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ABSTRCT

Carbon dioxide capture by amine-functionalized ionic liquids (IL), 1,2-dimethyl-
(3-aminoethyl) imidazolium fluoride ((aEMMIM][F]), [aEMMIM][CI], [aEMMIM][Br],
[aEMMIM][I] were synthesized and characterized in both DFT simulation and
experimental method. The most stable geometrical parameters of structures in this
work were optimized at B3LYP/6-311++G(d,p) level by employing Gaussian09
program. The results showed that CO, can be chemically captured in ILs by forming
carbamic acid with a 1:1 molar ratio stoichiometry. DFT simulation were performed
to investigate the configuration variations of the reactants, intermediates, transition
states and products, as well as energy barriers and vibration frequency changes in gas
phase and using the conductor-like polarizable continuum model (CPCM) in aqueous
solution. Vibration frequency obtained in DFT simulation was well consistent with

experiment result via employing scaling factor. AIM and NBO analysis are also
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carried out to investigate the nature and features of the studied structures at molecular

level.

Keywords: carbon dioxide; ionic liquid; capture mechanism; haloid

1. Introduction

Although it is not a proven fact, there is a growing belief that global warming is
occurring, and climate scientists hold the opinion that a major cause for this change is
anthropogenic emission of greenhouse gases into the atmosphere. The post research
have involved that carbon dioxide are the primary cause to the global warming.'
Previous work indicates that global carbon dioxide energy related emissions are
estimated to increase at the rate of 2.1% per year, which is consistent with the
predicted consumption of fossil fuels for electricity generation.” Since renewable
sources will not be sufficient to supply the required energy in the near future, fossil
fuels may play an important role in electricity generation and supply.® Hence, capture
of CO; from fossil fuel-derived flue gases has become an hot topic in both academic
and industrial fields.*

Many methods have been developed on CO, capture, including membrane
separation, adsorption, physical and chemical absorption.” ¢ Tonic Liquid (IL)
provides opportunities to develop novel technologies for CO, capture, since CO, can

be dissolved in IL.”® Brennecke et al.>>*°

reviewed the solubility of CO; in ILs, Zhou
et al.'! reported that the solubility of CO, in conventional ILs is limited. Nevertheless,
various drawbacks are found in these methods, such as pollution, low efficiency and

high cost. Recently, Liang et al.'

presented a comprehensive review on the post-
combustion carbon capture processes, in which many amine solvent-based CO,

capture plants were provided with an in-depth understanding of the chemical
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absorption of CO, using amine-based reactive solvents. Chau et al."> reported that
CO, absorption efficiency increased considerably when the amine was added to
conventional ILs and then increased several-fold when moisture was present in the
amine—ILs solution, compared to conventional ILs. In order to promote the efficiency

415 and their co-workers designed

of CO, absorption in ILs, Bates and Sanchez
amine-functionalized ILs by combining the advantages of the alkanolamine solution
and ILs, which was supposed to absorb CO, chemically. Previous computational
studies of Gonzalez-Miquel et al’® reported the impact of the functionalization of the
ionic liquids with amines for chemical absorption of CO,. In 2014, Gonzalez-Miquel
et al'” further studied the behavior of CO, capture in the mixtures of ILs and
molecular amines to provide further understanding of the behavior of these systems
via experimental and computational analysis. Carbonic anhydrase mimics, containing
the salen-like ligand bis(hydroxyphenyl)phenanthroline, have been used to enhance
CO, absorption in amine-based capture solvent.'® Gurkan and Xue* " pointed out that
higher CO, absorption capacity with the 1:1 (CO,: IL) mole ratio could be
accomplished by tethering an amine on both the anion and cation of ILs. The amine-
functionalized IL has been chosen as the most promising candidate for CO, capture.
Since amine-functionalized IL has been employed in CO, capture by Sun et al.”,
many features on the capture progress are ambiguous.

