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Abstract. The protic ionic liquids (PILs) comprising with N-2-ethylhexylethylenediaminium cation 
(HEtHex+) and bis(trifluoromethanesulfonate)imide anion (TFSA－) forming [HEtHex][TFSA]                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                            
which has two amines in the polar group and available to absorbs acid gases such as CO2 and SO2. In 
order to study the CO2/SO2 absorption mechanism of [HEtHex][TFSA], the stable configurations of 
[HEtHex][TFSA]-nCO2 (n=1, 2, 3, 4) and [HEtHex][TFSA]-nSO2 (n=1, 2, 4, 6) are investigated using 
the density functional theory at the M06-2X/6-311G (d, p) level, then, the interaction energy, 
molecular vibration frequency, second-order perturbation energy, electron density and Laplace value 
are calculated and analysed for the most stable configurations. The results show that N–H…O type 
weak or medium hydrogen bonding are mainly formed between [HEtHex][TFSA] and CO2/SO2 
molecules. The hydrogen bonding interaction is stronger for [HEtHex][TFSA]-nSO2 comparing with 
[HEtHex][TFSA]-nCO2 and increases with increasing the number of CO2/SO2 molecules. 

1. Introduction 
As one of the main energy sources of the present time, fossil fuels are necessary for the sustenance 

of human life. However, extensive usage of fossil fuels has adverse effects on the natural environment 
and ecological balance. The burning of fossil fuels, such as coal, oil, and natural gases, has caused a 
sharp increase in the amount of CO2 and SO2 in the atmosphere. CO2, which is one of the most 
common greenhouse gases, has led to global warming and has produced a series of global climate 
issues today. As for SO2, it is one of the main components of acid rain. Therefore, technology to 
capture CO2 and SO2 has become a global concern and has been attracting the attention of many 
researchers [1,2]. Traditional amine absorbents are volatile and not environmentally friendly. Ionic 
liquids (ILs), however, have many advantages [3-8] such as good thermal stability, low volatility, 
recyclability. This is especially true for ILs with amine groups, which have good prospects for 
development in the field of CO2 and SO2 absorption [9-11]. 

ILs are molten salts comprising organic or inorganic anions and organic cations with a melting 
point below 100 °C [12]. They are divided into two categories such as protic ionic liquids (PILs) and 
aprotic ionic liquids (AILs)[13]. However, with IL research, the molecular composition of ILs has 
become more diverse. According to statistics, there are more than 600 cations and 150 anions 
available to design 1018 kinds of ILs [14]. At present, most studied ILs are AILs, and they occupy 
the majority of ionic liquid research. In contrast, there are few publications on PILs. PILs are easy to 
synthesise and have strong polarity, making them suitable for absorbing and dissolving high 
concentrations of CO2 and SO2 without causing environmental pollution. Especially, protic ionic 
liquids comprising chelate amines should be a greater green absorbent for the waste gases. 

In this study, the absorption mechanism for CO2 and SO2 using [HEtHex][TFSA] type PIL (Fig.1 
and Scheme 1, which is experimentally synthesized and the most stable configuration of it was 
optimized at M06-2X/6-311G (d, p) level in our lab [15-17]) are studied using density functional 
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theory (DFT) [18]. Interaction energy is calculated and molecular vibration frequency, second-order 
perturbation energy, electron density, and Laplace value are determined. [HEtHex][TFSA] is a non-
volatile PIL with two amine groups in the cationic part of the molecule. Compared with monoamine 
type PILs and other traditional amine absorbents, [HEtHex][TFSA] is expected as a green amine 
absorbent for absorbing industrial waste gases such as CO2 and SO2 [19,20]. 

 

 
Fig.1 The three-dimensional structure of [HEtHex][TFSA], and the bonds length/nm is marked. 

 

Scheme 1 The synthesis of [HEtHex][TFSA]. 

