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ABSTRACT: The influence of the presence of imidazolium side chain
unsaturation on the solubility of ethane and ethylene was studied in three ionic
liquids: 1-butyl-3-methylimidazolium bis(trifluoromethanesulfonyl)amide—
saturated alkyl side-chain in the cation; 1-methyl-3-(buten-3-yl)imidazolium
bis(trifluorosulfonyl)imide—double bond in the side-chain of the cation; and
1-methyl-3-benzylimidazolium bis(trifluorosulfonyl)imide—benzyl group in
the side-chain of the cation. The solubility of both gases decreases when the
side-chain of the cations is functionalized with an unsaturated group. This can
be explained by a less favorable enthalpy of solvation. The difference of
solubility between ethane and ethylene can be explained from a balance of
enthalpic and entropic factors: for the ionic liquid with the saturated alkyl side-
chain and the benzyl-substituted side-chain, it is the favorable entropy of
solvation that explains the larger ethylene solubility, whereas in the case of the
saturated side-chain, it is the more favorable enthalpy of solvation. Molecular simulation allowed the identification of the
mechanisms of solvation and the preferential solvation sites for each gas in the different ionic liquids. Simulations have shown
that the entropy of solvation is more favorable when the presence of the gas weakens the cation—anion interactions or when the
gas can be solvated near different sites of the ionic liquid.

B INTRODUCTION fluids, including high thermal stability, negligible vapor
pressure, and nonflammability, makes them good candidates

Light olefins and paraffins are commonly separated by as absorbents for gas separation 1617 Most of the published

cryogenic distillation. Although reliable and still unchallenged ) ) - TR
in this application, this procedure implies high capital and studies concerning the solubility of gases in ionic liquids involve

operating costs. Thus the high demand for an alternative the aPsorp tiOIll of carbon dioxide, an.d r.nuc‘h l‘essA regort the
energy-saving separation process.' ™ solubility of light hydrocarbon gases in ionic liquids.” It has,
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The molecular mechanisms involved in the solvation of light
hydrocarbon gases in ionic liquids are not yet well identified."”
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bonding.*'”'®* A deeper understanding of the solution’s
molecular structure and gas-solvent interactions is still
necessary both for the design of an optimized ionic liquid
and for the development of a potential separation process.

In the present study, we have designed a series of ionic
liquids thought to favor the selective absorption of gaseous
alkenes. We describe experimental solubilities of ethane and
ethylene in these ionic liquids. Gas solubilities were measured
as a function of temperature and at pressures close to
atmospheric, using an isochoric saturation method. The
knowledge of the variation with temperature of the solubility
allows the calculation of the thermodynamic properties of
solvation. Those can be related with molecular simulation
calculations of the microscopic structure and molecular
interactions in the gas-ionic liquid solutions in order to assess
the mechanisms involved in the solvation of the different
gaseous solutes.”’

B EXPERIMENTAL SECTION

Materials. Linde Gas supplied the gases used for this study:
ethane 3.5, mole fraction purity of 0.9995 and ethylene 2.8,
mole fraction purity of 0.998. All gases were used as received
from the manufacturer.

1-Methylimidazole (>99%) (Aldrich), chlorobutane, benzyl
chloride, 4-chloro-1-butene (>99%, Aldrich), and 3-chloro-1-
propene (>99%, Aldrich) were distilled prior to use. Bis-
(trifluoromethanesulfonyl)imide lithium salt (Solvionic) was
used without further purification.

The ionic liquids used in this work, 1-butyl-3-methylimida-
zolium bis(trifluorosulfonyl)imide, [C,;C,Im][NTf,], 1-methyl-
3-(buten-3-yl)imidazolium bis(trifluorosulfonyl)imide,
[C,(C43HsCH,)Im][NTH,], and 1-methyl-3-benzylimidazolium
bis(trifluorosulfonyl)imide, [C,(CH,C¢H,)Im][NTf,], were
synthesized as previously re}l)orted and as described in the
Supporting Information, SL*'™** Their structures are repre-
sented Figure 1.

