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ABSTRACT: Understanding the factors that govern gas absorp-
tion in ionic liquids is critical to the development of high-capacity
solvents for catalysis, electrochemistry, and gas separations. Here,
we report experimental probes of liquid structure that provide
insights into how free volume impacts the O2 absorption properties
of ionic liquids. Specifically, we establish that isothermal
compressibilitymeasured rapidly and accurately through small-
angle X-ray scatteringreports on the size distribution of transient
voids within a representative series of ionic liquids and is correlated
with O2 absorption capacity. Additionally, O2 absorption capacities
are correlated with thermal expansion coefficients, reflecting the
beneficial effect of weak intermolecular interactions in ionic liquids
on free volume and gas absorption capacity. Molecular dynamics
simulations show that the void size distributionin particular, the probability of forming larger voids within an ionic liquidhas a
greater impact on O2 absorption than the total free volume. These results establish relationships between the ionic liquid structure
and gas absorption properties that offer design strategies for ionic liquids with high gas solubilities.

■ INTRODUCTION

All liquids contain tiny, transient voids whose fleeting existence
is due to thermally induced fluctuations in the local density.1−4

This dynamic free volume affects many important bulk
propertiesincluding viscosity,5−7 conductivity,8,9 and gas
solubility10,11but is difficult to probe experimentally and to
control synthetically. This is particularly true for ionic liquids,
where experimental insights into how free volume influences
structure−property relationshipsand how free volume can
be manipulated through judicious selection of different
combinations of organic cations and anionsare relatively
limited.9,12−14 As salts that melt below 100 °C, ionic liquids
feature negligible vapor pressures, tunable viscosities, and
unique solvation behavior that has fueled interest in their use
as electrolytes, solvents for catalysis, and sorbents for gas
separations.15 For many of these applications, the performance
of an ionic liquid is highly dependent on its gas absorption
properties.
Ionic liquids generally have lower volumetric and gravimetric

gas absorption capacities than neutral organic solventsa
point which has not been widely appreciated16but their
nonvolatile nature and limited volume expansion upon gas
absorption offer important advantages.17,18 Much of the
research on gas absorption in ionic liquids has focused on
CO2, but the behavior of more weakly absorbing gases such as
N2 and O2 is of interest for tissue engineering,19 electro-

catalysis,20−22 fuel cells,23 and Li−air batteries.24 Many of these
applications would benefit from a nonvolatile solvent with high
gas absorption capacities, particularly at ambient temperature
and pressure, but the development of new ionic liquid sorbents
is complicated by limited N2 and O2 solubility data for existing
ionic liquids. Moreover, reliable experimental probes of ionic
liquid properties that correlate with N2 and O2 absorption
capacities are needed to better understand how different
structural and chemical factors govern gas absorption in ionic
liquids and to establish design principles for ionic liquids with
high gas capacities.
Extensive theoretical workprimarily relying on scaled

particle theory25−28has established a microscopic descrip-
tion for the role of free volume in gas absorption in liquids.
The transient voids within a liquid have a distribution of sizes
that represents the amount of work required to create cavities
in that liquid, with larger cavitiesfor example a cavity suitable
for a gas molecule such as O2 (which has a kinetic diameter of
3.46 Å)29requiring more expansion work to be performed.
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Crucially, this expansion work depends on both the initial size
of the transient voids and on any intra- or intermolecular
interactions that oppose expansion.25−28 This framework for
gas absorption in liquids provides two routes to increase
absorption capacity: (1) manipulating the free volume to
increase the size and/or frequency of transient voids and (2)
reducing the magnitude of expansion work. Both of these
factors are thought to contribute to the high gas solubilities of
perfluorocarbon solvents, which have the highest O2
solubilities of any liquid under ambient conditions30 and
have received significant attention as O2 carriers for biomedical
applications.31

