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ABSTRACT

Despite the presence of molecular hydrogen (H2) in various technical applications involving
ionic liquids (ILs), its effect on the bulk and interfacial properties of ILs is poorly understood.
The present study investigates the influence of dissolved H2 on the viscosity, surface tension,
and phase composition of three imidazolium-based ILs by experiments and Molecular
Dynamics (MD) simulations between (303 and 393) K from (0.1 to 31) MPa. The surface light
scattering and pendant-drop experiments showed for all three ILs that the saturated liquid
viscosity does not significantly change with increasing H. pressure, while the surface tension
decreases about 5% at 8 MPa. The MD simulations could be used to clarify microscopic origins
for the behavior of the macroscopic properties. They revealed not only a compensation of
compression and solvation effects due to hydrostatic pressure and dissolved H> on the viscosity,
but also a weak enrichment of H; at the IL-gas interfaces.

KEYWORDS - experiments, hydrogen, ionic liquids, Molecular Dynamics simulations,

surface tension, viscosity

ABBREVIATIONS

Ar argon

[CoC1Im][NTH] 1-ethyl-3-methylimidazolium bis(trifluoromethanesulfonyl)imide

[CeCiIm][PFe] 1-methyl-3-octylimidazolium hexafluorophosphate
CF correlation function
CO2 carbon dioxide
FF force field
H: hydrogen
IFF Interface Force Field
IL ionic liquid
ITIM Identification of Truly Interfacial Molecules
LOHC liquid organic hydrogen carriers
MD Molecular Dynamics
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[(MPEG2)2lm] | 1,3-bis(2-(2-ethoxyethoxy)ethyl)imidazolium iodide

N2 nitrogen

PD pendant drop

PME Particle-Mesh Ewald

SASA solvent-accessible surface area
SILP Supported lonic Liquid Phase
SLS surface light scattering

YL Young-Laplace
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Introduction

lonic liquids (ILs) are molten salts of diverse combinations of anions and cations that have
attracted considerable attention as tailor-made fluids due to their melting temperatures below
100°C and low vapor pressures [1]. These and other special characteristics have rendered ILs
as interesting working fluids for a wide range of technical applications in both research and
industry [1-5]. For example, ILs can be used as electrolytes [1,6], media for heat transfer and
energy storage [7,8] or for gas separation [9,10] as well as solvents for catalysis in Supported
lonic Liquid Phase (SILP) systems [11]. SILP materials involve homogeneous catalysts in the
form of metal complexes dispersed in thin IL films coated on solid supports [12-15]. This
concept combines the high selectivity and activity of homogeneous catalysis with the ease of
product separation provided by heterogeneous catalysis. Nowadays, SILP systems are
considered in important industrial applications involving molecular hydrogen (Hz), including
hydrogenation and dehydrogenation reactions relevant for hydrogen storage [16],
hydroformylation [15,17-20], hydrodesulfurization [21-23], and syngas reactions [24,25]. In
all these cases, H> as the lightest molecular species partially dissolves in the SILP film, while
the rest builds a gas phase above the IL-rich phase.

For the design and performance of the aforementioned catalytic technologies,
knowledge of the thermophysical properties of ILs in the presence of H; is of key importance.
In the present study, we focus on the liquid dynamic viscosity 7. and the surface tension o as
characteristic macroscopic bulk and interfacial properties of IL films, respectively. These two
properties govern processes and mechanisms in SILP systems, particularly in those designed
for Interface-enhanced catalysis preferentially at the gas-liquid interface [26] relevant for this
work, and/or at the solid-liquid interface [27,28]. For example, surface tension controls the mass
transfer of H, across the gas-liquid interface and the wetting on the support [19,20]. The
viscosity has a significant influence on the diffusive mass transport of reactants, products, and
dissolved metal catalysts within the SILP film [29,30]. Possible changes induced by H2 on the
surface tension and viscosity of ILs at process-relevant pressure p and temperature T conditions
may subsequently influence mass and momentum transport as well as the reaction Kinetics,
ultimately impacting the overall SILP efficiency.

There have been a few experimental studies on the influence of H, on o and 7. of non-
electrolytic liquids, including linear or branched alkanes [31-34], alcohols [31,34,35] ,or
hydrocarbon-based liquid organic hydrogen carriers [36]. For all these solvent types, only minor
changes in both properties compared to the values of the pure fluids could be found for H»
pressures up to about 8 MPa. While the viscosity was found to be unaffected by the presence
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of Hy, a slight decrease in the surface tension with increasing Hz pressure in the order of about
5% at 8 MPa could be observed. Such behavior is strongly related to the relatively low solubility
of Hz, which is the property that has received the most attention [37-39] as recently reviewed
by Lei et al. [40]. Notably, however, certain inconsistencies in the solubility data sets were
found and attributed to challenges in accurately measuring the solubilities of a poorly soluble
gas like Hz in ILs [37,38,41-43]. Metrological challenges are further enhanced for studying o
and . of mixtures of ILs and H: at equilibrium conditions when the measurements need to be
performed at or very close to saturation. This is often not guaranteed, or even possible, in
classical tensiometry and viscometry. This experimental complexity may explain why
corresponding investigations for IL-H, mixtures have not been conducted until today.

A complementary approach to understand the physical and chemical properties of IL
systems are molecular dynamics (MD) simulations. Because they provide atomic resolution,
MD simulations can also be used to elucidate the molecular mechanisms underlying given
effects including solubility or interface composition. Therefore, the first simulation studies of
ILs and the first related general-purpose force fields (FF) appeared as early as the interest in the
application of ILs has grown 25 years ago. IL interfaces soon attracted considerable interest too:
Lynden-Bell was the first to report on the preferential orientation of cations and the resulting
accumulation of alkyl groups at the vapor-liquid interface of alkylimidazolium-based ILs [44].
A decade later, the first intrinsic surface analyses were also performed on vapor-liquid and
liquid-liquid interfaces containing ILs [45,46]. Later, additional interface analysis tools were
developed in order to reveal the change in surface composition as a function of the length of
the cation’s side chain [30,47]. MD studies were also used to study the solubility of small gases
in ILs. One such study revealed the molecular mechanism of competitive gas adsorption in
supported IL films relevant for gas separation [48]. In this study, the focus was on the adsorption
and the absorption of an equimolar carbon dioxide (CO.)-nitrogen (N2) mixture in an IL film,
whereby the dependence of the selectivity of the IL layer on the thickness of the film could be
rationalized. The solubility and solvation free energy of light gases in imidazolium-based ILs
of varying cation side chain length was also explored [49]. For Hy, its solubility was studied in
one particular IL and was found to increase with increasing temperature [50]. However, a
deepened understanding on the influence of Hz on the macroscopic and microscopic properties
of ILs remains by end large unexplored to this date.

