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Abstract

This work aims to report not only the new measurement for densities of 2-hydroxy
ethylammonium formate (2-HEAF) ionic liquid under high-pressures but also molecular
dynamics considerations of nanoscopic characterization for physiochemical properties in the
pressure range studied. High-pressure densities of 2-HEAF showed smooth trends with
temperature and pressure variations. Measurements were carried out at temperatures
T=(298.15 to 333.15) K and at pressures P=(0.1 to 40) MPa. The high-pressure densities of 2-
HEAF have also been correlated by the use of Tait equation with AARD equal to 0.031% and
the mechanical coefficients including the isothermal compressibility, isobaric expansivity and
thermal pressure were estimated. Molecular dynamics simulations were carried out in the
same pressure — temperature range as the experimental study. Force field was validated
against experimental results and the microscopic structure was analyzed in terms of

intermolecular interactions and their evolution with temperature and pressure.



1. Introduction

Detailed knowledge of the thermophysical properties of ionic liquids (ILs) are crucial
due to their potential capabilities for both industrial and synthesis purposes. Among the
thermophysical properties of ILs, their volumetric properties such as density should be known
as it affects the mass transfer rates. It is also useful in piping, vessel designing and phase
equilibrium calculations as well [1]. Knowing the density data as a function of temperature
and pressure allows access to the mechanical coefficients such as the isothermal
compressibility and isobaric expansivity and some thermal properties as well. The isothermal
compressibility of ILs is relevant for the design of industrial fluids to be used in pumps or
compressors [2]. As a third example, isobaric expansivity data of ILs are also required for
their development as heat transfer fluids or for heat storage applications or, as recently
suggested, for ionic liquid based liquid-in-glass thermometers [3]. Having the mechanical
coefficients one can easily derive other thermodynamic properties such as the internal
pressure being the change in internal energy of a liquid upon a small isothermal expansion.

Protic ionic liquids (PILs) are an interesting subset of ILs, with some distinguishing
features when compared to aprotic ILs (AILs). The majority of PILs have non-negligible
vapor pressures, but their beneficial properties for certain applications outweigh this
potentially negative property [4]. The protic nature of PILs is a crucial feature in a number of
applications, including - biological applications [5], in  organic  synthesis [6-8],
chromatography [9], as proton conducting electrolytes for polymer membrane fuel
cells [10],self-assembly media [11-14], as catalysts [15].

2-hydroxy ethylammonium formate (2-HEAF), the IL investigated herein belongs to
polar PILs and has been known for ease of synthesis and great solvation properties [16, 17] as
well. It has also several unique properties; the highest electrical conductivity, lowest shear
viscosity, and lowest melting point among the counterpart ILs make it highly useful for
various industrial purposes. For example, its great solvation makes it promising option in the
removal of CO; from industrial flue gas [18, 19]. Also, the IL under consideration is so polar
that could be a promising media for some types of synthesis, in which polarity of solvent is of

greatly importance such as that of high-thermally-stable ceramics. For example, polar ILs



have been used for the preparation of polyanion-type compounds as high performance cathode
materials for Li-ion batteries [20].

Although several efforts have yet been reported on the measurement of density data of
pure 2-HEA, all of which were limited to the ambient conditions or atmospheric pressure. An
extensive literature survey of the previous efforts is available in the recent work of Hosseini et
al. [21]. The atmospheric densities of 2-HEAF have yet been measured by the use of several
apparatuses from non-digital ones like pycnometer [16] to those were based on the digital
apparatus like vibrating-tube densimeter [17, 22-24].

This work is the continuation of our attempt to study of physiochemical property data
of 2-HEAF. The aim is to report not only new measurements for density data of 2-HEAF but
also molecular dynamic considerations, for which only one effort has been yet reported only
under ambient condition [21]. The experimental results for the atmospheric densities (at 0.1
MPa) are going to be compared with the previously reported measurements [16, 24]. In
addition the mechanical coefficients of 2-HEAF are calculated by the use of a Tait-type
equation to derive the internal pressure of IL of interest. Theoretical studies using molecular
dynamics (MD) simulations were carried out to obtain a microscopic view of 2-HEAF
structuring and intermolecular forces, hydrogen bonding and their relationship with
macroscopic behavior as a function of temperature and pressure. MD studies on the
microscopic properties of ILs are very scarce in the literature. Aparicio et al. [25] studied
tosylate and methylsulfate — based ionic liquids using MD simulations up to 60 MPa
characterizing the increase in fluids’ organization and changes in molecular arrangements with
the increase of pressure. Zhao et al. [26] reported all-atoms MD simulations of 1-butyl-3-
methylimidazolium hexafluorophosphate IL showing conformational changes in the cation
upon pressure increase resulting in changes in density upon compression and large effects of
pressure on ion mobility resulting in viscosity increase. Sharma et al. [27] showed the
appearance of solid-like ionic arrangements for trihexyl(tetradecyl)phosphonium-based ILs
with a large reorganization of molecular functionalities upon compression. Dhungana et
al. [28] showed remarkable conformational changes upon compressions leading to the changes
in physical properties and fluids’ reorganization. In the particular case of PILs, Mariani et

al. [29] reported for alkylammonium nitrate the development of mesoscopic disorder upon



compression with the loss of mesoscopic domain segregation. Therefore, MD simulations
proposed in this work will contribute to the scarce available knowledge on the microscopic
properties of PILs and their evolution with pressure increase with particular attention to the

evolution of hydrogen bonding and its relationship with experimental properties.