2.  Calculation method 
In this study, the configurations of [HEtHex][TFSA]-CO2 and [HEtHex][TFSA]-SO2 are 

optimised using DFT with the M06-2X functional and 6-311G (d, p) bases set. Hydrogen bonding is 
studied according to the results of the molecular vibration frequency, second-order perturbation 
energy [21], Laplace value [22], and the electron density [22] and the main charge distributions at the 
bond critical points (BCPs) of hydrogen bond. Moreover, reduced density gradient function analysis 
(GDR) [23] is utilised for analysing the strength of hydrogen bonding. 

3. Results and discussion 
3.1 The electrostatic potential surface. 
The electrostatic potential of the monomers of [HEtHex][TFSA][15,16], CO2 and SO2 is calculated 

by the DFT with M06-2X functional and 6-311G (d, p) basis set and visualized with colors, Fig.2.  
 

 

Fig.2 The electrostatic potential surface distribution for the monomers of [HEtHex][TFSA], CO2, 
and SO2. 
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The blue region surrounding N–H is more positive, while the yellow with red region surrounding 
O is more negative. Therefore, intermolecular hydrogen bonding will mainly occur between N–H in 
[HEtHex][TFSA] and O in SO2 or CO2. 

 

 
Fig.3 Optimized configurations C1-C8 of [HEtHex][TFSA]-nCO2, and bond length/nm. C1-C3 

(with 1CO2), C4-C5 (2CO2), C6-C7 (3CO2) and C8 (4CO2) (red is O atom, blue is N atom, charcoal 
grey is C atom, light grey is H atom, yellow is S atom, green is F atom). 
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Fig. 4  Optimized configurations S1-S9 of [HEtHex][TFSA]-nSO2, and bond length/nm, S1-S3 

(with 1SO2), S4-S6 (2SO2), S7-S8 (4SO2) and S9 (6SO2). (red for O, blue N, larger grey C, smaller 
grey H, yellow S, green F). 

 
The configurations C1-C8 for [HEtHex][TFSA]-nCO2 and S1-S9 for [HEtHex][TFSA]-nSO2 are 

optimized using the DFT calculation with M06-2X/6-311G (d, p) level, seen in Fig.3 and 4. And the 
most stable configurations of C3, C4, C6, C8 for  [HEtHex][TFSA]-1, 2, 3, 4CO2 and S1, S4, S7, S9 
for  [HEtHex][TFSA]-1, 2, 4, 6SO2 are determined by the calculation of the intermolecular interaction 
energy using Eq.1, Eq.2, Eq.3 [24], the values are shown in Table1. The structure of [HEtHex][TFSA] 
with 7SO2 is designed and tried to optimized, but it was failed. 

 
)(

2222 /SOCOFSA][HEtHex][T/SOCOSA]HEtHex][TF[int nEEEE n +−=∆ − ,                                                       (1) 
 

ZPVEint0 ∆+∆=∆ EE ,                                                                                                            (2) 

BSSE0
BSSE
0 +∆=∆ EE .                                                                                                             (3) 
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ΔEint is the interaction energy between molecules [HEtHex][TFSA] and nCO2/SO2, ΔE0 is the 
interaction energy calculated by ZPVE correction and ΔE0

BSSE is the interaction energy after the 
correction of ZPVE (zero-point vibration energy), and BSSE (basis set superposition error) [25]. 
Interaction energy increases with increasing number of nCO2/SO2 molecules. The value of ΔE0

BSSE 

for [HEtHex][TFSA]-nSO2 is more negative than for [HEtHex][TFSA]-nCO2 for the same value of 
n. It means that intermolecular interaction is stronger for [HEtHex][TFSA]-nSO2 than 
[HEtHex][TFSA]-nCO2. This could be because of the fact that SO2 accepts protons more readily than 
CO2. 

 
Table 1 Interaction energies for [HEtHex][TFSA]-nSO2 and [HEtHex][TFSA]-nCO2. 