Though free volume has been recognized to play an
important role in the gas absorption properties of ionic
liquids,12,32,33 direct experimental probes of free volume have
been limited. Moreover, long-standing and fundamental
inconsistencies in how free volume is defined and meas-
ured34including both total free volume and the size
distribution of transient voidshave made it difficult to
rationalize gas solubility trends in ionic liquids. For instance,
refractive index measurements have suggested that ionic liquids
contain up to 75% free volume,35 while group contribution
methods have been used to estimate free volume fractions in
the range of 10−25%.12 In addition, molar volume has
frequently been used as a qualitative proxy for fractional free
volume within a series of similar ionic liquids, even though
molar volume generally does not correlate with volumetric gas
absorption capacity in these systems.17,33,36−38 Similar to the
total free volume, reported void sizes for ionic liquids have
ranged from average diameters of 6−10 Å based on positron
annihilation lifetime spectroscopy9,13,14,39,40 and 129Xe
NMR14,41 measurements to less than 4 Å based on molecular
dynamics (MD) simulations,42−46 even for the same ionic
liquid.
Here, we report a new approach to evaluate free volume in

ionic liquids through the measurement of isothermal
compressibility by small-angle X-ray scattering (SAXS).
Specifically, we use a combination of gas absorption measure-
ments, SAXS, variable temperature densimetry, and MD
simulations to understand trends in O2 absorption capacities
for a diverse series of ionic liquids that includes imidazolium
and phosphonium cations and fluorinated anions and cations.
Our results reveal the important role that void size
distributions play in determining the amount of O2 that is
absorbed in an ionic liquid and provide design strategies for
targeting ionic liquids with higher gas capacities.

■ RESULTS AND DISCUSSION
O2 Absorption Isotherms. Gas absorption isotherms are

integral to establish relationships between the composition of
an ionic liquid and its ability to dissolve and transport gas
molecules. Performing accurate O2 absorption measurements
in ionic liquids near ambient pressure and temperature,
however, is challenging due to both the low amount of gas
that is absorbedparticularly in comparison to microporous
solidsand the slow absorption kinetics that can result from
high liquid viscosities. Indeed, there are large discrepancies in
the reported O2 absorption capacities even among the
relatively small number of ionic liquids for which O2
absorption has been quantified (Table S2).30

After careful calibration and validation of a volumetric
absorption instrument (see the Supporting Information), we
measured O2 absorption isotherms at 25 °C from 0.2 to 1 bar

for a representative set of eight ionic liquids encompassing a
diversity of cations and anions (Figure 1). Though

perfluorocarbon solvents exhibit some of the highest
solubilities for nonpolar gases under ambient conditions, the
O2 absorption properties of fluorinated ionic liquids have
received only limited attention.47,48 As such, our library of
ionic liquids includes two perfluorinated anions and two
cations with partially fluorinated alkyl chains. In particular, we
chose to examine the ionic liquid [F-ether][TFSI], which is
composed of a TFSI anion [TFSI = bis(trifluoromethane)-
sulfonimide] and a pyrrolidinium cation with a partially
fluorinated ether chain because previous electrochemical
measurements suggested that this ionic liquid has an O2
absorption capacity of 34 mmol/L at 25 °C and 1 bar,48

which would be comparable to perfluorocarbon solvents and
would far exceed the absorption capacities reported for any
other ionic liquid.30

Figure 1. (a) Chemical structures and abbreviations for the series of
ionic liquids studied in this work. (b) Amount of O2 absorbed in
terms of mmol O2 per L of ionic liquid as a function of pressure at 25
°C. As a reference, the O2 solubility of H2O is shown as a dotted black
line. Brown, dark blue, yellow, purple, red, orange, light blue, and
green dots represent the absorption isotherm data for [P66614]-
[C8F17CO2], [F-omim][TFSI], [emim][eFAP], [P66614][TFSI],
[omim][TFSI], [hmim][TFSI], [F-ether][TFSI], and [bmim][PF6],
respectively. Error bars represent the standard deviation calculated
based on blank measurements (Figure S23). Note that the error bars
are smaller than the size of the data point in some cases.
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As expected, all O2 adsorption isotherms are in the Henry’s
law regimelinear with respect to pressure. Moreover, the two
ionic liquids with the most heavily fluorinated alkyl chains
exhibit the highest O2 absorption capacities. Specifically, [F-
omim][TFSI] has the second-highest O2 absorption capacity
(7.0 mmol/L at 1 bar) of the ionic liquids measured in this
work, which is 37% higher than its hydrocarbon analogue
[omim][TFSI]. In addition, the ionic liquid [P66614]-
[C8F17CO2], which contains an alkylphosphonium cation and
a perfluorinated alkylcarboxylate anion, has the highest O2
absorption capacity of 8.0 mmol/L at 1 bar. This O2 capacity is
45% higher than that of [P66614][TFSI], which contains the
same alkylphosphonium cation and a TFSI anion, emphasizing
the role of the perfluorinated alkyl chain in promoting O2
absorption.
The high O2 capacities observed for [F-omim][TFSI] and