The present study aims to rectify this situation and to resolve the influence of Hz on the
bulk and interfacial properties of three imidazolium-based ILs by experiments and MD

simulations. This study continues our previous research on investigating experimentally the
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effects of gases such as CO> and argon (Ar) on the thermophysical properties of ILs [51,52],
and on modeling the bulk and interfacial properties of ILs [30,45,46,53]. In line with these
investigations, the model ILs selected in the present work are the hydrophobic 1-ethyl-3-
methylimidazolium bis(trifluoromethanesulfonyl)imide ([C2C1Im][NTf;]) and 1-methyl-3-
octylimidazolium hexafluorophosphate ([CsC1Im][PFe]) as well as the hydrophilic 1,3-bis(2-
(2-ethoxyethoxy)ethyl)imidazolium iodide ([(MPEG2)2Im]l), which also make it possible to
cover a wide range of values of viscosities and surface tensions. The measurements on 7. and
owere performed using surface light scattering (SLS) and the pendant-drop (PD) method in the
temperature range from (303 to 353) K and H pressures range from (0.1 to 8) MPa. The
simulations were conducted at equivalent conditions, providing same trends as observed in the
experiments. Additional valuable information on the density and composition of the liquid
phase and, in particular, on the fluid structure of the gas-liquid interface are also provided by
the simulations. This synergistic approach allows us to explain the origins for the changes in

viscosity and surface tension induced by pressurized Ha.

Experiments and Molecular Dynamics (MD) Simulations

Materials and sample preparation

The specifications of the three ILs and the hydrogen (H2) gas studied in this work are listed in
Table 1. The two ILs [CoCiIm][NTf,] and [CsCilm][PFs] as well as H, were obtained
commercially by suppliers. A sample of the IL ([(mMPEG2)2Im]I) was self-synthesized according
to a procedure described by Seidl et al. [47]. Prior to the SLS and PD measurements, the optical
quality of all three IL samples was checked by irradiation of laser light, showing no noteworthy
presence of larger particles. In addition, potential volatile impurities such as water and dissolved
air were removed from the IL through additional evacuation, as outlined in our previous study
[52]. Thereafter, the water content of the ILs was determined by Karl-Fischer coulometric
titration consecutively, with the filling procedure under Ar atmosphere, after which the entire

manifold was degassed before gas addition for each system.

Table 1 — Specifications of the studied samples.

molar mass water content®

substance CAS number source M/ (z:mol ™)) purity? / ppm

ethyl-3-methylimidazolium
bis(trifluoromethylsulfonyl) ~ 174899-82-2 loLiTec 391.30 w > 0.995 108.9
imide ([C2C1Im][NTf,])

1-methyl-3-octylimidazolium
hexafluorophosphate 304680-36-2 loLiTec 340.29 w>0.99 100.4
([CsCalm][PFs])
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1,3-bis(2-(2-ethoxyethoxy)
ethyl)imidazolium iodide - self-made 400.26 N/AP 1009.4
([(MPEG2)2Im]I)

- - i ¢ 2
hydrogen (H.) 1333-74-0 Linde AG 2.0159 0.999999b

2Purity in the form of weight fraction w or volume fraction ¢ as specified by the supplier.

® Synthesized and purified according to literature [47].

¢ Value determined by Karl-Fischer coulometric titration before the experiments with an estimated relative
expanded (coverage factor k = 2) uncertainty of less than 20%.

Experimental procedure and data evaluation
The influence of H2 on the thermophysical properties ocand 7. was examined using a combined
SLS-PD setup. This setup is identical to the one utilized in our previous works on pure ILs
[54,55] and binary IL mixtures [51,52]. Details of the setup including the used measurement
cell can be found in Refs. [52,54]. The following thermodynamic states were adjusted in the
measurements by the PD method and SLS: In total, a T range from (303.15 to 353.15) K and a
H> p range from (0.1 to 8.0) MPa were covered. At 303.15 K, a finer Hz pressure variation with
p states of (0.1, 2.0, 4.0, 6.0, and 8.0) MPa was used for all three ILs. The same p states were
also studied in connection with the PD measurements on [(mPEG:)2Im]l + H at 353 K. For all
other systems studied at (323 and 353) K, the Hz pressures were limited to three values of (0.1,
4.0, and 8.0) MPa. Prior to the measurements with Hy, reference measurements were conducted
for all three ILs at 303.15 K with 0.1 MPa Ar. This allowed us to ensure the verify the results
for oand 7. of the practically pure ILs against data from our previous studies [51,54,55].

The temperature control of the SLS/PD-measurement cell and the sample vessel used as
a reservoir for the PD experiments was realized by resistant heating and Pt-100 Q probes with
expanded (coverage factor k = 2) uncertainties of 0.02 K. The reported T was recorded by a
probe placed next to the PD inside the measurement sample cell with a stability better than
+0.05 K. The pressures within the measurement cell and a connected sample vessel were
continually monitored using pressure transmitters featuring an expanded uncertainty (k = 2) of
5 kPa. The reported values for p are the average values obtained during the SLS measurements
with a stability of £5 kPa. For the accurate determination of surface tension oand viscosity 7.
at macroscopic thermodynamic equilibrium, PD and SLS experiments were performed

consecutively once both T and p remained constant.

Pendant-drop (PD) method — surface tension
To determine the gas-liquid surface tension of the binary mixtures of IL with Hy, the PD method

has been employed. Here, the shape of an axisymmetric PD hanging on a capillary and exposed
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to the gravitational field is governed by the competition between gravitational, buoyancy, and
capillary forces. The working principle of the PD method is based on the comparison of the
experimentally obtained drop contour with the theoretically calculated drop profile. The latter
profile is defined by the Young-Laplace (YL) equation for curved interfaces [56]. In each
measurement series, an IL sample stored in the sample vessel was pre-heated to the same
temperature as the measurement cell, but pre-saturated with gas at a slightly higher pressure
which was approximately 0.01 MPa larger than inside the cell. This allowed to generate PDs
within the sample cell by liquid transfer. For each thermodynamic state, a defined procedure
was carried out, which involves the calibration of the optical system and the droplet formation
and recording for various droplets, as it is detailed in our previous work [52]. Subsequently, the
PD images were analyzed with a self-written evaluation code [57] based on the axisymmetric
drop shape analysis [58].