Configurations n ΔE0 (kJ/mol)a ΔE0BSSE (kJ/mol)b 

[HEtHex][TFSA]  －413.0 －393.7 

C1 
1CO2 

－33.2 －27.0 

C2 －34.4 －27.6 

C3 －41.2 －32.1 

C4 
2CO2 

－70.3 －54.2 

C5 －68.3 －52.5 

C6 
3CO2 

－91.4 －69.9 

C7 －91.5 －64.0 

C8 4CO2 －120.6 －88.0 

S1 
1SO2 

－89.8 －65.6 

S2 －64.1 －49.0 

S3 －66.4 －50.4 

S4 
2SO2 

－130.0 －98.7 

S5 －119.6 －79.7 

S6 －110.6 －82.8 

S7 
4SO2 

－250.6 －185.8 

S8 －221.3 －151.2 

S9 6SO2 －388.8 －296.6 

a: ΔE0: interaction energy calculated by ZPVE correction.  
b: ΔE0BSSE: The interaction energy calculated by ZPVE and BSSE correction. 
 

3.2 Infrared spectroscopy analysis. Infrared spectroscopy analysis is an important approach to 
evaluate the formation of the hydrogen bonds between molecules[26]. The N-H·O hydrogen bond is 
formed between PILs and nCO2/SO2; further, the bond length of H··O is in the range of 0.10–          
0.27 nm and can be classified as a weak or medium strength hydrogen bond. Table 2 summarizes that 
the vibration frequency of 31N-33H between the cation and anion of PILs undergoes a blue shift after 
combining with CO2/SO2, and the change in its value increases with the number of gas molecules. 
This change in value is much greater for [HEtHex][TFSA]-nSO2 than it is for [HEtHex][TFSA]-
nCO2. Meanwhile, for N-H in N-H···O bonding, the change in frequency and bond length is nearly 
zero for CO2, while a greater red shift (Δν 77－203 cm−1) is observed for SO2. This result implies 
that intermolecular hydrogen bonding between PILs and gas molecules is much stronger when 
binding with SO2 than it is with CO2. In addition, when bonding with CO2, the intermolecular 
interaction is small. This could be because SO2 accepts protons more easily than CO2. 
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Table 2 The frequency (ν/cm−1) and bond length (nm) changes for N-H before and after the 
absorption of CO2/SO2 

Configurations n N—H Bond ν/cm−1 Δν/cm−1 r/nm Δr/nm 

[HEtHex][TFSA]  

31N—32H 3461  0.1022   

31N—33H 2343  0.1088   

31N—37H 3461  0.1019   

34N—35H 3525  0.1017  

C2 1CO2 

31N—33H 2452  －109 0.1080 －0.0008 
31N—32H 3472  －11 0.1022  0.0000 

55O—32H   0.2071  

C4 2CO2 

31N—33H 2729 －386 0.1064  －0.0024 
31N—32H 3473  －13 0.1020  －0.0002 
31N—37H 3474 －13 0.1023  0.0003 
55O—37H   0.2052  

58O—32H   0.2148  

C6 3CO2 

31N—33H 2815 －472 0.1059 －0.0029 
31N—32H 3437 +23 0.1021 －0.0001 
31N—37H 3437 +23 0.1022 0.0003  
34N—35H 3538 －13 0.1017 0.0000 
58O—32H   0.2126  
60O—35H   0.2395  

55O—37H   0.2052  

C8 4CO2 

31N—33H 2739 －396 0.1064 －0.0024  
31N—32H 3485 －25 0.1021 －0.0001  
31N—37H 3485 －25 0.1021 0.0002  
34N—35H 3531 －7 0.1017 0.0000  
58O—32H   0.2104  
63O—35H   0.2305  

55O—37H   0.2140  

S1 1SO2 
31N—33H 3257  －913  0.1036  －0.0052  
31N—37H 3258  +203  0.1027 0.0008  
54O—37H   0.1912  

S6 2SO2 

31N—33H 3369  －1025  0.1030  －0.0059  
34N—35H 3547  －22 0.1017  0.0000  
57O—33H   0.1853  
55O—35H   0.2185  

S8 4SO2 

31N—33H 3383  －1040  0.1029  －0.0060  
31N—32H 3383  +77 0.1029  0.0007  
34N—35H 3537  －12  0.1018  0.0001  
58O—33H   0.1892  
54O—32H   0.1925  

