fields as well. Despite these efforts, there is a
huge number of cation and anion types for which force field parameters do not yet
exist. Moreover, many of the proposed force fields have not been subjected to a
rigorous validation procedure. Inmost of these proposed force fields, liquid density is
the first choice to compute and thereafter to compare with experimental measure-
ments. This is not a good choice for force field validation since force fields having
widely varying parameters can give essentially the same liquid density. This is
because liquid density is essentially a mean-field property that is insensitive to
specific interactions and energies [42]. It has been argued that enthalpies of vapor-
ization,melting point and crystal structuremight be better experimental quantities to
compare against as these quantities are often available and extremely sensitive to the
quality of force field parameters [42]. Additionally, dynamics and transport proper-
ties, which might be extremely demanding as long time simulations should be
performed due to ILs’ viscous feature, should be used to validate IL interaction
parameters. Furthermore, as it is validated for conventional molecular liquid, one
can compute liquid vapor equilibria and critical points and compare these with
available experimental data. The inclusion of polarizability into constructed force
fields will be an interesting topic, which can considerably increase the accuracy of
the estimation of dynamics and transport properties of ILs. The computational effort
for such simulations is quite large; however, with the increased computing power,
the number of polarizable force fields just recently started to grow. Besides validating
existing force fields, new force field parameters, or some modifications on available
force field parameters, are needed for different cation and anion classes. Generating
new force fields is tedious and time consuming, but must be done if molecular
simulations are to be used to help guide the design of new ILs. Without new force
fields that permit exploration of the diverse range of potential ILs, the relevance of
molecular simulations will wane.

Another major area where opportunities for improvement exist is the develop-
ment of new methods to conduct long-time simulations. CG approach is a feasible
way, and it uses large time step, thereby enabling larger systems to be simulated for
long times. The development of an UA model for [P6,6,6,14] cation and a CG model for
[BMIM] cation at a higher level, as discussed in this contribution, is the typical
example of this approach. It is noteworthy that the downside of CG methods is that
there is an inevitable loss of some nonessential degrees of freedom at the level in
which CGMD simulations are performed, and so these methods are best used when
qualitative information is sought or when the desired properties are insensitive to
these omitted degrees of freedom. It is shown that CG models tend to overestimate
transport properties such as diffusivities. The dynamical inconsistency in CG models
and its transferability are interesting topics for future research. New concepts,
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theories and computational tools need to be developed in the future to make truly
seamless multiscale modeling a reality.

Last but not least, collaborations between simulations and experiments are
crucial in order to achieve the longstanding goal of predicting particle–structure–
property relationship in material design and optimization of IL systems. It is the time
to carry out sophisticated computational and experimental characterizations on
these materials. What could be better?

Abbreviations

ACN acetonitrile
AFM atomic force microscope
AIMD ab initio molecular dynamics
B boron
BF4 tetrafluoroborate
BMB bis(mandelato)borate
BMIM butylmethylimidazolium
BMLB bis(malonato)borate
BOB bis(oxalato)borate
BScB bis(salicylato)borate
CG coarse-grained
Cl chloride
DFT density functional theory
EAN ethylammonium nitrate
EMIM ethylmethylimidazolium
HB hydrogen bonding
IBI iterative Boltzmann inversion
IL ionic liquid
LqE low q excess
MMIM dimethylimidazolium
MS mass spectrometry
NI Newton inversion
NMP N-methyl-2-pyrrolidone
NO3 nitrate
NTF2 bis(trifluoromethanesulfonyl)imide
O oxygen
P phosphorus
[P2,2,2,4] triethylbutylphosphonium
[P4,4,4,8] tributyloctylphosphonium
[P6,6,6,14] trihexyltetradecylphosphonium
PF6 hexafluorophosphate
PMF potential of mean force
RDF radial distribution function
SAXS small-angle X-ray scattering
SCN thiocyanate
SFA surface force apparatus
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SFG sum frequency generation
TFO trifluoromethylsulfonate
TGA thermos gravimetric analysis
UA united-atom
vdW van der Waals
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5 Ionic liquids at electrified interfaces
for advanced energy/charge storage
applications

Abstract: Energy storage topic becomes a critical element for smart grids to meet the
goals of smart cities in supporting a sustainable energy management. The improve-
ment of energy storage systems would be a milestone in the advancement and promo-
tion of several technologies associatedwith a low carbon emission future: for instance,
hybrid vehicles, renewable energy generation and distribution. One of the highest
priorities in the European policy funding is focused on scientific and technological
research accomplishments in the field of inventive energy storage solutions such as
electric double-layer capacitors (EDLCs). The design and development of new energy/
charge storage ionic liquid (IL)-based devices requires a deep understanding of the
mechanisms governing the formation of the electric double layer between electrodes
and IL electrolytes. This is far from being accomplished and more experimental
evidence is required. It is known that the capacitive performance of electrochemical
devices is greatly affected by the ion concentration profile at the electrode/electrolyte
interface. IL mixtures associated with high surface area carbonmaterials begin to gain
strength as a promising strategy to tune EDLC performance in charging/discharging
processes (by controlling the ion concentration profile of the electrolyte near the
electrode surface, surface roughness, temperature, among other factors).

Keywords: Electric double layer, Ionic liquids, Differential capacitance, Energy
storage, Ionic Liquid/electrode interface, Temperature effect

5.1 Introduction

Human progress is dependent on the ubiquitous, unique and valuable resource –
energy. The world’s economy is driven by energy. Is energy the resource we still need
most in the future? Should energy and sustainability be two concepts that should be
balanced up [1, 2]? What can contribute scientific research for these two paradigms?
The sustainability of energy supply has been one of the great challenges of our time to
minimize the impact on the depletion of resources, and severe environmental effects
resulted from the continuous use of fossil fuels [3, 4]. The changes required for
the transition from an economy mainly focused on nonrenewable fuel source to one
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taking advantage of greener and sustainable energy resources will require significant
scientific research, accompanied by the development of more efficient engineering
systems, environmental-friendly approaches of chemical processes and the pursuit of
sustainable energy policies [5, 6]. A symbiotic relationship between green chemistry
and renewable energy is highly desirable not only in designing energy-efficient efforts,
materials and chemical systems but also in harvesting those renewable energies [7].

Sources of renewable energy such as solar or the wind have an inherent problem
because of their intermittent nature and their availability rarely matches the needs of
the network [8, 9]. In order to use the unequivocal contribution of these energy sources
to the sustainability of the energetic system, it is necessary to implement energy storage
systems that can store and deliver the energy when required by the grid [10–13]. Albeit
these procedures have been effectively accomplished with batteries on a low-power
scale, new approaches for increasing the efficiency boost will require large amounts of
power that can only be provided by alternative energy storage technologies such as
supercapacitors [14, 15]. Thus, it is imperative to develop more efficient and diversified
energy storage and distribution systems that meet multiple requirements, namely,
transportation and grid storage will have strong commercial prospects. High charge
and discharge rates, longer life cycles, reduced cost per cycle, the use of low toxicity
and thermostable materials for both onboard and stationary applications make them a
lucrative option as energy storage devices [16]. A recent trend is to integrate and
optimize the performance of supercapacitors using ionic liquids (ILs) and IL mixtures.
A demonstration of the relevance of this path shows the increase in research and
scientific publications in these fields (Figure 5.1).

The number of publications in supercapacitors and ILs follows a similar trend, although
the number of registered publications under the thematic of “supercapacitors” is half the

Figure 5.1: Number of peer-reviewed scientific publications in the field of supercapacitors, ionic
liquids and in ionic liquid-based supercapacitors. Information gathered from the Web of Sciences.
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number of publications that mention the subject of “ILs.” However in a more modest
number the publications that deal with “ILs” and “supercapacitors” have a continuous
increase and have observed a 20-fold increase in the last 10 years (compared with a
threefold increase in the number of papers dealing with “ILs”).

5.1.1 Supercapacitors market forecast

In the last decade, the market for new energy and innovative storage solutions
has been treated with increased attention. Suitable energy storage devices are
core elements for highly required environmental-friendly and reliable resources for
an appropriate response to the high energy demand (low carbon emission sustain-
able economy present in the EU 2020 policy targets). Industry forecasts and invest-
ments suggest that the future looks solid niche market potential in the field of
supercapacitors, even in an unpredictable and unstable economy. The global super-
capacitor market is segmented into consumer electronics (laptops, digital cameras,
portable speakers and mobile computing), industrial automation (memory storage,
uninterrupted power supply and automatic meter reading), power and energy (actua-
tors, wind turbines and photovoltaic), medical (defibrillators), transport (trains,
cranes, cars, buses, elevators, aircraft and hybrid electric vehicles) and robotics
(autonomy) [16].

Supercapacitor sales are expected to more than double over the next five years,
and automotive industry is permanent investing in supercapacitor research. The
interest is even higher with the possibility of combining a fuel cell with a super-
capacitor, which is more expensive than a battery but has a much longer life cycle
and an extremely high power capacity providing higher stability, efficiency and
reliability. Interestingly, new trends on future consumer electronics and portable
devices (with $86 billion market by 2023) point out that they are becoming increas-
ingly thinner and more power-demanding [17].

According to a new report published by Future Market Insights, the supercapa-
citor market is anticipated to increase over 20% annual growth rate (CAGR) for the
next 10 years (2016–2026), with the supercapacitor market expected to worth $2.10
billion by 2020 (research report “Supercapacitor Market by Materials – Analysis &
Forecast”).

The number of companies dedicated to the production of supercapacitors and
batteries has doubled in the last few years. Some companies had increased their
production to 30% and others are also tripling their production capacity. The target
market sharply increases when supercapacitors are also considered as supporting
role, for example in conjunction with batteries and fuel-cell devices to enhance their
performance and lifetime (hybrid devices). The remarkable market growth requires
the reinforcement accompanied by a prompt improvement in energy and power
density capability, in the available devices following the trend to lower its costs [18].
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5.1.2 IL market forecast

The application of solvent-free electrolytes such as ILs to double-layer capacitors
development may become a promising strategy to overcome some unsolved key
challenges such as the quick charge drop when compared with conventional bat-
teries. Since IL-based technologies are in the embryonic stage of development, the IL
market global forecast is very large and promising, crossing various industrial sectors
due to its capability for sustainable replacement of traditional organic solvents.

At 2016, Frost and Sullivan analysts estimated that the IL market has an esti-
mated value of $1.3 billion dollars and in 2020 the market growth is expected to
double to $2.77 billion dollars due to the IL expansion/global demand and eco-
friendliness strategies (Frost and Sullivan, Technology Advancements in Ionic
Liquids (TechVision), 2016).

Although there is a great opportunity to market the implementation on a large
scale of ILs as promising solvents in energy storage devices, it is important to
anticipate some economic and technical obstacles. A technoeconomic analysis was
carried out to understand the cost drivers, economic potential and relative merits as
well as challenges of each route.
– Capital requirements: Scientific progress and technological advances are impor-

tant drivers of economic performance and require high capital investment and
highly skilled researchers.

– The fast implementation of recent scientific advances to new products and
processes.

– Barriers to entry new products into the market: legislation, patents, rights,
safety, health, environmental data and so on.