2. Experimental procedure
2.1. Materials
All of the chemicals were analytical grade. Formic acid (Merck) and 2-aminoethanol

(Merck) were distilled before use.

2.2. Preparation of the ionic liquid (2-hydroxy ethyl ammonium formate)

The details of the Preparation of the ionic liquid (2-hydroxy ethyl ammonium formate)
have been previously discussed [21]. Also, in order to reduce water content of IL to at least
magnitude, vacuum drying was performed for 24 h at 80° C was by the use of a vacuum oven.
After that, the water contents of 2-HEAF were investigated using a coulometric Karl Fischer
titrator DL 39 (Mettler Toledo) [22]. The results for the NMR spectra have also been reported
earlier [21].

2.3. Density measurement apparatus

As mentioned above, the densities of 2-HEAF is going to be measured in the extended
pressure ranging from 0.1 up to 40 MPa. To achieve this goal an experimental apparatus
consisting of a digital density meter (Anton Paar DMA HPM) and pressure generator were
employed. The digital density meter included a thermostatic bath, vibrating-tube densimeter
and a barometer. The Vinci Technologies’ digital density meter allows the fast measurement
of densities via high pressure-high-temperature cell covering the range of fluid densities with
a certified precision of +1x10* g-cm~3for the ambient pressures. However, that precision
could be varied within 10 to 10 g-cm3 depending on the range of the pressure ranging, in
which the measurement is going to be carried out.

As Figure 1 depicts, the apparatus is provided with a thermostatic bath. Thermostating

is made by a liquid jacket combined with an external thermostat bath for thermostating the



measuring cell. This apparatus allows access thermostating with temperature uncertainty of
+0.1 K. The pressure is generated by a single cylinder pump (BTSP 500-5) from Vinci
Technologies [30] and controlled with an Indumart Technology pressure gage with the
accuracy of the order of 1.6%. The density meter is firstly calibrated at specific, constant
pressure and temperature with two fluids of known density (nitrogen gas and liquid water as
the representative for light and dense fluid herein), to derive the linear relationship between
the natural frequency and fluid density at that pressure and temperature. The density can
therefore be deduced from the measured frequency. The experimental uncertainties in the
density were estimated to be better than +3.2x10* g-cm™3. The water content of the used
samples was measured before (577ppm) and after experiments (864 ppm).

2.4. MD simulations

MD simulations were carried out using the MDynaMix v.5.2 program [31]. The force
field parameterization for the studied ions was reported in a previous work [21]. Cubic
simulation boxes containing 1000 ion pairs were used along the simulation and they were
initially built using Packmol [32] program. Periodic boundary conditions were applied.
Systems were simulated at 298, 313 and 333 K (selected as low, middle and high temperature
for the experimental temperature range) and at 0.1, 5, 15, 25 and 40 MPa for each temperature
(covering the experimental pressure range). Simulations were carried out in the NPT ensemble
following a two steps procedure: i) equilibration runs (10 ns), with equilibration assured
through the constancy of total potential energy, and followed by ii) production runs (50 ns).
The control of pressure and temperature along the simulations was carried out with the Nose—
Hoover method. the Tuckerman—Berne double time step method [33], with 1 and 0.1 fs for
long and short time steps, was used for solving the equations of motion. Ewald method [34]
was used for treating Coulombic interactions with a convergence parameter of 4.5 nm™, a cut-
off radius of 1.5 nm for the real space part, and 9 terms for the reciprocal part. Lennard —
Jones interactions were handled with 15 A cutoff. The Lennard-Jones cross terms were

calculated using Lorentz-Berthelot mixing rules.



3. Results and discussion
3.1. Density measurement under high-pressures

To show how are the results for atmospheric densities when compared with the
literature data Figure 2 has been presented. Our results for density measurements at 0.1 MPa
show some little absolute deviations (within 0.79-0.97%) from the work of Pinkert et al. [24]
where the densities of 2-HEAF were measured by the use of Anton Paar DMA 602 H
vibrating tube densimeter, but the deviations from the measurements of Ghatee et al. [16]
(from pycnometric method)and Hosseini et al. [21] (from Anton PaarDSA-5000 vibrating-
tube densimeter)are non-negligible (within 4.40-5.20%).

