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ABSTRACT: The room-temperature ionic liquids (RTILs)
have potential in realizing the ethylene (C,H,) and acetylene
(C,H,) separation and avoiding solvent loss and environ-
mental pollution compared with traditional solvents. The
interaction mechanisms between gases and RTILs are
important for the exploration of new RTILs for gas separation;
thus, they were studied by quantum chemical calculation and
molecular dynamics simulation in this work. The optimized
geometries were obtained for the complexes of C,H,/C,H,
with anions (Tf,N~, BE,”, and OAc™), cation (bmim*), and their ion pairs, and the analysis for geometry, interaction energy,
natural bond orbital (NBO), and atoms in molecules (AIM) was performed. The quantum chemical calculation results show that
the hydrogen-bonding interaction between the gas molecule and anion is the dominant factor in determining the solubility of
C,H, in RTILs. However, the hydrogen-bonding interaction, the p—7 interaction in C,H,—anion, and the 7—7 interaction in
C,H,—cation are weak and comparable, which all affect the solubility of C,H, in RTILs with comparable contribution. The
calculated results for the distance of Hg,, X (X = O or F in anions), the BSSE-corrected interaction energy, the electron density
of Hg,++X at the bond critical point (ppcp), and the relative second-order perturbation stabilization energy (E(2)) are consistent
with the experimental data that C,H, is more soluble than C,H, in the same RTILs and the solubility of C,H, in RTILs has the
following order: [bmim][Tf,N] > [bmim][OAc] > [bmim][BF,]. The calculated results also agree with the order of C,H,
solubility in different RTILs that [bmim][OAc] > [bmim][BF,] > [bmim][Tf,N]. Furthermore, the calculation results indicate
that there is strong C,H,—RTIL interaction, which cannot be negligible compared to the RTIL—RTIL interaction; thus, the
regular solution theory is probably not suitable to correlate C,H, solubility in RTILs. The molecular dynamics simulation results
show that the hydrogen bond between the H in C2 of the imidazolium cation and the anion will weaken the hydrogen-bonding

interaction of the gas molecule and anion in a realistic solution condition, especially in the C,H,—RTIL system.

1. INTRODUCTION

Ethylene and acetylene are very important chemical feedstocks
for many products in petrochemical industries such as plastics,
lubricants, intermediates, polymers, and so on.'™® Low-
temperature distillation, extractive distillation, and physical
absorption/adsorption are typical processes for separation of
olefins from paraffins®® that are expensive, especially for feeds
with low fractions of olefins, and they consume large amounts
of energy. Chemical absorption/adsorption of olefins with
metallic ions such as silver and copper ions can be applied
promisingly for separating such gaseous mixtures as those ions
have no tendency to absorb paraffins.’™® However, it is
susceptible to deactivate absorbents or adsorbents by feed
contaminants; therefore, chemical absorption/adsorption pro-
cesses may not be acceptable for applications where tight
control of the feed composition is impossible.* On the other
hand, the separation and purification for a mixture of ethylene
and acetylene also has practical significance. Ethylene, obtained
mainly from naphtha or natural gas cracking, usually contains
less than 3% mole fraction of acetylene as an impurity due to
their close boiling points. Acetylene production through coal
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cracking by plasma, a developing technology, also contains a
small amount of ethylene (nearly 0.93% mole fraction in a unit
of acetylene).” The removal of acetylene from ethylene through
a partial hydrogenation of acetylene into ethylene over a noble
metal catalyst like supported Pd'® often results in an
overhydrogenation reaction to produce ethane and cause the
loss of ethylene. Solvent absorption of acetylene using an
organic solvent, such as N,N-dimethylformamide (DMF) or N-
methylpyrrolidinone (NMP),'" has the disadvantages of solvent
loss and environmental pollution. Therefore, developing novel
capture and separation methods for ethylene and acetylene is
desired.

As a kind of green and environmentally friendly solvent, the
room-temperature ionic liquids (RTILs) provide a new manner
to resolve these problems because of their unique properties,
including high thermal stabilities, nearly nonvolatility, and
tunable structures and properties.'* The RTILs are considered
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as possible “green” solvent replacements for many volatile
organic solvents. A great deal of effort has focused on the
absorption of ethylene and acetylene in RTILs. Camper et
al."*'* measured the solubility of ethylene and other gaseous
olefins in imidazolium-based and pyridinium-based RTILs.
Scovazzo et al. reported the solubility of ethylene and other
gaseous hydrocarbons in phosphonium-based'® and ammo-
nium-based'® RTILs. The experimental results manifest that
olefins have larger solubility compared with paraffins with the
same carbon number; thus, RTILs have the potential to be used
as a green solvent to separate olefins and parafins."*™'® The
solubility of ethylene in RTILs could be correlated with a low
deviation using regular solution theory (RST) at low
pressures.'>'*'”!® The solubility of acetylene and ethylene in
various RTILs was measured by Palgunadi and Kim et al,'*~>'
and acetylene has a much larger solubility than ethylene in
RTILs, and a selectivity of acetylene to ethylene up to 43 was
achieved using 1,3-dimethylimidazolium methylphosphite
([dmim][MeHPO;]) as an absorbent. However, the solubility
of acetylene in RTILs could not be correlated with a
satisfactory deviation using RST.' It was important to find
that the solubility of acetylene in RTILs increased with
increasing Kamlet—Taft hydrogen-bond basicity (f) of the
RTILs.”' Quantum mechanical calculations were also per-
formed by Kim et al,”' and the geometry analysis demonstrated
that the acidic proton of acetylene specifically formed a
hydrogen bond with a basic oxygen atom on the anion of 1-
ethyl-3-methylimidazolium bis(trifluoromethylsulfonyl)imide
([emim][Tf,N]), 1-ethyl-3-methylimidazolium methylsulfate
([emim][MeSO,]), 1-ethyl-3-methylimidazolium methylphos-
phite ([emim][MeHPO,]), and 1-ethyl-3-methylimidazolium
dimethylphosphate ([emim][Me,PO,]). The calculated dis-
tance of Oyion'"H—Ccetylene Was well in agreement with the
solubility of acetylene in those RTILs. Up to now, a lot of
solubility data and correlation models of ethylene and acetylene
have been reported. However, the interaction mechanisms
between ethylene/acetylene and RTILs and the explanation of
the differential solubility of ethylene and acetylene in RTILs are
not clear, which hinders the exploration of new RTILs for C,H,
and C,H, separation seriously. In this paper, we attempt to
explain the differential solubility of ethylene and acetylene in
RTILs by quantum chemical calculation with the natural bond
orbital (NBO) and atoms in molecules (AIM) analysis to better
understand the ethylene and acetylene solubilization mecha-
nism. The NBO and AIM analysis can offer us a deeper insight
into the interaction mechanism than that of simple geometry
analysis. Besides, the calculated results were also used to explain
the failure of correlating acetylene solubility in RTILs using the
RST. A molecular dynamics simulation was carried to analyze
the interaction of the gas and RTILs in a realistic solution
condition.