60O—32H   0.2249  

55O—35H   0.2365  

64O—35H   0.2324  
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S9 6SO2 

31N—33H 3378  －1104  0.1027  －0.0061  
31N—32H 3378  +82 0.1030  0.0008  
31N—37H 3378  +82  0.1026  0.0006  
34N—35H 3520 +5 0.1020  0.0003  
57O—35H   0.2318  
57O—37H   0.2136  
60O—35H   0.2172  
60O—32H   0.1903  
54O—37H   0.2139  
69O—33H   0.2237  

a Δν= ν[HEtHex][TFSA] - ν[HEtHex][TFSA]-so2/co2; bΔr =r[HEtHex][TFSA]-so2/co2 - r[HEtHex][TFSA]  

 
3.3 Natural population analysis. The charge distribution in [HEtHex][TFSA]-nCO2/SO2 is 

calculated by DFT with the M06-2X functional and 6-311G (d, p) basis set, the data are listed in 
Table 3 and Table 4. Electron density decreases on the H atom of N–H and increases on the hydrogen 
bond acceptor atom, O. For example, by surrounding the hydrogen bonding of 31N–37H···54O in S1 
with 1SO2, the charge in 54O becomes more negative (from –0.786 e to –0.957 e) and the H atom 
becomes positive (from 0.415 to 0.455 e). For the 31N–32H···55O in C1 with 1CO2, the charge on 
55O becomes more negative, (from –0.518 e to –0.606 e) and the H atom becomes positive (from 
0.428 to 0.435 e). This suggests that a stronger hydrogen bond is formed between [HEtHex][TFSA] 
and nCO2/SO2 molecules. This result is consistent with the result of infrared spectroscopy analysis. 

Table 3 Selected partial charges/e from NPA of [HEtHex][TFSA]-nCO2. 

Configurations n Bonds 
Atoms 

31N 34N 32H 35H 37H O 

CO2  C–O      －0.518 

[HEtHex][TFSA]  

31N–33H －0.736      

31N–32H   0.428    

34N–35H  －0.686  0.350   

31N–37H     0.415  

C2 1CO2 31N–32H···55O －0.740  0.435   －0.606 

C4 2CO2 
31N–37H···55O －0.740    0.440 －0.601 

31N–32H···58O －0.740  0.429   －0.601 

C6 3CO2 

31N–37H···55O －0.740    0.439 －0.600 

31N–32H···58O －0.740  0.431   －0.579 

34N–35H···60O  －0.691  0.359  －0.577 

C8 4CO2 

31N–37H···55O －0.738    0.435 －0.595 

31N–32H···58O －0.738  0.433   －0.592 

34N–35H···63O  －0.700  0.361  －0.568 
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Table 4 Selected partial charges/e by NPA of [HEtHex][TFSA]-nSO2. 

Configurations n Bonds Atoms 
31N 34N 32H 33H 35H 37H O 

SO2  S–O       －0.786 

[HEtHex][TFSA] 

 31N–33H －0.736   0.489    
 31N–32H   0.428     
 34N–35H  －0.686   0.350   
 31N–37H      0.415  

S1 1SO2 31N–37H···54O －0.735     0.455 －0.957 

S6 2SO2 
31N–33H···57O －0.725   0.467   －0.891 

34N–35H···55O  －0.702   0.377  －0.816 

S8 4SO2 

31N–33H···58O －0.743   0.477   －0.868 

31N–32H···60O －0.743  0.471    －0.821 

31N–32H···54O －0.743  0.471    －0.883 

34N–35H···64O  －0.696   0.376  －0.810 

S9 6SO2 

31N–37H···54O －0.781     0.474 －0.871 

31N–37H···57O －0.781     0.474 －0.887 

31N–32H···60O －0.781  0.467    －0.900 

34N–35H···64O  －0.696   0.438  －0.978 

31N–32H···66O －0.781  0.467    －0.806 

31N–33H···69O －0.781   0.473   －0.891 

 
The second-order perturbation stabilization energy, E(2)

 (kJ/mol), which is described by Eq.4 as 
follows [21], corresponding to the LP (O) donor → σ* (N–H) acceptor interaction is calculated for 
the configurations of C2, C4, C6, C8 and S1, S6, S8, S9 with the strongest hydrogen bond, the data 
are listed in Table 5. 