For solving the YL equation, the liquid density o and gas density pc are needed. These
values were employed from literature, as detailed in section S1 of the Supporting Information.
Since the solubility of Hz in the studied ILs is relatively small up to elevated p of 8 MPa, as
discussed later in the section “Results and Discussion — Hz solubility in ILs,” o of the binary
IL-H2 mixtures can be reliably approximated with that of the pure ILs at 0.1 MPa. This is also
justified by our MD simulation results for the liquid density of the binary IL-H2 mixtures up to
high p, which does not significantly deviate from the values of the pure ILs at 0.1 MPa (see
Table S2 in Supporting Information). The final reported data for o are obtained by averaging
the results from in total 25 images per state point. The expanded (coverage factor k = 2)
uncertainty of 2% for o-accounts for the uncertainties originating from the calibration procedure

and the input parameters.

Surface light scattering (SLS) — viscosity and surface tension
At the same states as studied by the PD method, SLS has been utilized for the determination of
the saturated liquid viscosity 7. and, in a few cases, also the gas-liquid surface tension o of the
IL-H2 mixtures. The method relies on analyzing the dynamics of surface fluctuations present at
the gas-liquid interface in macroscopic thermodynamic equilibrium. For a detailed description
of the theory behind SLS [59-61] and its application in thermophysical property research of
different working fluids [62,63] including ILs [52,54], the reader is referred to the given
references. In the following, only the information essential for this work is summarized.
Considering the opaque color of some IL samples, SLS measurements were performed

in reflection direction. Here, using coherent laser light with a wavelength of 532 nm in vacuo
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at a sufficiently small incident laser power, the light scattered by the gas-liquid interface was
detected perpendicularly to the interface near the reflected beam. To realize a heterodyne
detection scheme, a frequency-unshifted reference light of much larger intensity was added to
the scattered light. For each state, four individual SLS measurements corresponding to a defined
wave vector q of the studied surface fluctuations between (4.12 and 5.44) m™* were conducted.
The light scattering signals were recorded by two Avalanche photodiodes and processed via a
single-z correlator to determine the second-order pseudo-cross correlation functions (CFs) of
the scattered light intensity g®®(7) as a function of the delay time .

Depending on the reduced capillary number Y, two different cases for the temporal
behavior of surface fluctuations were observed, which are also exemplarily illustrated in Fig.1
for SLS experiments on a mixture of [C2C1Im][NTf2] with H» at a pressure of 8.0 MPa at 303.15
K (a) and 353.14 K (b). For the majority of measurements, an overdamped behavior (Y < 0.145)
was found, which corresponds to a scenario for fluids with a relatively large 7. As shown in
Fig. 1a, the exponentially decaying CF can be characterized by their decay time zc with a typical
expanded (k = 2) fit uncertainty of approximately 2%. The uncertainties in zc increase up to
about 6% near the critical damping (Y = 0.145). Only for the system [C2C1Im][NTf,] + H. at
353 K, an oscillatory behavior of surface fluctuations (Y > 0.145) was observed, where the
fluids show a relatively small 7. Here, the CFs reflect damped oscillations which are described
by their decay time zc and the frequency a. This can be seen in Fig. 1b, yielding typical fit
uncertainties (k = 2) of 3% for both zc and ay. The residual plots in the lower part of Fig. 1 are
free of any systematics, demonstrating that the experiments agree with theory.

For an accurate determination of 7 in the overdamped case or both 7. and o in the
oscillatory case, the dispersion relation for the dynamics of hydrodynamic surface fluctuations
[59,60] was used in its complete form. For this, besides zc and ay further thermophysical
parameters are required as an input. pc and o are taken from the same sources as used for the
PD evaluation. Furthermore, the dynamic viscosity of the gas phase containing solely H, was
employed from literature, see section S1 and Table S1 in the Supporting Information. In the
overdamped case, the data for o from the PD method are additionally used to obtain 7. The
final results are the unweighted averages from the four different individual measurements at
different g. For the expanded (k = 2) uncertainties, values between (2 and 7)% for 7. and
between (1 and 5)% for o were determined from error propagation calculations. The larger

uncertainties are related to the complexity of evaluating SLS signals near the critical damping.
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Fig. 1 — Example normalized CFs (upper part) and their residuals from the corresponding fits (lower
part) as a function of delay time z obtained from SLS experiments on mixtures of [CoC1Im][NTf,] with
dissolved H, at p = 8.0 MPa for T = 303.15 K (a) and 353.14 K (b). (designed for double-column image)

Molecular Dynamics (MD) simulations

Force field parameters and simulation details

Non-polarizable all-atom force fields (FFs) were applied for the MD simulations of the studied
ILs and Hz. All FFs account for intramolecular and intermolecular interactions, where the latter
are represented by pairwise electrostatic and van der Waals interactions through the Coulombic
and Lennard—Jones 12-6 potential, respectively. [C2CiIm][NTf] was described by the FF
developed by Maginn et al. [64] with partial charges adjusted to optimize by refitting the partial
atomic charges on a larger set of conformations [53]. To simulate [(MPEG2)2Im]l, the FF
parameters for the cation proposed in the work of Seidl et al. [47] were further optimized to
account for the flexibilities of the side chains (see section S2 in the Supporting Information for
the new charge set). Molecular Hz was modeled with the Interface Force Field (IFF) which was
shown to be compatible with commonly used FFs such as AMBER [65].

All MD simulations were performed with the GROMACS 2022.4 program package
using three-dimensional periodic boundary conditions. The integration time step for the
equations of motions was set to 2 fs for pure ILs and to 1 fs for IL systems with dissolved Ho.
Non-bonded interactions were cut off at 1.2 nm, and the long-range part of the electrostatic

interactions was accounted for by using the Particle-Mesh Ewald (PME) method. Van der
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Waals interactions were shifted such that they were 0 at the cut-off distance. MD simulations
were performed on a single-phase liquid or a two-phase gas-liquid system, as described below.