2. METHODS OF CALCULATION

2.1. Ab Initio Calculation of Quantum Chemistry. The
geometry optimization was performed on C,H,/C,H,—anions,
C,H,/C,H,—cations, and C,H,/C,H,—ion pairs using the
Gaussian 03 program.”> Three typical RTILs, I-butyl-3-
methylimidazolium tetrafluoroborate ([bmim][BF,]), 1-butyl-
3-methylimidazolium bis(trifluoromethylsulfonyl)imide
([bmim][T£,N]), and 1-butyl-3-methylimidazolium acetate
([bmim][OAc]), which have low, moderate, and high solubility
for C,H,/C,H,, respectively, were selected as model RTILs.
Preliminary geometry optimizations were performed at the
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Hartree—Fock (HF) level using the 6-31+G** basis set,
starting from various initial configurations without symmetry
restrictions. Then, the preliminary optimized geometries were
used as input configurations for final optimization at the
second-order Moller—Plesset (MP2) level using the 6-31+G**
basis set. All optimized configurations were verified as minima
without imaginary frequency by full calculation of the Hessian
and a harmonic frequency analysis. Interaction energies were
corrected for the basis set superposition error (BSSE) by means
of the countel;poise correction of Boys and Bernardi*® The
NBO analysis® and AIM analysis of the optimized geometries
were used to provide a deeper insight into the interactions
between the gas and RTILs. The NBO analysis was performed
by the NBO 3.1 program as implemented in the Gaussian 03
program package at the MP2/6-31+G** level, and the AIM
analysis was performed using the AIMAIl software.”® In the
NBO analysis, the second-order perturbation stabilization
energy E(2) associated with delocalization i — j is estimated
as E(2) = AE; = n(F;)*/(¢; — ¢;), where n; is the donor orbital
occupancy, ¢; and ¢; are the diagonal elements, and F;; is the off-
diagonal NBO Fock matrix element.

2.2. Molecular Dynamics Simulation. All molecular
dynamics simulations were performed in the constant temper-
ature, constant pressure (NPT) ensemble using the GRO-
MACS simulation package.*® The pressure was maintained at
the desired set Boint by means of a Parrinello—Rahman
barostat method”” with a relaxation time of 4.0 ps. The
temperature was maintained using a V-rescale thermostat™®
with a relaxation time of 1.0 ps. Partial atomic charges were
derived from the optimized geometry using the RESP method
with the RE.D.-IIL4 package.”” The leap-flog algorithm was
used to integrate the equations of motion at the simulated
conditions.

The systems were placed in a cubic molecular dynamics box
with periodic boundary conditions applied along all directions.
The electrostatic forces were treated by the PME method. The
cutoff distance was set to 1.2 nm. The van der Waals forces
were treated by the cutoff method with a switch region between
1.0S and 1.2 nm. Given the Henry’s law constants of C,H, and
C,H,, a mixture of 256 bmim*, 256 BF,”, and 28 C,H,
molecules was simulated at 313 K and 1.7 bar for the C,H,—
[bmim][BF,] system, a mixture of 256 bmim*, 256 BF,”, and
14 C,H, molecules was simulated at 313 K and 9.6 bar for the
C,H,—bmim][BF,] system, and a mixture of 256 bmim®, 256
OAc7, and 14 C,H, molecules was simulated at 313 K and 9.1
bar for the C,H,—[bmim][OAc] system. The force field
parameters for [bmim][BF,] and [bmim][OAc] were from Liu
et al’s work®® and amber force field. All of the parameters for
C,H, and C,H, used were from the OPLS-AA force field. A
complete listing of all relevant force field parameters and partial
charges is provided in Table S1 (Supporting Information). The
simulation time step was 1 fs for C,H,/C,H,—[bmim][BF,]
and 0.5 fs for C,H,—[bmim][OAc]. All of the systems were
simulated for 1.5 ns.

