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Abstract

Reaction pathways for CS, and COS in the ionic liquid, 1-ethyl-3-methylimidazolium
(EMI") acetate (OAc), are studied using the ab initio self-consistent reaction field theory
(SCRF) and molecular dynamics (MD) computer simulations. It is found that while CS,
converts to COS nearly at the 100% level through S/O exchange with acetate, both
conversion and capture processes are kinetically possible for COS, yielding
COy/thioacetate and 1-ethyl-3-methylimidazole-2-thiocarboxylate (EMI-COS)/acetic acid
as reaction products, respectively. These findings are in excellent agreement with recent
experimental observations in the closely related 1-butyl-3-methylimidazolium acetate
(BMI'OAc") ionic liquid system. Constrained ab initio MD indicates that the capture
reaction of COS (and CS, if allowed) proceeds in a concerted fashion; viz., proton
transfer from EMI' to OAc and carboxylation of EMI' by COS (and CS,) occur
concurrently, analogous to the concerted pathway proposed recently for CO, capture in
the imidazolium acetate ionic liquid family. As N-heterocyclic carbene (NHC) is not
required, the concerted mechanism is fully consistent with the experimental fact that
NHC has not been detected directly in this ionic liquid family. Computational analysis
further predicts that if NHC would be present in the ionic liquid, it would react with CS,
and produce 1-ethyl-3-imidazole-2-dithiocarboxylate, prior to the conversion of CS, to
COS. Since such a dithiocarboxylate compound was not detected experimentally, the
present analysis lends support to the view that NHC is not formed in the pure
imidazolium acetate ionic liquid family.

Introduction

Tonic liquids (ILs)'™* are a class of organic salts that have melting points generally lower
than 100°C. ILs have many desirable properties, including low volatility, low
flammability, good thermal stability, high intrinsic ion concentration, and wide
electrochemical window. ILs are sometimes referred to as designer solvents because
these properties can be tuned for specific tasks through judicious choice and combination
of cations and anions. As such, ILs have evolved from a novel subject of academic
curiosity to an exciting class of materials that can enable green technology’ '’ in a broad
range of applications'~° in synthesis, catalysis, and separation, including areas as diverse
as CO, capture,”! diesel fuel desulfurization”* and biomass processing,”* and in
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electrochemical processes as electrolytes, such as in energy storage and conversion
. 3135
devices.

In the last 10-15 years, there has been an intensive effort to understand physicochemical
properties of ILs. Among others, ILs based on imidazolium cations (Figure la) have
received probably the most extensive attention partly due to ease of customization and

control of their properties and partly due to their important role in the development of ILs.

Nevertheless, molecular details of chemical processes in these ILs are still not well
understood. A good example is mechanisms of various reactions, such as trapping
reactions,36 benzoin condensation,37'40 CO, capture,‘“'49 etc., in the imidazolium acetate
IL family, which are the subject of much controversy recently. This state of affairs is
largely due to differing and confusing views on N-heterocyclic carbene (NHC) (Figure
1b)—viz., whether it would be formed in neat imidazolium acetate ILs and what roles it
would play if it would be indeed formed. To be specific, despite the lack of direct
experimental evidence, it has been generally believed that NHC is produced via transfer
of acidic proton, denoted as H2 hereafter, from the C2 position of imidazolium to one of
the oxygen atoms of acetate (see Figure 2a for atom labels). NHC thus formed is then
assumed to play an active role in most of the aforementioned reactions in this IL family
(“carbene mechanism”).