 

ji

i jiFqE
εε −

=
2

)2( ),(

.                                                                                                                           (4) 
 

Among them, (i) and (j) represent the donor and acceptor orbitals, respectively, the qi is the donor 
orbital occupancy, εi and εj are the diagonal elements (orbital energies), and (F(i, j)) is the off-diagonal 
or coupling NBO Fock matrix element. As shown in Table 5, E(2) and E(2)

sum values of 
LP(O)→BD*(N–H) for [HEtHex][TFSA]-nSO2 are much larger than those for [HEtHex][TFSA]-
nCO2, which means that the hydrogen bonding between [HEtHex][TFSA] and nSO2 is much stronger 
than that between [HEtHex][TFSA] and nCO2. For example, in the case with 2SO2, E(2)

sum is 47 
kJ/mol and the value is almost twice that of the case with 2CO2, 29 kJ/mol. The strength of hydrogen 
bonding is strong for [HEtHex][TFSA]-SO2 and medium for [HEtHex][TFSA]-CO2, that are 
described in Table 7. 

Meanwhile, the E(2)
sum value for C6 with 3CO2 (34 kJ/mol) is larger than that for C8 with 4CO2  

(27 kJ/mol). At the same time, for [HEtHex][TFSA] with 6SO2, the E(2)
sum value reaches a maximum 

of 135 kJ/mol. This means that one [HEtHex][TFSA] molecule becomes saturated when bonding 
with three CO2 molecules or six SO2 molecules. 
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Table 5 The second-order stabilization energies E(2) (kJ/mol) at BCP of [HEtHex][TFSA]-
nCO2/nSO2. 

Configurations n Charge transfer E(2)a E(2)sumb 

C2 1CO2  LP(O55)→BD*(N31-H32)c 16 17 
C4 2CO2 LP(O55) →BD*(N31-H37) 21 29 

C6 3CO2 LP(O55) →BD*(N31-H37) 19 34 LP(O58) →BD*(N31-H32) 11 

C8 4CO2 LP(O55) →BD*(N31-H37) 10 28 LP(O58) →BD*(N31-H32) 11 
S1 1SO2 LP(O54) →BD*(N31-H37) 29 29 

S6 2SO2 LP(O55) →BD*(N34-H35) 10 47 LP(O57→BD*(N31-H33) 37 

S8 4SO2 
LP(O54) →BD*(N31-H32) 31 

108 LP(O58) →BD*(N31-H33) 46 
LP(O60) →BD*(N31-H32) 14 

S9 6SO2 

LP(O54) →BD*(N31-H37) 22 

135 
LP(O57) →BD*(N31-H37) 17 
LP(O60) →BD*(N31-H32) 45 
LP(O60) →BD*(N34-H35) 16 
LP(O69) →BD*(N31-H33) 15 

a: ③ E(2)<30, 30 < E(2) < 150, E(2) > 150 kJ/mol are weak, medium and strong hydrogen bond, respectively. 
E(2) values less than 10 kJ/mol have been omitted. 
b: E(2)sum is the sum of E(2) of the BCP in the configuration.  
c: LP is lone pair, and BD* is bond donor. 
 
3.5 The theory of the atoms in molecules. The topological properties of the electron density scalar 
field can be obtained from the theory of atoms in molecules and used to describe the characteristic of 
bonding between atoms. The electron density [22] (ρc, a.u.), Laplace value (▽2ρc, a.u.) [22] for 
[HEtHex][TFSA]-nCO2/SO2 are calculated by DFT theory with M06-2X/6-311G(d, p) and the data 
are listed in Table 6. The hydrogen bonding energy, EHB (kJ/mol) is calculated using Eq. 5. V(r) stands 
for electron potential density at BCP. 

 
627.152VE rHB ×−= ))/(( )( .                                                                                                      (5) 

 
▽2ρc at BCPs are positive for all of the configurations, EHB values are in the range of 8~34 kJ/mol. 