3. RESULTS AND DISCUSSION

3.1. GH,/CH,—Anions. The minimum-energy geometries
of C,H,/C,H,—anions for C,H,—OAc™, C,H,—OAc™, C,H,—
BF,”, C,H,—-BF,”, C,H,~Tf,N", and C,H,—Tf,N~ config-
urations were calculated; the minimum-energy geometries of
the complexes are shown in Figure 1, and the BSSE-corrected
interaction energies of the complexes are listed in Table 1. The
distances of Hy,~-X (X = O or F in anions) between C,H, and
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Figure 1. Optimized structures of the complexes of (a) C,H,—OAc",
(b) C,H,—OAc, (¢) C,H,—BF,”, (d) C,H,—BE,", (e) C,H,—Tf,N",
and (f) C,H,—Tf,N™. The dotted lines represent the possible modes
of interaction, with interatomic distances in angstroms.

Table 1. BSSE-Corrected Interaction Energies (kJ/mol) of
the Ions/Ion Pairs with C,H, and C,H,

ion and ion pairs C,H, C,H,
BEF,” —13.40 —26.65
OAc™ —22.10 —42.83
TENT —12.01 —-21.36
bmim* —15.70 —-17.80
[bmim][BE,] ~1261 -22.93
[bmim][OAc] ~15.88 -31.52
[bmim][T£,N] 2324 —26.87

the anions range from 2.288 (C,H,—OAc") to 2.675 A (CH,~
Tf,N~), whereas the distances of H,,;+X between C,H, and
the anions are shorter, ranging from 1.888 (C,H,—OAc") to
2.335 A (C,H,—T£,N"). It indicates that hydrogen bonds may
occur between C,H,/C,H,—anions because the distances of
H:--X are smaller than the sum of van der Waals radii of
relevant atoms, as shown in Table 2. Considering that the
distances of Hg,,+-X in C,H,—anion complexes are shorter than
those in C,H,—anion complexes with the same anions, the
interaction of C,H,—anion complexes is stronger than that of

Table 2. van der Waals Radii r,, (A) of the Elements
Involved®'

1.20 1.70 1.52 147
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C,H,—anion complexes, which is in accordance with the
calculated BSSE-corrected interaction energies shown in Table
1. From the data listed in Table 1, we can also find that C,H,—
OAc™ has the highest BSSE-corrected interaction energy of
—42.83 kJ/mol, while C,H,—Tf,N~ has —21.36 kJ/mol, which
is even smaller than that of C,H,—BF,”. The same order can
also be found in C,H,—anion complexes. It can be ascribed to
the electron-withdrawing effect of the trifluoromethyl groups,
resulting in the reduction of the proton-accepting ability of
oxygen. The BSSE-corrected interaction energy and the
distance of H,,+X analysis have the same result that the
strength of interaction of C,H,/C,H,—anions is in the order of
OAc™ > BF,” > TLN™.

To further confirm whether hydrogen bonds exist in the
complexes, their topological properties are considered as
another criterion. AIM is a technique for studying the paths
followed by the electron density between atoms within a
molecule. It allows us to study the bonding properties of the
systems. According to Bader’s topological AIM theory,** the
chemical bonds can be illustrated in terms of the electron
density (pgcp) and its corresponding Laplacian (V?pycp) at the
bond critical point (BCP). The values of pypcp and Vppcp
exhibit the characteristics of chemical bonds. The pgcp
correlates with the strength of an atomic interaction. The
sign of V?pgcp is considered to relate to whether the atomic
interaction possesses a dominant character of the shared
electron (covalent) interactions (VZppcp < 0) or the closed-
shell (electrostatic) interactions (V2pgcp > 0). The values of
pacp and Vpycp for C,H,/C,H,—ion complexes are listed in
Table 3 and all meet the criterion of the hydrogen bond (pgcp
= 0.002—0.034 au, V?pycp = 0.024—0.139 au).>® Thus, there
are really hydrogen bonds in C,H,/C,H,—anion complexes
from the AIM analysis. The values of VZpycp are all positive,
suggesting that the hydrogen-bonding interactions have an
electrostatic character. More significantly, the strength of the
hydrogen bonds, reflected by the values of ppcp, is on the order
of C,H,—anion > C,H,—anion with the same anion, and in
C,H,/C,H,—anion, it is in the order of OAc™ > BF,” > T,N™,
which is consistent with the BSSE-corrected interaction energy
and the length of hydrogen-bond analysis. It should be
mentioned that, as opposed to the acidic protons in C,H,,
the hydrogen bonds in C,H,—anion complexes may be in
question. Therefore, we tried an infrared spectrum out to
further verify whether H-bonding existed in C,H,—RTIL. Due
to the imidazole-based RTILs having double bonds the as same
as C,H,, the solubility of C,H, in RTILs is limited, and RTILs
always have extremely high responses in infrared analysis;
therefore, there was no difference in the infrared spectrum
before and after dissolving C,H, in RTILs. However, this style
of hydrogen bonding (C—H:-+-X) in C,H,—anion complexes is
further supported by many previous studies, for example, C—
H--X-R (X = Cl, Br, and I) hydrogen bonds in driving the
complexation of nanoscale molecular baskets,** the C—H--O
hydrogen bond in the ethylene—water system,**¢ the C—
H--N hydrogen bond in the ethylene—ammonia system,”” and
the C-H--X (X =C, N, O, F, P, S, and Cl) hydrogen bond of
ethylene with first- and second-row hydrides.>®