In this work, four imidazolium-based ILs, 1,2-dimethyl-(3-aminoethyl)
imidazolium  fluoride  ([aEMMIM][F]), [aEMMIM][CI], [aEMMIM][Br],
[REMMIM][I] are synthesized and investigated systematically by both theoretical and
experimental methods. The reactants (R), intermediates (IM), transition states (TS)

and products (P) have been obtained and characterized by the method of Fourier

transform infrared (FT-IR ATR) spectra of 2BP8HQ and density function theory
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(DFT). The correctness of TS structure has been testified by intrinsic reaction
coordinate (IRC) calculation. The vibrational frequency in experiment is well
consistent with the result in DFT simulation. The bond nature and proton transfer
process are analyzed by the vibrational frequencies analyses (VFA), theory of nature

bond orbital (NBO) and atoms in molecules (AIM).

2. Experimental methods and material

CO; is supplied by Jinan Deyang Special Gas Co., Ltd with a purity of 99.99%.
1,2-Dimethylimidazolium is obtained from Xiya Reagent. Hydrofluoric acid is
supplied by Shenyang Shenbei Wan Xiang Chemical Co., LTD. Hydrochloric acid,
Hydrogen bromide and hydrogen iodide are supplied by Beijing Analytical Instrument
Factory. 2-Bromothylamine hydrobromide is supplied by Shanghai Nanxiang Reagent
Co., Ltd.

[REMMIM][F], [REMMIM][CI], [aEMMIM][Br], [aEMMIM][I] are synthesized
with a purity of 99%. The water contents in the ILs are all less than 800 ppm, as
measured by Karl Fisher titration. [aEMMIM][Br] is taken as an example to mainly
discuss the CO, capture progress. Physical properties of [aEMMIM][Br], including
density (1.215-1.360 g/cm®) and viscosity (396.3-428.5 mPa-s), are also measured at
melting point (50 ‘C ). After the reaction of 1,2-dimethyl imidazolium with 2-
bromoethylamine hydrobromide, we assemble the cation in ethanol. The product,
[aEMMIM][Br], is obtained via the ion exchange with hydrochloric acid after the
solvent and solid residue have been removed. Fourier-transform mass spectrometry
(FT-MS) has verified the structure and composition of the as-synthesized IL. Finally,
the product is dried under vacuum at 90°C for 72h.

In order to get more data, an attenuated total reflection Fourier transform infrared
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(FT-IR ATR) spectra of 2BP8HQ is registered using Varian FTS1000 FT-IR
spectrometer with Diamond/ZnSe prism (4000-525 cm '; number of cans: 250;

resolution: 1 cm ') was used to measure the infrared spectra of [aEMMIM][Br].

3. Computational methods

The geometries of the R, IMs, TS and P are firstly optimized at B3LYP/6-31G

level!

and also characterized as global minima by frequency analyses. Then,
geometry optimizations are performed at B3LYP/6-311++G(d,p) level, in which
pseudopotential is employed to describe the inner core orbitals iodine. Previous
computational studies of Palomar et al** and Sun et al® have confirmed the
suitability of the computational level to study the behaviour of ionic liquids for CO,
capture. Frequency calculations are carried out to verify the validity of the optimized
structures. The values of frequency are computed at the same level containing certain
systematic errors.”> At the same time, measures are taken to account for errors due to
the neglecting electron correlation and the basis set incompleteness. B3LYP
systematic errors are considered with scaling factor of 0.983 for below 1700 cm ™ 'and
0.958 for above 1700 cm ', which is employed by many people.B'25 IRC are used to
verify the energy profiles connecting the TS structure to the two desired global
minima of the proposed mechanism scheme. The counterpoise (CP) method is used to
estimate the interaction energy (AE) including the basis set superposition errors
(BSSE) correction. AIM and NBO analyses are performed to study the nature and
characteristic of bonds at B3LYP/6-311++G(d,p) level. Subsequently, the solvent
water for above ILs had been taken into account by the conductor-like polarizable

continuum model (CPCM) with united-atom Kohn—Sham (UAKS) radii.”® The DFT

calculations are carried out with Gaussian09 package.27
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4. Results and discussion

4.1. Electrostatic potential analysis

The electrostatic potential (ESP) of [aEMMIM][F], [aEMMIM][CI],
[aEMMIM][Br] and [aEMMIM][I] are shown in Figure 1, respectively. It can be easily
found that the electrostatic potential surface at sites close to the polar group is
influenced by the stereo structure and the charge density distribution. It indicates that
the highly negative regions (red) of [Br] anion are found away from [aEMMIM]" and
show high activity on the electronegative Br atom. In contrast, the highly positive
regions (blue) in [aAEMMIM]" are localized on the hydrogen atom of the alkyl groups,
which can be considered as possible sites for nucleoplilic attack of C26 atom in CO,
molecular. It is reliable that C26 atom in CO, attacks the N22 atom in [aEMMIM]"

according to ESP analysis, and the assumption is coincide with the following analysis.