The purity of the ionic liquid samples (>99%) was checked
by 'H and C NMR (Bruker Avance 400 MHz using CD,Cl,
as solvent) and mass spectroscopy (see the SI). The high-
resolution mass spectra (MS QTOF) were recorded in a
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Figure 1. The structures and nomenclature system of the ionic liquids
studied.
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positive and negative ion mode on a hybrid quadrupole time-of-
flight mass spectrometer (MicroTOFQ-II, Bruker Daltonics,
Bremen) with an Electrospray Ionization (ESI) ion source. The
gas flow of spray gas is 6 X 107* Pa, and the capillary voltage is
+4.5 kV. The solutions are infused at 180 uL/h. The mass
range of the analysis is 50—1000 m/z and the calibration was
done with sodium formate.

To remove water, the ionic liquid samples were kept under
primary vacuum at least 24 h prior to use. Before each
measurement, the water content of the degassed ionic liquid
was verified with a coulometric Karl Fischer titrator (Mettler
Toledo DL32). It was found to be lower than 100 ppm for
[C,(C3HCH,)Im][NTf,] and 70 ppm for [C,(CH,C¢Hs)-
Im][NTf,]. The decomposition temperatures ( T/ Tonser) Of
the same ionic liquids were 482 K/579 and 564 K/599 K,
respectively, determined using a DSC 2920 from TA
Instruments.

Density Measurements. Density measurements were
performed using a U-shaped vibrating-tube densimeter
(Anton Paar, model DMA 512P) operating in a static mode.
All measurements were performed at atmospheric pressure and
at temperatures ranging from 283 to 353 K following a
procedure described in previous publications.** The temper-
ature was maintained constant within +0.01 K by means of a
recirculating bath equipped with a PID temperature controller
(Julabo FP40-HP). The uncertainty of the density measure-
ments is estimated as +0.1 kg m™,

Viscosity Measurements. All of the viscosity measure-
ments were performed with an Anton Paar AMVn rolling ball
viscosimeter at atmospheric pressure and at temperatures
between 293.15 and 373.15 K. The temperature was controlled
to within 0.01 K and measured with accuracy better than 0.05
K. The measurements were performed using a 1.8 mm and a
3.0 mm diameter capillary tube that were calibrated as a
function of temperature and angle of measurement using
standard viscosity oils from Cannon (N3S, S60, and N100).
The overall uncertainty on the viscosity is estimated as +1.5%.

Solubility Measurements. The solubility measurements
were made using an isochoric saturation technique described in
previous publications.”> >’

In this technique, a known amount of gaseous solute is put in
contact with a precisely determined amount of degassed ionic
liquid, at constant temperature. At thermodynamic equilibrium,
the pressure above the condensed phase is constant and directly
related to the solubility of the gas in the fluid sample. The
measurements were performed at temperatures between 303
and 343 K for [C,(C,H,CH,)Im][NT£,] and [C,(CH,C4H;)-
Im][NTf,] and between 283 and 343 K for [C,C,Im][NT%].

The amount of ionic liquid sample is determined gravimetri-
cally and the volume it occupies in the measuring cell, V;, is
evaluated by the independent determination of the density at
atmospheric pressure and as a function of temperature. This
value is considered to be equal to the volume occupied by the
solution after saturation with the gas. Since the ionic liquid does
not present a measurable vapor pressure in the range of
temperatures covered, the total amount of liquid is equal to its
amount in the liquid solution, 1, (subscripts 1 and 2 represent
solvent and solute, respectively). The amount of solute in the
liquid solution is obtained from the comparison between two
pVT measurements: first when the gas is introduced in the cell
and second when the thermodynamic equilibrium is attained:
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n liq P,m V _ Raq (‘/tot llq)
2
Zz(Hm ml)R 1n1] [Zz(}’eqx Teq)R eq:l (1)
where p;; and T, are the pressure and temperature in the first

pVT measurement and p. and V,y correspond to the pressure
and temperature after the system reaches the thermodynamic
equilibrium, and Vj is the volume of the gas bulb. Vi is the
total volume of the equilibration cell, and Z, designates the
compression factor for the pure gas.

The solubility results, expressed in mole fraction of the gas,
are used to calculate the Henry’s law constant, Kyy:

(P ) eq)

%)

f2 (P; T, xz)

Xy

Ky = lim i

x,—0

@)

where f, is the fugacity of the solute, and ¢, corresponds to the
fugacity coefficient, calculated using the second virial coefficient
of the gas.