The NBO analysis was performed to give us a further
understanding of the orbital interaction of the hydrogen bond
and other possible interactions, such as p—z and 7—x
interactions between C,H,/C,H, and ions caused by double
bonds or lone pair electrons existing in the ions. The calculated
results, listed in Table 4, show the relative second-order
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Table 3. AIM Parameters of Ion/Ion Pairs with C,H, or C,H, and Pure Ion Pairs

species C,H,
H, X p
OAc™ H8---02 0.0144
H12---03 0.0122
BE,” H6---FS 0.0078
H11---F3 0.0106
TEN™ H16---07 0.0094
H16--013 0.0064
H20---013 0.0078
[bmim][BE,] H31.-F2 0.0059
H31---F3 0.0056
H36---F3 0.0081
[bmim][OAc] H36--028 0.0139
[bmim][TE,N] Hd4--033 0.0079
H44---038 0.0072
H46---038 0.0081
HetionX P
[bmim][BE,] HI5--F4 0.0130
[bmim][OAc] H7---026 0.0456
[bmim][T£,N] H7---038 0.0178
Heation X
pure [bmim][BF,] H15-F2
H1S5---F4
pure [bmim][OAc] H7--026
pure [bmim][Tf,N] H7--038

CZHZ
V2p Hy,o X p V2p
0.0410 H11--03 0.0300 0.0828
0.0375
0.0344 H6--F3 0.0191 0.0621
0.0407
0.0329 H16-07 0.0107 0.0383
0.0259 H16--013 0.0109 0.0386
00295
0.0265 H33--F3 0.0193 0.0641
0.0270
0.0362
0.0407 H36--028 0.0259 0.0749
0.0291 H43--033 0.0089 0.0341
0.0284 H44--038 0.0101 0.0380
00322
Vip Hion™ X P Vip
0.0588 HI15--F2 0.0121 0.0559
H15--F4 0.0125 0.0571
0.1214 H7--026 0.0450 0.1198
0.0596 H7--038 0.0153 0.0529
P Vip
00116 0.0575
0.0117 0.0580
0.0411 0.1301
0.0195 0.0549

perturbation stabilization energy (E(2)) between C,H,/C,H,
and ions. The largest value of E(2) of the strong interaction
existing in the C,H,—OAc™ complex between the lone pair of
03 and 6*(C9—HI1) is denoted as LP(03) — ¢*(C9—H11)
and is 21.32 kcal/mol. Similarly, the sums of E(2) for LP(X) —
6*(C—H) in C,H,—anion complexes are 4.2 (C,H,—BF,”),
421 (C,H,—TE£,N7), and 7.53 keal/mol (C,H,—OAc™) and
range from 6.22 (C,H,—Tf,N7) to 21.32 keal/mol (C,H,—
OAc”) in C,H,—anion complexes. All of the LP(X) — ¢*(C—
H) interactions indicate the formation of hydrogen bonds
between C,H,/C,H, and OAc™, BF,”, and Tf,N™ anions. The
larger the E(2), the stronger the interaction in the orbits. Thus,
the NBO analysis of C,H,/C,H,—anion agrees with the former
analysis that the strength of hydrogen bonds is C,H,—anion >
C,H,—anion with the same anion, and that of C,H,/C,H,—
anion complexes with different anions has the order of OAc™ >
BE,” > Tf,N™. (The C,H,—BF,” complex has a larger E(2) of
3.06 than 2.68 kcal/mol in the C,H,—Tf,N~ complex, though
they have nearly the same sum of E(2).) In C,H,—anion
complexes, a very weak p—r interaction is found, so that the
E(2) for LP(0O3) — #*(C8—C9) is 0.19 kcal/mol in the
C,H,—OAc™ complex, the E(2) for LP(F3) — z*(C7—CS8) is
0.0S kcal/mol in the C,H,—BF,” complex, and the E(2) values
for LP(07) — #*(C17—C18) and LP(013) — z*(C7—C8)
are 0.16 and 0.15 kcal/mol in the C,H,—Tf,N~ complex. There
is no p— interaction in NBO analysis for C,H,—anions, maybe
because ethylene has only one 7 bond rather than two as in
acetylene.

All of the calculated results shown above validate the
existence of hydrogen bonds in C,H,/C,H,—anion complexes,
and they all arrive at the same conclusion that the strength of
hydrogen bonds is C,H,—anion > C,H,—anion with a same
anion due to the weakly acidic character of the hydrogen atom
in acetylene, and the hydrogen-bonding strength of C,H,/

3947

C,H,—anion complexes with different anions has the order of
OAc™ > BF,” > TELN™ caused by the differences in the
hydrogen-bond basicity () of the RTILs, as shown in Table S.
Notably, the calculated results are in accordance with the
experimental solubility data, as shown in Table S, that the
solubility of C,H, is larger than that of C,H, in the same RTILs
and the solubility of C,H, in RTILs with different anions has
the following order: [bmim][OAc] > [bmim][BF,] > [bmim]-
[TE,N]. It indicates that the hydrogen-bonding interaction may
be the dominant factor in determining the solubility of the
acetylene in RTILs. However, the calculated results of C,H,—
anions demonstrate that the solubility of C,H, in RTILs should
be [bmim][OAc] > [bmim][BF,] > [bmim][Tf,N]. However,
the experimental data are in the order of [bmim][Tf,N] >
[bmim][OAc] > [bmim][BF,]. Thus, there are some other
interactions affecting the ethylene solubilization in RTILs
besides the weak hydrogen-bonding interaction. On the other
hand, the p—n interaction was found in the C,H,—anions
complex but did not exist in C,H,—anions; however, the E(2)
was too small to be conclusive.