4.2. Geometry and energy analysis

[aEMMIM][Br] is taken as an example to mainly discuss the capture mechanism
of CO; in ILs. [aEMMIM][Br] and CO; has been fully optimized at B3LYP/6-
311++G(d,p) level, the geometrical parameters involving various species of
[REMMIM][Br] and CO, are shown in Figure 2. For the other three ILs, the
geometrical parameters are given in Figure S1 (Electronic Supporting Information).
The most stable conformers of [aEMMIM][Br] and CO, are obtained and the energy
are -3013.487562 and -188.635227 a.u., respectively. According to the IRC
calculation, two desired global minima states in the process are obtained, which
indicate this species is the real TS, and imaginary frequency (—1739.73 cm ') has

future confirmed this result. The potential energy surface (PES) profile of
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[REMMIM][Br] and CO, is depicted in Figure 3. The PES profiles of the other three
ILs are given in Figure S2. Firstly, when CO, approaches to [aEMMIM][Br], 028
atom in CO, molecule forms hydrogen bond with H23 in [aEMMIM]" and the bond
distance is 3.51068 A. For TS, the proton H23 on amino-group of [aEMMIM]"
transfers to 028 atom of CO, and the bond distances of N22-H23 and newly-formed
028-H23 are 1.0145 A (R) and 0.9661 A (P), respectively. It is mentionable that the
bond distance between N22 and C26 is shorten from 2.9193 (IM) via 1.5478 (TS) to
1.3691 A (P), which suggests that the N22-C26 bond is newly formed. It can be easily
found that the C26-028 bond distance gradually extends from 1.1601 (IM) via 1.2898
(TS) to 1.3588 A (P). Simultaneously, the C26-027 bond distance gradually extends
from 1.1630 (IM) via 1.1965 (TS) to 1.2129 A (P). The tetra-atomic ring is distinctly
observed containing N22, H23, 028 and C26 atoms, which is consistent with the
following analysis.

The energy barrier analysis is carried out based on the difference of the zero-
point energy of R, TS and P, in which the conductor-like polarizable continuum
model (CPCM) is employed to approximately estimate the solvent effect. The black
line in Figure 3 describes the energy diagram in the gas phase, and the red line
corresponds to the energy diagram in the water solution. It can be seen from Figure 3,
the energy barrier is estimated as high as 169.43kJ/mol between IM and TS in gas
phase, and this step can be considered as rate-determining step. Meanwhile, the
energy barrier decreases to 152.61kJ/mol in water solution is found. The result
suggests that it is easier to get the P in water solution. Simultaneously, the energy of P
is found higher than IM by 11.47 kJ/mol in the gas phase and 108.12 kJ/mol in water
solution, respectively, which indicates that IM is more stable than P and the reaction

is an endothermic absorption. The results above indicate CO, capture process in water
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solution is kinetically and thermodynamically more favorable than that in the gas
phase. In this process, water molecule may assist the proton transfer from amine

group to CO; and decrease the steric effect in this process.

4.3. Vibration frequency analysis

Main vibration frequency variations of CO,, [aEMMIM][Br] and
[aEMMIM][Br]+CO; calculated at B3LYP/6-311++G(d,p) level are listed in Table 1.
Vibrational frequencies of [aEMMIM][Br] and [aEMMIM][Br]+CO, are determined
by (FTIR) spectrometer. Table S1 and Table S2 show the wave numbers of the bands,
which are calculated at B3LYP/6-311++G(d,p) level. The theoretical and
experimental IR  spectrum comparisons between [aEMMIM][Br] and
[aEMMIM][Br]+CO, are depicted in Figure 4, respectively. As no imaginary
frequency is found in IM and P and only one imaginary frequency is found in TS (-
1739.73 cm'l), the results based on these structures are reliable.