However, recent quantum chemistry calculations by Yan et al., using the self-consistent
reaction field theory (SCRF) method, indicated that the formation of carbene from
imidazolium cations becomes totally unfavorable energetically in polar environments,
such as pure imidazolium acetate.*’ The solvation-induced destabilization of the product
state, NHC + acetic acid, compared to the ion pair reactant state, makes the product state
unstable in solution.” Furthermore, ab initio MD analysis with the constrained dynamics
method suggests that in the case of CO, capture, the reaction proceeds in a concerted
manner, completely bypassing NHC; specifically, proton transfer from imiazolium to
acetate and carboxylation of imidazolium by CO, occur concurrently.*” Combined
experimental and theoretical investigation of transesterification of 2-phenylethyl alcohol
with isopropenyl acetate also suggests the absence of free NHC in the imidazolium
acetate IL family.” Interestingly, Welton and coworkers found very recently that benzoin
condensation reaction in EMI'OAc™ did not exhibit any kinetic isotope effect (KIE) when
imidazolium was deuterated.*” They interpreted this result as direct evidence for the “pre-
formation”—i.e., existence—of NHC in EMI'OAc, as a concerted mechanism like the
one proposed for CO, capture® must yield a significant isotope effect. Though care is
needed in the interpretation of KIE,51 we have a different view on their finding; viz., the
step involving proton transfer from imidazolium to acetate, whether concerted or not, is
not rate-limiting in benzoin condensation. Thus while NHC is an important reaction
intermediate in organocatalysis®® and organometallic catalysis,” it is a measure of the
very open for discussion character of NHC formation and participation, or lack thereof, in
chemical processes in imidazolium acetate that different mechanisms and interpretations
of kinetic measurements in this IL family have been proposed, continuing to the present.
To avoid confusion, it should be mentioned that NHC can be formed in other
imidaz015i4u5rsn-based ILs containing sufficiently basic anions, such as hydroxide and
hydride.™
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Figure 1. (a) Imidazolium cation and (b) N-heterocyclic carbene.

In this article, we extend the analysis of ref 49 to study CS, capture in imidazolium
acetate.”®>® Experimentally, a mixture of CS, with the ionic liquid, 1l-butyl-3-
methylimidazolium acetate (BMI'OAc), was found to yield as reaction products both 1-
butyl-3-methylimidazole-2-thiocarboxylate and -2-carboxylate, BMI-COS and BMI-CO,,
but not 1-butyl-3-methylimidazole-2-dithiocarboxylate, BMI-CS,.”*"” This occurs despite
the fact that COS and CO, were not present originally in the system. This intriguing
result was explained by S/O exchange with acetate, which converts CS; to COS and some
of COS thus generated to CO,, prior to the capture reaction. DFT calculations with
B3LYP indicated that the activation energies for the conversion of CS, to COS and COS
to CO, are, respectively, 24.5 and 23.9 kcal/mol in the presence of a pair of BMI™ and
OAc ions in the gas-phase though different functionals/basis-sets yield somewhat
different results.’® The capture of CS,, COS and CO, by (transient) 1-butyl-3-
methylimidazole-2-ylidene carbene was also examined in refs 57 and 58. While these
analyses offer valuable insights, they do not shed much light on the actual solution-phase
processes. Herein, we present the results of ab initio SCRF calculations and ab initio
MD simulations to obtain molecular details for CS, (and COS) capture in EMI'OAc¢™ and
to gain further insight into issues surrounding NHC in the imidazolium acetate IL family.

Models and Methods

Ab initio calculations were performed using GAUSSIAN-09 (GO9RevA.02) program.>
DFT calculations were carried out at the B3LYP level®®®' with the unrestricted UB3LYP
functional for CS;-to-COS and COS-to-CO, conversions via S/O exchange with acetate,
and for CO,/COS/CS, capture reactions via 1-ethyl-3-methylimida-2-ylidene (EMI)
carbene. In all calculations, the MQZVP (modified QZVP)* basis set was used for sulfur
while the 6-31+G(d,p) basis set was employed for all other atom types. The dielectric
constant of 15.13, corresponding to 1-pentanol, was used for the continuum solvent in the
SCREF calculations. Since the dielectric constant of many ILs is in the range € ~ 10-16,
the solvation effect, though implicit at the continuum level, on reaction free energetics in
EMI'OAc is accounted for in our ab initio SCRF calculations, in contrast to the earlier
studies in BMI'OAc >
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In addition to electronic structure calculations in the continuum phase, we have
performed ab initio MD simulations using the CP2K program.® Four different systems
were considered: (i) 12 pairs of EMI" and OAc ™ ions, i.e., 12 ion pairs (IPs), (ii) 12 IPs and 6
CS; molecules, (iii) 12 IPs and 6 COS molecules, and (iv) 12 IPs and 6 CS, molecules plus 1
NHC molecule, EMIL. These systems will be denoted as 12:0, 12:6CS, and 12:6COS,
12:6CS,:1EMI, respectively. To obtain the initial configurations needed for the ab initio
simulations, we first conducted classical MD simulations in the isothermal-isobaric
ensemble at 298 K and 1 bar using GROMACS 4.6.°* The force field parameters for
EMI" and OAc were taken from refs 65 and 66. The partial charges and the van der
Waals parameters of CS, were taken from ref 67 and ref 68, respectively, while the force
field parameters of ref 69 were employed for COS. For both CS, and COS, a rigid linear
geometry was used. Partial charges of EMI carbene were obtained by performing charge
density population analysis using the CHELPG method’® on the optimized geometry
determined via DFT with the B3LYP functional in the 6-311++G(d,p) basis set. This is
consistent with the determination of partial charges of the EMI' cation in ref 65,
employed in our study. Other force field parameters of EMI were assumed be the same as
those of EMI".