3.2. CH,/CH,—Cations. After investigating the RTIL'’s
anion—gas interactions, a study on RTIL’s cation—gas
interaction was performed. The 1-butyl-3-methylimidazolium
(bmim*) was chosen as the model cation in order to compare
with the experimental data. Figure 2 shows the minimum-
energy structures of C,H,—bmim" and C,H,—bmim*, and the
corresponding energies are tabulated in Table 1. Both the
distance of H---C and the BSSE-corrected interaction energy
indicate that C,H, and C,H, have a comparable interaction
with bmim™. The gas molecules are perpendicular to the plane
of the imidazolium cation ring, no matter whether the geometry
optimization was initiated by (i) aligning the solutes on the
same plane of the cation ring and (ii) placing the solutes
parallel to but above the plane of the cation ring such that a
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Table 4. Involved Donor—Acceptor NBO Interactions and Second-Order Perturbation Stabilization Energies E(2) (kcal/mol)

in C,H,/C,H,—Ion/Ion Pairs Complexes

donor acceptor E(2) (kcal/mol)
C,H,—OAc™
LP(02) o*(C9—H8) 5.02
LP(03) 6*(C10—H12) 2.51
C,H,—BF,”
LP(F3) c*(C8—H11) 3.04
LP(F5) 6*(C7—H6) 1.16
C,H,~TEN
LP(07) o*(C17—H16) 2.68
LP(013) o*(C17—H16) 0.58
LP(013) 6*(C18—H20) 0.95
C,H,—bmim*
7*(C3—N4) 7*(C27—C28) 0.10
C,H,—[bmim][BF,]
LP(F2) 6*(C32—H31) 0.68
LP(F3) ¢6*(C32—H31) 0.11
LP(F3) o*(C33—H36) 0.93
7(C6—C7) 7*(C32—C33) 0.14
7*(C6—C7) 7#(C32—-C33) 0.16
7(C32—C33) 7*(C6—C7) 0.34
C,H,—[bmim][OAc]
LP(028) 0*(C34—H36) 1.54
7(C1-C2) 7#(C34—C35) 0.80
7(C3—N4) #(C34—C35) 0.18
*(C3—N4) 7*(C34—C35) 1.03
7(C34—C35) 7*(C3—N4) 0.94
C,H,—[bmim][T£,N]
LP(033) 6#(C42—H44) 1.31
LP(038) o*(C42—H44) 0.55
LP(038) 6*(C43—H46) 0.77
LP(033) #(C42—C43) 0.06
7(C42—C43) 7*(C3—N4) 0.05

donor acceptor E(2) (kcal/mol)
C,H,—OAc™
LP(03) o*(C9—HI11) 21.32
LP(03) 7#(C8—C9) 0.19
C,H,—BF,~
LP(F3) c*(C7—H6) 8.70
LP(F3) 7#(C7-C8) 0.05
C,H,~Tf,N~
LP(07) o*(C17—-H16) 3.06
LP(013) c*(C17—H16) 3.16
LP(07) 7#(C17—C18) 0.16
LP(013) 7*(C17—C18) 0.15
C,H,—bmim*
7*(C3—-N4) 7*(C26—C27) 0.09
C,H,~[bmim][BF,]
LP(F3) 0*(C31-H33) 8.59
7(C6—C7) 7*#(C31-C32) 021
7*(C6—C7) 7#(C31-C32) 0.11
7(C31-C32) 7*(C6—C7) 0.41
C,H,—[bmim][OAc]
LP(028) c*(C34—H36) 15.96
C,H,—[bmim][Tf,N]
LP(033) 06*(C41—H43) 1.50
LP(038) c*(C41—H43) 1.58
LP(033) 7#(C41-C42) 0.24
LP(038) #(C41-C42) 0.50

Table S. Ionic Liquids and Their Absorption Capacities of
C,H, and C,H,

Ky® of C,H, Ky of C,H,
RTILs (bar, 313 K) ref  (bar, 313 K) ref i ref
[brmim] 1922+34 19  167+03 21 0376 39
(BE,]
[bmim] 1759 + 1.6 19 5.6 + 0.1 21 1.090 40
[OACc]
[bmim] 829 + 1.0 19 21.8 £ 0.1 19 0.243 39
[T£N]

“Ky is Henry’s law constant. b4 is the Kamlet—Taft parameter of
hydrogen-bond basicity.

potential 7— stacking stabilization could take place. As is well-
known, the most positive charge is located on the H7 atom in
bmim® due to the strong inductive effect of the N4 and N8
atoms. Therefore, the weakly electrostatic interaction between
H7 and the negatively charged carbon of the gas plays a major
role in forming this structure, which is further proved by the
consistency with the distance of H---C and the sum of their van
der Waals radii in Table 2. In the optimized structures, the gas
molecules stabilize on the side of butyl due to the van der
Waals force. The NBO analysis, as shown in Table 4,
demonstrates that z—n interaction exists in C,H,/C,H,—
bmim" complexes. The E(2) for 7#*(C3—N4) — #*(C27—
C28) in C,H,—bmim" is 0.10 kcal/mol, and that for 7*(C3—
N4) — 7*(C26—C27) in C,H,—bmim™ is 0.09 kcal/mol, but
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they are weak and much smaller than the hydrogen-bonding
interactions in C,H,/C,H,—anions complexes.