Viscosity calculations
As stated above, the shear viscosity 7. of the ILs was modeled in the single-phase liquid state.
For this, the Green-Kubo method analyzing the autocorrelation function of the off-diagonal
elements of the pressure tensor at equilibrium conditions is often employed [66,67]. Since such
viscosity calculations are known to be challenging due to convergence issues (worsening with
increasing n) [64], an alternative non-equilibrium approach was used in this work and only
applied to [C2C1Im][NTf,] because of its low viscosity. This approach is the so-called periodic
perturbation method [68], which is based on the application of a position-dependent periodic
acceleration on the system and the subsequent computation of the resulting velocity field in
response to the stimulus. The viscosity is determined from the maximum amplitude of the
computed periodic velocity profile and the maximum amplitude of the acceleration applied to
the system. The latter needs to be carefully set within an optimum value range determined by
the necessity of a resulting static velocity profile, while the liquid should still display a
Newtonian behavior. These conditions translate into the requirements of both a low fitting error
of the velocity profile and the insensitivity of the viscosities on the maximum shear rate.

To determine the viscosity, a homogenous bulk phase containing 750 ion pairs was used.
In one series, pure [C2C1Im][NTf,] was studied by imposing an isotropic pressure of (0.1, 4, or
8) MPa at (298, 323, or 353) K. In a second series, the simulations were carried out the same
temperatures and an applied pressure of 8 MPa, containing this time dissolved H2 corresponding
to the saturated solutions at the given conditions. The comparison of the computed values from
the two series allows to separate the effects resulting solely from the hydrostatic pressure itself
and from the impact of H.. In order to determine the optimum range of maximum acceleration
amplitudes, all viscosity calculations were repeated three times at roughly 12-20 acceleration
values in every state point. All simulations lasted for 20 ns out of which only the last 15 ns was
used to evaluate the viscosity. For every average value, a sample of 15-20 points was used, each
with an associated fitting error. Cumulated uncertainties (k = 1) were determined at every state

point as standard errors of the sample through error propagation formulas.

Surface tension calculations
The surface tension o was computed at different state points in a two-phase gas-liquid system

involving an interface in the NVT ensemble. These interface systems contained an IL slab of
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700 ion pairs saturated with Hz in equilibrium with a pure Hz phase. [CoC1Im][NTf,] was
studied at (298, 323 and 353) K containing 0, 1,500, 3,000, 5,000, or 10,000 H> molecules.
Since [(mMPEG:2)2Im]l turned out to be very viscous, it was studied only at (353 and 393) K,
with 0, 3,000, or 10,000 H, molecules added to the IL in the simulation box. A very careful
equilibration procedure was followed to ensure that the systems reach equilibrium compositions
in all conditions: At a given state point, the required number of H, molecules was inserted
entirely in either the vacuum or the IL phase, and two separate equilibrations were carried out
for each system until the same composition was reached. Accordingly, equilibration simulations
lasted between (800 and 3,000) ns, depending on the system (more details on the system
preparation can be found in section S3 of the Supporting Information). Subsequently, 400-2,000
ns equilibrium trajectories were used to compute the equilibrium pressure, liquid phase
compositions, and the surface tension. The mole fraction of H in the liquid phase, xu,, was
characterized through partial density profiles computed along the z-coordinate of the simulation
box across the interface. o was calculated from the difference of the lateral and normal
components of the pressure tensor according to the mechanical (or virial) route as implemented
in Gromacs [53,67]. Uncertainties of the final values for o-and xw., were determined as standard
errors (k = 1) through block averaging by splitting the equilibrium trajectories into 5-6 blocks.
A snapshot of a typical simulation box for the two-phase gas-liquid system containing
[C2C1Im][NTHf,] and H2 at 8 MPa and 323 K can be seen in Fig. 2, where the liquid IL-H> phase

in the middle is surrounded by a H> gas phase on both sides, resulting in two interfaces.

x =7.5nm

Fig. 2 — 2D-Projection of a 3D simulation box of a gas-liquid system consisting of an [C2C1Im][NTf,]-
H; liquid film and a H; gas phase at 323 K and 8 MPa. The H, molecules are indicated by green color.
(designed for double-column image)
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Results and Discussion

The experimental and MD simulation results will be discussed in this chapter, starting with a
data summary of the relevant thermophysical properties of interest. Thereafter, two
macroscopic bulk properties of the liquid phase, namely the H» solubility and the viscosity, are
discussed. Finally, the last section delves into gas-liquid interfacial properties, focusing on the
macroscopic surface tension and the microscopic surface structure. In these latter two sections,
the experimental data for 7 and o will be presented and discussed first, before they are
compared with the simulation results. The latter will also be used to interpret the experimental
findings.

Summary of thermophysical property values from experiments and MD simulations

For the binary mixtures of three studied ILs [(MPEG2)21m]l, [CeC1Im][PFs], or [C2C1IM][NTf2]
with dissolved H>, the experimental results for 7. accessed via SLS as well as the o obtained
by both PD method and, in parts, also by SLS are summarized in Table 2 together with their
expanded (k = 2) uncertainties. The pressure and temperature ranges covered in the experiments
are between about (0.1 to 8.0) MPa and (303 to 353) K. The corresponding input parameters
used for the evaluation of the SLS and PD experiments, i.e. p, ps, and 7, are provided in
Table S1 in the Supporting Information. The T- and p-dependent MD simulation results from
the single-phase simulations on [C2C1Im][NTf2] without or with Hz and from the two-phase
simulations on [(MPEGz]2Im]I or [C2C1Im][NTT.] without or with H> can be found in section
S4 of the Supporting Information, respectively. Here, Table S2 includes not only the surface
tension o, but also the partial densities of the IL (oLiL) and Hz (oL H2) as well as the H2 mole

fraction xw, in the liquid phase. Furthermore, Table S3 lists the results for 7.

Table 2 - Surface tension o and liquid dynamic viscosity m. of binary mixtures of
[(MPEG2]2Im]l, [CeCilm][PFs], or [C2C1Im][NTf.] with dissolved H: including percentage
expanded (k = 2) uncertainties U, obtained by the PD method (index “PD”) and SLS (index
“SLS”) at macroscopic thermodynamic equilibrium as a function of pressure p at different
temperatures T. For the data evaluation, the required input data for the liquid density o, gas
density pc, and gas viscosity 7 are provided in section S1 of the Supporting Information.