The scaling factors are also employed to scale down the calculated wave numbers
obtained with B3LYP method so as to improve the agreement with the experiments
result (0.983 for below 1700 cm™ and 0.958 for above 1700 cm™).***° The gap
between the experimental and computational frequencies can be attributed to the fact
that the theoretical result is obtained from a single molecule in gas phase, which is
contrary to the experimental result recorded in the presence of intermolecular
interactions. It is reasonable to believe that the experimental result of vibration
frequency is limited by experimental conditions, however, the computational result
can be considered as a guide to explore the real vibrational modes. This means our
vibration frequency analysis, combining theoretical and experimental results, is

reliable.
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Comparing the results in Table 1, one can easily find that the value of the
vibrational frequency of CO, group in IM and TS is smaller than pure carbon dioxide
molecule. For IL, IM, TS and P, obvious changes are observed in vibration frequency
and vibration mode on some groups in the reaction. The rupture of N22-H23 bond and
the formation of O28-H23 bond have been well confirmed by the disappearance of
symmetric stretching vibration vy(-NH,) in 3418.29 cm™ and asymmetric stretching
vibration v,s(-NHy) in 3544.87 cm’in IM and the presence of stretching vibration v(-
OH) in 3634.93 cm™ in P, which is consistent with geometry analysis and following
AIM analysis. The experimental results are better agreement with the scaled
calculated values. In Figure 4, we also find the disappearance of v,(-NH>) and a red-
shift of vy(-NH) in the product. Meanwhile, the C26-H23 bond is extended gradually
from 1.0145 (IL) via 1.0154 (IM) to 1.2911 (TS) A and then break down.
Simultaneously, the IR intensity of v¢(-NH,) in IL is found higher than that in IM. The
symmetric stretching vibration vy(-CO,) of IM and the symmetric stretching vibration
vs(-CO,) of TS have a red-shift from 1368.18 to 1272.69 cm'l, which can be
interpreted that H23 proton of -NH, transfer to O27 atom of CO, and the C=0 double
bond stretched to C-O single bond. It is well consistent with the emergences of the
symmetric vibration v(-C26=027) and v(-C26-028) of P (Figure 4). Besides, the
emergences of rocking vibration p(-OH) in 1198.572 cm™, bending vibration 8(-028-
H23) in 1318.498 cm™, the stretching vibration v(-028-H23) in 3634.93 cm™ for P
gives a further demonstration on the proton transfer process. The peaks emerge in
Figure 4 are also subject to the results above. Bending vibration 8(-NH;) at 1659.76
cm™, symmetric stretching vibration vi(-NH,) at 3418.29 cm™, asymmetric stretching
vibration v,s(-NH;) at 3544.87 cm” and asymmetric stretching vibration v,5(-CO,) in

3412.17 cm™ disappear from IM to P. The bending vibration 8(-OH) at 1318.498 cm™,
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bending vibration 6(-NH) at 1524.653 cmand rocking vibration p(-OH) at 1198.572
cm” are found, which further confirm the fact that a carbonic acid species is produced
due to the interaction between the amino group and CO,. The presence of peak around
3600 cm™ in Figure 4 corresponds to carbonyl group, which is well consistent with
the appearance of the new peak at 3634.93 cm™ corresponding to v(-OH) of -COOH
in Table 1. The stretching vibration v(-OH) is also observed in Figure 4, coinciding

with the O-H (0.9661 A) bond distance in —-COOH.®

4.4. AIM analysis

The electron density (p(r)) and the Laplacian of the electron density (Vzp(r)) as
well as the eigenvalue (A;) of Hessian matrix among the IM, TS, and P calculated at
B3LYP/6-311++G(d,p) level are shown in Table 2. For [aEMMIM][CI], the values
are shown in Table S3. Molecular graph of [aEMMIM][Br]+CO,, depicted using
WEN file produced in Gaussian09 program at B3LYP/6-311++G(d,p) level, are
shown in Figure 6. Among Figure 6, the red point and yellow point represent the bond
critical point (BCP) and ring critical point (RCP), respectively.