3.3. C;H4/CHy—lon Pairs. Finally, the interactions
between C,H,/C,H, and ion pairs of RTILs were investigated.
The optimized structures of the ion pairs and gas—ion pair
complexes are shown in Figure 3. On the whole, the solute
leans more toward the anion with an orientation almost similar
to that of the C,H,/C,H,—anion complexes. It indicates that
the anions play an important role in determining the C,H,/
C,H, solubility in RTILs, which is similar to the solubility of
other gases in RTILs, such as CO,.*'~* The structures of the
RTILs are not perturbed appreciably by the addition of gas
molecules.

In C,H,/C,H,—[bmim][BF,] complexes, the gas molecules
stabilize on the plane above the imidazolium cations and close
to the methyl side due to the steric effects. Unlike minimum-
energy structures of C,H,/C,H,—[bmim][BF,] complexes, the
gas molecules stabilize on the plane below the imidazolium
cations in C,H,/C,H,—[bmim][OAc] complexes. One oxygen
atom of the acetate has an affinity with the hydrogen atom of
the gas solute, and the other one interacts with the hydrogen
atom of the imidazolium cation. In C,H,/C,H,—[bmim]-
[TE,N] complexes, the gas molecules are in front of and
perpendicular to the plane of the imidazolium cation ring due
to the steric effect of [Tf,N]".
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(b)

Figure 2. Minimum-energy structures of the complexes of (a) C,H,—
bmim*, (b) C,H,—bmim*. The dotted lines represent the possible
modes of interaction, with interatomic distances in angstroms.

The distances of Hg,g+X (X = O or F in anions) between
C,H, and the anions in C,H,—ion pair complexes range from
2.301 (C,H,—[bmim][OAc]) to 2.642 A (C,H,—[bmim]-
[Tf,N]), whereas the distances of H---X between C,H, and the
anions in C,H,—ion pair complexes range from 1.948 (C,H,—
[bmim][OAc]) to 2.455 A (C,H,—[bmim][T£,N]). The values
of ppcp and V2ppcp in AIM analysis are also on the scale of the
hydrogen bond in C,H,/C,H,—ion pair complexes (Table 3).
The values of pycp range from 0.0056 (C,H,—[bmim][BF,])
to 0.0139 (C,H,—[bmim][OAc]) in C,H,—ion pair complexes
and from 0.0089 (C,H,—[bmim][Tf,N]) to 0.0259 (C,H,—
[bmim][OAc]) in C,H,—ion pair complexes. The results for
the distance and AIM analysis of C,H,/C,H,—ion pairs are
similar to those of the C,H,/C,H,—anion, which demonstrates
that the strength of hydrogen bonds is C,H,—ion pairs >
C,H,—ion pairs with the same ionic liquid, and the hydrogen
bonding strength of C,H,/C,H,—ion pair complexes has the
order of [bmim][OAc] > [bmim][BF,] > [bmim][Tf,N].
From the AIM analysis in Table 3, we can find that the H in C2
of the imidazolium cation forms a hydrogen bond with anion of
the type H_on—X, and the C,H, forms the hydrogen bond
with the anion simultaneously. In other words, in the one-to-
one quantum chemical calculation, although the H in C2 of the
imidazolium cation competes with the gas molecule to form a
hydrogen bond with the anion, the hydrogen bond between the
gas molecule and anion can still form, and it will not influence
the hydrogen bond between the cation and anion significantly.
For example, the value of pycp for H7---O38 in pure

Si
Gas molecule \?
W 2.468

(b)

(h)

\, 2.600
s @78 8y

4gp Gas molecule

3?
Gas molecule y/‘?\“y
3

M‘ia{s

(c)

l. 1948 _ Gas molecule
S

{9 Gas molecule

U]

Figure 3. Minimum-energy structures of (a) [bmim][BF,], (b) C,H,—[bmim][BF,], (c¢) C,H,—[bmim][BF,], (d) [bmim][OAc], (e) C,H,—
[bmim][OAc], (f) C,H,—[bmim][OAc], (g) [bmim][TEN], (h) C,H,—[bmim][T£,N], and (i) C,H,—[bmim][T£,N]. The dotted lines represent

the possible modes of interaction, with interatomic distances in angstroms.
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(b)

Figure 4. The two unusual natural bond orbitals (a, b) of acetylene in C,H,—[bmim][OAc].

[bmim][T£,N] is 0.0195, and in C,H,—[bmim][Tf,N] and
C,H,—[bmim][Tf,N] complexes, the values are 0.0178 and
0.0153, respectively, within the hydrogen-bonding scale. It
seems that the number of H-bond-acceptor sites in the anions
influences the final optimized configurations. For [bmim]-
[OAc], OAc™ has two H-bond-acceptor sites in the O atom;
the one bonds to the C2—H of the imidazolium cation, and the
other bonds to the gas molecule; therefore, it is apt to form a
single C—H--O bond with C,H,. However, for [bmim][BF,]
and [bmim][Tf,N], the two anions have multiple H-bond-
acceptor sites; therefore, they are apt to form multiple C—
H---O/F bonds.