– The interaction between science and industry varies greatly from country to
country and the industrial research interests are not always in line with the
R&D conducted in the academic environment.

– Being a very fast evolving area, the results emerged from the academia can be
obsolete in a short time (before upscaling).

– A decrease in market demand: High product offer in the market.
– Cost and availability of ILs: To overcome this issue the synthesis processes

should be redesigned based on a low-cost deconstruction process, thus taking
advantage of the highly tunable properties of ILs.

– Stability of ILs in the final product: Failure in the scale-up, for example, the
performance achieved in the fundamental research can be lost in the upscaling
process.

– Compatibility of ILs with standardmaterials commonly used in niche application
sectors.

– Cost upscaling from the laboratory to industrial scale: Long-term durability
and costs represent barriers to upscaling from laboratory science to the next
level of technological maturity and ultimately its introduction into the market.
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Consequ-ently, the focus on improved materials processing could mean a break-
through in the tailored structure of materials, enhancing its performance on
energy storage devices that would dramatically decrease their costs.

– Manufacturing: Complex synthesis processes and difficulties in incorporating
the ILs sensitive to air moisture.

– Recovery and recycling: Although small amounts of ILs will be used, a large-
scale use of such deviceswill generate residues that recovery and recycling has to
be considered [19].

– Some of the ILs ecotoxicity is not known, thus the increase in the biodegrad-
ability of ILs must be “built-in” in its design stage [20, 21].

– Technoeconomic risk: Threat of substitutes (the appearance in the market of a
new technology with better prices and better performance that could put in risk
the product). The commercial challenges are to orient the research centered on
the fundamental applied understanding of the IL structure to its performance.
The achievement of such goal is crucially dependent on the understanding of ILs
behavior at charged surfaces and from a business perspective point of view
includes the development of cheaper ILs through the redesign of synthetic path-
ways, fundamental versus applied research strategic lines, IL standardization
and explicit IL-oriented products to business benefits.

5.2 IL application in electric double-layer
capacitors

5.2.1 Revisit the recent past

Supercapacitors are high-power energy storage devices through fast surface pro-
cesses based on the ion adsorption from the electrolyte (electric double-layer capa-
citors – EDLCs) or based on fast surface redox reactions (pseudocapacitors) by means
of an electrolyte solution between two solid conductors [22–24]. The conventional
EDLCs have operative voltages in the range of 2.3–2.7 V. The energy (E) stored within
a supercapacitor is given by eq. (1), and the stored energy is proportional to both the
capacitance of the device and the square of the cell potential:

E =
1
2
CV2 (5:1)

where E is the energy (J), C the capacitance (F) and V the cell voltage (V) [25].
Supercapacitors can be charged and discharged within seconds, displaying high

power (up to 10 kWkg–1) [26]. Supercapacitor devices include also a subtype of hybrid
capacitors composed of a combination of an EDLC electrodewith a pseudocapacitive or
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battery joint electrode [27]. Generally, this setting allows an intermediate performance
by combining the properties of both systems.

Table 5.1 summarizes and compares the characteristics estimated for supercapa-
citors and batteries.

This chapter focuses on double-layer capacitors, namely, in the mechanisms of
formation of electric double-layer (EDL) structure at electrode/electrolyte (ILs) inter-
face. In addition, the progress toward mechanisms, new materials and novel device
designs requires the fundamental understanding of the mechanism centered on the
relationship between the structural properties of electrolyte versus electrode materi-
als and its impact on the interfacial properties such as the differential capacitance
versus applied potential dependence.

Double-layer concept was first described in 1853 by a German physicist Helmholtz.
The energy stored in double-layer capacitors is predominantly electrostatic in nature,
and the differential capacitance of an EDL can be calculated as follows [25, 30]:

C =
εrε0A
d

(5:2)

where εr represents the dielectric constant of the electrolyte, ε0 the permittivity of
free space, A the area of the electrode and d the thickness of the layer.
Subsequently, many authors have introduced the concept to improve the differen-
tial capacitance model taking into consideration the dependence on the ionic
concentration and applied potential (Gouy–Chapman); however, the double layer
would not be compact as described by Helmholtz, but of varying thickness – the
ions being free to move (diffuse model). However, the model still present marked
limitations since the model does not consider the polarizability of the ions and
fails for highly charged double layers [25, 31]. Subsequently, Stern introduced

Table 5.1: Comparison table between energy storage technologies: supercapacitors versus batteries.

Characteristics Supercapacitor Battery

Specific energy (W h kg−) – –
Specific power (W kg−) –, <,
Discharge time Seconds to minutes .– h
Charge time Seconds to minutes – h
Coulombic efficiency (%) – –
Life cycle >, About ,
Storage mechanism Physical Chemical
Power limitation Electrolyte conductivity Reaction kinetics, mass transport
Energy storage Limited (surface area) High (bulk)
Charge rate High, same as discharge Kinetically limited
Life cycle limitations Side reactions Mechanical stability, chemical reversibility

Adapted from Pandolfo and Hollenkamp [28], Miller and Simon [29].
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modifications to the theory of Gouy–Chapman, redefining the Helmholtz layer as
the plane of maximum approximation of the ions – internal Stern layer. One of the
limitations of this model is not to consider ion-specific adsorption phenomena
[32]. Grahame et al. [33] and Whitney et al. [34] proposed a new model for the
structure of the solution-side interface designated as the triple-layer model.

It would be foreseen that the metal/salt interface would provide a simpler
model compared to aqueous electrolytic solutions due to the absence of solvent
molecules; however, authors quickly realized that this was not the case. Although
complex formulas have been deduced for the calculation of the double-layer
capacitance in molten salt systems, the analytical models emerged do not
describe yet accurately the experimental results, in particular, differential capa-
citance as a function of temperature [35]. The challenges in modeling such sys-
tems are closely related to the difficulty in assessing the interfacial properties that
are extremely difficult to obtain experimentally.

For this reason, ILs with low melting points that remain in the liquid state at
room temperature motivated a noticeable increase in interest in the scientific
community. The requirement for development of an analytical model to describe
ILs at charged surfaces become even more fundamental since any application
would be dependent on its knowledge and understanding.

The interfacial capacitance of the first metal/IL model was presented in the
Kornyshev seminal paper in 2007 [36]. The author concluded that the Gouy–
Chapman–Stern model did not predict the maximum observed in the differential
capacitance for dense ionic regimes and developed a model that took into account
constraints imposed by the packaging of ions. The authors derived an analytical
expression to describe the differential capacitance of IL-containing spherical ions
considering the compressibility of the liquid and the volume occupied by the ions at
the electrode. The shape of the differential capacitance was found to shift from camel
shape ( γ = 0.1) to bell shapewith the increase in the incompressibility of liquids ( γ = 1);
for example, at this stage it is expected that the free voids in the liquid no longer exist.
In 2016 the model was improved by adding “short-range correlation terms” in the free
energy function [37].

Revisiting previous Kornyshev [36] and Fedorov et al.’s [38, 39] works, important
conclusions were drawn by the prediction of U-shaped differential capacitance
curves when small exclusion volume was considered allowing a more efficient
packaging of the ions at the surface as the applied potential rises. Another important
conclusion was for crowd regimes, for example, if the electrode surface becomes
saturated with the ions, the volume exclusion effects decrease in capacitance values.
Monte Carlo simulations for a dense set of Lennard–Jones spheres between charged
interfaces also foreseen “camel shape” differential capacitance curves considering
size of different anions and cations. Asymmetric “camel shape” profile for ions of
equal size can also be obtained, however, for ions with different specific affinities to
the electrode surface [40].
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Many authors have also been dedicated tomodeling the double-layer structure in
particular with computational simulations to infer the profile of the capacitance
curves and to determine the structure of the electrode/IL interface. The simulations
also focused on the importance of the specific adsorption effects.

Experimental studies in parallel with theoretical studies have made it possible to
considerable and important progress in understanding the effect of small modifica-
tions of the ion structure in the interfacial behavior of ILs.

The differential capacitance is of great interest in terms of physical chemistry
since dQ/dV is the instantaneous capacitance of the interface at any given potential.
Differential capacitance data have been extensively used to assess the structure of
electrolyte solutions near charged interfaces and used as experimental validation of
models for electrolyte structure. In parallel, from the application standpoint, the
integral capacitance is used to assess and represent the capacitance of the double-
layer device, for example, the integral of dQ(V)/dV over the operational voltage range
of the electrode [41].

Enhanced methods and devices to store energy are critical to improve the energy
efficiency. One possible strategy for the advance in energy storage lies in both finding
innovative materials and understanding how the existing and new materials behave
[42–44]. There has been considerable research activity (particularly simulations
[45–48]) in the last years on the charge storage mechanisms of ILs based mainly on
imidazolium, pyrrolidinium and ammonium at electrode surfaces and several stra-
tegies have been proposed to modify the charging rate [49–51]. This may be very
relevant to energy storage and the advances in this topic would have a major impact
on its development. However, several topics remain unclear and further work is still
needed to clarify some questions.

5.2.2 Present challenges

On the supercapacitors side, as well as for batteries, there are a lot of questions about
the effect of ILs on the electrochemistry and transport properties [52]. How fast are the
ions moving? How are the redox reactions affected by the confinement (for batteries
especially)? The structure of the electrode/electrolyte interface and the effect of ILs in
the shape of the capacitance curves? The kinetics of ions reorientation with an
applied potential? The increasing demand for efficient, reliable and affordable
energy storage devices has yet to overcome some issues such as low cycle durability
in the high-temperature region, poor charge–discharge properties at low tempera-
tures or the flammability of the electrolytes raise safety concerns [53]. In order to
increase the energy density of EDLCs, it is necessary to increase its capacitance for the
optimization of the performance of supercapacitors [54].

Higher ionic concentration in the electrolyte is required for the improvement of
the capacitance value and ILs present properties that make them good candidates
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for conventional electrolyte replacement [55]. Furthermore, ILs are less flammable
when compared with the common molecular organic solvents and should be an
attractive feature to improve the safety and durability at high temperatures of
EDLCs [56, 57].

The use of organic electrolytes such as propylene carbonate and acetonitrile,
although offers wide operating voltages, faces problems involving toxicity and
depletion issues (due to the poor thermal stability) [58]; they present higher environ-
mental impact and low ionic conductivity. Although H2SO4 and KOH aqueous elec-
trolytes exhibit high ionic conductivity, they present a narrow electrochemical
window (1.2 V) [59, 60].

Hence, the introduction of ILs as electrolytes in energy storage devices brought
an increase in the operating voltage up to 6.0 V (although the working range often
reported in the literature varies from 2.5 to 4.0 V). This fact is often connected to
issues related to the electrochemical stability of ILs [61]. The use of mixtures of ILs
with organic electrolyte has been shown as a suitable route for the tailorable electro-
lytes design. Depending on the IL/organic electrolyte ratio in the mixture, high
conductivity, low viscosity and a large electrochemical stability window can be
achieved [62].