Figure 3 shows the experimental PpT behavior of 2-HEAF at both isothermal (1a) and
isobaric (1b) states. The solid lines are the best straight line passing thorough the experimental
points. Measurements were carried out at temperatures T=(298.15 to 333.15) K and at
pressures P=(0.1 to 40) MPa. High-pressure densities of 2-HEAF showed smooth trends with
temperature and pressure variations. The numerical values of the measured densities of 2-

HEAF have also been reported in Table 1.

3. 2. Tait equation correlation and mechanical coefficients

The Tait equation [35, 36] has been widely used in the literature for the description of
density variation with the temperature and pressure. In the absence of the speed of sound data
and the heat capacity the mechanical coefficients such as isothermal compressibility, «,
isobaric expansivity, ap and thermal pressure coefficient, y, can be derived by the use of Tait
equation. Generally, the calculation of the mechanical coefficients leads to useful information
on the dependence of the volumetric properties on temperature and pressure. In this work, the
PpT data of 2-HEAF have been correlated using the Tait equation [36, 37] and then the above-
mentioned mechanical coefficients were evaluated. Other thermodynamic properties such as
the internal pressure, 7zt can also be derived from this equation.

The Tait equation used in this work can be read as:
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Where, T is the absolute temperature in Kelvin and p(Po, T) is the density at ambient
pressure Py and system temperature with units of g.-cm=. The B(T) is temperature-dependent;
C is a constant; and ao-b. are fit parameters. The fit parameters of the Tait equation were
determined by minimizing the following objective function and least-square method:
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where n represents the number of all density data points and AARD is the average

absolute relative deviation of the correlated results from the experimental data. The fit
parameters of Tait equation together with the AARD (in %) of correlated high-pressure
densities of 2-HEAF were reported in Table 2.

Figure S1 (see the Supplementary data file) depicts the deviations of experimental
densities, p®® of 2-HEAF from those calculated by the Tait equation (Eq. (1)), p®¥. It
illustrates that the uncertainties of density fitting using the Tait equation have maximum value
equal to£0.085%. The coefficient of thermal expansion, ap, being related to the variation of

the density with temperature can be derived using the Tait equation as follow:
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The isothermal compressibility of the IL is calculated using the isothermal pressure

derivative of the Tait equation as:
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The calculated values of xr are presented in Table 3. In the studied range of
temperatures, (293.15 to 333.15) K, and pressures, (0.1 to 40) MPa, the isothermal
compressibilities range in MPa! is, 3.4269x10* to 3.9405x10*. Also, Figure S2a (see the
Supplementary data file) illustrates 2-HEAF becomes more compressible with increasing
temperature and less compressible with increasing pressure. Generally, the isothermal
compressibilities of ILs are similar to those of water and high-temperature molten salts and
are less compressible than organic solvents due to the strong coulombic interactions between
the ions [38, 39]

The results for isobaric expansivity values were reported in Table 4. In the studied
range of temperatures, (293.15 to 333.15) K, and pressures, (0.1 to 40.0) MPa, isobaric
expansivity range in K is, 5.213 to 6.1994. Also, Figure S2b (see the Supplementary data
file) illustrates 2-HEAF becomes less expansive with increasing temperature and pressure.
Generally, isobaric expansivity coefficients, are typically between (4-8)x10* K which is
comparable with water and lower than that of organic solvents [39]. The literature survey of
the previous efforts [40-42] reveals that the y, values of ILs decrease with temperature and
increase slightly with pressure. The results for y, values of 2-HEAF reported in Table 5 and
shown in Figure S2c¢ (see the Supplementary data file), reveal that y, increases slightly with
pressure at most 0.12 MPa-K™! but those values are not almost constant in the temperature
range studied and vary with the temperature within +0.3 MPa-K™*.,

The internal pressure, 7t values of the ILs are higher than those of organic solvents
and water because of a higher electrostatic interactions in IL [42]. However, in the case of
proptic ILs, the lower zt values than classic molten salts is due to other types of molecular
interactions in the protic IL, such as polarization and hydrogen bonding in addition to
electrostatic interactions as seen purely in molten salts. Table 6 shows that the internal
pressure decreases with increasing pressure for the temperatures between (298.15 and 328.15)

K, and increases at 333 K because the resultant forces under low-pressure conditions are

7



attractive and as the pressure increases the repulsive forces become dominant at low
temperatures for the IL. Table 6 also reveals that the zT decreases with respect to temperature
at fixed pressure for the IL just like what has previously been observed for normal liquids due
to the fact that the increase in temperature only affects the coordination number, while the

intermolecular distances within the liquid molecules remain unchanged [43]. The obtained
. 0 . . .
temperature coefficient (§)<O of 2-HEAF indicates that the IL is a type of associated or

strongly associated liquid that is linked by hydrogen bonds. This observation is in accord with
the previously reported theoretical studies for 2-HEAF [21], where the quantum chemical
computations and molecular dynamics verified that two hydrogen bonds can be developed for
a single cation-anion ion pair; the first one is the cation-anion hydrogen bonding and the
second one is relevant to the self-association of cation-cation through hydrogen bonding
between hydroxyl groups.