For both classical and ab initio MD simulations, we employed the same procedure as in
ref 49. Briefly, for classical MD, the system was equilibrated for 6 ns, followed by a 24 ns
production run, from which average density was computed. A configuration whose density is
arbitrarily close to the average density of the isothermal—isobaric ensemble was chosen from
this trajectory and used as the starting configuration forab initio MD. The BLYP
functional®"”" with the DFT-D2 van der Waals correction’ and the DZVP-GTH-BLYP basis
set with Goedecker, Teter and Hutter (GTH) pseudopotentials” were employed for ab
initio simulations. Geometry relaxation of the initial configuration was performed until the
forces on atoms became smaller than 0.02 eV A" in magnitude. Once the geometry was
optimized, ab initio MD was carried out in the canonical ensemble at 298 K, using the Nosé—
Hoover thermostat’"” and a time step of 0.5 fs with periodic, cubic boundary conditions
applied. We simulated two trajectories, each with 5 ps equilibration followed by a 50-60 ps
production run, from which averages were computed.

To investigate the potential of mean force w(r),
w(r) = -kgT Ing(r); fir) = -dww) Ir (1)

for capture reactions, we conducted constrained ab initio MD by employing the distance r
between C2 of EMI'/EMI (Figures 1 and 2a) and the carbon atom, Cc, of CS,/COS as the
reaction coordinate. In eq 1, - (r) and f{r) are, respectively, the radial distribution function and
the mean force between C2 and Cc, T 'is the system temperature and kg is Boltzmann’s constant.
We selected a configuration with the Cc~C2 distance of 4.0 A from the unconstrained ab
initio MD results and slowly changed the » value to a target Cc—C2 distance at the rate of
0.001 A per fs. The target distance ranged between 1.5 and 4.0 A in the present study. The
system thus prepared was equilibrated for 5 ps with the Cc—C2 distance frozen, followed by a
5 ps production simulation from which mean force f(7) in eq 1 was computed. For systems
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near the transition state, i.e., the Cc—C2 distance is close to the separation, at which f(7)
between Cc and C2 varies rapidly with proton transfer, the production run was 15-30 ps.

Results and Discussion

CS;-to-COS and COS-to-CO; conversions via S/O exchange with OAc™

We begin with the ab initio results for S/O exchange between CS,/COS and OAc in
Figures 2-4. As noted above, our systems are similar to those studied in refs 57 and 58
except that the cationic species we considered is EMI" and the solvation effect, though at
the continuum level, is incorporated into our calculations.
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Figure 2. CS, to COS conversion in the presence of an EMI'-OAc™ ion pair in the continuum
phase. The atom labels and the structures of the reactant, product and transition states as well
as those of the reaction intermediates are displayed: (a) Atom labels; (b) Reac; (c) TS1; (d)
Intl; (e) TS2; (f) Int2; (g) TS3; (h) Prod. Here Reac and Prod are the reactant and product
states of the exchange reaction, while TS1, TS2 and TS 3 are transition states for conversion
to the intermediate states, Intl and Int2, and the product state Prod, respectively. Distance is
measured in units of A.