Molecular Simulations. Ionic liquids were represented by
an all-atom force field, which is based on the AMBER/OPLS—
AA framework®®*® with parameters developed specifically for
the cations considered here.** > For the [C,(C,;HCH,)Im]
cation, the force field parameters were determined in this work
and are listed in the SI. The gases were modeled using OPLS-
AA force fields.”**?

The ionic liquids were simulated in periodic cubic boxes
containing 246 ion pairs, using the molecular dynamics method
implemented in the DL_POLY package.”” Initial low-density
configurations, with ions placed at random in periodic cubic
boxes, were equilibrated to attain liquid-like densities and
structures at 373 K and 1 bar. Temperature and pressure were
maintained using a Nosé-Hoover thermostat and barostat,
respectively. Once the equilibrium density was attained,
simulations runs of 400 ps were performed, with an explicit
cutoff distance of 16 A for nonbonded interactions, from which
5000 configurations were stored. Structural quantities such as
radial and spatial distribution functions were calculated from
configurations generated during the production runs. Addi-
tionally, simulation boxes containing 8 molecules of ethane and
8 molecules of ethylene separately were prepared in the same
manner, to calculate solute—solvent radial distribution
functions between the gas and the ionic liquid and the
cation—anion interaction energy in the presence of the solute
molecules.

The total energy of the simulated systems containing solute
and ijonic liquid was decomposed into contributions from
different pairs of species, in order to quantify the predominant
interactions. For that, the energy of each configuration (same
atomic coordinates) was recalculated, taking into account only
the relevant pairs of species, in turn. Also, the total energy was
decomposed into intramolecular terms, short-range (Lennard—
Jones) and electrostatic. In this manner, a detailed picture of
the energetics of the system can be obtained.

B RESULTS AND DISCUSSION

The experimentally measured densities of the ionic liquids
[C,(C3HCH,)Im][NT4,], and [C,(CH,C¢H;)Im][NTE,] are
reported in Table 1. Because the ionic liquids studied are
relatively viscous, the experimental values of density were
corrected, as recommended by the manufacturer, for the
densimeter model used, by means of the equation:**
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Table 1. Experimental Values for Densities, p, of the Studied
Ionic Liquids, for Temperatures between 283 to 373 K and
at Atmospheric Pressure, after Applying Correction factor,

Ap

p (kg m™)

T (K) [Cl(csHSCHz)Im] [NT£] T (K) [CI(CHzcéHS)Im] [NT£]
283.59 1482.5 282.80 1502.4
293.12 1472.8 293.15 1492.1
293.19 1463.1 302.75 1483.1
302.90 1472.8 302.82 1482.8
303.14 1463.2 313.13 1473.0
313.17 1453.6 321.87 1464.6
323.18 1444.1 333.06 1454.0
333.19 1434.6 342.81 1444.9
343.18 1425.3 352.90 1435.8
353.16 1416.2 363.03 1426.7
372.82 1418.1

A [-0.5 4+ 0.45yn]10~*
p (©)

The values found for Ap vary between 0.09 kgm™
approximately 283 K to 0.009 kgm™ at 373 K for
[C,(CH,C¢H)Im][NTf,]. The corrections are much lower
to [C,(C3H,CH,)Im][NTf,], for which a maximum value of
0.03 kgm™ was found for Ap at 293 K.

The values of density were fitted to linear functions of
temperature, the standard deviation of the fits being always
better than 0.05%:

P{C,(CoH,CH,Im]NTE] [/kgm™ = 1751.7 = 0.95120 X (T/K)
)
Pre,(cHc i ym]inrs/kgm > = 17669 = 093770 X (T/K)

©)

The densities of the two ionic liquids have been previously
reported at 298 K by Mahurin et al.>* (only for
[C,(CH,C4H)Im][NT£,]) and by Mandai et al.*® The value
reported by Mahurin et al. has a lower precision than the ones
reported herein and is significantly lower, a result compatible
with the higher (and noncontrolled) amount of water of the
ionic liquid used by the authors. The density values measured at
298 K by Mandai et al. agree with the ones measured here to
within 0.1%.

The experimentally measured viscosities of the ionic liquids
[C,(C3H CH,)Im][NTf,] and [C,(CH,C¢Hs)Im][NTf,] are
reported in Table 2. The experimental data were fitted as a
function of temperature to a Vogel—Fulcher—Tammann (VFT)

equation:
0 ]

T-T

n=AX T'/? exp(
(6)

the parameters of the fits are reported in Table 3.