[P66614][C8F17CO2] cannot be attributed to specific inter-
actions between O2 and C−F bonds, as these types of
interactions do not occur in neutral perfluorocarbon solvents.49

Interestingly, [F-ether][TFSI] has an O2 absorption capacity
of only 3.9 mmol/L, which is nearly an order of magnitude
lower than the previously reported value of 34 mmol/L.48 This
difference may be due to uncertainties associated with
extrapolating gas solubilities from electrochemical experiments
and emphasizes the importance of direct gas absorption
measurements. Still, the lower O2 absorption capacity of [F-
ether][TFSI] compared to [hmim][TFSI] and [omim]-
[TFSI]both of which have hydrocarbon-based cationsis
somewhat surprising and may be related to differences in intra-
or intermolecular interactions that result from the presence of
an ether linkage or pyrrolidinium cation.
To better understand these trends, we explored experimental

probes of ionic liquid structure and free volume that could
provide insights into the factors that influence O2 absorption.
Despite the many previous examples where molar volume has
been used as a qualitative proxy for free volume, we observe a
poor correlation (r2 = 0.52) between molar volume and gas
capacity (Figure S26). Indeed, [F-ether][TFSI] and [F-
omim][TFSI] have very similar molar volumes, but the latter
absorbs 80% more O2. This observation highlights that there is
no physical basis for why molar volume should directly
correlate with gas absorption capacities across different ionic
liquids. High molar volumes may sometimes be correlated with
bulkier or stiffer molecules that form liquids with increased free
volume and higher gas solubilities, but there is no fundamental
reason why molecular size should have a strong correlation
with gas solubility, particularly across a diverse range of ionic
liquids. As such, more direct and universal descriptors of ionic
liquid structure are needed to explain trends in gas absorption.
Isothermal Compressibility. The higher O2 solubility of

perfluorocarbon solvents compared to hydrocarbon solvents
has been attributed to the presence of more free volume and
larger transient voids, which is reflected by the higher
isothermal compressibilities of perfluorocarbons.50,51 With
this in mind, we hypothesized that isothermal compressibility
might similarly provide a useful probe of free volume in ionic
liquids and could lend insights into trends in absorption
behavior. In particular, the isothermal compressibility of a
liquid can be determined from SAXS experiments, which are
easier to perform on small amounts of sample than more
traditional mechanical measurements.52 Though SAXS has
been widely used to measure the isothermal compressibility of
water in different environments,53 it has, to the best of our

knowledge, yet to be applied to measure the isothermal
compressibility of an ionic liquid.
The free volume present within a liquid is directly

responsible for the connection between SAXS and isothermal
compressibility. As previously mentioned, dynamic free volume
emerges from molecular-level fluctuations in density that
createand destroytransient voids. Conceptually, larger
transient voids and more free volume will coincide with greater
density fluctuations within a liquid. Mathematically, the
magnitude of X-ray scattering intensity, S(q), at zero scattering
angle, q→ 0, is related to the magnitude of local fluctuations in
number density, N, from the average number density of the
bulk liquid, ⟨N⟩, as expressed by53

S q
N N

N
lim ( )

( )
q 0

2

= ⟨ − ⟨ ⟩ ⟩
⟨ ⟩→ (1)

Using statistical mechanics, these density fluctuations can be
directly related to isothermal compressibility, βT, by

N N
N

k T
v

( )2
T Bβ⟨ − ⟨ ⟩ ⟩

⟨ ⟩
=

(2)

where kB is the Boltzmann constant, T is the temperature, and
v is the mean volume per molecule.54