Pure ILs are electrolytes consisting entirely of ions which, in the last two decades,
have been subject to huge research activity with their ongoing introduction in
industrial applications [63, 64]. These electrolytes became very attractive in the
replacement of corrosive and low stable electrolytes used in several technological
applications. This has been mainly due to their high charge density, solvent-free
nature, tailored structure and also low vapor pressure and wide electrochemical
windows [65]. Furthermore, ILs are less flammable when compared with the common
molecular organic solvents and should be an attractive feature to improve the safety
and durability at high temperatures of EDLCs.

ILs composed of bulky organic cations and inorganic anions show a large liquid
phase range and also a wide electrochemical window; however, their high viscosity
may reduce the ion migration [66]. One of the most desired properties presented by
ILs is their capability to act as “designer solvents”; that is, by the independent
selection of cation and anion their physicochemical properties can be fine-tuned
for a specific task [67, 68]. The selection of the cation has a strong effect on IL
properties and will often define the IL stability, and in general, the choice of the
anion influence on the chemistry and functionality of the IL [69]. This “design solvent
concept” and taking into account the broad variety of cations and anions, this may
lead to a theoretically possible number of 1,018 ILs that are possible to synthesize.
However, only approximately 300 are commercially available and approximately
1,000 ILs are described in the literature [70].

A better-off structural diversity is achieved by mixing ILs, becoming an alter-
native “tool” to design tailor-made solvents for required technologies. A new concept
of “double salt ILs” or blended ILs is obtained through the combination of more than
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one cation or anion in the mixture [71]. The remarkable advantage of using mixed ILs
relies on a suitable anion–cation combination in order to accomplish more efficient
electrochemical devices by designing task-specific IL mixtures.

5.2.3 ILs in capacitance enhancements

Stemming from the search for the understanding of the role of ionic species on the
electrical double-layer structure and capacity, research efforts have been focused on
increasing the energy and power densities of double layer by combining actions upon
the electrode surface [51, 72] and tailoring the electrolyte composition by using IL
mixtures [50, 73, 74]. Many excellent reviews have overviewed traditional electrode
materials and electrolytes [75–79]; however, there is still a lack of systematic under-
standing of the IL application.

5.2.3.1 Electrolyte composition

ILs most studied for supercapacitor applications are based on imidazolium, pyrroli-
dinium and asymmetric aliphatic quaternary ammonium salts. The most studied
anions are tetrafluoroborate, trifluoromethanesulfonate, bis(trifluoromethanesulfo-
nyl)imide, (bis(fluorosulfonyl)imide and hexafluorophosphate with all featuring a
wider electrochemical window compared with conventional organic electrolytes [80,
81]. ILs are part of the current advancement in research and upscaling of various
electrochemical energy storage devices from the perspective of electrolytes. The
energy (E) stored in an electric double layer (EDL)-based capacitor is proportional
to its capacity, C, as well the applied potential. In order to increase the energy density
of EDLCs, it is necessary to increase its capacitance for the optimization of its
performance.

Since energy storage in supercapacitors relies on the electrolyte/electrode interface,
its success is crucially dependent on the full insight into the EDL of an IL at a charged
substrate. In Scheme 5.1, in a very simplified version, the interactions established
between the electrically charged surfaces immersed with an electrolyte composed only
of ions – ILs (e.g., ion–surface Coulombic interaction) are represented.

There are several interactions that can affect the structure of the IL/electrode
interface. In fact, the great scientific interest in ILs results from the coexistence and
interplay of van der Waals, Coulomb, dipole and hydrogen bond interactions. The
interactions resulted from the contact of an IL with an electrically charged surface
are obviously modulated by the applied electric field resulting in the establishment
of other interactions (vertical interactions). To understand and evaluate the rele-
vance of some of these interactions, particularly those resulting from the nature of
the ions, for example, the presence or absence of aromatic rings in the cation, the
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temperature and the nature of the surface, a set of ILs was selected. To reconcile the
data gathered for the most representative systems, the most relevant data and their
particular EDL structures proposed to describe the IL/electrode interface are sum-
marized in Scheme 5.2.

Despite controversy in the literature in considering deep eutectic solvents (DES) or
not in the class of ILs, the structure of electrode/deep eutectic interfaces illustrated in
Scheme 5.2(A) was recognized in the literature to bring important steps toward under-
standing the complexities of DES structures at electrified surfaces [82]. Similar to what
has been reported in the literature for aqueous or organic electrolytes, at large negative
potentials the structure of the adjacent layer to the electrode comprises a layer of
choline cations separated from the electrode surface by a layer of hydrogen bonddonor
(HBD) molecules. As the potential becomes less negative, the differential capacitance
rises sharply suggesting the replacement of choline cations by the adsorption of
anions, specifically attributed to the increasing adsorption of Cl− anion possibly non-
coordinated to theHBD (as illustrated in the cartoon of the insert of Scheme 5.2(A)) [83].

As reported for pure ILs, the interfacial structure involving IL mixtures is also
affected by the ion–substrate and ion–ion interactions (van der Waals, hydrogen
bonding, π–π interactions, solvophobic and Coulombic), ion shape, size and ion
packing constraints [84].

In the literature, several surface structures have been reported for the IL
adjacent layers to the surface, ranging from self-assembled structures [85], checker-
board patterns [86], monolayer and bilayer [87, 88] or multilayer structures [89–91],
lamellar [92–94], sponge-like morphologies [95], bicontinuous [96, 97], coil-like,
worm-like, micelle-like adsorbed ion [84] to “island”-type arrangements [98]. The

Cation–anion interaction

Electrode – cation/anion interaction

Charged electrode

Scheme 5.1: Lateral interactions (ion–ion) and vertical interactions (ion–electrode) at the ionic
liquid/electrode interface. Reprinted from Electrochimica Acta, 167, Renata Costa,Carlos M. Pereira,
A. Fernando Silva, Charge Storage on Ionic Liquid Electric Double Layer: The Role of the Electrode
Material, 421-428, Graphical Abstract, Copyright (2018), with permission from Elsevier.
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degree of propagation into the bulk of the ordering/layering is attributed to a
combination of multiple effects, which includes the rich structural diversity present
in ILs, molecular flexibility, coulombic and solvophobic interactions, packing
geometry, hydrogen bonding interactions, conformations, IL−surface interactions,
temperature and electrode material nature. Confronting all the EDL models that
have been proposed, one aspect is consensual: the structure of the first more or less
ordered layer of counterions adjacent to the electrode is induced in a high degree
and accompanied by a template effect of the surface structure. From the physical
chemistry point of view, the data gathered by using a nonstructured mercury
electrode allows not only to decouple any templating effect induced from electrode
surface but also it allows the independent determination of the potential of zero
charge values.

The pure IL/electrode interface “architecture” reported is based on the assump-
tion of a multilayer structure with interpenetrating layers of cations and anions with
their distance to the electrode being modulated by the applied potential (Scheme 5.2
(B)). Depending on the composition and structure of the IL and the electrode nature
of the surface, the results point out to the possible formation of a multilayer check-
board-type model (Scheme 5.2(C)) [90, 99–102].

The use of ILs with ions of different sizes became recently a strategic tool of
tuning of the composition of the liquid which could lead to an increase in the charge
accumulated at a specific potential (Scheme 5.3(D)). Despite the interfacial properties
are fairly studied for pure ILs, the interfacial properties of the IL mixtures are less
thoroughly studied [73, 99, 103–107].

Recent results reported by Costa et al. [73, 74, 99] using the nonstructured
mercury/IL interface revealed that for a specific composition, the IL mixtures out-
perform their pure original components, for example, the IL mixtures present higher
capacitance when comparedwith their respective pure liquids. Accordingly, a certain
deviation to the degree of the monotonic behavior was found in a specific interval of
polarization, representing an enhancement of the capacitance in the presence of both
anions present in the mixture. This deviation was not only found in the differential
capacitance as a function of the applied potential but also on the potential at zero
charge (p.z.c.) as a function of the IL mixture composition trend.

This trend allows to predict that there is an optimal composition range for the IL
mixtures that maximizes the differential capacitance. This nonmonotonic behavior
resulted from the replacement of the biggest anion by the smaller ones. This effect
may be interpreted as a result of a more effective and efficient packing of more
counterions in the adjacent layer relative to the electrode. This may be favored by
the balance between the volume-excluded effects and by the simultaneous enhance-
ment of electrostatic interactions promoted by the smaller and charge-concentrated
anion.

Scheme 5.3(A) represents the enhancement in differential capacitance observed
when a pure IL ([C4MIMFAP]) is mixed with an IL with a common cation and a smaller
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and symmetrical anion ([PF6]
–). Scheme 5.3(B) also presented the proposed mechan-

ism to describe the double layer structure in mixtures of ILs with a common cation
and two dissimilar anions at large rational positive potentials.

The interpretation that can be offered at this stage for the increase in the
interfacial charge accumulation is based on current models of the EDL of ILs. The
mechanism proposed to describe the enhancement reported in the differential
capacitance corroborates those models, where the accumulation of large ions
leaves voids which can be occupied by smaller ions. The imidazolium alkyl chain
seems to play an important role in the formation of voids and also in the charge
compensation. For shorter alkyl chains (ethyl), the enhancement reported at posi-
tive rational potentials in the capacitance (for lower content on the smaller anion in
the mixture) is accompanied by an abrupt change in the EDL structure arrangement
(structural ordering transitions were reported). Increasing two carbons in the
imidazolium chain length, the increase in the differential capacitance is not a
consequence of a potential-driven structural transition of the monolayer adjacent
to the electrode but from an increase in the ionic packing efficiency promoted by the
anionic different sizes present in the mixture. The interfacial surface void occupa-
tion occurs, thus allowing the accumulation of more counterions with simultaneous
displacement of larger anions by the smaller ones in the mixture. However, for
longer alkyl chains (hexyl), the enhancement effect on the differential capacitance
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Scheme 5.3: Mechanism proposed for the enhancement of the differential potential reported mix-
tures composed by anions with large asymmetry and size.
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reported for shorter chains is lost (at least for the accessible electrochemical
window). EDL studies at the interface of mercury–binary IL mixtures with different
lengths of alkyl side chains revealed stronger hydrophobic interactions with the
surface of longer imidazolium alkyl side chains at negative charge densities [108].
The interaction of the alkyl chain with the electrode surface and the tail reorienta-
tion as the potential becomes less negative seems to impede the accumulation of
the same sum of charges as reported for the analogue mixtures with shorter chains.
The enhancement obtained in the differential reported is greatly affected by para-
meters such as ion concentration, temperature, applied potential, substrate nature
and structure of ions.

This finds support in the recent work published by Siimenson et al. [104]. The
authors report remarkably higher capacitance values for three-component IL mix-
tures with a common cation which differ in the size of the anion at Bi(111) electrode
when compared with the corresponding binary mixture EMImOTF + 1 wt% EMImI
(three-component mixture composition: EMImOTF (trifluoromethanesulfonate) +
EMImBF4 (tetrafluoroborate) + 1 wt% EMImI (iodide)). The authors interpret the
results as the EDL structure being determined by the chemical nature and geometric
structure of the anions. In a subsequent work considering the same electrode
surface (Bi(111)), however, the iodide was replaced by the bromide anion. The
authors expect that for the binary mixtures composed of EMImBF4 + x% EMImBr
mixtures, the stored charge value in a supercapacitor cell is twice higher than
expected for pure EMImBF4 [106]. Lian et al. [50] assessed to the capacitance
performance by formulating IL mixtures ([C2MIM][Tf2N] + [C2MIM][BF4]) at the
onion-like carbon electrode interfaces using classical density functional theory
(DFT) based on coarse-grainedmodels. The results point to the existing of a mixture
composition that yields the integral capacitance. This enhancement is interpreted
as being caused by the balance between the reduction of the excluded volume
effects and the enhancement of electrostatic interaction resulted in the disruption
of the alternating layering structure.