T/K p/MPa (mol\-Fl’?m'l) 100-Uero) (mol-fllfn'l) 100-U(osLs) /(m7I7:I’_a-s) 100-Ud(71)
[(MPEG2)2Im]l + H,

303.16  0.12 45.33 2 i i 568.3 2.5

303.17  2.00 44.85 2 i i 582.5 3.6

303.15  4.00 44.43 2 i i 582.9 2.8

303.17  6.00 43.97 2 i i 595.0 3.2
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303.17 8.01 43.47 2 - - 599.1 3.1
323.14 011 44.00 2 = = 151.6 4.4
323.15  4.00 42.99 2 = = 152.4 6.6
323.14  8.00 42.15 2 = = 156.2 4.3
353.15 0.11 42.06 2 - - - -

353.14 1.00 41.71 2 - - - -

353.14  2.00 41.41 2 - - - -

353.15  4.00 41.12 2 - - - -

353.13  6.00 40.78 2 - - - -

353.15  8.00 40.46 2 - - - -

[C8C1|m][PF6] + H,
303.14 011 34,01 2 - - 516.3 2.1
303.15  2.00 33.67 2 i i 522.8 2.4
303.14  4.00 33.13 2 - - 520.2 2.1
303.14  6.05 32.77 2 - - 524.3 2.1
303.14  8.00 32.15 2 - - 523.2 2.2
323.14  0.12 32.86 2 = = 159.1 2.2
323.13  4.04 32.06 2 = = 159.2 2.4
323.14  8.00 31.22 2 = = 156.2 2.4
[CoC1IM][NTHF,] + H.

303.15 0.10 35.84 2 - - 27.00 2.8
303.15  1.99 35.42 2 - - 27.16 3.0
303.15  4.00 35.09 2 - - 27.21 2.8
303.15 6.01 34.66 2 - - 27.37 2.8
303.15 8.01 34.36 2 - - 27.59 3.2
323.16 0.11 34.81 2 = = 1551 5.2
323.15 4.00 34.13 2 = - 15.73 5.8
323.20 8.01 33.45 2 = - - -

353.14 0.10 33.27 2 34.18 11 7.580 3.3
353.16  3.99 32.74 2 33.27 2.8 7.637 3.9
353.14  8.02 32.08 2 32.82 4.6 7.762 4.3

Bulk properties

H> solubility in ILs

Due to the very low solubility of H. in the studied ILs, it was not possible to derive quantitative
values for xu, based on the gas-adsorption technique within our combined PD/SLS-setup.
Therefore, MD simulations on the two-phase IL-H> systems could be used to estimate X, in
[C2C1Im][NTH2] and [(MPEG:)2lm]l for T between (298 and 393) K and p up to 31 MPa, as
summarized in Table S2. These results are displayed in Fig. 3, where the common

representation of p shown as a function of xu, is used.

14

https://doi.org/10.26434/chemrxiv-2024-fbs38 ORCID: https://orcid.org/0000-0001-7599-8256 Content not peer-reviewed by ChemRxiv. License: CC BY-NC-ND 4.0


https://doi.org/10.26434/chemrxiv-2024-fbs38
https://orcid.org/0000-0001-7599-8256
https://creativecommons.org/licenses/by-nc-nd/4.0/

298 K 323K 353K 393K
[C2C1Im][NTF,] D A

[(MPEG;),Im]l
35 .
28 A A ]
© 4 P Pl
Q 21t b 4
~ i / //’/,’ /,’/
a4 [ gmiA
A5 2
il
7’ /. '/QJ:,—L.[;
/;ﬂ‘
P00 002 004 006 008 0.10
XH2

Fig. 3 — Computed values for solubility of H; in [CoC1iIm][NTf,] (full symbols) and [(MPEG2).Im]I
(empty symbols) as a function of pressure for different temperatures obtained from MD simulations.
The dashed (JC2C1Im][NTf;]) and dash-dotted ([(MPEG:).Im]l) lines represent linear fits to the data sets
by additionally imposing the fit through the origin in order to estimate the Henry’s law constants shown
in Table 3. (designed for single-column image)

Both studied ILs show very low H. solubilities, with maximum values of xn, = 0.092
for [C2C1Im][NTf] at 27 MPa and 353 K as well as x+, = 0.041 at 31 MPa and 393 K for the
studied conditions. The comparison of the solubilities in the different ILs at the same
temperature of 353 K reveals an about 3.5 higher solubility in the hydrophobic [Co.C1Im][NTT]
compared to the hydrophilic [(MPEG:)2lm]l. This behavior seems to be related to the non-polar
nature of Hz, which causes its dissolution in a hydrophobic IL to be more favorable. For all T
and both ILs, p increases linearly with increasing xn,, which allows us to apply a linear fit to
each individual data set with the constraint of passing through the origin, see Fig. 3. The slopes
of the fitted lines serve as estimates for Henry’s law constants, Hn, = p/Xn,, Which are displayed
in Table 3 for a particular IL at a given T. The observed decrease of the estimated Henry’s law
constants with increasing T comes along with an increasing Hz solubility, which is characteristic
of gases with endothermic solvation enthalpies. The qualitative behavior of the present MD
results for xu2 with respect to the influence of p, T, and IL characteristics agrees with the
conclusions drawn in the review article of Lei et al. [40] and, in particular, with the experimental
results for the Ha solubility in [ChC1Im][NTf2] IL (n = 2,4,6) including [C2C1Im][NTf,]. For the
latter IL, the measured high-pressure values for xn, determined by Raeissi et al. [39] are in
sound agreement with the predictions from our MD simulations at comparable p and T. For
example, the experimental value xn, = 0.0559 at 12.45 MPa and 351.6 K is close to the modeled
value xu, = 0.047 at 13.45 MPa and 353.15 K. A quantitative data comparison with the
experimental H. solubilities reported by Doblinger et al. [37] and Jacquemin et al. [38] is hardly

possible due to the very small H; pressures of only up to about 0.1 MPa studied in these works.
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Table 3 - Estimated Henry’s law constants Hyo for Hz dissolved in [CoCiIm][NTTF,] or
[(MPEG.)2Im]I based on a linear fit of the H. solubilities as a function of pressure at different
temperatures calculated from MD simulations in Fig. 3. The statistical uncertainty (k = 1) of the
calculated Huo results is estimated to be 10%.

Huo / MPa
T/K
[CoC1Im][NTH] [(MPEG2]21m]I
298 405 .
323 343 -
353 291 1060
393 - 762

The solubility of other small gases such as CO. was previously attempted to be
correlated with different characteristics of the ILs [40]. Among these, the molar volume of the
IL as well as the related available free volume in the liquid appear to be those with the strongest
predicting power [69]. In order to test the validity of this hypothesis in the case of H> solubility,
the free volume available for accommodating H> molecules in the IL phase was estimated by
randomly generating roughly 5-10° points in the system and computing the fraction of them
that did not overlap with any atoms of the IL. Note that H> molecules were excluded from this
analysis in order to estimate the volume not occupied solely by the IL. We find that the increase
of pressure leads to a slight decrease in the free volume, as can be seen in Fig. 4 for all ILs and
temperatures studied. This means that H> molecules are apparently unable to create additional
volume in the system and they seem only to occupy pre-existing voids in the IL bulk. The results
also show that the amount of free volume at a given pressure seems to follow the same trends
observed for the Hz solubility in the two ILs at a given pressure: The higher T, the higher the
amount of the free volume (in line with the increasing solubility) with the hydrophilic IL

displaying less free volume (and lower solubility).