It would also be interesting to investigate the pressure dependence of isobaric heat
capacity difference, ACp of 2-HEAF between reference pressure (0.1 MPa herein) and a given
pressure because heat capacity is most directly related to the structure of the liquid state [44].
Having the volumetric measurements one can easily get some useful information on the effect
of pressure on the heat capacity difference of liquids between a reference pressure and a given
pressure [45, 46].

The pressure dependence of isobaric heat capacity is described by the thermodynamic
formula [40, 47]:

@), =7 (), =751, + il g

Where Cp is the isobaric heat capacity, P is the pressure, Vm is the molar volume, p is

the molar density, T is the temperature, M is the molecular mass. In Eq. (7), op is that of
thermal expansion coefficient and p is the liquid density both of which can be easily
determined by the Tait. Integration over the above-mentioned equation leads to the following

expression for the heat capacity difference from the reference state as [40]:
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where P~ is the reference pressure (P"= 0.1 MPa).



Figure S3a (see the Supplementary data file) shows the isothermal variation of isobaric
heat capacity differences, ACp between reference pressure and a given pressure. As Figure S3a
(see the Supplementary data file) demonstrates the variation trend is increasing at 298.15 K,
303.15 K and 313 K isotherms over the whole pressure range studied (0.1-40 MPa). However,
the isotherm of 333.155 K shows some maxima for ACp at ~30 MPa. Also, at 298.15 K,
303.15 K and 313 K isotherms the ACp values of 2-HEAF become non-negligible as the
pressure increases. It has been confirmed that, the heat capacity of simple liquids is supposed
to decrease with pressure, reach minimum and start increasing over the middle-temperature
range. The minima are flattened and pushed to higher pressures over the higher-temperature
range [47]. However, the isotherms of isobaric heat capacity of 2-HEAF against the pressure,
do not exhibit minima which reveals that behavior is in accord with the self-associated
liquids [47], for which their isobaric heat capacity variations with the pressure are strongly
affected by the mechanism of the self-association [47]. Anyhow, the pressure and temperature
ranges of the derived data are not large enough, to yield final conclusions on the pressure—
temperature behavior of 2-HEAF and its hydrogen bond structure. A further increase of
pressure would be helpful to investigate the behavior of isobaric heat capacities and to
establish more in detail information on the character of its self-association.

Figure S3b (see the Supplementary data file) shows the variation of isobaric heat
capacity differences, ACp with the temperatures studied. On the first glance, the positive sign
of ACp reveals Cp of 2-HEAF is increasing against the pressure at a given temperature. The
latter, the variation of ACp with the temperature is slightly increasing and linear in series 0.1-
10 MPa and 0.1-20 MPa. However, the trends described by series 0.1- 30 MPa and 0.1-40
MPa are quite different; the reasons for appearing those trends may be associated with some

mathematical inconsistency of the Tait equation or a change in the inter-molecular potential.

3.3. Results and discussion on MD studies

MD studies on the high pressure behavior of ILs are scarce in the literature, and thus,
the results reported in the following section allow a microscopic characterization of 2-HEAF,
which is complementary to the experimental thermophysical results reported in previous

sections. Experimental pressure-temperature-density results reported in this work allow a



validation of the force field used for MD simulations along this work. In a previous study [21]
the considered forcefield was validated at atmospheric pressure as a function of temperature
(298.15 to 323.15 K range) showing deviation with density data in the 0.30 to 1.50 %, with an
underestimation of density and other properties such as viscosity or surface tension in
comparison with experimental data, but with reasonable deviations [48, 49] which confirms
the suitability of the force field for describing 2-HEAF properties. A comparison of MD
predicted densities with experimental for three isotherms in the 0.1 to 40 MPa range is
reported in Figure 4. It should be remarked that experimental density data reported in this
work for high pressure conditions and those previously reported at atmospheric pressure [21]
were obtained with different apparatus, and thus, they are slightly different. In the case of high
pressure density data, results in Figure 4a show that MD overpredicts experimental data
reported in this work but are close to those reported by Ghatee et al. [16] and Hosseini et
al. [21] at atmospheric pressure. Deviations with experimental density data are in the 2.8 to
4.6 % range for the studied pressure — temperature range, decreasing with increasing
temperature and with small changes with increasing pressure for each isotherm, Figure 4b.
Regarding derived properties, a comparison between experimental and predicted isothermal
compressibility is reported in Figure 4c showing reasonable agreement, i.e. in both cases
isothermal compressibility increases with increasing temperature and decreases with increases
pressure. Nevertheless, the decrease of isothermal compressibility with increasing pressure is
larger from experimental results than from MD simulations, e.g. at 298.15 K the isothermal
compressibility decreases 7.98 % on going from 0.1 to 40 MPa from experimental results
whereas MD predicts a decrease of 1.60 % with analogous behavior for all the studied
isotherms.