Formulation of IL mixtures at charged surfaces with a common cation and
varying the molar fraction of anions different in size and geometry seems to favor
the accumulation of smaller counterions on the adjacent layer of electrode with
simultaneous displacement of the bigger counterparts. The charge accumulation
mechanism proposed may also lead to the coions exclusion from the electrode sur-
face, which is also proposed to play an important role in the stabilization of the
double-layer structure.

The possibility of accumulating more charge per unit area opens new possibili-
ties for the design of ion structures leading to original routes in the IL synthesis. The
reshaping of a new generation of more performative electrochemical energy storage
and generation devices is a long-term commitment between experimental develop-
ments and theoretical modeling and interface designs [109].
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5.2.3.2 Temperature effect on C(E ) curves

The absence of solvent molecules in salts with high melting temperatures and ILs
poses the challenge for the development of models capable of describing interfacial
structures composed only of ions. Perhaps due to the degree of complexity in the
interpretation of results, minor attention has been given to the effect of temperature
on the double-layer studies involving ILs. Nevertheless, any model developed to
accurately describe and accommodate the interfacial dependence of the EDL struc-
ture−IL properties relationship needs necessarily to accommodate the experimen-
tally observed temperature coefficients of the differential capacitance.

It is expected that the rise in temperature influences the organization of the
solvent at the interface, and consequently causes variations not only in the lateral
interactions of ions but also in the vertical solvent interaction established between
ions and the electrode surface. In the literature, positive and negative effects of
increasing temperature on the differential capacitance have been reported. So far
there has been not an acceptable explanation for the effects observed, and the
temperature effect on the C(E) curves is still a controversial picture.

Generally, differential capacitance curves increase with increasing temperature.
The magnitude of the increase sometimes is not significant and it is not uniform
throughout the whole accessible potential range as evidenced in Figure 5.2.

The effect of temperature increase on the C(E) curves measured at the interface
of Hg/[C2MIM][FAP] and [C1,4Pyr][FAP] is represented in Figure 5.2. The tem-
perature dependence measured at the Hg/[C1,4Pyr][FAP] interface increases
with increasing temperature over the entire range of the accessible potential
range (Figure 5.2(a)). In contrast, the C(E) curves measured at the Hg/[C2MIM]
FAP] interface show a positive temperature coefficient at large negative

Figure 5.2: Temperature dependence on the differential capacitance curves measured at Hg/[C1,4Pyr]
[FAP] and [C2MIM][FAP] interface.
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potentials and a slight negative coefficient in the vicinity of the p.z.c. and it is
almost insensitive to temperature variation at large positive rational potentials
(Figure 5.2(b)).

The effect of increasing the temperature was found to increase the differential
capacitance of Pt, GC and Hg/[C4MIM][PF6] interfaces in the whole accessible poten-
tial range [99, 110]. It was shown almost a factor of 2 increase in the differential
capacitance across a wide potential range within approximately 55 °C temperature
window. Later, it was estimated the Cp.z.c. temperature coefficients which were
found to range between 0.01 and 0.02 μF cm–2 K–1 depending on the liquid structure.
Strong electrostatic coupling counterion–coion at the interface based on Monte Carlo
simulations were invoked to explain the anomalous positive temperature coefficient
of the capacitance at the p.z.c. for molten inorganic salts [111].

Despite being considered an anomalous trend, positive temperature dependence
of differential capacitance for ILs has been reported by Zistler et al. [112] for IL blends
and has also been found in double-layer capacitor studies [113, 114]. Positive tem-
perature coefficients of the differential capacitance have also been reported for high-
temperature molten salts [115–117].

This led to the suggestion of a possible valid interpretation of the charge reorga-
nization at the interface for ILs following similar mechanism as reported for highly
concentrated ionic electrolytes. The increase in the differential capacitance with the
rise of temperature leads to the possible decrease of the double-layer thickness as a
consequence of the complex balance between the free volume structural heteroge-
neity of the liquid. The rise in temperature may lead to the increase in the free volume
and thus to increase the interdispersion of ions (approaching their planes of charge to
the electrode surface). Nevertheless, it is also reasonable to assume the probable
breakdown of the structural heterogeneity of the liquid leading to the increase of
simple “free” ions in the layer adjacent to the electrode.

Experimentally, Lockett et al. [118] and Kislenko et al. [119, 120] usingmolecular
dynamic (MD) simulations attributed the growth and variation in the potential–
capacitance curves with increasing temperature as a result of decrease in the
association of ions in the double layer. The weakening of ionic association reported
consequently causes more effective screening of electrode charge at high tempera-
tures. The trend found in several studies is in contrast with the negative tempera-
ture coefficient reported by Alam et al. [121] for the Hg electrode surface and is also
in contrast with the predictions of the classical Gouy–Chapman theory of dilute
electrolytes. Druschler et al. [122] also found an overall small decrease of differen-
tial capacitance with increasing temperature, and the results were interpreted as a
result of a fast relaxation process associated with electrolyte reordering in the EDL
structure. The apparent increase of differential capacitance reported in the litera-
ture with temperature was attributed to a possible artifact caused by the single-
frequency Electrochemical Impedance Spectroscopy (EIS) measurement used by
some authors. Cannes et al. [123] have also reported an overall decrease of
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differential capacitance curves as a function of the temperature for Pt and C
electrode-based surfaces in [C4MIM][TFSI].

In the literature, there is an apparent contradiction on the trend of temperature-
dependent capacitance in both experimental and theoretical simulations since there
is no common agreement about the real trend that C(E) curves should follow as the
temperature becomes higher. This may arise not only from the complex interplay
present in the IL-based interfacial EDL structure but also from the narrower potential
window that is experimentally accessible when compared with the potential range
achieved in simulations. The Hg surface has been elected as a metal model because
its surface is easily renewable and it presents great repeatability and reproducibility
in temperature dependence studies, in contrast to the studies reported for solid
electrode surfaces. Solid electrodes are not only extremely sensitive to the presence
of impurities but also very sensitive to the surface cleaning/preparation method,
requiring strict control of the experimental conditions. The absence in the literature
of a general agreement about the nature of the temperature dependence on the
capacitance of EDL in IL media is affected by the difficulty in controlling the “quality
of the interface.”

Positive and negative coefficients of temperature, particularly in Hg electrode
immersed in liquids constituted by the imidazolium dication are experimentally
reported [102]. The C(E) as a function of temperature reveals an apparent isosbestic
point at +0.01 V (vs. Ag) which defines a transition between positive temperature
coefficient to the negative temperature coefficient of capacitance. A reasonable
explanation that can offer at the moment relies on the increase in the strengthening
in the specific adsorption of [C5(MIM)2]

+ which allows a relatively lower packing
density of [Tf2N]

–, which causes less effective screening of the surface charge, and
thereby decreasing the differential capacitance at large positive rational potentials.

Both C(E) curves with negative and positive temperature dependences were
predicted by DFT [124], Monte Carlo simulations [125] and mean spherical approx-
imation [126] theory of concentrated electrolytes (molten salts). The authors report
capacitance with a negative slope at high temperatures and a positive slope at low
temperatures. Liu et al. [127] also found a similar trend using MD simulation for
[C4MIM][PF6]. The maxima of Cd simulated at the negative polarization decreases
monotonically with a rise in temperature, whereas at the positive polarization it
gradually increases within the 450–550 K range and the trend inverts at the highest
temperature simulated.

For mixtures containing a common cation and varying the content of the smaller
anion in the binary mixture, sharp peaks in the differential capacitance curves were
observed for a small range of mixture compositions at positive charge densities. The
data obtained are consistent with potentially driven transition in the adsorbed layer
of [Tf2N]

−/[FAP]− anions at the interface and it was found to be dependent on the ion
concentration, temperature and applied potential [73]. By increasing the tempera-
ture, a shift in the peak position is noted toward more positive potentials. For
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temperature above 60 °C, no peak is observed within the accessible potential
window.

The effect of increasing the temperature on differential capacitance in IL blends
comprising a common anion and varying the alkyl chain of the imidazolium cation is
very slight; however, the trend found is positive [108].

Recently, Kornyshev et al. [128] revisit the temperature dependence on the
double layer of ILs. This was achieved by introducing concepts such as “ion pairs”
and “neutral aggregates” in the developedmean-field theory of earlier work that may
have opened a full voltage window. The authors report in the differential capacitance
curves a shape transition from camel to bell shape with the rise of temperature
attributed to thermal activation of ions leading to the disruption of “ion pairs” and
“neutral aggregates.”

Ivaništšev et al. [129] performed MD simulations of a generic coarse-grained IL
confined between two oppositely charged surfaces in order to rationalize the IL
double layer versus temperature dependence. The authors gave special focus on
negative dC/dT gradient. Important conclusions were addressed to the impact of
the temperature on the double-layer structure, such as the suppression of the over-
screening phenomena as the temperature becomes higher (leading to negative C(E)
temperature coefficients). Depending on the potential regime, the vertical interac-
tions (electrode–ions) may play a dominant role in determining the EDL structure
while at lower potential regimes, the lateral interactions overcome the previous ones
(e.g., cation–anion electrostatic interactions) and ion packing efficiency interplay
will dominate the interfacial structure.

5.2.3.3 High surface area electrode materials

The configuration of a double-layer capacitor requires the confinement of the IL
between two electrodes. The ions accumulate near the oppositely charged electrode
in a nanometer-thick layer as a result of the applied potential, and the energy
generated is stored across the electrified interface [130].

High surface area carbons including activated carbon, carbon nanotubes, carbon
nanofibers, carbide-derived carbon, graphene and mesoporous carbon, have given
promising results as being excellent electrode materials for this class of devices [131].
The nanoscale structural features of electrodes (nanopore size, surface roughness
and curvature) have shown to be favorable for the capacitance enhancements [132].

The improvement of porous carbon-based capacitors can occur throughout two
main strategic actions – on the electrode surface modification (increasing the capa-
citance and decreasing dielectric screening contribution) or by the electrode geome-
try/electrolyte adjustment [133].

The maximization of the capacity at the interface by increasing the interfacial area
per volume has been the most pursuit route to boost supercapacitive energy. Larger
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surface leads to greater capacitance and, consequently, a larger stored charge is accom-
plished for a given potential. This optionwill allow increasing the overall capacitance by
several orders ofmagnitude. Increasing the roughness of the surfacewill not be sufficient
to reach this objective. The strategy passes to fill the volumetric surface comprising the
highly porous electrodes that have to be very well wetted by the electrolyte.