Since p(r) is related to the bond strength, the p(r) of N22-H23 bond is 0.33104
a.u. in IM and it is much larger than that 0.15688 a.u. in TS, which indicates that N22-
H23 bond strength become weaker, from IM to TS. Besides, the ¢ of N22-H23
increase from 0.04282 to 0.1114 also indicates the rupture trend of N22-H23 bond.
For N22-C26 bond, V*p(r) decrease from 0.03741 (IM) via -0.4328 (TS) to -0.9836
a.u. (P), which indicates a weak electrostatic interaction between amino-group and
CO; in IM has become to a covalent interaction in P and the covalent bond of N22-
C26 is newly formed. Interestingly, the p(r) value of N22-C26 bond in P (0.32289 a.u.)

is larger than that in TS (0.22592 a.u.), which is consistent with the larger V>p(r)

10
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value in P. Both of p(r) and V?p(r) value have confirmed the process of the strong
covalent bond of N22-C26. As the C26-028 double bond becomes to a weaker single
bond from IM to P, the p(r) value decrease from 0.45552 (IM) via 0.35641 (TS) to
0.29651 a.u. (P), coinciding with the geometry analysis. Simultaneously, the larger
p(r) (0.36243 a.u) and V’p(r) (-2.520 a.u.) value of O28-H23 in P indicate the
formation of the strong O-H covalent bond. And this is well consistent with the 028-
H23 bond distance decrease from 1.2898 (TS) and 0.9661 A (P). A tetra-atomic ring
formed by N22, H23, 028 and C26 atoms can be observed in Figure 5, which can be

confirmed by RCP in the ring center.

4.5. NBO analysis

NBO theories are carried out to obtain the intrinsic property of these interactions
among IM, TS and P. Taking [aEMMIM][Br] as an example, the donor-acceptor
interactions and their second order perturbation stabilization energies, E(2), as well as
the energy gap (difference between the highest occupied orbital and the lowest
unoccupied orbital) calculated at the B3LYP/6-311++G(d,p) level are given in Table
3. For [aEMMIM][CI] and [aEMMIM][F], the values are shown in Table S4 and
Table S5, respectively. The schematic graphs of electron transfer of Br system based
on the NBO analysis are shown in Figure 6.

In Table 3, the lone pair electrons of 028 atom transfer to the region around C26-
027 bond in three different types in IM, with LP(3)028—BD*(2)C26-027
possessing the largest E(2) (509.4 kJ/mol) and large areas of orbital overlap (Figure
6a). These large E(2) indicate the presence of strong orbital interactions and the C26-
028 bond is becoming weaker due to the lack of electrons around O28 and strong

orbital interactions, coinciding with geometry and AIM analysis. The same analysis

11



274

275

276

277

278

279

280

281

282

283

284

285

286

287

288

289

290

291

292

293

294

295

296

297

298

RSC Advances

also suitable for LP(1)N22—BD*(1)C26-C19 and it can interpret the rupture of N22-
H23 bond. Then, the large E(2) (505.6 kJ/mol) and small energy gap (0.49 a.u.) as

well as large areas of orbital overlap (Figure 6b) suggest the existence of strong

interaction between electron donor (LP(2)028) and acceptor (BD*(1)N22-H23) in TS.

Simultaneously, the lone pair electron transfer from LP(2)O027 to BD*(1)N22-C26 is
also found and this can promote the formation of N22-C26 bond in P. Comparing
with LP(3)028—BD*(2) C26-027 in TS, the decrease of E(2) from 240.2 to 129.3
kJ/mol and the increase of energy gap from 0.35 to 0.60 au. of
LP(2)028—BD*(1)C26-027 (Figure 6¢) can be attributed to weaker orbital
interaction. The lone pair electron of LP(1)N22 transfer to BD*(1)C26-028 leading to
the break of N22-H23 bond and the formation of C26-O28 covalent bond. The
BD*(1)(C26-N22) as an acceptor of lone pair electron from LP(1)O28 with E(2) of
90.79 kJ/mol, the electron density in BCP (p(r) in AIM analysis) between C26 and
N22 atoms increases from 0.22592 a.u. (TS) to 0.32289 a.u. (P) in contrary of the p(r)
decrease of 028-C26 from 0.35641 a.u. (TS) to 0.29651 a.u. (P). These results are

well consistent with the other analysis method in this paper.