It can be observed that [C,;(CH,C¢H;)Im][NTE,] is much
more viscous than [C,(C;H;CH,)Im][NTH,], especially at the
lower temperatures where the differences in viscosity are as
high as 70% (or 137.4 mPa-s at 293 K). The difference in
viscosity between the two liquids is much lower at the higher
temperatures studied being of only of 40% at 353 K (or 6.27
mPa s).
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Table 2. Experimental Values for the Viscosities the Studied
Ionic Liquids, For Temperatures between 283 and 373 K

7 (mPa-s)

T (K) [Cy(CHCH)Im][NTL] T (K)  [C(CH,CqHs)Im][NTE]
293.15 60.45 293.15 197.8
303.15 39.65 303.15 104.6
313.15 27.52 313.18 62.33
323.15 19.96 323.15 40.34
333.15 14.92 333.18 27.95
343.15 11.56 343.15 20.15
353.15 9.208 353.15 15.48

363.15 12.05

373.15 9.745

Table 3. Vogel—Fulcher—Tammann Equation Parameters
Obtained for the Measurements of Viscosity, 7, of
[C,(C3H,CH,)Im][NTf,] and [C,(CH,C¢H)Im][NTf,]
Ionic Liquids, For Temperatures between 283 and 373 K

7 (mPa-s)
A/1073 1T AAD
k (K) (mPa-s-K~1/2) (K) (%)
[C,(C;H,CH,)Im] 947 4.50 151 0.7
[NTH,]
643 12.8 199 0.4

[C[x (CH2C6H5)Im]

2.

Orita et al.>” have determined the viscosity of the ionic liquid
[C,(C3HsCH,)Im][NTH,] at 298 K. Their value agrees with
our measurements to within 3%. Mahurin et al.>* and Mandai
et al* studied the viscosity of [C,(CH,C¢H)Im][NTf,]
between 298 and 333 K and at 298 K, respectively. The present
values are much higher than those reported in ref 34, the
deviation of 57% being constant in the whole temperature
range and compatible with the presence of a relatively large
amount of water in the ionic liquid used. The value at 298 K
reported in ref 35 is 13% lower than the one reported here, a
difference more difficult to explain as the authors claim that
their jonic liquid sample has a water content of less than 150
ppm, a value higher but sufficiently close to ours.

As depicted in Figure 2, the viscosity of [C,(C3H;CH,)Im]-
[NTf,] is very similar to that of [C,C,Jm][NTf]*® (a
difference of less than 3% in the whole temperature range),
proving that the presence of a double bond on the side chain of
the cation does not significantly affect the viscosity of
imidazolium based ionic liquids. The same is not observed
for [C,(CH,C¢H)Im][NTf,], even when its viscosity is
compared with that of [C,Cglm][NT£,]* (that has the same
number of carbon atoms in the side-chain of the cation), for
which a much higher viscosity was measured in the temperature
range studied. We have also compared the viscosity of
[C,(CH,C¢H,)Im][NTf,] with that of 1-methyl-3-methylcy-
clohexylimidazolium bis(trifluorosulfonyl)imide,
[C,(CH,C¢H,,)Im][NTf,], reported by Mandai et al.> at
298 K. We have found that the viscosity of [C,;(CH,C¢H,;)-
Im][NTf,] is more than 100% higher than that of the ionic
liquid containing the benzyl group in the side chain of the
cation.

For each ionic liquid—gas pair, several solubility experimental
data points were obtained for temperatures between 303 and
343 K in steps of approximately 10 K. The experimental
solubilities obtained for ethane and ethylene in the ionic liquids
[C,(C3HCH,)Im][NTH,], and [C,(CH,C¢H;)Im][NTf,] and
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Figure 2. Viscosities of the studied ionic liquids: blue [,
[C,(C3H;CH,)Im][NT%,], and green ¢, [C,;(CH,C¢H;)Im][NT5,]
for temgeratures between 283 and 373 K. Viscosity of [C,;C,Im]-
[NTE],*® [C,Cdm][NTE],* and [C,CgIm][NT£]* added for
comparison. The lines in the experimental data represent the VFT
equation fitting using the parameters of Table 3.

for ethylene in [C;C,Jm][NTH,] are reported in Table 4 and
depicted in Figure 3, together with experimental results already
published for ethane in [C,C,Im][NTE,]. For the calculation
of the Henry’s law constants, the compressibility factor, Z,, and
the fugacity coeflicient, ¢,, were calculated from the second
virial coeflicient, obtained from the data compiled by Dymond
and Smith.*® The volume of ionic liquid in the equilibrium cell,
Viig was obtained from the experimental density of the pure
ionic liquid, as reported in Table 1.