The relative second-order perturbation stabilization energy
E(2) (Table 4) by the NBO analysis can offer us a deeper
insight into the interactions between gas solutes and RTILs.
The E(2) for LP(F3) — o¢*(C31-H33) in the C,H,—
[bmim][BF,] complex, representing a hydrogen-bonding
interaction, is 8.59 kcal/mol, while the #—n interaction, the
sum of E(2) for 7(C6—C7) — n*(C31-C32), n*(C6—C7) —
7*#(C31—-C32), and #(C31-C32) — #*(C6—C7), is 0.73
kcal/mol. It suggests that the hydrogen-bonding interaction is
much stronger than the 77— interaction in C,H, solubilization
in RTILs, and no obvious p—x interaction is found between the
gas and anion. Kim has observed a similar phenomenon in
C,H,—[emim][Tf,N], C,H,—[emim][MeSO,], C,H,—
[emim][MeHPO,], and C,H,—[emim][Me,PO,] systems.”"
In C,H,—[bmim][BF,], the hydrogen-bonding interaction and
7—7 interaction also exist. However, the sums of E(2) for the
hydrogen-bonding and 7—7 interaction are 1.72 and 0.64 kcal/
mol, respectively, indicating that the two interactions are weak
and comparable. Thus, both the hydrogen-bonding and z—=
interaction affect the solubility of ethylene in RTILs with
comparable contribution.

In C,H,/C,H,—[bmim][OAc] complexes, the E(2) for
LP(028) — 0*(C34—H36), representing the hydrogen-
bonding interaction, are 1.54 kcal/mol in C,H,—[bmim][OAc]
and 15.96 kcal/mol in C,H,—[bmim][OAc]. This indicates
that C,H, can form a stronger hydrogen bond with
[bmim][OAc] than C,H,, which is in accordance with the
result of the gas—anion calculation. The sum of E(2) for
7(C1-C2) — #n*(C34—C35), 7(C3—N4) — 7*(C34—C35),
7#(C3—N4) - 7%(C34—C35), and 7(C34—C35) — 7*(C3—
N4), the n—rx interactions, is 2.95 kcal/mol in C,H,—
[bmim][OAc]. The hydrogen-bonding interaction and z—x
interaction are comparable in C,H,—[bmim][OAc], which also
means that both the hydrogen-bonding and z—7 interaction
both are main factors in dissolving ethylene in RTILs. The
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significance of the E(2) in C,H,—[bmim][OAc] cannot be
figured out. The reason for this is that the natural bond orbitals
shown in Figure 4a and b appear simply to be the so-called 7
“banana bonds” of the acetylene molecule, which are not
unusual. Nevertheless, it can be affirmed that the hydrogen-
bonding interaction is still much stronger than the z—x
interaction.

In C,H,/C,H,—[bmim][Tf,N] complexes, the [Tf,N]~ has
a larger volume compared to [BF,]™ or [OAc]™ and occupies
the plane above the imidazolium cation ring, so that the gas
molecule stabilizes in front of the cation and on the plane that
is perpendicular to the imidazolium cation ring. Thus, the 7—7x
interaction weakens due to the steric effect of [T£,N]~. The
E(2) for 7(C42—C43) — x*(C3—N4) is only 0.05 kcal/mol in
C,H,—[bmim][Tf,N], and even no 7— interaction is found in
C,H,—[bmim][Tf,N]. However, the p—r interaction exists
wherein the E(2) for LP(033) — #*(C42—C43) is 0.06 kcal/
mol in C,H,—[bmim][Tf,N], and LP(033) — 7*(C41—C42)
is 0.24 kcal/mol; that for LP(038) — 7*(C41—C42) is 0.50
kcal/mol in C,H,—[bmim][Tf,N]. Thus, not only the 7—7
interaction in C,H,—cation but also the p—x interaction in
C,H,—anion affects the solubility of C,H, in RTILs with
comparable contribution. The sum of E(2) for LP(033) —
c*(C42—H44), LP(038) — ¢*(C42—H44), and LP(038) —
0*(C43—H46), representing hydrogen-bonding interactions, is
2.63 kcal/mol in C,H,—[bmim][Tf,N], and for LP(033) —
0%(C41—-H43) and LP(038) — o¢*(C41—H43), it is 3.08
kcal/mol in C,H,—[bmim][TE,N]. It suggests that the
hydrogen-bonding interactions are weak in C,H,/C,H,—
[bmim][Tf,N]. Furthermore, the value of 3.08 kcal/mol is
much smaller than 8.59 and 15.96 kcal/mol in [bmim][BF,]
and [bmim][OAc], respectively, which agrees with the
experimental solubility data that C,H, solubility has the
following order: [bmim][OAc] > [bmim][BF,] > [bmim]-
[T,N].

The BSSE-corrected interaction energy of C,H,—ion pairs is
always bigger than that of C,H,—ion pairs (Table 1), which is
consistent with the experimental solubility data that C,H, has a
higher solubility than C,H, in the same RTIL. In C,H,—ion
pair complexes, the calculated results are also in accordance
with the experimental data that the C,H, solubility is in the
order of [bmim][Tf,N] > [bmim][OAc] > [bmim][BF,].
Though the BSSE-corrected interaction energy of C,H,—ion
pairs is in the order of [bmim][OAc] > [bmim][Tf,N] >
[bmim][BF,], which departs from the experimental data, the
distance of Hg,, X, AIM, and NBO analyses all agree with the
solubility data and the f of the RTILs.
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In addition, the BSSE-corrected interaction energies of ion
pairs were calculated, and the values were —349.78, —314.94,
and —409.88 kJ/mol for [bmim][BF,], [bmim][Tf,N], and
[bmim][OAc], respectively. If we consider the RTIL’s ion pair
energy as the solvent—solvent interaction energy, the ratio of
the gas—ion pair interaction energy (Table 1) to the solvent—
solvent interaction energy can be calculated. The C,H,—ion
pair interaction ratios are 3.6, 7.4, and 3.9% for [bmim][BF,],
[bmim][T£,N], and [bmim][OAc], respectively. However, the
C,H,—ion pair interaction ratios are 6.6, 8.5, and 7.7% for
[bmim][BF,], [bmim][Tf,N], and [bmim][OAc], respectively,
which are almost twice those in C,H,—ion pair complexes with
the same RTIL except [bmim][Tf,N]. The studies based on
RST assume that the solute—solvent (gas—RTIL) interaction
should be negligibly small compared to the solvent—solvent
(RTIL—-RTIL) and solute—solute interaction.'’ Given these
data, it suggests that the RST is suitable to correlate the C,H,
solubility data in RTILs. However, due to the strong solute—
solvent interaction between C,H, and RTILs, which is not
negligibly small compared to the solvent—solvent interaction,
the RST correlation performance for C,H, solubility would be
poor. It could be the explanation for the failure of correlating
C,H, solubility in RTILs with the solubility parameter based on
RST."”