The pore structure of the active electrodematerial, the accessibility of these pores
to the electrolyte and the wettability of the electrode have been considered as a key
factor for good supercapacitor performance using IL electrolytes [134]. Nevertheless,
the advance of this topic is crucially dependent on the knowledge emerged from the
fundamental study of the IL/electrode interface. Key issues such as the understand-
ing of how ILs screen the electrode potential, the shape of the differential capacitance
versus applied potential, the vertical and lateral interactions of ions that form the
electrode adjacent layer and how such structure reacts to the applied potential and
molecular properties of ILs/double layer relationship are fundamental for any elec-
trochemical practical application [135, 136]. Understanding the confinement, poten-
tial and IL structure effect on the structure and capacitance of the double layers
inside nanopores is fundamental to the progress of capacitor optimization [137, 138].

Considering all the above-mentioned and discussed topics, it is evident that the
electrolyte plays an important role on capacitive performance, safety, and lifetime of
an EDLC.

Extensive research has been addressed to optimize the energy density of electric
energy storage devices using ILs; however, no systematic study has been carried out.

McEwen et al. [139] used IL for the first time in supercapacitors acting as salts in
solvent-based electrolytes to produce highly conducting electrolytes. Pyrrolidinium
[140, 141] and imidazolium [142, 143] cations are the main two most promising and
most often used families of aprotic ILs that have been considered as potential
electrolytes for EDLCs.

The design of electrode materials and also innovative electrolytes with specific
composition will require not only a complete understanding on the influence of ILs
on the EDL structure and its capacitance, but also on the knowledge about how deep
this effect is propagated into the IL bulk, especially in interfaces containing porous
carbon materials.

5.3 Concluding remarks

Energy storage topic is a very broad field that encloses many types of energy harvest-
ing/conversion/storage mechanisms. Electrolytes have been identified as one of the
most important components contributing to the performance of electrochemical
supercapacitors. Furthermore, it is very difficult for an electrolyte to meet all the
requirements for an ideal electrolyte since each electrolyte has its own advantages
and shortcomings and therefore mixtures of electrolytes can be used to overcome the
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existing limitations and it is vital to increase the number of experimental and
theoretical studies of mixtures in order to boost our understanding of the key factors
governing the observed capacitance enhancement. The nature of the pure ionic
liquids electrolytes and its mixtures along with their ionic strength, ion charge and
ion size has pronounced influence on EDL formation, as well as on electrochemical
reactions and adsorption of ions. In order to perform a realistic approach to the
design of EDLCs, it is necessary to identify and control the factors affecting the ion
transport and adsorption from pure and mixtures of the electrolytes in contact with
the charged surface. Manipulating the electrolyte composition in combination with
materials with a large specific surface area as electrodes is undoubtedly a significant
way in advancing the emergence of a new generation of high-energy supercapacitors
(even stable to operate over a large temperature range).
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Farid Taherkhani, Babak Minofar

6 Static and dynamical properties of colloidal
silver nanoparticles in [EMim][PF6] ionic
liquid

“Beauty is truth, truth beauty,”– that is all you know on earth, and all you need to know.
( John Keats, May 1819)

Abstract: Ionic liquids are used for many applications such as electrolytes for energy
storage in electric double-layer capacitors and dye-sensitized solar cells for conver-
sion of solar energy. The nonextensivity of entropy was investigated for different
sizes of colloidal Ag nanoparticles (NPs) and it was shown that subextensivity of
entropy occurs for colloidal Ag NPs. In small size of colloidal Ag NPs and at low
temperature, nonextensivity is important. The pattern of configurational entropy for
Ag NPs in terms of size in gas phase is completely different with colloidal Ag NPs in
[EMim][PF6] ionic liquid as a solvent. Configurational entropy of colloidal silver NPs
in terms of size of colloidal Ag NPs is nonmonotonic. There is a nonmonotonic
behavior for mean collision time of vibrational mode of colloidal Ag NP size in IL;
however, mean collision time of vibrational mode for Ag NP in gas phase decreases
monotonically as the Ag NP size increases. The increase of the size of colloidal silver
NP does not change [EMim] cation configuration around colloidal silver NP.

Keywords: Ionic liquid, colloidal silver nanoparticle, Molecular dynamics simulation

6.1 Introduction

The unique properties of ionic liquids (ILs) make them suitable candidates as super-
ior solvents in both industry and academia. X-ray diffraction was used to investigate
the effect of alkyl chain on bulk structure and properties of alkyl ammonium nitrate
ILs and the effect of water on the surface structure of 1-butyl-1-methylpyrrolidinium
trifluoromethyl sulfonylimide [C4mpyr][NTf2] IL [1, 2].

Molecular dynamic (MD) simulations have been performed for calculations
of anomalous dependence of surface tension with concentration for aqueous
solutions 1-butyl-3-methylimidazolium tetrafluoroborate and 1-butyl-3-methyli-
midazolium hexafluorophosphate ILs [3]. The investigation of surface tension
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has been extended for aqueous solutions of magnesium acetate and magnesium
nitrate at various concentrations [4].

It is of great interest to study nanoparticles (NPs) in ILs, especially metal
NPs which attract significant attention because of their novel properties [5–7].
Many metal clusters and NPs are used as catalysts [8] for reactions that are used
in sensors, electronics, photonics and solar cell applications.

Many researchers have been interested in studying NPs or small metal clusters
[9–12]. The clusters that have been examined theoretically are of interest as models
for larger systems or surfaces. The size-dependent properties of NPs are of interest in
many areas [13]. In this chapter, sliver NPs have been chosen because of their utility
in microelectronics, stereoselective catalysis [14–16] and electrochemical sensor
properties [17, 18]. The properties of silver NPs with different sizes were also inves-
tigated in both gas phase and IL as solvent.

As some of the systems with different sizes were synthesized and experimentally
investigated, wewere able to compare computational findingswith experimental data.

Several publications have been reported for high yield synthesis and theoretical
investigations of metallic NPs in ILs [19–21]. In fact, metal NPs synthesized in ILs are
reported to be monodispersed and nonagglomerated as a result of IL stabilization
[22–24]. Active colloidal NP has significant effect on catalyzing the reduction of
chemical reaction such as reduction of hydrogen peroxide to oxygen and water
[25]. The stability of active colloidal NP can be controlled by positive or negative
number of Soret coefficient [26].

Suspension ofmetal NPs into ILs hasmany applications such as in electrochemical
devices based on high electrical conductivity [27, 28], lithium metal ion batteries [29,
30], lubricants, catalysis [31–33] and high-performance biosensors [34–37]. Metal NPs
enhance the ability of ILs as heat transfer fluid for solar collector applications [38].

In order to prepare desired metallic NPs in ILs, the stability of the NP dispersion
should be carefully controlled. NPs are kinetically very stable [39] and two main
pathways are used to stabilize NP suspension in solution. The first is the stabilization
where ions adsorb on the electrophilic metal surface [40, 41], which results in an
electrostatic repulsive force between NPs [40, 42, 43]. The second is steric stabiliza-
tion where large molecules of IL surround the NPs [44, 22, 7]. For imidazolium-based
ILs, the long alkyl chains by altering the physicochemical properties of ILs as well as
the interactions between ILs and NPs impact the NPs stability in ILs [23].

According to entropic stabilization theory when second surface approaches the
absorbed layer, it is compressed and this causes a decrease in entropy because of the
restrictedmovement of themolecules. This effect increases the ΔG and gives rise to an
overall repulsion between the particles [45]. Many other factors that affect the
stability of metallic NPs in ILs include cation–anion Coulomb attraction [46], metal
polarizability [47, 48], coordination of anions of ILs [49, 25], temperature, viscosity of
ILs and the diffusive velocities of the sputtered NPs [50, 51]. Thus, an improved
understanding of the stability of NP dispersions in ILs may lead to the synthesis of
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NPs with controlled size and morphology in ILs. As polarizability is important for
large ions and metals, polarizable force field could be used for MD simulation which
is used for ions at air/water interface [52].

The chemistry of NP–IL interfaces is often very different from that of bulk IL. The
spatial distribution of solvent ions at NP–IL interfaces is thus a central problem.
Metal surfaces are conducting, thus highly polarizable and their interactions with
charged entities incorporate multiple effects that are expected to be nonnegligible
even for small clusters of metal atoms [53, 54].

Several other reviews of structure at metal–IL interfaces have since emerged [55–
57], including some focuses on the electrochemically active interface [58–60] that
provide a good overview of the problems and challenges of resolving ion arrangements.

The mutual structural effects of the surface and the surrounding IL on each other
determine the properties of the system [61]. IL–metal interfaces remain largely
unexploited in chemical processes because their interfacial structure and dynamics
have not yet been understood.

MD simulation is used to understand interfacial processes at a molecular level
because it can describe the systems with atomistic detail. MD simulations have been
used not only as a tool to study the interactions and ordering of ILs aroundmetallic NPs
but also as a method to directly predict the properties of ILs. A number of IL–metal
systems have been modeled using classical MD simulations [53, 62–64].

Although many thermodynamic properties of ILs have been studied extensively
[65], lack of information on the thermodynamic properties of colloidal metal NPs in
ILs still exists.

The purpose of this molecular simulation study of Ag NPs in 1-ethyl-3-
methylimidazolium hexafluorophosphate [EMim][PF6] is twofold. First, it tries
to determine heat capacity and entropy of system, then an attempt is made to
determine free energy and entropy of Ag NPs in terms of temperature and size
range of Ag NPs.

6.2 Computational method

6.2.1 MD simulations

Three kinds of interaction could be defined in the study system: IL−IL, metal−metal
(M−M) and M−IL. The potential function of the system (U) will have contributions
from all of these interactions:

U =UIL− IL +UM−M +UM− IL (6:1)

The force field used in our simulations includes the typical short-range Lennard–
Jones and the long-range Coulomb interaction terms between atoms that are not
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covalently bonded, and an intramolecular or bonded term that includes bond stretch-
ing, r, angle bending, θ, and dihedral torsions, ψ. UIL−IL may be written as

UIL�ILðrijÞ ¼ 4εij
σij

rij

� �12

� σij
rij
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" #

þ qiqj
4πε0rij

þ
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where rij is the distance between atoms i and j of different ions. The force field para-
meters are those previously proposed by Canongia Lopes et al. [66] based on the Assisted
Model Building with Energy Refinement (AMBER) and Optimized Potentials for Liquid
Simulations (OPLS ) force fields [67]. The equilibriumvalues of bond angles θeq and bond
lengths in the [EMim]+ and [PF6]− are derived from the crystallographic X-ray structure of
solid [EMim][PF6] [68]. There is some progress for Canongia Lopes force field to get better
value for transport properties such as viscosity, conductivity and diffusivity [69].

We have applied the quantum Sutton-Chen (Q-SC) potential to describe intera-
tomic interaction for silver nanoclusters [70]. The UM−M potential is given by [70]

XN
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" #
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where rij is the distance between atoms i and j, c is a positive dimensionless parameter
and ε is a parameter with the dimensions of energy. VðrijÞ in eq. (6.3) is defined as

VðrijÞ= a
rij

� �n

(6:4)

where ρi in eq. (6.3) is a local electron density which is defined by the following
equation:

ρi =
X
j≠ i

a
rij

� �m

(6:5)

where a is the length parameter, n andm are both positive integer parameters, that is
n > m [71].