IRC (intrinsic reaction coordinate) calculation results for the conversion of CS; to COS in
the dielectric continuum (¢ = 15.13) obtained via DFT are presented in Figure 2 with
atom labels shown in Figure 2a. The overall reaction proceeds in three steps:
complexation of CS; and OAc", S/O exchange between the two, and de-complexation of
the products COS and CH3;COS™ (SAc"). The long distance of 7.72 A between Cc of CS,
and Oa of OAc™ in Figure 2b clearly indicates that there are no significant interactions
between CS, and OAc in the reactant state, Reac, prior to complexation. The transition
state TS1 for complexation in Figure 2c¢ is characterized by the dramatically reduced Cc-
Oa distance of 1.91 A and an activation (free) energy of 17.0 kcal/mol compared to Reac.
The resulting CS,-OAc™ complex in the intermediate state Intl in Figure 2d exhibits
considerable geometry relaxation, including the elongation of the Ca-Oal bond from 1.30
A (TS1) to 1.35 A (Int1) and shortening of the Ca-Oa2 bond from 1.25 A (TS1)to 1.22 A
(Intl) in addition to a further reduction of Cc-Oa distance to 1.45 A. DFT predicts that
Intl is higher in energy than Reac by 11.7 kcal/mol. The transition state TS2 for the
actual S/O exchange step that yields COS and SAc™ is displayed in Figure 2e. Activation
of Intl to TS2 involves a significant inner-sphere reorganization, viz., decrease of the S-
Ca distance from 3.46 A to 2.05 A, increase of the Ca-Oal bond length from 1.35 A to
1.72 A and decrease of the Cc-Oal distance from 1.45 A to 1.31 A. As pointed out in ref
58, it is a bi-radical state with an overall spin singlet. As such, TS2 is higher in free
energy than Intl by 9.7 kcal/mol and Reac by 21.4 kcal/mol. The decrease of the Cc-Oal
from 1.31 A to 1.22 A and the S-Ca distance from 2.05 A to 1.89 A for the second
intermediate state Int2 (Figure 2f) indicates the formation of a complex comprising a
COS molecule and an SAc™ anion, i.e., completion of the S/O exchange. Decomplexation
of this complex is also an activated process with the relatively low transition state TS3
(Figure 2g), compared to TS1 and TS2. Resulting final products are solvated COS and an
EMI'-SAc™ ion pair. Our ab initio SCRF results indicate that the activation to TS2 with
the overall barrier height of 21.4 kcal/mol is rate-limiting for CS, to COS conversion.
This compares well with the gas-phase DFT results.””®

The reaction pathway for the conversion of COS to CO, is shown in Figure 3. Its
qualitative aspects are essentially the same as those of the CS,;-to-COS conversion in
Figure 2. The overall conversion reaction consists of the same three steps, complexation,
S/O exchange and decomplexation, and the S/O exchage step is rate-limiting. The
activation free energy for the conversion of COS to CO; is 20.4 kcal/mol, which is 1
kcal/mol lower than that of CS, to COS. For convenience, the SCRF results for the
reactant, product, transition and intermediate states for the two conversion processes are
summarized in Figure 4.
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Figure 3. COS to CO, conversion in the presence of an EMI™-OAc™ ion pair in the continuum
phase. (a) Reac; (b) TS1; (c) Intl; (d) TS2; (e) Int2; (f) TS3; (g) Prod.

Before we turn to direct capture of CS,/COS/CO, by NHC, we briefly pause here for
perspective on the SCRF results obtained with € = 15.13 above. According to many
experimental and computational studies,”’ the effective polarity of ILs gauged by
solvatochromic shifts, i.e., capability of solvating dipolar solutes, is comparable to that of
highly polar solvents even though the typical dielectric constant of ILs (¢ ~ 10-16) is not
that high as noted above. This is due to strong stabilization of dipolar solutes in ILs
through Coulomb interactions with ILs’ free charges, viz., cations and anions that can
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reorganize around the solutes independently of each other unlike bound charges of
normal solvents.”””® To gain insight into how this aspect might influence the continuum
solvent results, we performed SCRF calculations for COS-to-CO; conversion in ethanol
(e = 24.85), whose effective polarity is comparable to that of imidazolium-based ionic
liquids. Comparison of the ethanol vis-a-vis 1-pentanol results shows that the difference
in free energy along IRC between the two solvents is less than 0.3 kcal/mol (Table S1 in
Supplementary Information). Thus an increase in the dielectric constant over the 1-
pentanol value does not introduce any significant changes in the SCRF results. From
molecular perspective, since the contact ion-pair nature of the cation and anion of the S/O
exchange systems we studied remains largely unchanged throughout the entire reaction
(cf. Figures 2 and 3), the effect of the aforementioned solvation stabilization enhancement
arising from IL free charge rearrangements would not vary substantially along IRC.
Therefore the dielectric continuum description provides a reasonable framework to
capture the solvation effect on CS,-to-COS and COS-to-CO, conversions in EMI'OACc .
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Figure 4. SCRF results for conversion of CS,/COS to COS/CO, via S/O exchange with OAc™ of
an EMI"-OAc™ ion pair in the dielectric continuum: (a) CS, to COS; (b) COS to CO,. Energies
are measured in units of kcal/mol. All results are zero-point energy corrected.