0.44 — : : :

= B (C,CimIINTR] 298K T ((MPEG,),Im]I 353 K

= - [C,C,Im][NTf,] 323 K [(MPEG;),Im]I 393 K

OE.) -A- [C>C1Im][NTf,] 353 K

3 0.40¢

S 7 — v R

B | T A

o S

'6 0.36] @~ [ -

c

S

3  — . A
Sl 8 16 24 32

p !/ MPa

Fig. 4 — Fraction of the free volume or voids (potentially able to host H, molecules by solvation) in the
two studied pure ILs deduced from MD simulations as a function of pressure at different temperatures.
Standard errors are always smaller than the makers. Lines are only guides for the eye.
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Liquid viscosity

In Fig. 5, the SLS results for the saturated liquid viscosity 7z of the binary mixtures of
[(MPEG2)2Im]I or [CeC1Im][PFs] with H. are presented as a function of H, pressure for two
different T. The same information is also shown in Fig. 6 for mixtures of the least viscous IL
[CoCIM][NTT,] with Hz, where the experimental SLS data (Fig. 6a) are compared with the
simulated values (Fig. 6b) in the compressed liquid phase near saturation with dissolved H>
(filled markers) or far away from saturation without H> (open markers) at three similar T. To
resolve the effect of Hy, the relative deviations of the viscosities of the binary IL-H> mixtures
from those of the corresponding “pure” IL under a 0.1 MPa H> atmosphere are depicted in the
lower parts of Figs. 5 and 6.

For the three studied IL-H, mixtures, the saturated liquid viscosities as a function of
pressure up to 8 MPa agree within the combined experimental uncertainties with those for the
pure ILs at 0.1 MPa. This means that dissolved H> has no significant effect on 7. of ILs showing
a broad range of viscosity values. Comparing the three different ILs, a modest increase in
viscosity with the addition of Hz in the order of 5% at 8 MPa has been observed for the
hydrophilic [(mPEG:2)2Im]l. This behavior may be connected to the comparably lowest H>
solubility among the investigated ILs, as discussed before. A somewhat more pronounced and
diverging effect on the viscosity of the ILs [(MPEG:)2lm]l (+7% at 8 MPa) or [CsC1Im][PFs]
(-11% at 8 MPa) was found in our previous studies [52] for the case of the weakly soluble Ar
that shows yet by trend a larger solubility than Ha.

Since no experimental studies on 7. of ILs in the presence of pressurized H: are available,
the limited literature studying the effect of dissolved H> on the viscosity of organic substances
can only be used for comparison. For binary mixtures of various long-chain alkanes or alcohols
with Ho studied at p up 7 MPa and at T up to 573 K, the SLS experiments reported by Klein et
al. [31,34] show both positive or negative deviations of 7. from the values of pure liquids on a
small scale between (-3 to +4)%. A very similar behavior has been observed for binary mixtures
of Hz with methanol [35], hydrocarbon-based dehydrogenated and hydrogenated liquid organic
hydrogen carriers (LOHCs) [36], and cyclic hydrocarbons such as benzene and cyclohexane
[70]. Thus, the negligible changes in 7. induced by H> in its mixtures with non-electrolytic

solvents appear to extend to mixtures with ILs.
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Fig. 5 — (Top) Saturated liquid dynamic viscosity n. (top) of binary mixtures of [(MPEG,).Im]I or
[CsCi1Im][PFe] with dissolved H; as a function of p at (303 and 323) K obtained by SLS experiments as
well as (bottom) the corresponding relative deviations of the data from the corresponding values
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measured at 0.1 MPa H; (solid line). (designed for single-column image)
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Fig. 6 — (Top) Saturated liquid dynamic viscosity z. of binary mixtures of [C,CiIm][NTf,] with
dissolved H; as a function of p as well as (bottom) the relative deviations of the data from the
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corresponding values obtained at 0.1 MPa H; (solid line). The experimental results for 7 determined
by SLS at (303, 323, and 353) K in the saturated liquid phase in (a) are compared with the MD simulation
results calculated in the compressed liquid phase at (298, 323, and 353) K in (b). Here, the systems with
H, (empty symbols) and without H, (full markers) are dissociated. The errors bars represented the
expanded uncertainties (k = 2) of the experimental data and the statistical uncertainties (k = 1) of the
simulation results. (designed for double-column image)

In order to elucidate the origin of the viscosity behavior observed in the experiments, as
mentioned before, MD simulations were performed to study 7. of [C2C1Im][NTf,] at T = (303,
323, or 353) Kand p = (0.1, 4.0, or 8.0) MPa, both in the absence and in the presence of H>
molecules. The former set of simulations corresponds to artificial systems, where solely the
effect of p at the boundaries of the simulation cell is imitated. In the second set of simulations
carried out at 8 MPa, the liquid systems contained additionally (1.96, 2.34, or 2.72) mol% H>
at (303, 323, or 353) K, respectively (see Table S3 in Supporting Information), which is close
to the saturation concentration of Hz in the IL at equilibrium.

The comparison of the simulated and measured viscosities in Fig. 6b reveals that the
simulations overestimate the viscosity by a factor of 2 to 2.5 in the studied range. While
obtaining absolute viscosities with MD simulations is a major challenge, capturing relative
trends can give reliable insights to the physics behind the macroscopic properties and allows to
separate intertwined physical effects that would otherwise be hardly possible to be disentangled.
As in our experiments, the simulated viscosities of the systems saturated with H> at 8 MPa
displayed by the full symbols in Fig. 6b show basically no change with respect to the viscosity
at ambient pressure irrespective of temperature. However, systems without added H, shows that
the viscosity displays a strong increase with increasing p. Compared to the values at 0.1 MPa,
the relative increases reach as high as (12 to 15)% at 8 MPa, as can be seen from the open
symbols in Fig. 6b. This allows us to propose that the application of a H> atmosphere to ILs has
two antagonizing effects. On the one hand, the increase of the pressure leads to a compression
of the liquid phase, resulting in a viscosity increase of around (10 to 15)% per 10 MPa far away
from the critical point. This behavior for the compressed liquid viscosity of pure fluids has been
reported in the literature for ILs including those studied in this work [71-75], but also for
various non-electrolytic liquids [76—78]. On the other hand, the dissolved Hz has a plasticizing
effect. These two effects cause a weak net increase or decrease of the viscosity and appear to
be of the same relative magnitude, resulting in a constant value for 7. of IL-H> mixtures. We
can hypothesize that the interplay of these two effects could also explain the behavior observed

for other IL-gas systems such as those investigated in our former works [51,52].
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Interfacial properties