Lennard-Jones has been included as estimation for M−IL potential interaction.
Site−site potential functions of the type n – m similar to Lennard-Jones potential has
been applied for potential interaction of surface metal of iron nanoparticle with IL [72].
Interaction between silver metal with 108 atom and IL can be considered as a Lennard-
Jones potential from fitting density functional theory (DFT) result as follows:

UM− IL = 4ε
σ
r
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r
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qiqj
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(6:6)
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Q-SC potential parameters for silver atom, which are used in this study, are taken
from ref. [68]. Lennard-Jones potential parameter between silver and IL atom is taken
from ref. [73]. In this study, Triple-zeta valence basis set, TZVP basis set for ionic
fragmentation and LanL2DZ basis set for both metal and liquid have been used to get
surface potential via firefly quantum chemistry package [74] for present MD simula-
tions. Electrostatic forces of the point partial charges on the atomic sites of the ions
and the Drude dipoles on the metal atoms caused the polarization of the surface.
Ewald summation method has been applied for electrostatic interaction between all
charged particles in MD simulations.

Fitting atomistic potential of surface metal NP with IL using DFT method or
experimental data gives more reliable structural result for MD simulations [72].
BP86 level using Slater-type basis sets could be used for optimization of transition
metal−carbonyl bond [75]. DFT has been used to investigate electronic structure and
interaction between bare and hydrated first-row transition-metal ions [76]. All unit
energies in our calculation are KJ/mol.

We used the periodic cubic box containing 128 [EMim]+ and 128 [PF6]−, where
nanocluster of silver was inserted in the center of the simulation box within a cutoff
distance of 12 Å at equilibrium pressure of 1.0 bar. The Berendsen thermostat was
applied to control the temperature. The temperature range chosen for all simula-
tions was 350–470 K. The DL_POLY program version 4.03 was used to perform all
MD simulations in three steps. In the first step, pure [EMim][PF6] is simulated with
NPT ensemble (NPT ensembles maintains constant temperature T and constant
pressure P, as well as the number of particles) and application of Berendsen
thermostat for 500 ps. Optimum silver nanocluster has been inserted in the center
simulation box of optimum structure of IL from step 1 as an initial structure for MD
simulation of step 2. At the second step, MD simulations have been done for 400 ps
with time step of 0.4 fs and canonical ensemble with Berendsen thermostat. In the
third step, MD simulations for 100 ps have been performed on optimum structure
from the second step by applying NPT ensemble with relaxation time for thermostat
and barostat 0.10 and 2 fs, respectively. As a result, 1 s has been performed for
colloidal Ag NPs in IL.

The Verlet leapfrog scheme [77] was used for the integration of the equation of
motions. The production runs lasted 500 ps for NPs in gas phase within NVE ensemble
(NVE ensemble indicates constant number of particle, volume and energy N).

6.2.2 Methodology

The phonon DOS (density of states) function SðωÞ was calculated using MD trajec-
tories, in order to study the distribution of vibrational normal modes of the silver
nanocluster in IL and in gas phase. The phonon DOS function can be obtained from
the Fourier transform of the velocity autocorrelation function:
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SðωÞ=
ð h~vðtÞ �~vð0Þi

h~vð0Þ2i e− iωtdt (6:7)

where~vð0Þ is the velocity vector of a particle at initial time,~vðtÞ is the velocity at time t
and ω is the frequency [78].

In previous studies, phonon investigation has been done on metallic and bime-
tallic nanostructures [71, 79]. The entropy (S) of NPs is obtained by utilizing calcu-
lated phonon DOS as follows [80]:

S= kB
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The free energy of nanocluster is calculated on the basis of phonon energy of the solid.
The vibrational contribution to the free energy F ωð Þ is given by [81, 82]

F ωð Þ= 3NkBT
ð∞
0

ln 2 sinh
�hω
2kBT

	 

S ωð Þdω (6:9)

where SðωÞ, �h and kB are phononDOS, Planck’s constant divided by 2π andBoltzmann’s
constant, respectively.

Configurational entropy ΔS Tð Þ of the system can be calculated in the usual way
by integrating over the measured heat capacity at constant pressure Cp Tð Þ as follows
[83]:

ΔS Tð Þ=
ðT2
T1

Cp Tð Þ
T

dT (6:10)

Cp is given by

Cp Tð Þ= dU
dT
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P
+ P

dV
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P

(6:11)

where U,P,V are configurational energy, pressure and volume, respectively.
Tsallis introduced the following generalized entropic form of nonextensive sys-

tems, Sq [84, 85]:

Sq = k
1−

PW
i= 1 p

q
i

q− 1
(6:12)

where k is a positive constant, pi are the probabilities associated with themicroscopic
configurations, W is their total number and the parameter q is known as the non-
extensive entropy index. This equation is indicative of the fact that the entropy is
nonadditive. The entropy of the mixture SðA+BÞ for two systems A and B described
by independent probability distributions is given by [86–88]
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SðA+BÞ= SðAÞ+ SðBÞ+ ð1− qÞSðAÞSðBÞ (6:13)

The cases q < 1, q = 1 and q > 1 are named as the cases of superextensivity, extensivity
(Boltzmann–Gibbs statistics) and subextensivity, respectively.

6.3 Results and discussion

6.3.1 Entropy of silver nanoclusters in gas phase and in IL

On the basis of eq. (8), entropy of silver NPs in bulk structure has been calculated
from MD simulations. Q-SC potential has been used for interatomic interaction in
silver bulk structure [89, 90]. Colloidal silver NP with sizes of 108, 256 and 500 in

(a) (b)

(c)

Figure 6.1: (a) Colloidal silver nanoparticle with size 108 in [EMim][PF6] ionic liquid at 350 K.
(b) Colloidal silver nanoparticle with size 256 in [EMim][PF6] ionic liquid at 350 K. (c) Same as (b).
Colloidal silver nanoparticle with size 500 in [EMim][PF6] ionic liquid at 350 K.
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Figure 6.2: Radial distribution function of [EMim] cation versus distance from the center of [EMim]
cation ring for colloidal silver nanoparticle with sizes 108, 256 and 500.
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Figure 6.3: (a) Comparison entropy for Ag NPs in gas phase (blue) and colloidal Ag NPs in IL (red) in
terms of size at temperature 350 K. (b) Comparison entropy for Ag NPs in gas phase (blue) and
colloidal Ag NPs in IL (red) in terms of size at temperature 470 K.
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[EMim][PF6] has been presented in Figure 6.1(a, b, c), respectively. Radial distribu-
tion function versus distance from cation ring for [EMim] for colloidal silver NP with
sizes 108, 256, 500 has been shown in Figure 6.2. Based on Figures 6.1(a, b, c) and 6.2,
the increase in size of colloidal silver NP does not change the [EMim] cation config-
uration around the colloidal silver NP.

Figure 6.3(a) shows the comparison of entropy result at temperature 350 K for Ag
NPs and colloidal Ag NPs in terms of size.

At high temperature the entropy of colloidal AgNPs is higher in ionic liquids than
that of Ag NPs in gas phase, as seen in Fig. 6.3b. At high temperature kinetics energy
removes electrostatic of charge in ionic liquid and same ions could encounter repeal
each other and repulsion force between metal surface charges with ions in IL creates
more entropy for colloidal silver NPs in comparison with entropy of silver NPs in gas
phase. Therefore, the kinetic energy of system increases when temperature increases
and repulsion force between metal surface charges with ions in IL creates more
entropy for colloidal silver nanoparticles in comparison with entropy of silver nano-
particles in gas phase.

6.3.2 Free energy for colloidal silver NPs in IL and silver NPs
in gas phase

By using eq. (9), free energy for Ag NPs in gas phase and colloidal Ag NPs has been
calculated as a function of temperature and size. The result of free energy for Ag NPs
in terms of temperature at different size range 108 ≤N ≤ 500 is shown in Figure 6.4(a).
Based on Figure 6.4(a) with increasing temperature, free energy decreases and
Ag NP becomes stable. Free energy of Ag NPs as a function of temperature is
monotonic on the basis of Figure 6.4(a), and larger size of Ag NP in gas phase
shows more negative free energy values. Therefore, as the size increases the Ag NP
becomes more stable in gas phase. Free energy of colloidal Ag NPs in IL has been
presented in Figure 6.4(b).

On the basis of Figure 6.4(b) there is monotonic behavior for free energy of
colloidal Ag NPs as a function of temperature for all sizes of silver NPs. Free energy
of colloidal Ag NPs in terms of size has been presented in Figure 6.5. On the basis of
Figure 6.5 there is a regular trend for free energy of colloidal Ag NPs as a function of
size. In small size of colloidal Ag NPs, the stability of NPs increases from energetic
point of view due to strong electrostatic interaction of metal surface charge with the
ion in IL. As a result, stabilization of colloidal Ag NPs decreases as the size of
colloidal Ag NPs increases. The free energy of Ag NPs in gas phase is higher than
that of colloidal Ag NPs and this difference increases as the size of NPs decreases
(see Figure 6.5). As a result, the stability of colloidal Ag NPs increases in compar-
ison with the Ag NPs in gas phase.
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relation to temperature.
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6.3.3 Entropy of colloidal silver NP solution and pure IL

The entropy of colloidal Ag NP solution at different sizes of 108 and 500 and pure IL
in relation to temperature is presented in Figure 6.6. According to Figure 6.6,
monotonic behavior in terms of temperature for entropy of colloidal Ag NPs solu-
tion and pure IL is observed. Nonextensive entropy of colloidal Ag NPs solution can
be calculated via eq. (13). The result of nonextensive parameter, q, for colloidal
Ag NP solution in relation to temperature has been shown in Figure 6.7. On the basis
of Figure 6.7, nonextensive entropy for small size of colloidal Ag NPs is more than
that of large size of colloidal Ag NPs. The results of nonextensive entropy of
colloidal Ag NPs solution show that nonextensivity of entropy decreases when
the temperature increases. In low temperature, nonextensivity of entropy in small
size of colloidal Ag NP seems important. On the basis of Figure 6.7, the
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Figuer 6.6: Entropy for pure IL and total solution of colloidal Ag NPs in IL with the sizes 108 and 500.
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Figure 6.7: Nonextensive entropy index, q, for sizes 108 and 500 for colloidal Ag NPs in terms of
temperature.
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nonextensivity parameter, q, is q>1 so subextensivity from entropic point of view in
colloidal Ag NPs solution occurs. Strong electrostatic interaction between dipole
moment of surface metal with the ions in small colloidal Ag NP size yields large
subextensivity of entropy. Mean collision time of vibrational mode for colloidal
silver NP versus size at 470 K is presented in Figure 6.8(a). On the basis of Figure 6.8
(a) there is a peak for mean collision time of vibrational mode versus size of
colloidal silver NP. Figure 6.8(b) shows that the trend of mean collision time of
vibrational mode versus size for silver NP is monotonic and it decreases with
increasing size of silver NP.