5. Conclusions

Amine-functionalized ionic liquids (ILs) [aEMMIM][F], [aEMMIM][CI],
[aEMMIM][Br] and [aEMMIM][I] are designed and synthesized and they all show
excellent CO, capture capacity with a 1:1 molar ratio. Both DFT simulation and
experimental results indicate CO, can be efficiently and tightly captured by amine-
functional ILs, and the process should be considered as chemically absorption due to
the presence of carbamic acid. DFT calculation is employed to further uncover the

mechanism between CO, and Amine-functionalized ILs. The small difference

12
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between the observed and scaled parameters of vibration frequency suggests this
result is feasible. The geometries of R, IM, TS and P are fully optimized at B3LY/6-
311++G(d,p) level, and harmonic vibrational frequency is used to confirm their real
configuration. Comparing with gas phase, the small energy barrier in water solution
indicates the reaction is easy going in aqueous solution. The amino-functionalized ILs
captured CO; by forming carbamic acid. Simultaneously, AIM and NBO analyses are
also carried out to investigate the nature and features of the studied structures at

molecular level.
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Table and Figure captions

Table 1 Main vibration frequency of CO,, -NH,, IM, TS and P for Br system
optimized at B3LYP/6-311++G(d,p) levels.

Table 2 The electron density (pBCP), Laplacian of the electron density (V2pBCP)
and matrix eigenvalues (A, A2, A3) for Br system at B3LYP/6-311++G(d,p) level.

Table 3 The main donor-acceptor interactions and their second order perturbation
stabilization energies, E(2) as well as orbital energy gap for Br system calculated at

B3LYP/6-311++G(d,p) level.

Figure 1 3D plots of the electrostatic potential surface for the pure ILs, including
[REMMIM][F], [aEMMIM][CI], [aEMMIM][Br], [aEMMIM][I], optimized at

B3LYP/6-311++G(d, p) level, respectively.
Figure 2 Geometrical parameters of Br system, including [aEMMIM][Br], IM, TS
and P, optimized at B3LYP/6-311++G(d, p) level, respectively. (in A)

Figure 3 Potential energy surface (PES) profile of [aEMMIM][Br] capture CO,
optimized at B3LYP/6-311++G (d, p) level.

Figure 4 Computational IR spectrum (a) and experimental IR spectrum (b) of

[aEMMIM][Br] and [aEMMIM][Br]+COs.

Figure 5 Molecular graph of [aEMMIM][Br] capture CO, optimized at B3LYP/6-
311++G(d,p) level, red points and yellow points correspond to bond critical

point(BCP) and ring critical point(RCP), respectively.

Figure 6 The schematic graphs of electron transfer of Br system based on the NBO
analysis (a form IM, b for TS and C for P).
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397 Table 1 Main vibration frequency of CO,, -NH,, IM, TS and P for Br system
398  optimized at B3LYP/6-311++G(d,p) levels.

Species Vibrat.ional mode CO,+HaEMMIM][Br]
assignment Frequency (cm ) IR intensity
Vs 1327 0
0 Vas 2319 711.718
Vs 3307.84 62.3072
R Vas 3411.419 16.4469
vs(CO») 1368.18 2.7631
vas(CO») 2412.17 622.7869
™M 6(-NH,) 1659.76 21.5748
vs(-NH,) 3418.29 102.9603
Vas(-NH») 3544.87 15.3888
vs (-COy) 1272.69 327.4269
v(C26=028) 1841.37 549.2495
v(-027-H23) -1739.73 1966.3709
TS p(-027-H23) 1364.12 33.0733
6(-027-H23) 2151.24 7.7407
p(-N22-H,) 988.33 20.0828
d(-N22-H,) 1464.45 34.8974
v(-N22-H24) 3145.71 369.5383
v (C26=027) 1713.234 397.8789
p(-N22-H24) 740.5431 45.2762
p(-028-H23) 1198.572 29.7077
P 8(-028-H23) 1318.498 483.5828
8(-N22-H24) 1524.653 327.4707
Vv(-N22-H24) 3163.163 531.7494
v(-028-H23) 3634.93 55.5200

399 Frequencies scaled by 0.983 for below 1700 cm 'and 0.958 for above 1700 cm .

400
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Table 2 The electron density (pBCP), Laplacian of the electron density (v?pBCP) and

matrix eigenvalues (A;, A2, A3) for Br system at B3LYP/6-311++G(d,p) level.