Surface tension

We continue with exploring the properties of the interface of the two-phase IL-H> systems as a
function of pressure and temperature. Figs. 7 and 8 present the experimental (a) and simulated
(b) values for the surface tension o as a function of H pressure in the top part, together with
their relative deviations from the surface tensions of the pure ILs at 0.1 MPa in the bottom part.
Here, Fig. 7 includes the results for the two ILs [(MPEG2)2Im]l or [CeC1Im][PFs] at two or three
different T, while Fig. 8 displays the data for [C2C1Im][NTf.] at the same three T studied in the
PD and SLS experiments as well as in the simulations.

The experimental data show the same trend of a slight monotonous decrease of the surface
tension with increasing H> pressure. Independent of the IL and temperature, the relative
decrease is within around 5% at 8 MPa compared to the reference values at 0.1 MPa. Although
this decrease is weak and at the boundaries of the combined experimental uncertainties, it is
consistent and resolvable throughout all data sets. This holds not only true for the PD results,
but also for the SLS results for o that could be determined simultaneously with the viscosity
for [CoC1Im][NTf2]+H2 at 353 K. Although there is a small and systematic difference of ca. 2%
between the two data sets being clearly within uncertainties, the relative decrease of the surface
tension determined with the PD and SLS methods is congruent. For comparison, the influence
of Ar on the surface tension of the ILs [(MPEG2)2lm]l (-15% at 8 MPa) or [CsCi1lm][PFs] (-
19% at 8 MPa) was much more pronounced [52].

To the best of our knowledge, no measurements examining the influence of Hz on the
surface tension of ILs are available in the literature. At least, there are a few experimental works
on the effect of Hz on the surface tension of organic solvents. For different long-chain alkanes
or alcohols, both positive and negative changes caused by the presence of H, within about £5%
have been observed at p up 7 MPaand T up to 573 K [31,34]. The studies on methanol [35] and
hydrocarbon-based LOHCs [36,79] reveal quantitively the same H: influence on oas found in
the present investigation of ILs. In these studies, a linear decrease in owith increasing Ha
pressure was found independent of T, amounting to relative changes up to -7% at 8 MPa
compared to the values obtained at 0.1 MPa H>. In conclusion, the weak decrease of surface
tension due to pressurized H. appears to be very similar numerically for organic solvents and
ILs.
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Fig. 7 — (Top) Surface tension o of binary mixtures of [(MPEG,)2Im]l or [CsC1lm][PFs] with dissolved
H; as a function of p as well as (bottom) the relative deviations of the data from the corresponding values
obtained at 0.1 MPa H; (solid line). The experimental results for o determined by the PD method at
(303, 323, and 353) K in (a) are compared with the MD simulation results for [(MPEG,).Im]l at (353
and 393) K in (b). The errors bars represented the expanded uncertainties (k = 2) of the experimental
data and the statistical uncertainties (k = 1) of the simulation results. (designed for double-column image)

As visible in Fig. 7b and 8b, the MD simulations yield surface tension values which are
larger for the systems with [(MPEG2).Im]l (ca. +25%) and lower for those with [CsC1Im][PFe]
(ca. -11%) in comparison to the experimental data at matching T. Although the absolute values
cannot be captured by the simulations since the used FFs were not calibrated against surface
tension data, the relative effect of Hz on ois predicted very well, yet somewhat less pronounced.
Furthermore, the linearly decreasing trend of o-as a function of p was found to continue beyond
8 MPa up to maximum pressures of 31 MPa. Within statistical uncertainties, no influence of T

on the surface tension could be detected.
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Fig. 8 — (Top) Surface tension o of binary mixtures of [C.C1Im][NTf.] with dissolved H, as a function
of p as well as (bottom) the relative deviations of the data from the corresponding values obtained at 0.1
MPa H; (solid line). The experimental results for o determined by the PD method at (303, 323, and
353) Kand by SLS at 353 K in (a) are compared with the MD simulation results at (298, 323, and 353) K
in (b). The errors bars represented the expanded uncertainties (k = 2) of the experimental data and the
statistical uncertainties (k = 1) of the simulation results. (designed for double-column image)

Surface enrichment and surface structure

To elucidate the molecular-level mechanisms behind the observed reduction in surface tension
with increasing Hz pressure, an in-depth investigation into the accumulation of H> molecules at
the vapor-liquid interface was undertaken. For this purpose, partial density profiles for the IL
(o) and Hz (pn2) were computed in z-direction across the surface of the IL slab. While the
profiles for the ILs were basically insensitive to varying p and T conditions, those for H;
manifested intriguing behaviors, as illustrated in Fig. 9a with profiles computed at 298 K and
four pressures from (3.4 to 22.6) MPa in [C2C1Im][NTf.]. Note that in Fig. 9a, densities are
plotted with respect to the average position of the interface (z = 0). This was determined in
every system from averaging the instantaneous location of the surface ions which was in turn
identified with the ITIM surface analyzing technique using the pytim python library [80,81].
The partial density of H fluctuates around a constant value (corresponding to the given state

point) in both bulk liquid and gas phases away from the surface. The partial density of H,
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however, goes through a maximum at the surface between its low value observed within the IL-
rich phase (left side of the profiles) and the higher value computed in the gas phase containing
only Ha (right side of the profiles). The pressure increase leads to an increased H. density in
both phases and makes the surface accumulation also more visible. The very same trend is also
observed for the [(mMPEG:2)2lm]I+H2 system as illustrated in Figure S1 in section S5 of the
Supporting Information. Furthermore, the same qualitative behavior was observed for nitrogen