The calculated Henry’s law constants were fitted to a power
series in T:

In[K;;/10°Pa) = ) A(T/K)
i=0 (7)

The coeflicients A, being listed in Table S. From the
variation of the Henry’s law constants with temperature, it is
possible to calculate the thermodynamic properties of solvation
as previously described’**"** The values obtained, at the
temperature of 323 K, are listed in Table 6.

The solubility of ethylene in [C,C,Im][NTf,] has been
previously measured by Anderson et al.** from 283 to 323 K.
Our values of the Henry’s law constant agree to within 0.6% at
323 K, the deviations increasing at lower temperatures to reach
13% at 283 K.

The solubility of the two studied gases is larger for
[C,C,Im][NTH%,] than for the two other liquids. This difference
can be attributed to more negative enthalpies of solvation for
both gases in [C,C,Im][NTf,].

For the three ionic liquids studied, ethylene is always more
soluble than ethane in the temperature range covered. The
higher solubility of ethylene can be explained, for
[C,(C3H;CH,)Im][NTH,], by more favorable gas—ionic liquid
interactions, as expressed by a more negative enthalpy of

dx.doi.org/10.1021/jp403074z | J. Phys. Chem. B 2013, 117, 7416—7425
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Table 4. Experimental Values for the Solubility of Ethane, C,H,, and Ethylene, C,H,, in [C,(C;H;CH,)Im][NTf,] and
[C,(CH,C¢H,)Im][NT£,] Pure Ionic Liquids, and for ethylene, C,H,, in [C,C,Im][NTf,] Expressed Both As Henry’S Law
Constants, Ky, and as Gas Mole Fraction, X,, Corrected for a Partial Pressure of Solute of 0.1 MPa“

T(K) p (10* Pa) Ky (10° Pa) X, (107) %dev
CyHg + [C1(C3H;sCH,)Im][NTH]
303.56 680.4 1119 8.895 + 0.7
303.57 685.3 110.8 8.983 - 13
313.56 703.6 126.9 7.847 - 09
313.58 708.7 127.2 7.829 - 11
323.59 726.4 141.5 7.035 - 11
323.60 731.5 138.6 7.184 + 1.0
333.60 749.0 154.9 6.431 + 0.1
333.62 754.6 155.4 6.407 - 04
343.61 771.7 172.9 5.763 - 1.6
343.64 777.1 165.7 6.013 + 2.7
303.56 680.4 111.9 8.895 + 0.7
303.57 685.3 110.8 8.983 - 13
313.57 703.6 126.9 7.847 - 09
313.58 708.7 127.2 7.829 - 11
CyH, + [C,(CH,CeHs)Im] [NTE,]
303.28 656.7 134.4 7.408 - 12
303.55 881.6 135.9 7.315 - 19
303.57 670.8 131.4 7.574 + 1.5
313.29 679.6 152.5 6.530 - 0.8
313.53 911.5 151.4 6.565 + 0.2
313.57 693.8 150.1 6.633 + 1.2
323.35 702.4 172.8 5.762 - 1.0
323.56 716.7 169.6 5.871 + 1.1
323.61 941.6 167.7 5.931 +23
333.38 725.0 192.8 5.167 - 04
333.56 739.4 190.8 5.220 +0.8
343.38 747.9 223.7 4.454 - 44
343.51 761.9 213.0 4.677 + 0.5
343.65 1002 209.8 4.744 +22
C,H, + [C,C,Im][NT£,]
283.67 803.0 54.62 18.19 +0.2
293.76 833.8 63.91 15.56 + 0.1
303.57 8724 75.11 13.24 - 13
303.57 863.3 73.67 13.50 + 0.6
313.59 903.0 86.32 11.53 - 0.8
323.61 923.2 96.64 10.30 + 19
323.61 933.3 98.55 10.10 - 0.1
333.63 963.6 112.6 8.847 + 0.0
343.65 993.9 128.9 7.732 - 0.5