6.4 Conclusion

The effect of size and temperature on configurational entropy and free energy of
colloidal Ag NPs in IL have been investigated. Configurational entropy of colloidal
Ag NPs and Ag NPs in gas phase as a function of temperature has monotonic behavior
for both colloidal Ag NP in IL and Ag NP configurational entropy versus size are not
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Figure 6.8: (a) Vibrational mean collision time of colloidal silver nanoparticle versus size silver
nanoparticle. (b) Vibrational mean collision time for silver nanoparticle versus size in gas phase.
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completely monotonic. Configurational entropy regarding colloidal Ag NPs versus size
is complex. The configurational entropy of colloidal Ag NPs in IL at low temperature is
smaller than those in gas phase. However, at high temperature, the configurational
entropy of colloidal Ag NPs is greater than the entropy of Ag NPs in gas phase.
Monotonic behavior could be found for free energy for colloidal Ag NPs and Ag NPs
in gas phase versus temperature and size. Free energy for colloidal Ag NPs increases as
particle size increases. However, free energy in gas phase decreases as particle size
increases. Energy and entropy can affect the stabilization of colloidal silver NPs. On the
one hand, in small size of colloidal AgNPs, the stability of NPs increases from energetic
point of view due to the strong electrostatic interaction of metal surface charges with
the ions in IL. On the other hand, in small size of colloidal Ag NPs, there is a small
amount of entropy value. This is because there is a lack of degree of freedom with
strong electrostatic interaction. Consequently, the stabilization of colloidal silver NPs
increases as the size of colloidal Ag NPs decreases. The heat capacity of pure IL in our
calculation increases as the temperature increases linearly, which confirms the avail-
able experimental data for heat capacity of pure IL. As the size of colloidal Ag NPs
increases, heat capacity increases and there is a monotonic behavior for heat capacity
of colloidal Ag NPs versus temperature. Total entropy of pure IL and colloidal Ag NPs
solution monotonically increases as the temperature increases. Subextensivity of
entropy for colloidal Ag NP solution is seen and nonextensive entropy index increases
as the temperature and particle size decrease.
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P. Verpoort, J. De Strycker, A. De Cleene

7 Industrialisation of surface treatment with
electrodeposition processes from deep
eutectic solvents

Abstract: Methods for electrochemical deposition of a metal coating on a metal sub-
strate are described. The method may use an ionic liquids or DESs. as electrolyte, and
the substrate may comprise a first metallic element. In this paper, a first intensive
technology evaluation of a trivalent chromium electrodeposition from DESs was
reported as the upscaling process consisting in the designing and constructing a semi-
industrial electrodeposition pilot line.

Keywords: electrodeposition process, deepeutectic, chromium, pilot line, ionic liquid
recycling

7.1 Introduction

Electrodeposition processes from ionic liquids or deep eutectic solvents (DES) are not
known yet at industrial scale. Most of the current research is performed on academic
level and is mainly focusing on depositing new metals or alloys.

However, some of the obtained metallic coatings are industrially interesting since
no comparable alternative from aqueous solutions is available at industrial scale.

The first example is electrodeposition of aluminum. Due to the electrochemical
reduction potential of trivalent aluminum, this element cannot be electrodeposited
from aqueous solutions because the water itself will be reduced first to hydrogen gas.

The second example is the electrodeposition ofmetallic chromium,which is electro-
deposited from aqueous hexavalent chromium baths at present. Since hexavalent chro-
mium baths are catalogued as being carcinogenic, mutagenic and toxic, the European
Community decided toput these substances in theAnnexXIVof theREACH regulation in
April 2013 [1]. The sunset date, from which no further application is allowed unless an
official authorisation is grantedby theEuropeanCommission,was set in September 2017.
Therefore, an international quest for alternative technologies is ongoing for already
several years. Up to now, no alternative technology has been published which is being
capable of replacing all the applications ormarkets where hexavalent chromium is used.

Industrial applications for chromium can be divided into two different segments,
being the decorative chromiummarket and the functional, the so-called hard chromium
market.
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The decorative application is typically used for surface appearance improvements,
for example on sanitary equipment such as water taps in the bathroom or kitchen. This
market typically only needs a thickness of a fewmicrometers. Since aqueous processes
using trivalent chromium salts are limited to a fewmicrometer thick coatings (due to a
self-passivating process), alternative technologies are being developed in the market.

The hard chromium market is focusing mainly on improving functional properties
of an object, such as hardness, corrosion resistance and reduced friction coefficient.
These improvements require thicknesses varying between 5 µm and several hundreds of
micrometer. The existing aqueous trivalent chromiumprocesses are not able to fulfill the
needs of these industries. Therefore, the research center for the application of steel
(OCAS) started to investigate the feasibility of electrodeposition from DESs using triva-
lent chromium salts [2].

One example of a hard chrome application is the cold rolling mill during steel
production within ArcelorMittal, where the cold rolling is aimed at reducing the steel
thickness of a steel plate. Cold rolling cylinders of up to about 6 m long need to be
chrome plated in order to have an acceptable friction coefficient. Since huge forces
are used in this process, the chrome coating plays also a role in preventing the
formation of iron particles which could otherwise result in a bad cleanliness of the
outgoing steel surface.

OCAS performed a first intensive technology evaluation of a trivalent chromium
electrodeposition from DESs. This feasibility study was positive, so the next step was
to start the upscaling process from lab scale to semi-industrial scale. This upscaling
process consisted of designing and constructing a semi-industrial electrodeposition
pilot line for being able to supply demo samples to interested parties on which they
can perform their specific industrial qualification tests.

7.2 Challenges for upscaling from lab scale
to semi-industrial scale

During the design phase of the semi-industrial pilot line for electrodeposition, a lot of
attention has been spent on the multifunctionalities and the flexibility in order to have
an acceptable compromise between the industrial needs and the R&D needs, where a
lot of parameters can be adapted to the needs of the project under investigation. These
multifunctionalities will be discussed later in more detail in this chapter.

Besides the functionalities of the electrodeposition line, a lot of attention needs
to be given to safety. All actions that will be performed or all reactions that can be
ongoing during the process need to be taken into account in such a way that the
environment and the operators are not working in a dangerous environment. At the
same time, the materials to be used for the design were also investigated.
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So upscaling from lab scale toward (semi-)industrial scale is not just the installa-
tion of a pilot line, but it involves much more. Most of the involved actions or
considerations are elaborated in this chapter.

7.2.1 Preparation of samples

The first step in electroplating is to prepare the samples. An important step is removing
eventual contamination or protective oil from metallic samples. Depending on the
industry segment, the needed degreasing step can be performed pure chemically
(sometimes at higher temperatures than room temperature) or electrolytically. The
consequence is that a pilot line should be able to cope with both systems and need a
heater, but also the electrochemical hardware, that is anodes, rectifier and so on.

Figure 7.1 shows the degreasing bath as installed at OCAS N.V., where the anodes
can be clearly observed. Since degreasing occurs typically in aqueous solutions, the
conductivity will be high enough and the distance between anode and cathode is not
that important. Therefore, anodes at the side wall of the bath are sufficient to have a
reproducible degreasing process.

Figure 7.1: Degreasing bath.
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7.2.2 Sample shapes and sizes

In an upscaling process one needs to consider also the different possible shapes
that future customers might need. If complex structures are not taken during the
start-up phase, two main shapes exist in steel industry, that is flat sheets or circular
shapes such as cylinders and tubes. Those two formats influence the design of an
electrodeposition line already drastically: a flat sheet requires a flat anode, while a
cylinder requires a concentrical shape. This is definitely the case when the viscosity
of the electrolyte will be high and the conductivity low, as it is the case with DESs. In
these cases, the distance between the anode and the cathode should be rather small,
in order to prevent too much ohmic heating in the electrolyte. At a certain distance,
the throwing powermight not be sufficient anymore to achieve the desired coating on
the cathode part.

When performing electrodepositions at lab scale, several actions are performed
manually. Samples are typically small and hence have a lowweight. So, the handling
can be done manually and can even be done in a fast way. On industrial level,
however, the samples are much larger and heavier. In the OCAS pilot line cylinders
can be processed up to about 1 m long and with a diameter of 0.25 m. If this part is a
massive cylinder the weight can go up to about 400 kg. A lifting device is therefore
needed for the transport of the part from bath to bath.

This not only includes the installation of a lifting device such as a crane, but the
handling of it needs to be performed in a safe way and the operators also need to be
trained for this activity.

For the process planning of the project afterward, one needs to realise that this
preparation step might become the rate determining step in the full process.
Depending on the thickness of the coating, the deposition process itself can take
between some minutes up to about 1 h. The mounting of, for example, a cylinder
involves several steps, which will finally take more time than the electrodeposition
step itself:
– Mounting the cylinder into the lifting device (see further): the part need to be

mounted in a secure way and the final electrical connections need to be checked
to assure a successful electrodeposition process.

– On most of the pieces, only a part need to be coated. The parts that remain
uncoated should be or out of the anode or protected with, for example, tape,
which is a mainly manual operation.

7.2.3 Electrolyte

Performing research on lab scale has the benefit of using small volumes of electro-
lyte. This has the advantage that electrolyte parameters can be changed in a short
time and at a relatively low cost. Typical electrolyte parameters are the composition
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of the base materials and the use of additives. A small volume of even about 5 L can
easily be prepared. If the final electrolyte does not result in acceptable deposited
layers, another composition can easily be prepared.

If larger electrolyte volumes are prepared, those changes are not that convenient
anymore, not only in preparation time but also in processing cost. It also needs to be
taken into account that replacing a non-working electrolyte has also side-effects in
cost. When the electrolyte of about 1,300 L, as in the OCAS pilot line, need to be
replaced, the side-effects are the time to drain the old electrolyte out of the process
bath, the time and the loss of electrolyte for cleaning the process bath and all
connected tubings and the time to refill and heat-up the process bath with a new
electrolyte. This entire process can even take up to several days to prevent cross-
contamination between the two different electrolytes.

An important factor in maintaining an electrolyte as long as possible is the
composition control. Analysis techniques for most aqueous-based liquids are well
known. In the case of dense and viscous DESs or ionic liquids, this is not that obvious
anymore. Most DESs are strongly concentrated. Diluting the solvents for analysis
purposes cannot always be used, since diluting can cause an important shift in
complexation or side-reactions, which would lead to an incorrect analytical value.
Moreover, the DES used in this study for the hard chrome electrodeposition is very
reactive to most metals (see also chapter 7.2.6 on material compatibility). Since most
analytical equipment use metallic parts (like stainless steel), they cannot be used for
some DES, since the DESwill start dissolving or reacting with themetals. Adaptations
to the apparatus or to the methodology are hence necessary.

7.2.4 Process parameters

A small-range rectifier can be enough to perform studies on lab scale. And if the range
of the rectifier is not sufficient, one can easily change to another lab-scale rectifier.
Before installing a rectifier on industrial scale, a clear view on both the current and
the voltage range is needed.

This also accounts for the temperature. At lab scale, typically heating plates or
double-walled cells can be used, where a large range of temperatures can be
applied. However, during the design of a semi-industrial line, the final temperature
range needs to be clear before starting the installation.