The microscopic structuring of 2-HEAF was initially analyzed by the radial
distribution functions (RDFs) reported in Figure 5. It was previously reported [21] that 2-
HEAF microstructuring is characterized by the development of anion-cation hydrogen
bonding between the hydroxyl group of HEA cation and the oxygen atoms in formate anion,
therefore RDFs involving these atomic sites are included in Figure 5 as a function of pressure.
RDFs show that cation-anion (Figure 5a) and cation-cation (Figure 5b) hydrogen bonding is

maintained in the whole pressure range (up to 40 MPa), as the first narrow and intense peaks
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in Figure 5a and 5b show, whereas anion-anion interactions are remarkably less important
discarding hydrogen bonding. Results in Figure 5 show very minor pressure effects on RDFs,
i.e. the structure of the fluid from the viewpoint of intermolecular interactions remains almost
constant upon compression. This RDFs behavior agrees with previous literature results for
other types of ILs, Mariani et al. [29] showed almost null changes in structure factor for
several protic ionic liquids on going from ambient pressure to 100 MPa, as also reported by
Zhao et al. [26] for alkylimidazolium-based ionic liquids. Nevertheless, very subtle changes in
RDFs upon compression may be inferred when comparisons with values at 0.1 MPa are
reported, especially for those values corresponding to the first solvation shells (defined with
distances up to the first minima in Figure 5). In the case of cation-anion interactions, Figures
6a to 6¢, a decrease in the first RDF peak upon compression is inferred, with this effect
increasing with increasing pressure, i.e. a slight disruption of the first solvation shell of anions
around cation is produced when compressing disrupting anion-cation interactions. For cation-
cation RDFs, Figures 6d to 6f and analogous effect is inferred to that for anion-cation ones,
whereas in the case of anion-anion interactions, Figures 99 to 9i, RDFs are reinforced upon
compression. There are also effects on the second solvation shells, especially for anion-cation
interactions which are slightly reinforced upon compressions. It should be remarked that all
these effects are minor but clear trends are inferred for the studied pressure range for all then
interacting pairs which show minor but systematic rearrangements of solvation shells,
especially for the first one, around each type of ion.

The effect of pressure on relevant torsion angles was also studied to infer if the cyclic
mechanism of HEA-FOR interaction, hydrogen bonding, previously reported for atmospheric
pressure conditions [21] was maintained upon compression. Results in Figure 7a for the
torsion angle N-CA1-CA2-OA in HEA show the two relevant peaks at ~ + 76° together with
the ~ = 56° for the CA1-CA2-OA-HA agrees with a non-linear arrangement of the
hydroxyethyl chain in HEA because of cyclic hydrogen bonding with formate cation, which is
maintained in the studied pressure range.

It may be expected that increasing pressure will modify dynamic properties of 2-
HEAF, especially for ionic movement in the solvation spheres, which is quantified through the
residence times reported in Figure 8 (calculated as explained in Ref. [21]). Low residence
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times are obtained for all the considered solvation spheres, confirming the lability for the
developed hydrogen bonds. Residence times decrease with increasing temperature, especially
for HEA-FOR and HEA-HEA solvation shells, and increases with increasing pressure for all
the shells. Nevertheless, the increase of residence times upon compression is very minor in the
studied pressure range, and thus, confirming the minor effect of pressure on the structural
(RDFs in Figures 5 and 6) and dynamic (Figure 8) properties of solvation shells. Nevertheless,
the minor changes in microscopic dynamic properties is accompanied by non-negligible
changes in macroscopic dynamic properties as reported in Figure 9 for self-diffusion
coefficients (calculated from the slopes of mean square displacement, msd, and Einstein’s
equation, for fully diffusive regimes assured by log-log plots of msd vs simulation time with
slopes close to unit) and dynamic viscosity (inferred from Green-Kubo equation). Self-
diffusion coefficients decrease upon compression (~ 25 % on going from 0.1 to 40 MPa), with
larger effects for lower temperatures, which agrees with the ~ 34 % increase of dynamic
viscosity. Therefore, compression leads to a non-negligible decrease of molecular mobility in
spite of very minor changes in structural and microscopic dynamics properties reported in
Figures 5 to 8. Therefore, the microscopic roots of these changes in macroscopic
physicochemical properties need to be analyzed. Despite the minor changes in structural
properties of anion-cation interactions upon compression reported in Figures 5 and 6, changes
in intermolecular interaction energies are obtained when pressure is increased, Figure 13.
HEA-FOR interaction energies reported in Figure 10a show a non-linear increase (in absolute
value) with increasing pressure, which is also inferred for the total intermolecular interaction
energy, Figure 10b, which can be a factor decreasing molecular mobility and increasing
viscosity in spite of maintaining similar structural arrangements upon compression.
Nevertheless, the reinforcement of anion-cation interactions with increasing pressure is not a
large effect, e.g. for HEA-FOR intermolecular interaction energy increases only a 2 % from
0.1 to 40 MPa at 298 K (similar effects for other interactions and temperatures, Figure 10a),
which can not justify the large increase of macroscopic dynamic properties reported in Figure
9 or the increase in density reported in Figure 4. This is confirmed by the calculated hydrogen
bonds per ion reported in Figure 11, which show a very minor increase with increase pressure.