CS,/COS/CO; capture by EMI carbene
Previous ab initio study by Yan et al.*’ showed that the electrically-neutral EMI carbene
paired with HOAc is thermodynamically unstable except in a non-polar environment (e.g., gas
phase) due to solvation destabilization. This indicates that proton transfer from EMI' to OAc
does not occur and thus NHC is not formed in the imidazolium acetate IL family, in concert
with experimental observations. As will be discussed below, our analysis will further support
this view. Nonetheless, the formation of NHC can be induced, for example, by adding a strong
base to the reaction system though it may not be produced spontaneously in neat imidazolium
acetate. In view of this possibility, we consider here an interesting question, “what roles would
NHC play if it would be present in the reaction system?” To this end, we performed DFT and
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MP2 calculations for direct capture of CS,, COS and CO, by EMI carbene. The results are
presented in Table 1 and Figure 5.

Ab initio calculations predict that all three capture reactions are activated processes both in the
gas phase and in solution. The DFT result for barrier height for CS, capture in the continuum
solvent with € = 15.13 is 13.3 kcal/mol, which is higher than that for COS or CO, by ~6
kcal/mol (Table 1). For all three capture processes, the activation barrier changes by < ~0.1
kcal/mol when the dielectric constant is raised from 15.13 to the ethanol value 24.85. In
the gas phase, the corresponding barrier for CS, capture is 12.9 kcal/mol, ~5 kcal/mol higher
than COS or CO, capture. Though similar to DFT results, MP2 predicts that the activation
free energy for CO,; capture is lower than that for COS by ~5 kcal/mol. All three reactions are
strongly exothermic, indicating that their products are very stable, especially, in solution. This
is due to solvation stabilization of highly dipolar product states with respect to weakly dipolar
reactant states (see Table S2 for dipole moments of the reactant and product states). For both
the transition and product states, C2-Cc distance, r, increases as sulfur atoms of CS, are
replaced by oxygen atoms; for example, the C2-Cc bond length of the product state is 1.49,
1.52 and 1.54 A for EMI-CS,, EMI-COS and EMI-CO,, respectively (Figure 5bcd). This
trend is attributed to high electronegativity of O. To be specific, more electronegative oxygen
withdraws electron density from the C2-Cc bonding region better than sulfur and thus makes
the C2-Cc “bond” weaker, i.e., longer. We also notice that the orientation of the carboxylate
group with respect to the imidazolium ring becomes more twisted with the substitution of O
by S. This is primarily due to the increasing steric hindrance with the substitution.

Table 1 Free energetics for capture of CS,, COS and CO, by EMI carbene?

System Reactant | Transition state Product
EMI-CS; (gas phase) 0.0 12.9 (10.9) -14.6 (-20.9)
EMI-COS (gas phase) 0.0 7.5(7.9) -7.6 (-10.4)
EMI-CO; (gas phase) 0.0 8.0 (3.4) -6.6 (-7.0)
EMI-CS, (continuum) 0.0 13.3 (11.6) -21.4 (-28.7)

EMI-COS (continuum) 0.0 7.4 (8.6) -17.4 (-20.5)
EMI-CO, (continuum) 0.0 7.2 (3.3) -19.2 (-19.3)

! Energy units: kcal/mol
2 MP2 results are given in parentheses.