Since the conductivity of most DESs is low, ohmic heating during an electrodeposi-
tion process can occur, leading to uncontrolled heating close to the cathodic piece that
needs to be plated. Since temperature can be one of the most important parameters
affecting the plating efficiency, a good temperature control is mandatory. Due to this
undesirable ohmicheating, one option is to install a heater/cooler unit. Another option is
to use a larger volume of electrolyte as a buffering agent. The buffer tank in the OCAS
pilot line is an example thereof (Figure 7.2).A total volumeof about 1,300L canbeused in
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the total system, while only about 400 L need to be present in the processing tank itself
(Figure 7.4). Both tanks are in direct contact with each other via a pumping system or via
a communicating vessel setup. Due to the controlled flow in the full system, the “ohmic
heated” electrolyte is pumped toward the buffer tank, where it will represent only a
relatively low volume with respect to the bath volume present in this buffer tank. It will
therefore cool down rapidly to the temperature of the electrolyte in this tank.

The electrolyte flow, as mentioned earlier, is also an important process para-
meter, certainly in DES electrolytes. But due to the high viscosity (e.g. about 180
mPa·s) adapted pumps and/or filtering systems are needed, which can cope with
these viscosities.

In the OCAS pilot line, the electrolyte flow can be controlled in two different ways or
in a combination of both. On one hand, cylindrical parts can be mounted in a hanging/
suspending device, as shown in Figure 7.4. A rotation system is mounted in this device.
This rotation is not only taking care that the full diameter of the cylinder will be plated
by using a semicircular anode (as shown in Figure 7.3), but it also creates an important
and controlled movement of the electrolyte in the proximity of the cathodic piece. Since
this line is built not only for cylindrical devices but also for other shapes, an extra flow
regulating system is installed by using eductors. Different eductors are installed over the
full length and height of the bath. They can be seen at the bottom of the plating tank in
Figure 7.3. Each eductor can not only be changed in vertical position, but can also be
rotated in each direction. Moreover, manual valves in each supply tubing can even be
separately set to control the flow rate of each eductor (Figure 7.3)

Setting up the correct positions for a specific part, that need to be plated, can be
time-consuming. The fact that OCAS also has a modeling department helps us to be

Figure 7.2: Buffer tank.
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Figure 7.3: Plating bath.

Figure 7.4: Hanging device with rotation motor.
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muchmore time efficient. Figure 7.5 is showing examples of the modeling performed for
a typical cylindrical workpiece. The left image shows the physical flow rate of the
electrolyte as a crosscut at the position of an eductor. By directing the eductors slightly
upward, the flow coming from the left and right sides of the bath is bumping into each
other, leading to a vertical upward flow toward the meshed anode. This mesh in the
anode buffers the direct flowrate, but pushes it also through the meshes. This leads to a
constant and controlled refreshment of the electrolyte between the anode and the
cathodic piece. Also between two eductors a vertical upward flow is still existing due
to the conical shape of the eductors (see top right image in Figure 7.5). The rotation of the
cylinder itself will then allow to achieve a rather laminar flow on the cathode, with a
constant refreshment of the electrolyte.

7.2.5 Environment, health and safety

Last, but not least, is the risk analysis that definitely needs to be performed concern-
ing environment, health and safety. Since heavy weights are handled and parts are

Figure 7.5: Modeling examples of a cylindrical part with specific eductor locations, directions and
flowrate (left: at the position of an eductor, right: in between two eductors), bottom: detail at anode.

152 P. Verpoort, J. De Strycker, A. De Cleene

 EBSCOhost - printed on 2/13/2023 1:05 AM via . All use subject to https://www.ebsco.com/terms-of-use



moveable, all safety precautions need to be investigated and installed for human
exposure.

Since gas evolution might always occur during the electrodeposition process,
balancing the metal reduction by an oxidation at the anode, an exhaust system is
installed. However, for each process the possible gases need to be determined or
analysed, since exposure even to the outside environment is limited. Eventually a gas
scrubber might be needed.

Due to the high electrolyte volume, a leak floor is mandatory under the full
equipment which can contain more volume than the tank with the highest volume.

Waste management also need to be considered before starting a specific project.
Depending on the content of the electrolyte, a waste treatment company should be
contacted. This is not only for the electrolyte itself but also for the wastewater that needs
to be collected after rinsing the electrolyte from the plated parts. Eventually a recycling
process of the electrolyte might be considered, certainly if the electrolyte is expensive.

Another important factor to take into account is that in R&D centers such as
OCAS, new industrial electrolytes might be designed. Before exposing this to the
industrial market, an official registration of the product will be necessary.

7.2.6 Hardware

As mentioned earlier, DESs have the tendency to react quite aggressively toward
metals. “Normal” industrial installations contain however a lot of metallic parts, due
to their low price and their high strength. Pieces made from stainless steel are often
used since they can also provide a rather good resistance towards corrosion in a lot of
aqueous chemical solutions.

In a material compatibility study at OCAS, it was found that most typical metals,
as used in industrial installations, are not compatible with the DES based on choline
chloride and chromium chloride. Almost the onlymetal that was found to be resistant
to this specific electrolyte is titanium. Therefore, all metallic parts that are in direct
contact with the electrolyte or with eventual produced gases (e.g. bolts and support
parts) are made of pure Ti.

In the same extensive study, most plastics and elastomers were investigated. For
plastics, the commonly used ones are polypropylene (PP), polytetrafluorethylene
(Teflon) and polyvinylidenefluoride (PVDF). These are typically used for bath materials
and for tubings. The three mentioned plastics were compatible, although PP was more
sensitive than theother ones. In order to copewithdifferent chemicals thatmight beused
in future projects, OCAS decided to use a PVDF liner material in the processing baths.

Elastomers are also a necessary part in installations, where they are typically
used as sealing rings. The most known material is Viton®. This material is known as
being resistant to most chemicals, and it was shown in our compatibility study that it
is also resistant to the currently studied DES.
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7.3 Process control at industrial scale

7.3.1 Bath control

In order to achieve an acceptable process control, one of the first challenges is to
control the bath composition and hence to have a methodology to measure the base
compounds.

In the specific case of the OCAS technology, the trivalent chromium content
could be measured by using Inductively coupled plasma – optical emission spectro-
metry (ICP-OES). Since the raw materials (choline chloride and chromium chloride)
are hydrated salts, the amount of hydrated water needs to remain controlled. A well-
known technique is the Karl-Fischer titration method, which was also proven to be
valid for this specific DES. For the determination of chloride ions, a standard AgNO3

titration can be used.
The major issue was to measure the choline concentration in the highly concen-

trated DES. Although several advanced techniques were tried, they were without real
success since several measurement techniques were interfered by the Cr(III) chloride
complex. Finally, a gravimetric method was found to be valid for choline chloride.
This technique is based on a quantitative precipitation of the choline cation by
reaction with the so-called Reinecke salt (ammonium tetrathiocyanatodiaminechro-
mate(III), see Figure 7.6).

A preliminary test with a chromium chloride solution showed no precipitation,
proving that this salt will not interfere the measurement of the choline. When a
theoretical mass fraction of 30.5% choline chloride was reacting with the
Reinecke salt, a final mass fraction of 33.5% was obtained. Finally, four sam-
ples of the DES (freshly prepared) were measured. The results are shown in
Table 7.1.

The conclusion is hence that the Reinecke salt gravimetric method can effectively
be used for the quantification of choline chloride in choline chloride/chromium
chloride mixtures, but a few percentage of deviation can be expected.
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Figure 7.6: Reinecke salt.
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Table 7.2 is showing the results of the bath composition over a lifetime of almost
2 years in the OCAS pilot line. During these 2 years, the pilot line has been used for
plating all kinds of samples (cylinders and flat sheets). Although this was not in a
full-time production mode, the same DES was relatively stable over the 2 years,
without the addition of any extra salt over this lifetime.

7.3.2 Process control

By having the ability to monitor the bath composition, better process control can
finally be achieved. One of the studies that was performed hereafter was a controlled
matrix study of the chromium coating hardness. Since the hardness has been speci-
fied by possible customers on 1,000HV, the study consisted of a process optimisation
of this hardness. Figure 7.7 shows the hardness of the electrodeposited Cr coating
over the lifetime of the DES in the OCAS pilot line. An average hardness around 800
HV was obtained in the beginning of the project, with some extreme fluctuations in
several points. At the end of the graph the obtained results from the controlledmatrix
study are depicted (in the red dashed circle), showing that reproducible higher
hardness values can be achieved with controlled parameters and/or bath conditions.
So this graph is showing the relevance of having a descent bath control before
starting parameter studies.

Table 7.2: Bath composition over lifetime.

[Cr+](m%) [HO](m%) [Chol Cl](m%) [Cl–](m%)

 months . . ± . . ± . 

 months . . ± . . ± . 

 months . . ± . . ± . 

 months . . ± . . ± . 

 months . . ± . . ± . 

 months . . ± . . ± . 

Table 7.1: Choline chloride quantification in DES.

Sample Choline chloride (m%)

 .
 .
 .
 .
Average . ± .
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7.3.3 Anodic reactions

The basic reactions that occur during the electrodeposition process are as follows:

– At cathode side:

Cr3 + + 3e− ! Cr0

2H2O + 2e− ! 2OH − +H2

– At anode side (with inert dimensionally stable anodes):

2Cl− ! Cl2 + 2e−

2H2O ! O2 + 4H + + 4e−

These basic reactions do not take into consideration the fact that the choline chloride
might be reacting with any other side-product.

Chlorine gas is effectively formed during the electrodeposition process. In the
OCAS pilot line, values of about 3,000–4,000 ppm are measured, but with the exhaust
flow that is used, this is still under the emission limit. However, chlorine gas is
considered as a negative side reaction. A possible solution is the use of soluble anodes,
being chromium nuggets or a solid chromium anode. During lab-scale tests with
soluble anodes, no chlorine evolution could be measured, which is a positive result.
However, the chromium anodes are dissolving at the same time in a chemical way
(so even without applying an external current to the Cr anodes). Figure 7.8 is indeed
showing that the chemical dissolution rate of Cr cannot be disregarded since the
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Figure 7.7: Vickers hardness of electrodeposited Cr coating over lifetime of DES.
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Cr3+ concentration is already increasing by 20% at room temperature and even up to
70–80% at more elevated process temperatures.

Also electrochemically the increase in Cr3+ concentration is too high, as shown in
Figure 7.9. Due to the Cr3+ increase, both the conductivity and viscosity are changing
too strong (see Figure 7.10).

In our specific case, the change in both parameters are even that high that the
Walden rule is not valid anymore, which is shown in the inset of Figure 7.10.
Figure 7.11 then shows that the increase in viscosity is mainly due to the Cr3+ increase
in the electrolyte during deposition with soluble anodes.
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Figure 7.8: Chemical dissolution of Cr anodes versus time.
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The observation that soluble anodes are dissolving chemically and electrochemically
at a higher rate than Cr3+ electrodeposited on the cathode means that the chemical
ratio of the base materials (Cr3+ and choline chloride) is changing drastically, which
makes the use of soluble anodes more difficult. Anyway, by engineering this dissolu-
tion versus deposition it still can give a solution in an industrial production
environment.
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