The hypothesis considered to justify the changes in macroscopic physicochemical properties

12



stands on the rearrangement of available empty space (holes) upon compression, which would
lead to higher viscosity, lower molecular mobility and a slight increase of intermolecular
interactions but maintaining the structural properties of solvation shells and mechanism of
interionic interactions. For confirming this behavior, the distribution of cavities in 2-HEAF
was calculated for the studied pressure range. The distribution of cavities was calculated by
defining a grid o points distributed in the simulation cells and calculating the distances from
each point to the limit of the closes atom, defined by its van der Waals radium, i.e. spherical
cavities are defined. It should be remarked that cavities in the studied fluid can not be
spherical and they may have complex geometries, but the consideration of spherical cavities is
a suitable approach to analyze the distribution of empty space in 2-HEAF and the changes
upon compression. Results in Figure 12 show the distribution of spherical cavities in 2-HEAF
at 333 K a pressure up to 40 MPa. These results show the appearance of a complex cavities
size distribution, with a strong distribution peak corresponding to cavities with roughly 0.13 A
radius and two additional peaks at with roughly 0.25 and 0.45 A radii. The pressure effect on
the 0.25 and 0.45 A radii cavities can not be inferred (no changes for the studied range) but in
the case of the peak corresponding to the most probable cavities size (0.13 A) shows a minor
but well defined peak toward smaller radii with increasing compression. This is confirmed in
Figure 13a showing a non-linear decrease with pressure of the most probable spherical cavity
size with increasing pressure, which is highly correlated with the increase of pressure, Figure
13b. Therefore, very subtle but systematic rearrangement of the available empty space upon
compression is inferred, which combined with the slight increase in intermolecular interaction
energies should be the two factors controlling the increase in density and decrease of
molecular mobility with increasing pressure, but maintain the mechanism of anion-cation

interactions in the studied pressure range.

4. Conclusions
This paper aimed to supplement the available experimental density data of 2-HEAF
especially those not yet reported in the extended pressure ranging. The experimental PpT data

of 2-HEAF allowed access to both mechanical coefficients and some thermal properties.
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In this study, the Tait equation has been employed to predict some behaviors appearing
in thermal properties of the IL under consideration such as internal pressure and isobaric heat
capacity difference from the reference pressure. In some cases the Tait equation was capable
of predicting the associating character of the IL in accord with the preceding results obtained
from the computational methods. However, some mathematical inconsistencies were found
when the Tait equation was used to calculate the variation of isobaric heat capacity difference
from the reference pressure with the temperature which might be due to a change in inter-
molecular potential.

Comparison with the previously reported literature data on atmospheric density reveals
some disagreements between the values reported by Refs. [16, 21] with those reported in this
work and Ref. [24]. This is might be due to fact that the thermophysical property data of IL
systems cannot be determined accurately regardless of the method used and water content as
well. That is why, some significant discrepancies are appeared among the reported results up
to now for 2-HEAF.

The reported molecular dynamics results in the studied temperature-pressure range
showed very minor changes in interionic interactions upon compression, anion-cation
interactions are slightly reinforced with increasing pressure but the structure of solvation
shells and the extension of hydrogen bonding remains almost constant up to 40 MPa. A
rearrangement of the available empty space with increasing pressure is inferred, decreasing
cavities size, which combined with the reinforcement of interionic interactions should be the
main reason of changes in macroscopic thermophysical properties. Nevertheless, it should be
remarked that although the structure of the studied ionic liquid suffers minor and subtle
microscopic changes with increasing pressure, they lead to non-negligible changes in
macroscopic properties. Very high pressures would be required to produce remarkable
changes in the microscopic structure of 2-HEAF confirming the stability of interionic
interactions and arrangements for this ionic liquid in agreement with previous studies for other
types of ionic liquid showing their suitability to be used up to high pressures without too large

changes in their properties.
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Table 1

ranging from 0.1 MPa up to 40 MPa and several isotherms.