One of the key results of our analysis here is that the activation free energy for the direct
capture of CS; by EMI carbene (13.3 kcal/mol) is much lower than that for the conversion of
CS; to COS via S/O exchange with acetate (21.4 kcal/mol). This means that if EMI
carbene would be indeed present in EMI OAc , it would readily react with and capture
CS,, thereby producing 1-ethyl-3-methylimidazole-2-dithiocarboxylate, EMI-CS,, prior
to the conversion of CS, to COS in the mixture of CS, and EMI'OAc . The fact that a
similar product, BMI-CS,, was not observed experimentally in the mixture of CS, and
BMI'OAc, combined with our results here for direct capture, provides further evidence
that NHC is not pre-formed in pure imidazolium acetate. With this in mind, we proceed
to ab initio MD simulations, in which the solvation effect is included at the first
principles molecular level.
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Figure 5. (a) Atom labels for EMI carbene. DFT results for structures of the reactant, product and
transition states for direct capture of (b) CS,, (c) COS, and (d) CO, by EMI in the continuum phase
(units for distance: A). Dihedral angle is N-C2-Cc-O(S), between CS,/COS/CO, and the EMI
carbene.

Radial distribution functions

Ab initio MD results for radial distribution functions (RDFs) are shown in Figure 6. The
distribution of Oa of OAc¢™ around C2 of EMI" in Figure 6a exhibits a prominent peak at
~3.0 A, indicating strong ion pairing between the two. The number of Oa atoms
coordinated with C2 determined by integrating this peak is ~2 (Table 2), revealing that
virtually all cations and anions are paired with each other in both the pure IL and
mixtures.*’ The pronounced peak of the corresponding H2-Oa distribution at ~2 A
indicates that there is a significant interionic hydrogen bonded interaction between C2
and Oa. The integration of the H2-Oa distribution up to 2.4 A, a typical O-to-H
separation employed as an upper bound for intermolecular hydrogen bonds,” yields 0.9—
1 (Table 2). This result suggests that nearly all ion pairs form a hydrogen bond between
C2 of EMI" and one of two Oa atoms of OAc .
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Figure 6. Ab initio MD results for radial distribution functions at 298 K. (a) Distributions of C2
(solid) and H2 (dashed) of EMI" around Oa of OAc . (b) Distributions of Cc of CS,/COS around
C2 (solid) of EMI" and Oa (dashed) of OAc . The results for the 12:6COS and 12:6CS, systems
are plotted in blue and red, respectively, while those for neat EMI'OAc (12:0) are in black.

The results for COS/CS, distributions around OAc’, especially the RDF values in the
2.5-3 A region, in Figure 6b indicate that COS interacts with OAc™ more strongly than
CS; does. One potential reason is the difference in the Cc charge between COS and CS,,
caused by the difference in the electronegativity of O and S. Our DFT calculations
predict that in dielectric continuum (g = 15.13), the partial charge of Cc is 0.357 for COS,
while it is -0.016 for CS,. This makes the interaction between Oa and Cc more attractive
and therefore stronger for COS than for CS,. By the same token, the Cc-Oa interaction is
stronger for CO, (Cc partial charge = 0.86) than that for COS or CS, (all partial charges
are compiled in Table S3). While the Cc partial charge varies as the separation of Cc and
Oa changes due to polarizability, its value in the absence of OAc serves as an
informative measure to gauge the strength of the electrostatic interaction between the two.

The RDFs of Cc of COS and CS; around C2 of EMI' show a similar behavior; both begin
to show structure after 3.0 A with the first peak around 4.4 A.

Table 2. Ab initio MD results for ion pairing and hydrogen bonds

System Oa around C2" Hydrogen bonds”
12:0 1.93 0.94

12:6COS 1.80 0.94

12:6CS, 1.91 0.96

D" Number of Oa of acetate in the first solvation shell of C2 of EMI'.
2 Number of hydrogen bonds between H2 and Oa per ion pair, obtained by integrating their
RDF up to 2.4 A.”
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Constrained ab initio MD results for free energetics of CS,/OCS capture in EMI'OAc™

Here we consider constrained dynamics ab initio MD results to gain quantitative insight
into reaction free energetics and mechanisms for CS, and COS capture. In ref 49, the
same approach was used to investigate CO, capture in EMI'OAc".
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Figure 7. (a) Mean force f{r) between C2 of EMI" and Cc of CS, (black squares) and Cc of
COS (blue circles) in the 12:6CS, and 12:6COS systems, respectively; (b) f{7) between C2 of
EMI carbene and Cc of CS, in 12:6CS,:1EMI.