T (K) p(10* Pa) K;;(10° Pa) X,(1073) %dev
CH, + [Ci(C3HsCH,)Im][NTH]
303.12 639.2 87.30 11.42 — 0.4%
303.12 646.5 86.57 11.51 + 0.0%
303.16 626.6 86.96 11.46 — 0.4%
313.09 648.4 99.47 10.02 - 0.3%
313.12 661.5 99.33 10.04 - 0.1%
313.12 668.9 98.88 10.08 + 0.4%
323.00 670.0 112.8 8.841 - 0.1%
323.09 683.6 112.3 8.876 + 0.4%
323.11 690.9 111.2 8.965 + 1.4%
33291 691.3 126.2 7.902 + 0.6%
333.09 713.0 125.5 7.945 + 1.4%
342.78 712.8 144.4 6.906 - 1.7%
342.94 727.3 144.3 6911 — 1.4%
343.02 734.8 141.3 7.056 + 0.7%
C,H, + [C(CH,CgH;)Im] [NTE,]
303.55 675.0 94.91 10.50 - 1.6
303.58 680.7 92.09 10.82 + 1.5
313.53 698.2 107.9 9.241 - 15
313.60 704.3 104.2 9.560 + 2.1
323.49 721.3 123.4 8.079 — 28
323.63 727.7 118.1 8.443 + 1.7
333.42 743.9 136.0 7.331 - 12
333.67 751.0 131.7 7.572 +23
343.35 766.4 150.2 6.640 - 0.5
343.67 774.3 149.8 6.659 + 0.1

“p is the experimental equilibrium pressure and the percent deviation is relative to the correlations of the data reported in Table S.

solvation for C,H, than for C,H¢ (Table 6). For
[C,(CH,C¢H)Im][NTf,] and [C,C,Im][NTf,], the higher
solubility of ethylene is explained by more favorable entropies
of solvation, an effect more pronounced in the case of
[C,C,Jm][NTf,] even if the difference in the ethane and
ethylene solubility is larger for [C,(CH,C¢H;)Im][NTf,] than
for the two other ionic liquids.

Together with the amount of each gas that can be absorbed
by the ionic liquid, the difference in solubilities is important for
the design of gas separation processes and is normally
quantified as the ideal selectivity of the separation, a, herein
defined as follows:

1
Kjethylene

- 1
Kyethane

(8)
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This ideal gas selectivity is not very different from the real
mixed gas selectivity as both gases present relatively low
absorptions and so their activity coefficients in the liquid phase
are close to unity.

In the upper plot of Figure 4, the selectivity is represented as
a function of temperature for the ionic liquids studied (for
ethane in [C,C,Im][NTf,] the data from Costa Gomes et al.”’
was used in the calculation). It is observed that the selectivity
for [C,C,Jm][NTH,] is similar to that for [C,(CH,C¢H;)Im]-
[NTL,] and constant over the temperature range covered. The
selectivity for [C,(C;HsCH,)Im][NTf,] is slightly lower and
decreases with increasing temperatures (as expected as the
difference in solubilities is entropically controlled). In the lower
plot of Figure 4, the performance plot is represented for
ethylene (selectivity as a function of mole fraction solubility) of
different ionic liquids. The larger selectivity was observed by
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T/K

Figure 3. Mole fraction solubilities of ethane (empty symbols) and
ethylene (full symbols) at 0.1 MPa partial pressure and as a functions
of the temperature in the following ionic liquids: red @, [C,C,Im]-
[NTf,]; blue B/O, [C,(C;H;CH,)Im][NTf,]; and green 4/9,
[C,(CH,C¢H)Im][NTf,]. Full lines represent the smoothed data
using the parameters in Table § and the dashed line corresponds to the
previously reported values of the solubility of ethane in [C,C,Im]-
[NTE,]..