After confirming that the isothermal compressibilities
calculated from SAXS data for n-hexane and three perfluor-
ocarbon liquids were in close agreement with literature values
determined by other techniques (Table S1), we performed
SAXS experiments to measure the isothermal compressibility
of each of the ionic liquids evaluated for O2 absorption. To
accurately determine the isothermal compressibility of an ionic
liquid from SAXS data, it is critical to select a region of q for
which X-ray scattering results entirely from density fluctuations
and does not have any structural contributions. Except for the
ionic liquid [P66614][C8F17CO2], such a region (generally from
0.05 to 0.1 Å−1) was present in the scattering data for each
ionic liquid, allowing isothermal compressibilities to be
extracted (Figure 2).
As anticipated, we observe a strong correlation between

isothermal compressibility and the amount of O2 absorbed at 1

Figure 2. Absolute SAXS intensity as a function of scattering angle, q,
for perfluorohexane (C6F14, gray), [F-omim][TFSI] (blue), [bmim]-
[PF6] (green), and H2O (black). Absolute intensities were calculated
from raw arbitrary intensities by calibrating to the compressibility of
H2O as a standard. Dashed lines represent linear extrapolations to q
→ 0 from the region of q highlighted in yellow. Note that a featureless
region such as the one highlighted in yellow is required to accurately
extrapolate absolute SAXS intensities to q → 0.
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bar and 25 °C (Figure 3a), with ionic liquids with low O2
capacities, such as [bmim][PF6] and [F-ether][TFSI], having

much lower compressibilities than those with high O2
capacities, such as [F-omim][TFSI]. The higher isothermal
compressibility of [F-omim][TFSI] is consistent with the
increased rigidity and weaker intermolecular interactions
characteristic of perfluorocarbons.55 These weak interactions
are also reflected in the higher thermal expansion coefficients
of more heavily fluorinated ionic liquids (Figure 3b). Thermal
expansion coefficients, which have been qualitatively linked to
free volume and CO2 absorption in ionic liquids previously,56

do not exhibit as much variation across the ionic liquids
studied here as does isothermal compressibility, but both
properties are strongly correlated with O2 solubility.
The correlation between isothermal compressibility and O2

absorption provides a direct experimental confirmation of the
importance of free volume in designing ionic liquids with high
O2 solubilities. Intriguingly, the relationship between iso-
thermal compressibility and O2 absorption extends beyond this

set of ionic liquids to molecular liquids with much higher O2
solubilities, including n-hexane and several perfluorocarbons.
This suggests that more compressible ionic liquidsperhaps
achieved through combinations of anions and cations that both
feature perfluorinated alkyl chainscould feature even higher
O2 absorption capacities.

MD Simulations. To better understand relationships
between isothermal compressibility, free volume, and O2
solubility at a molecular level, we performed MD simulations
of three representative ionic liquids: (1) the canonical ionic
liquid [bmim][PF6], which has the lowest O2 solubility
measured in this work, (2) [F-omim][TFSI], which has an
imidazolium cation with a highly fluorinated alkyl chain
[(CH2)2(CF2)5CF3] and an O2 solubility that is 2.4 times
higher than [bmim][PF6], and (3) its hydrocarbon analogue
[omim][TFSI]. We utilized an open-source force field that has
been previously used to reliably capture the structure and
interactions in fluorinated and hydrocarbon ionic liquids (full
details in the Supporting Information).57 This force field
contains parameters tailored specifically for the anions and
cations considered in this work rather than relying on generic
force field parameters, which is of particular importance given
the complex interactions arising from perfluorinated alkyl
chains. To validate the force fields used in the simulations, we
verified that the simulated densities between 300 and 360 K at
ambient pressure matched experimental densities (Figure
S25a). We then calculated the isothermal compressibility of
each ionic liquid and confirmed that the simulation reproduced
the experimentally observed trend in compressibility with
[bmim][PF6] < [omim][TFSI] < [F-omim][TFSI]. The
agreement between simulated and experimental compressibil-
ities confirms the reliability of the simulated liquid structure
(Figure S25b).
We used stochastic insertions of spherical probes to calculate

void size distributions and fractional free volumes for each
ionic liquid (Figure 4). Here, the void size distributions
represent the probability of a randomly chosen void having a
given volume. Though [omim][TFSI] has a 30% higher
compressibility and a 50% higher O2 absorption capacity than