(N2) at the surface of [C4C1Im][PFe] [48].
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Fig. 9 — (a) Computed partial mass density profiles of H; in the vapor-liquid system consisting of
[C2.C1Im][NTf,] and H- as a function of the distance from the interface computed at 298 K and different
pressures as well as (b) corresponding free energy profiles of H; relative to the free energy in the H; gas
phase (values of 0). In (b), the base lines of the curves computed at different temperatures are shifted by
0.15 kJ-mol™ upwards in vertical direction for clarity. The temperature-dependent low, intermediate low,
intermediate high, and high pressures correspond to values in the ranges of (3.4 — 4.0) MPa, (6.8 — 8.1)
MPa, (11.3 — 13.5) MPa, and (22.6 — 26.9) MPa, respectively. (designed for single-column image)

The H> density profiles normalized to their values in the gas phase can be conventionally
converted to free energy (F) profiles in order to reveal the thermodynamic forces governing the
spatial distribution of Hz in the system. The corresponding free energy profiles for H. dissolved
in [C2oC1Im][NTH,] are presented in Fig. 9b at the three studied T for the four different p values.
For better visibility, the profiles computed at the different temperatures are shifted upwards by
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0.15 kJ-mol. Fig. 8b reveals an overall very weak driving force for the H> enrichment at the
surface, which is visible in the form of the minima in the free energy profiles at the same
positions where pn2 shows the maxima in Fig. 8a. The depth of the minima in Fig. 9b decrease
with both increasing p and T from 0.18 kJ-mol* at 298 K and 3.4 MPa down to 0.05 kJ-mol*
at 353 K and 26.9 MPa.

Following the approach in Ref. [82], the enrichment can be further characterized by
computing the relative adsorption of H» (solute, component 2) with respect to the IL (solvent,
component 1), 72, which quantifies the excess number of adsorbed molecules per unit area at
the interface (see equation in section S6 in the Supporting Information). The values for 73
obtained for [CoCiIm][NTf,] and [(MPEG2)2Im]l are listed in Table S4 in the Supporting
Information and are shown in Fig. 10 as a function of p at varying T. The relatively small but
positive 73 values confirm the previously discussed Ha surface enrichment. After converting
the 73® values shown in units of pmol/m? in Fig. 10 to values in units of 1/nm?, they are by
about a factor of 4 to 5 smaller than those in mixtures with solvents such as n-dodecane or 1-
dodecanol at comparable p and T conditions [83]. Thus, surface enrichment of the non-polar Hy
in charged ILs systems appears to be less pronounced than in non-electrolytic organic
compounds where often the non-polar alkyl segments are surface-enriched. Interestingly, for
[C2C1Im][NTHf,] and [(MPEG:)2lm]l studied at the same 353 K, the relative adsorption of H is
very similar although the H> solubility in the bulk IL varies by a factor of about 3.5. This similar
enrichment of H> at the interface may explain the similar p-dependence of o for the two ILs
shown in Figs. 7 and 8. However, 73\ at a given pressure seems to display a stronger sensitivity
to temperature variation than o. For the latter property, the relative percentage, but also the

absolute change of the experimental surface tensions with p is very similar for different T.
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Fig. 10 — Computed values for relative adsorption of H; at the gas-liquid interface in its mixtures with
[CoC1IM][NTT,] and [(mMPEG:].Im]l as a function of pressure for different temperatures obtained from
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MD simulations. The lines are fits of the data sets for the systems [C.C1Im][NTf,]-H, and serve as guides
for the eye. (designed for single-column image)

Observing this subtle surface enrichment prompts the question of whether there are any
structural changes induced in the organization of ions that may be linked to the accumulation
of Hy at the interface. In order to shed light on this, the surface area of the ILs was calculated
at selected pressures and temperatures, by disregarding H> molecules, using the pytim python
library [81]. This microscopic property was assessed using probe spheres having radii of 0.3 nm
(i.e. very close to the effective size of the H> molecules in the used FF model), 0.5 nm, 0.7 nm,
and 0.9 nm, as can be seen in Fig. 11. This analysis aims to evaluate the solvent-accessible
surface area (SASA), enabling the exploration of pockets or troughs of different sizes. The
consequential changes in the associated surface area serve as an indicator of how roughness

evolves on sub-nanometer length scales in evolving conditions.
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Fig. 11 — Solvent-accessible surface area (SASA) computed by MD simulations for [C.C1Im][NTf;] at
different pressures and temperatures. For the analysis, different spherical probe sizes of 0.3 nm, 0.5 nm,
0.7 nm, and 0.9 nm were used. Lines are only guides for the eye.

Interestingly, the SASA values display a high insensitivity to pressure. While at 353 K, the
roughness measured with the small probes shows a slight increase (no more than 2%), no clear
trend is visible in other cases. That is, the nanoscopic corrugation of the surface is unaffected

by the presence of Hy, as this light molecule is unable to intrude into the IL surface by creating
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or enlarging adsorption pockets. This lack of change in the surface structure of ILs means that
the weak decrease in the surface tension should be related to the very weak interaction energy
gain due to the accumulation of H> molecules. This weak energy gain is also the driving force
for the non-specific, non-invasive adsorption of H, molecules at the IL surface. It is also
interesting to note that the surface roughness shows a non-trivial temperature dependence as a
function of the probe size. Understanding, this interesting feature is, however, beyond the scope

of the current study.

Conclusions

The present contribution addressed the influence of H2 on various bulk and interfacial properties
of three selected imidazolium-based ILs at process-relevant conditions. For the first time, we
reported experimental data for 7. and o of binary mixtures of ILs with dissolved Hz up to 353 K
and 8 MPa by the application of SLS and PD experiments under saturation conditions. To
elucidate physical origins behind the macroscopic property behavior of such highly asymmetric
mixtures, we also performed MD simulations on 7., o; and xu, over extended thermodynamic
states up to 393 K and 31 MPa. Independent of the IL and its varying hydrophilicity, a
negligible effect of H, pressure on 7. could be revealed experimentally and theoretically. This
observation was rationalized by two counterbalancing effects, where the increase in pressure
leading to a notable viscosity rise is counterbalanced by the antagonizing plasticizing influence
of the H> molecules dissolved in the IL at relatively low solubilities. In the case of the gas-
liquid surface tension, the experiments and simulations show a weak p-dependent decrease for
all systems, amounting to about 6% reduction at 8 MPa relative to the values at 0.1 MPa based
on the experiments. We could relate this decrease to a subtle surface enrichment of Hy,
diminishing with increasing pressure and temperature. The enrichment is accompanied by a
very weak free energy change as thermodynamic driving force in the range of (0.05 to
0.2) kJ/mol. Overall, this work has shed light on the impact of Hz as an energy carrier on the
macroscopic and microscopic fluid behavior of ILs, which is of importance for both industry

and science in the field of hydrogen technology.
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