3.4. Molecular Dynamics Simulation. All of the quantum
chemical calculations conducted above are one-to-one and in an
ideal gaseous state. It is more interesting and reasonable to
study ethylene and acetylene dissolving in RTILs in a more
realistic solution condition to discuss the probability of the
hydrogen-bonding interaction in solution in the presence of
cation competition. Molecular dynamics simulation is an
available method that has been used to study the interaction
of small-molecule solvents in RTILs.**~** It is quite acceptable
that the anion associates with the hydrogen (H6) attached to
the C2 carbon on the bmim* and forms a hydrogen-bonding
interaction*>~** due to the relatively large positive charge of the
hydrogen.**® Figure Sa shows the radial distribution functions
for the F atom of the BF,” about the H6 atom of the
imidazolium ring in bmim* and the H atom of C,H,, while
Figure 5b is the same plot for the F atom of the BF,™ about the
H6 and H atom of C,H,, and Figure Sc is the plot for the O
atom of the OAc™ about the H6 and H atom of C,H,. There is
very little difference between the H6 ;,,—F curves in Figure Sa
and b, in which a sharp, intense peak is observed at about 2.4 A;
the second peak is lower at about 4.2 A, which indicates that
the strong hydrogen-bonding interaction exists between bmim*
and BF,”. The H,cetytene—F curve in Figure Sa has a sharp,
intense peak at 2.4 A, indicating a strong hydrogen-bonding
interaction between the H of C,H, and the F of BF,™. As in the
Hhylene—F curve shown in Figure Sb, the peak between 2.5 and
3.25 A is low in intensity and broad, which indicates that a very
weak interaction exists between C,H, and BF,”. Similarly, in
Figure 5c, the H6_;,,—O curve has a sharp, intense peak at 2.3
A, and the initial peak of the Hghylene—O curve between 2.5 and
3.25 A is broad and low in intensity. Compared to the one-to-
one quantum chemical calculation, the distance of H,,, X x=
O or F in anions) calculated from molecular dynamics
simulation is always the larger one. It demonstrates that the
hydrogen bond between the H in C2 of the imidazolium cation
and the anion will weaken the hydrogen-bonding interaction of
the gas molecule and anion, espeically in the C,H,—RTIL
system.
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Figure S. (a) Radial distribution functions for the F atom of the BF,~
about the H6 atom of the cation (black line) and the H atom of C,H,
(red line). (b) The same plots and symbol meaning for C,H,. (c)
Radial distribution functions for the O atom of the OAc™ about the H6
atom of the cation (black line) and the H atom of C,H, (red line).

4. CONCLUSION

The minimum-energy geometries of C,H,/C,H,—anions,

C,H,/C,H,—cations, and C,H,/C,H,—ion pairs were calcu-
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lated, and the geometry analysis, interaction energies analysis,
AIM analysis, and NBO analysis were performed. The
calculated results show that there are stronger hydrogen
bonds between C,H, and RTIL’s anions. Furthermore, the
hydrogen-bonding interaction between the gas molecule and
anion is the dominant factor in determining the solubility of
C,H, in RTILs. However, the hydrogen-bonding, p—n
interaction in C,H,—anions, and #—r interaction in C,H,—
cations are weak and comparable, which all affect the solubility
of C,H, in RTILs with comparable contribution.

The calculated results for the distance of H,, X, BSSE-
corrected interaction energy, electron density (ppcp) of HgaSmX
in AIM analysis, and the relative second-order perturbation
stabilization energy (E(2)) in NBO analysis are consistent with
the previous experimental data that C,H, is more soluble than
C,H, in the same RTIL, and the solubility of C,H, in RTILs
has the following order: [bmim][Tf,N] > [bmim][OAc] >
[bmim][BF,]. Though the BSSE-corrected interaction energies
of C,H,—ion pairs have some difference from the solubility
data, the distance of Hg, X calculation, pgcp of Hg,X in
AIM analysis, and E(2) in NBO analysis are in accordance with
the solubility data of C,H,, that is, [bmim][OAc] >
[bmim][BF,] > [bmim][Tf,N]. Furthermore, the simulation
results indicate that there is strong solute—solvent interaction
between C,H, and RTILs, which is not negligibly small
compared to the solvent—solvent interaction; thus, the RST is
probably not suitable to correlate the C,H, solubility in RTILs.

The molecular dynamics simulation results show that the
hydrogen bond between the H in C2 of the imidazolium cation
and the anion will weaken the hydrogen-bonding interaction of
the gas molecule and anion in a realistic solution condition,
espeically in the C,H,—RTIL system.
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