Figure 3. (a) Amount of O2 absorbed in mmol O2 per L of liquid at
25 °C and 1 bar as a function of isothermal compressibility at 25 °C
and ambient pressure. (b) Amount of O2 absorbed in mmol O2 per L
of liquid at 25 °C and 1 bar as a function of thermal expansion
coefficient at 25 °C and ambient pressure. Neutral solvents, including
perfluorohexane (C6F14, gray), perfluoromethylcyclohexane (pink),
and hexane (C6H14, light green), are compared to the ionic liquids
[P66614][C8F17CO2] (brown), [F-omim][TFSI] (dark blue), [emim]-
[eFAP] (yellow), [P66614][TFSI] (purple), [omim][TFSI] (red),
[hmim][TFSI] (orange), [F-ether][TFSI] (light blue), and [bmim]-
[PF6] (green). The dashed line represents a linear fit to the data. Note
that accurate isothermal compressibility data could not be obtained
for [P66614][C8F17CO2] due to interference from the intermolecular
structure in the SAXS pattern (Figure S24).

Figure 4. Probability that a randomly chosen void has a particular
volume for the ionic liquids [F-omim][TFSI] (blue), [omim][TFSI]
(red), and [bmim][PF6] (green). The shaded area represents the
standard deviation of multiple snapshots from five simulation runs
beginning from different conditions. The dashed line indicates the
volume of an O2 molecule, assuming a sphere with a kinetic diameter
of 3.46 Å.29 Inset: representative snapshot of the voids (red) in [F-
omim][TFSI] from MD simulations.
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[bmim][PF6], the two ionic liquids have relatively similar void
size distributions and free volumes, with [bmim][PF6]
containing a slightly lower frequency of larger voids and a
slightly smaller fractional free volume (0.093 ± 0.002 vs 0.087
± 0.002). These small differences in void size distributions and
free volume may contribute to the difference in O2 solubility,
but other factors that impact the ease with which empty space
can be created within the ionic liquidsuch as anion rigidity
or conformational flexibility of alkyl chains of varying lengths
on the imidazolium cationsalso likely play an important role.
Notably, the void size distribution for [F-omim][TFSI]

the ionic liquid with the highest isothermal compressibilityis
more broad than those for the other two ionic liquids,
indicating that larger voids form at a higher frequency than in
the less compressible ionic liquids. This general trend is
consistent with previous simulations of [F-omim][TFSI] and
[omim][TFSI], which were performed with slightly different
parameters and suggested a much more subtle difference in
void size distributions than observed here.58 Interestingly, our
simulations also reveal that the fractional free volume of [F-
omim][TFSI] (0.090 ± 0.002) is within error of that of
[omim][TFSI] (0.093 ± 0.002). This result implies that [F-
omim][TFSI] has a smaller total number of voids than the
nonfluorinated ionic liquids, but that on average, each void is
larger. This larger void size in [F-omim][TFSI] compared to
[omim][TFSI] may be due to the higher rigidity and poor
interaction geometry of fluorinated chains, an effect that has
been previously observed for neutral perfluorocarbon liquids.55

As such, the presence of a greater density of larger voids
rather than any difference in total free volumelikely
contributes to the higher O2 solubility of the fluorinated
ionic liquid, wherein there is a greater probability of a void
forming that is large enough to accommodate an O2 molecule
than in the nonfluorinated ionic liquid.

■ CONCLUSIONS
These results show that isothermal compressibility measure-
ments via SAXS are a powerful tool for probing free volume in
ionic liquids and understanding trends in gas absorption. In
particular, we show that fluorinated ionic liquids feature large
isothermal compressibilities and increased O2 absorption
capacities, which result, at a microscopic level, from a higher
frequency of large transient voids. Efforts to develop more
highly fluorinated ionic liquids capable of absorbing even
greater capacities of nonpolar gases and to evaluate isothermal
compressibilities and void size distributions across a wider
range of ionic liquids are currently in progress.
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