The results for the mean force f{r) (eq 1) between C2 of EMI" and Cc of CS, (black
square)/COS (blue circle) are shown as a function of the C2-Cc separation r in Figure 7a.
The overall features of f(r) for CS, and COS are very similar. The mean force increases
as r decreases from ~4 A, and reaches its maximum around » = 2.1-2.2 A. As r further
decreases, f{r) begins to decrease and then near » = 2 A, it drops abruptly to a negative
value of large magnitude for both CS, and COS. This discontinuous change of large
amplitude in f(r), which makes the C2-Cc interaction strongly attractive, is due to H2
transfer from EMI' to OAc™. The MD results indicate that the onset of H2 transfer occurs
at » = 2.05 A in the 12:6COS system, whereas it does not occur until 7 reaches 1.80 A in
the 12:6CS, system. This is attributed to the difference in electronegativity of S and O.
COS withdraws electron density from EMI" better and thus weakens the C2-H2 bond
more than CS,. As a consequence, the rupture of the C2-H2 bond and accompanying
transfer of H2 occur earlier, i.e., at larger » in the presence of COS than CS,. When the
constraint on r is removed immediately after H2 transfer, » decreases rapidly and C2 and
Cc form a chemical bond nearly instantaneously (result not shown), analogous to the CO,
capture studied in ref 49. These results strongly suggest that H2 transfer from EMI" to
OAc™ and carboxylation of EMI" by CS,/COS occur essentially concurrently just like in
the CO, case.”” Since EMI carbene is not involved, the concerted mechanism completely
bypasses the controversial NHC issues mentioned above.

The activation step in the concerted mechanism is the approach of Cc of CS,/COS to C2
of EMI' in the r region, for which f{7) is positive. By integrating f{r) from the reactant
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state to the transition state region, we can estimate the activation free energy. The results
for CS; and COS are compared in Table 3. The barrier height for CS; (33.9 kcal/mol) is
much higher than that for COS (21 kcal/mol). One of the main reasons for this big
difference is that CS, capture is characterized by considerably later transition, i.e., its
transition state is located at smaller », than COS capture as noted above. Therefore, all
other things being equal, CS; needs to do more work to come closer to C2 to reach the
transition state than COS does. Additionally, f(r) for CS, is somewhat larger, i.e., more
repulsive, than that for COS. This is ascribed to the difference in the electron
withdrawing ability of COS and CS, noted above. As Cc approaches C2, COS better
facilitates electron density shift* from EMI" to COS than CS, does. As a result, the Cc-
C2 interaction is less repulsive for COS than that for CS,. This also contributes to the
difference in activation free energy between the two.

For comparison, we have examined f(r) for the direct capture of CS, by NHC, i.e., EMI
carbene, in the 12IP:6CS,:1EMI system (Figure 7b). It should be noted that in the
continuum limit, the 12IP:6CS,:1EMI system becomes similar to that used in the ab initio
SCREF analysis in Figure 5b above. In contrast to the concerted pathway in Figure 7a, f{7)
for the direct capture behaves smoothly in the entire » region we studied. The maximum
of w(r), characterized by f(r) = 0 and df(r)/dr > 0, which we identify as the transition state
for the direct capture, is located at » = ~2.4 A in excellent agreement with the ab initio
SCREF result in Figure 5b. The activation free energy obtained by the integration of f{7) is
12.5 kcal/mol, which also compares very well with the ab initio SCRF result 13.3
kcal/mol in Table 1. This indicates that our ab initio SCRF and ab initio MD results are
consistent and thus robust.

Table 3 Energy barrier £, along the C2—Cc coordinate and activation free energy (units:
kcal/mol)

System Foi ) E,” Activation free energy”’
12:6CO," 2.10 A 23.5 20.0
12:6COS 2.05A 24.5 21.0
12:6CS, 1.80 A 37.4 33.9
12:6CS,:1EMI — 12.5 12.5 (no ZPE)

YMaximum Cc-C2 distance at which H2 transfer from EMI" to OAc™ occurs.

ICalculated as the integration of f{r) from 4.0 A to Tpte

)Determined as the difference of E, and the zero-point energy (ZPE) of C2-H2 stretching vibration
of EMI'.

“From ref 49.