Results for the measurement of density, p(g-cm™) of 2-HEAF over the pressure

p/ gem™ at TIK

P/MPa 298.15 303.15 308.15 313.15 318.15 323.15 328.15 333.15
0.1 1.1510 1.1478 1.1446 1.1411 1.1368 1.1343 1.1318 1.1281
5 1.153 1.1498 1.1463 1.1429 1.1394 1.1365 1.133 1.1299
10 1.1551 1.1519 1.1487 1.1451 1.1416 1.1386 1.1357 1.1319
15 1.1572 1.1541 1.1508 1.1473 1.1437 1.1407 1.1377 1.1339
20 1.1596 1.1563 1.1531 1.1495 1.1459 1.143 1.1400 1.1363
25 1.1618 1.1585 1.1552 1.1517 1.1481 1.1451 1.1421 1.1386
30 1.164 1.1607 1.1575 1.154 1.1504 1.1474 1.1442 1.1406
35 1.166 1.1629 1.1597 1.1562 1.1527 1.1496 1.1464 1.1427
40 1.1680 1.1650 1.1620 1.1587 1.1551 1.1520 1.1488 1.1454

aAp= +3.2x10* g-cm™3

2 Uncertainties of the measured densities
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Table 2 The fit parameters of the Tait equation along with the average absolute relative
deviations of the fitting (AARD in %) used to smooth the experimental densities of 2-HEAF
as a function of pressure (up to 40 MPa) and temperature (from 298 to 333 K).

C ao ai apx10° box10 b1 b2x10? AARD
g-em™ g-em K1 g-em K2 MPa MPa-K? MPa-K2 (in %)
0.451 1.5147 -1.513 1.6905 1.2512 -68.762 10.378 0.031

aAp=+9x10* g-cm3

& Uncertainty of calculated densities from the Tait equation
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Table 3

Results for the isothermal compressibility, kKt of 2-HEAF calculated by the use

of the Tait equation.
xrx10*/MPat at T/K
P/MPa 298.15 303.15 308.15 313.15 318.15  323.15 328.15 333.15
0.1 3.7241  3.7697  3.8108  3.8476 8787  3.9049  3.9255  3.9405
5 3.6846  3.7292  3.7694  3.8054 3.8358 3.8615 3.8816  3.8962
10 3.6452  3.6888  3.7282 3.7634  3.7931  3.8182 3.8379  3.8522
15 3.6067  3.6494 3.688 3.7224  3.7515 3.776 3.7953  3.8093
20 35691 3.6109 3.6487 3.6824 3.7108 3.7348  3.7537  3.7674
25 3.5323 35733 3.6103 3.6433 3.6711  3.6946 3.713 3.7264
30 3.4964 35365  3.5727 3.6051 3.6323 3.6554 3.6734  3.6865
35 3.4613 35006  3.5361 35677  3.5945 3.617 3.6346  3.6475
40 3.4269  3.4654 35002 35312 35574 35795 35968  3.6094

aAkT = £(0.151x10%) MPa'l

& Uncertainty of calculated isothermal compressibilities from the Tait equation
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Table 4

use of the Tait equation.

Results for the thermal expansivity coefficient, op of 2-HEAF calculated by the

ap x10* /Kt at T/K
P/MPa 298.15 303.15 308.15 313.15 318.15  323.15 328.15  333.15
0.1 6.1994  6.0708 5941 58086 56776 55436 54096  5.2738
5 6.1908 6.0623 59325 5.8002 5.6693 5.5355  5.4015 5.266
10 6.1822  6.0537 59239  5.7917 5.661 55272  5.3935 5.258
15 6.1737  6.0452 59155 57834 56527 55191 53855  5.2503
20 6.1653  6.0368 59072 57752 5.6446 55112 53777  5.2426
25 6.157 6.0286 5.8991 57671  5.6367  5.5033 5.37 5.235
30 6.1488  6.0205 5.891 57591 5.6288  5.4956  5.3624  5.2276
35 6.1408 6.0125 58831 5.7513 5.6211 54879 53549  5.2202
40 6.1328 6.0046 58752 57435 5.6134 54804  5.3475 5.213

Aap = £(0.484x10%) KL

& Uncertainty of calculated thermal expansivities from the Tait equation
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Table 5

of the Tait equation.