Table 5. Parameters of Eq 7 Used to Smooth the
Experimental Results on Ky from Table 4 along with the
Percent Average Absolute Deviation of the Fit, AAD

%

ionic liquid Ay A, A, AAD
C,Hg
[C\(C4HCH,) — 4782 49.77 X 107 — 6,089 X 10° 0.9
Im][NT£,]
[C,(CH,C¢Hy) +0.5989 1620 X 107> —6.699 x 107 14
Im][NT£,]
C,H,
[C,(C;HCH,) — 01297 17.55x 107 —7.863x107° 05
Im][NTS]
[C,(CH,C¢Hy) —2.750 3480 X 107° - 3566 x 10° LS
Im][NT5,)
[C,C,Im][NT5,] —2.386 2041 X 1073 —2428 X 107° 06

Table 6. Thermodynamic Properties of Solvation of Ethane
and Ethylene, at 323 K, in [C,(C;H;CH,)Im][NTf,],
[C,(CH,C4¢H,)Im][NT£,], and [C,C,Im][NTf,]

AsolvHoc (kJmOI_l)

ionic liquid TA;,S® (kJmol'K™)

C,Hq
[C,(C3HCH,)Im][NTH,] — 890 + 0.1 —-222+07
[C,(CH,C4Hs)Im][NT£] —10.1 + 0.1 - 239+ 07
[C,C,Im][NT£,]¢ —13.0 + 0.1 —263 + 038
C,H,
[C,(C3H;CH,)Im][NTf,] —11.1 £ 02 — 236+ 07
[C,(CH,C¢H)Im][NTH,] - 952+ 0.1 —223+05
[C,C,Im][NTH,] - 119 + 0.1 — 242 + 07

“Value from ref 27.

Camper et al** for 1-ethyl-3-methylimidazolium dicyanamide,
the larger ethylene absorption being reported herein for
[C,C,Im][NTH,].

In order to get an insight on the molecular mechanisms
responsible for the behaviors observed, we have analyzed the
structure of the gas-ionic liquid solutions by calculating all the
site—site solute—solvent radial distribution functions (RDFs)
for all the solutions of gas in ionic liquid. As can be seen in
Figure S, where some of the most significant solute—solvent
RDFs are plotted, the most striking differences on the structure
of the solutions of the two gases are observed for the ionic
liquid with the benzyl group in the cation (Figure Sc). In this
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Figure 4. Upper plot: variation of the selectivity, a, as defined in eq 8
for the ethane/ethylene separation, with the temperature for the ionic
liquids: red @, [C,C,IJm][NT%,]; blue M, [C,(C;H;CH,)Im][NT%];
green 4, [C,;(CH,C4H;)Im][NTf,]. Lines represent the linear fitting
of the data. Lower plot: variation of the selectivity as a function of the
mole fraction solubility of ethylene, usually called performance plot,
for ethylene at 313 K. H 1-hexyl-3-methylpyridinium bis-
(trifluoromethylsulfonyl)imide ([C,Cgpy] [NT%,];* @ 1-ethyl-3-meth-
ylimidazolium dicyanamide ([C,C,Im][DCA]);** ¢ 1-butyl-3-meth-
ylimidazolium tetrafluoroborate ([C,C,Im][BF,]) A 1-butyl-3-
methylimidazolium hexafluorophosphate ([C,C,Im][PE]);* P 1-
ethyl-3-methylimidazolium bis(trifluoromethylsulfonyl)imide
([C,CoIm][NTE]);** ¥ 1-ethyl-3-methylimidazolium trifluorometha-
nesulfonate ([C,C,Im][CF;S0,]).**

case, ethane has a larger probability of being found near the
anion of the ionic liquid while ethylene interacts with a larger
probability with the benzyl ring of the cation, an evidence of the
preferential 7—7 interaction between ethylene and the cation of
the ionic liquid. A more detailed view is given by the spatial
distribution functions represented in Figure 6, where it can be
seen that ethane is preferentially solvated near the equatorial
hydrogen atoms of the benzyl group and ethylene rests planar
to the aromatic ring on the side chain of the cation. Also
represented in Figure 6 is the probability of finding the gases
solvated near the imidazolium ring of the cation—once again
there is evidence that the ethylene molecule rests planar to the
imidazolium ring, while ethane is solvated near the equatorial
hydrogen atoms.

We have also decomposed the overall system configuration
energy calculated by molecular simulation to the energy
between each pair of species, as represented in Figure 7. The
cation—anion interaction energy is more negative for
[C,(CH,C¢H,)Im][NTH,] in the presence of ethane than in
presence of ethylene, an observation compatible with the higher
entropy of solvation for ethylene that was observed
experimentally. This difference on the total potential energy
is due to a change on the electrostatic contribution, a fact that
reinforces the conclusion that, in presence of ethane, the
cation—anion interaction in the ionic liquid is stronger than in
presence of ethylene.