Important mechanistic insights into CS,/COS capture processes can now be gained by the
comparison of free energetics of conversion and direct capture reactions. If the capture
proceeds in a concerted fashion, the barrier height for CS, capture (33.9 kcal/mol) is
much higher than that for conversion of CS, to COS (21.4 kcal/mol).  This means that
virtually all CS; will be converted to COS through S/O exchange with OAc™ before it can
be captured by EMI'OAc™. This provides an excellent theoretical explanation for the
aforementioned experimental finding®®’ that the 1-alkyl-3-methylimidazole-2-
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dithiocarboxylate species is not produced in the CS; reaction system. Activation barriers
for COS capture (21 kcal/mol) and COS conversion to CO; (20.4 kcal/mol), on the other
hand, are nearly the same. Therefore both capture and conversion reactions will occur for
COS, and (part of) CO, produced via the conversion of COS will be captured
subsequently by the IL. Thus, the concerted mechanism predicts that both 1-alkyl-3-
methylimidazole-2-thiocarboxylate and 1-alkyl-3-methylimidazole-2-carboxylate will be
formed as the reaction product but not 1-alkyl-3-methylimidazole-2-dithiocarboxylate, in
perfect agreement with the measurements. Furthermore, conclusions drawn based on this
comparison By contrast, the activation barrier for direct capture of CS, by EMI carbene is
about 13 kcal/mol, which is much lower than the barrier height 20.4 kcal/mol for its
conversion to COS. Therefore, if NHC would be indeed pre-formed in the imidazolium
acetate IL, it would capture CS; and form 1-alkyl-3-methylimidazole-2-dithiocarboxylate,
prior to the conversion of CS, to COS! Near complete absence of the dithiocarboxylate
compound observed in experiments rules out the direct capture mechanism, providing
strong evidence that NHC is not formed in imidazolium acetate.

As indicated above, several key conclusions of our work are based on direct comparison
of the SCRF and ab initio MD results—specifically, the former for CS, and COS
conversion in EMI'OAc™ and the latter for their capture by the IL. While care should be
taken in such a comparison, we nevertheless think that the solvation effect is accounted
for at the quantitative level in our SCRF calculations as rationalized above and therefore
our comparative analysis i1s solid. This is further justified by the excellent agreement
noted above between our theoretical findings and available experimental information®®>’
on reaction pathways and kinetics of the CS,-EMI'OAc™ mixture.

Conclusions

In this article, we have studied possible reaction pathways for CS, and COS in the ionic
liquid, EMI'OAc . These included conversion of CS, to COS and COS to CO, via S/O
exchange with OAc™ as well as their capture by the IL which will produce EMI-CS, and
EMI-COS, respectively. One of the main highlights of our work is that the capture
reaction, if allowed, occurs in a concerted fashion and thus N-heterocyclic carbene
species—which has been the subject of recent controversy—is not involved throughout
the entire reaction process. For CS,, the barrier height for the capture is much higher
than that for the conversion and as a result, its reaction proceeds almost exclusively along
the conversion pathway. By contrast, the barrier heights for the capture and the
conversion of COS are nearly the same, so that both reactions take place. These results
are in perfect agreement with recent experimental findings.*®’

Another important finding is that if NHC would be present in the imidazolium acetate
ionic liquids, it would react with CS, and form 1-ethyl-3-methylimidazole-2-
dithiocarboxylate, EMI-CS,, prior to the CS,-to-COS conversion. This result, combined
with the experimentally-observed absence of the imidazole-2-dithiocarboxylate
compound in real reaction systems,’®’ lends support to the view that NHC is not formed
in the imidazalium acetate ionic liquids.*” One noteworthy consequence of this is that if
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the formation of NHC can be induced in imidazolium acetate, e.g., by the addition of a
strong base, imidazole-2-dithiocarboxylate species would be generated as the product of
the capture of CS,. It would thus be interesting to see if this prediction is borne out
experimentally because it not only provides additional insight on the CS, reaction
mechanisms in imidazolium acetate but also casts illuminating light on controversial
NHC in this 1onic liquid family.

Supplementary Information

Optimized structures of CS,/COS/CO, and EMI carbene in the gas and continuum phases,
optimized structures of the reactant, product, intermediate and transition states for the
conversion of CS,/COS to COS/CO2 and their capture by EMI, comparison of SCRF
results for COS-to-CO; conversion in 1-pentanol and in ethanol, electric dipole moments
of the reactant, product and transition states for capture of CS,, COS and CO, by EMI
carbene, and partial charges for CS,/COS/CO, and Cc atom of EMI carbene.
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