A-B Bond p(r) Vp(1) € A A A
N22-H24 033604  -1.461 0.04985 -1.215 -1.157 0.9109
N22-H23  0.33104  -1.561 0.04282  -1.240 -1.189 0.8671
IM  C26-N22  0.011609 0.03741  0.8435  -0.00977  -0.00530  0.05248
028-C26  0.45552  -0.03204  0.00328 -1.191 -1.187 2.345
027-C26  0.45838  0.00389  0.00278 -1.199 -1.195 2.398
N22-H23 0.15688  -0.1870  0.1114  -04310  -0.3878  0.6318
N22-H24 031461  -1.536 0.01756  -1.190 -1.169 0.8230
C26-N22 022592  -0.4328  0.02057 -0.4417  -0.4328  0.4417
TS  027-C26  0.42553  -0.1369  0.09834 -1.132 -1.031 2.027
028-H23  0.14791  -0.05183  0.09744 -0.4161  -0.3791  0.7433
028-C26 035641  -0.6654  0.1146  -0.8797  -0.7893  1.004
H24-N22 032223 -1.595 0.04656 -1.238 -1.183 0.8253
C26-N22 032289  -0.9836  0.1807 -0.7333  -0.6211  0.3709
P 027-C26  0.41648  -0.3667  0.1089  -1.103 -0.9951  1.732
028-H23  0.36243  -2.520 0.01930  -1.790 -1.756 1.025
028-C26 029651  -0.5787  0.03594 -0.6515  -0.6289  0.7017

18
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404 Table 3 The main donor-acceptor interactions and their second order perturbation
405  stabilization energies, E(2) as well as orbital energy gap for Br system calculated at

406 B3LYP/6-311++G(d,p) level.

Donor(i) Acceptor(j) E(2)/(kJ/mol) E(G)-E(i)/(a.u.)
LP(3)028 BD*(2)C26-027 509.4 0.32
M LP(2)028 BD*(3)C26-027 499.8 0.33
LP(1)028 BD*(1)C26-027 62.67 1.47
LP(1)N22 BD*(1)C26-C19 34.94 0.65
LP(2)028 BD*(1)N22-H23 505.6 0.49
TS LP(3)028 BD*(2)C26-027 240.2 0.35
LP(2)027 BD*(1)N22-C26 172.3 0.47
LP(2)027 BD*(1)N22-C26 91.71 0.72
LP(2)028 BD*(1)C26-027 129.3 0.60
P LP(1)N22 BD*(1)C26-028 115.2 0.49
LP(2)028 BD*(1)C26-028 90.79 0.70
LP(2)027 BD*(1)C26-028 70.67 0.54

407
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Figure 1 3D plots of the electrostatic potential surface for the pure ILs, including

[aEMMIM][F], [aEMMIM][C]], [aEMMIM][Br],

B3LYP/6-311++G(d, p) level, respectively.
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Figure 2 Geometrical parameters of Br system, including [aEMMIM][Br], IM, TS
and P, optimized at B3LYP/6-311++G(d, p) level, respectively. (in A)
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Figure 3 Potential energy surface (PES) profile of [aEMMIM][Br] capture CO,
optimized at B3LYP/6-311++G (d, p) level.
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423  Figure 4 Computational IR spectrum (a) and experimental IR spectrum (b) of

424  [aEMMIM][Br] and [aEMMIM][Br]+CO..
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Figure 5 Molecular graph of [aEMMIM][Br] capture CO, optimized at B3LYP/6-
311++G(d,p) level, red points and yellow points correspond to bond critical

point(BCP) and ring critical point(RCP), respectively.
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E=509.4kJ/mol
A LP(3)028—BD*(2)C26-027

E=505.6kJ/mol
b LP(2)028—BD*(1)N22-H23

E=129.3kJ/mol
c LP(2)028—BD*(1)C26-027

431
432  Figure 6 The schematic graphs of electron transfer of Br system based on the NBO

433  analysis (a form IM, b for TS and C for P).
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Graphical Abstract

Amino-functionalized ionic liquids

Carbamic acid product l A~

Both computational and experimental studies show amino-functionalized
ionic liquids, [aEMMIM][X] (X=F, Cl, Br, I), can chemically capture

CO..