Important differences can also be observed in Figure S, parts
a and b, for the two gaseous solutes in the other two ionic
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Figure S. Site—site, solute—solvent radial distribution functions of ethane (plots on the left-hand side) and ethylene (plots on the right-hand side)
for the three ionic liquids studied: [C,C,Im][NTf,] (first row); [C,(C;H;CH,)Im][NTf,] (second row) and [C,(CH,C4H,)Im][NTf,] (third

row).
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CH, CH

[C1Calm][NTH]

[C1(CsHsCHy)Im][NTH,]

Figure 6. Spacial distribution functions of the center of mass of the
two solutes around the terminal atoms of the alkyl-side chain of the
cations or around the atoms of the imidazolium ring of the cation. The
surface corresponds to an iso-probability density of 3.0 times the
average density in the system.

liquids. For [C,C,Im][NTH,], both gases are solvated near the
alkyl-side chain, but in the case of ethylene, the gas is
preferentially solvated closer to the imidazolium ring. The
interaction peak between the terminal atom of the alkyl-side
chain and ethylene is wider than that with ethane, an
observation indicating a larger mobility of the solute,
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Figure 7. Energy decomposition calculated by molecular simulation.
In blue, the total potential energy; in green, the dispersion interaction
energy; and in red, the electrostatic contribution to the interaction
energy. Upper plot: cation—anion interaction energy for the three
ionic liquids in the presence of the two solutes. Lower plot: solute—
ionic liquid interaction energies for the three ionic liquids. The filled
bars represent the solute—anion interaction energy, and the patterned
bars represent the solute—cation interaction energy.

compatible with the larger entropy of solvation found
experimentally for this gas.

For the ionic liquid [C;(C;H;CH,)Im][NTf,], no significant
differences are observed on the site—site solute—solvent radial
distribution functions of the two gases (Figure Sb). In Figure 6,
we can nevertheless observe a slight difference on the solvation
of the two gases near the terminal atom of the alkyl side chain,
with ethylene being more probably found on the extremity of
the chain and ethane around the double bond.

Bl CONCLUSIONS

From the study of the absorption of ethane and ethylene in
different ionic liquids as a function of temperature, it was
possible to determine the influence of the presence of
unsaturated bonds on the cation on the solubility of the two
gases. It was observed that the solubility of both ethane and
ethylene decreases when the side-chain of the cation in the
ionic liquid is functionalized with a double bond or a benzyl
ring. This decrease of the solubility can be explained by a less
favorable enthalpy of solvation.

The difference in solubility between ethane and ethylene is
similar for the cation with the saturated alkyl side-chain and for
the cation containing the benzyl ring but decreases for the
cation with the double bond in the side chain. This behavior
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results from a balance of enthalpic and entropic factors: for the
two first ionic liquids ([C,C,Im][NTf,] and [C,(CH,C4¢Hs)-
Im][NTf,]), it is the favorable entropy of solvation that is
responsible for the selectivity of the absorption of the two gases
(ethylene always being the more soluble). For the ionic liquid
containing a double bond on the side chain of the cation,
[C,(C3HCH,)Im][NTH,], it is the more favorable enthalpy
that explains the larger ethylene solubility.

Computer simulations allow an interpretation at the
molecular level of the observed solvation behaviors. Although
the differences in solubility are similar, and attributed to
favorable entropic contributions, for the ionic liquids
[C,C,Im][NT£,] and [C,(CH,C4H;)Im][NTH,], the molecular
reasons behind them are quite distinct. In the case of the ionic
liquid with a benzyl substitution in the alkyl side-chain of the
cation, the presence of ethylene decreases the cation—anion
interaction, making the dissolution of C,H, entropically more
favorable. For the ionic liquid with the saturated alkyl side-
chain, several solvation sites compete for the solvation of
ethylene, probably contributing to a larger mobility of the
solute and so a more positive entropy of solvation.

In the case of the ionic liquid with a double bond on the side
chain of the cation, a more favorable interaction C,H,—
[C,(C3HsCH,)Im][NTH,] explains the larger solubility of this

gas.
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