Results for the thermal pressure coefficient, y, of 2-HEAF calculated by the use

yo IMPa-Kt at T/K

P/MPa 298.15 303.15 308.15 313.15 318.15  323.15  328.15  333.15
0.1 1.6647  1.6104 1559 15097 14638 1419 13781  1.3384
5 1.6802  1.6256  1.5738  1.5242 1478 14335 1.3916  1.3515
10 1.696  1.6411  1.5889 1539 14924  1.4476  1.4053  1.3649
15 1.7117  1.6565 1.604 15537 15068  1.4616 1.419  1.3783
20 1.7274  1.6718 1.619 15683 15211 14756 14326  1.3916
25 1.743  1.6871 1.634 1583  1.5354  1.4895  1.4462  1.4048
30 1.7586  1.7024 16489 15975 15496 15034  1.4598 1.418
35 17741  1.7176  1.6637 1.612 15638 15173 14733 14312
40 17896  1.7327 1.6785 1.6265 15779 15311 1.4867  1.4443

2 Apy= +0.160 MPa-K.

& Uncertainty of calculated thermal pressure coefficients from the Tait equation
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Table 6

Tait equation.

Results for the internal pressure, zt of 2-HEAF calculated by the use of the

mr IMPa at T/K
P/MPa 298.15 303.15 308.15 313.15 318.15 323.15 328.15 333.15

0.1 536.18 517.85 501.49 486.97 474.68 464.16 455.61 448.86

5 527.81 510.34 494.97 481.59 470.54 461.38 454.28 449.08
10 519.28 502.68 488.32 476.1 466.3 458.54  452.92 449.29
15 510.73 495.01 481.66 470.6 462.06 455.69 451.56 449.51
20 502.19 487.34 475 465.09 457.82 452.85 450.2 449.71
25 493.64 479.66 468.34 459.59 453.57 449.99 448.83 449.92
30 485.09 471.99 461.67 454.08 449.32 447.14 447.46 450.12
35 476.54 464.3 455 448.56 445.07 44428 446.09 450.32
40 467.98 456.62 448.33 443.04 440.81 441.42 444,71 450.51

Azt = £50.66 MPa

& Uncertainty of calculated internal pressures from the Tait equation
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Figure captions

Figure 1 The densitometer setup used in this work.

Figure 2 Experimental atmospheric density, p obtained in this work compared with
those from Pinkert et al. [24], Ghatee et al. [16] and Hosseini et al. [21].

Figure 3 The experimental PpT behavior of 2-HEAF at both isothermal (a-lot) and
isobaric (b-plot) states. The solid lines are the best straight line passing thorough the

experimental points

Figure 4 Comparison of experimental (EXP) and predicted (molecular dynamics, MD)
for the reported isortherms of 2-HEAF. p and «r stand for density and isothermal

compressibility, respectively.

Figure 5 Radial distribution functions, g(r), for the reported atomic pairs at 333 K and

the selected pressures for 2-HEAF. Values obtained from molecular dynamics simulations.
Figure 6 Differences between the radial distribution function at 0.1 MPa, g(r)o.1 mpa, and
those at the reported pressures, g(r)r, at the selected temperatures for the reported atomic pairs

in 2-HEAF. Values obtained from molecular dynamics simulations.

Figure 7 Distribution of torsion angles, ¢, from molecular dynamics simulations of 2-

HEAF at 333 K and the reported pressures. Atom labelling asin ~ Figure 8.
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Figure 8 Residence time, tres, Or ions around (ar) other ions from molecular dynamics
simulations of 2-HEAF at 333 K and the reported pressures. Numbers in the plot indicate the
slope of linear fits (in ps / MPa* units). X ar Y (where X and Y stand for 2-HEA or FOR)
indicate residence time of X in the first solvation sphere around Y, with the solvation sphere

defined by the first minima of the corresponding radial distribution functions.

Figure 9 (a) Self-diffusion coefficients, D, and (b) dynamic viscosity, 1, for the reported
temperatures and pressures from molecular dynamics simulations of 2-HEAF. Number in the
plot indicate the percentage difference of the corresponding property between 40 and 0.1 MPa

(+, increase and -, decrease).

Figure 10 Intermolecular interaction energy, Einter (Sum of Lennard-Jones and coulombic
contributions), for (a) HEA-FOR interactions and (b) total (sum of HEA-FOR, HEA-HEA and
FOR-FOR contributions) from molecular dynamics simulations of 2-HEAF at the reported

temperatures and pressures.

Figure 11 Average number of hydrogen bonds per ion pair, Nu, between OA(HA), as
donor, and OF(HF) as acceptor, with 3.5 A and 60° as donor-acceptor distance and angle as
hydrogen bonding criteria from molecular dynamics simulations of 2-HEAF at the 333 K and

the reported pressures.

Figure 12 Probability distribution plots of spherical cavities with radius, R, in 2-HEAF at
333 K and the reported pressures. Values obtained from molecular dynamics simulations. The

yellow arrow indicates increasing pressure.
Figure 13 Relationship between the maximum radius of spherical cavities for the

stronger probability distribution peaks (first peak in Figure 12), Rmax, and (a) pressure or (b)

density from molecular dynamics simulations at 333 K.
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Highlights

e Protic ionic liquids.
e High pressure.
e PVT behavior.

e Molecular dynamics.

e Hydrogen bonding.

41