Among them, the maximum EHB of the hydrogen bonding in [HEtHex][TFSA]-nSO2 is as high as 34 
kJ/mol, while that in the case of CO2 is only 17 kJ/mol. This means hydrogen bonding is stronger for 
[HEtHex][TFSA]-nSO2 than for [HEtHex][TFSA]-nCO2. The value of ρc is also in an agreement with 
the result of EHB values. This could be because of the fact that SO2 accepts protons more readily than 
CO2. 

The ρc(sum) of [HEtHex][TFSA] with 1SO2, 2SO2, 4SO2, 6SO2 are 0.0265, 0.0452, 0.0890, 0.1005 
and with 1CO2, 2CO2, 3CO2, 4CO2 are 0.0175, 0.0335, 0.0428, 0.0441, respectively. This means that 
intermolecular hydrogen bonding increases with an increasing number of SO2/CO2 molecules, which 
agrees with the result of the second-order perturbation energy study.  

Meanwhile, the value of ρc and EHB is in the region of strong hydrogen bonding for 
[HEtHex][TFSA]-nSO2 and medium for [HEtHex][TFSA]-nCO2, respectively as shown in Table 7 
and Fig.5. 
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Table 6 The values of electron density, ρc (a.u.), Laplacian of electron density, ∇2ρc(a.u.), hydrogen 
bonding energy, EHB (kJ/mol) at bond critical point of [HEtHex][TFSA]-nCO2/nSO2. 

Configurations n BCPs ▽2ρc EHB ρc ρc(sum)a 
C2 1CO2 55O···32H–31N 0.076 17 0.018 0.018 

C4 2CO2 
58O···32H–31N 0.068 15 0.016 

0.034 55O···37H–31N 0.077 17 0.018 
57O···32H–31N 0.074 16 0.017 

C6 3CO2 
55O···37H–31N 0.078 17 0.018 

0.043 58O···32H–31N 0.069 15 0.016 
60O···35H–34N 0.033 8 0.009 

C8 4CO2 
58O···32H–31N 0.068 15 0.016 

0.044 55O···37H–31N 0.071 16 0.016 
63O···35H–34N 0.045 11 0.012 

S1 1SO2 31N···37H–54O 0.114 30 0.026 0.027 

S6 2SO2 
31N···33H–57O 0.121 34 0.029 0.045 34N···35H–55O 0.060 15 0.016 

S8 4SO2 

34N···35H–64O 0.041 10 0.012 

0.089 
34N···35H–55O 0.039 10 0.011 
31N···32H–54O 0.111 27 0.025 
31N···32H–60O 0.051 12 0.014 
31N···33H–58O 0.114 30 0.027 

S9 6SO2 

34N···35H–57O 0.049 13 0.013 

0.101 

31N···37H–57O 0.075 17 0.017 
34N···35H–60O 0.060 15 0.016 
31N···32H–60O 0.106 27 0.025 
31N···33H–69O 0.050 12 0.013 
31N···37H–54O 0.066 15 0.016 

a: ρc (sum) is the sum of the ρc values of the main hydrogen bonding in the configuration. 

Table 7 Suggested strength for hydrogen bonds[27-29] and corresponding value calculated for 
[HEtHex][TFSA]- nSO2/CO2 in this study, among them, H∙∙∙Y and H−X are corresponded to H∙∙∙O 

and H−N, respectively. 

Parameters 
Weak Medium Strong [HEtHex][TFSA]-

nSO2 Strength [HEtHex][TFSA]-
nCO2 Strength Weak ionic 

dispersion 
Ionic Covalent 

H∙∙∙Y (nm) ˃ 0.22 0.15−0.22 0.12−0.15 0.10−0.24 Medium 0.10−0.25 Weak or 
Medium 

X−H vs. H∙∙∙Y X−H <˂ 
H∙∙∙Y 

X−H ˂ 
H∙∙∙Y 

X−H ≈ 
H∙∙∙Y N−H < H∙∙∙O Medium N−H < H∙∙∙O Medium 

ρc (a.u.) 0.02−0.002 0.02−0.05 ˃ 0.05 0.027−0.101 Medium 0.018−0.044 Weak 
E (2) (kJ∙mol-1) < 29 29−150 ˃ 150 29-135 Medium 17-34 Weak 
EHB (kJ∙mol-1) ˂ 16 16−62 62−167 10-34 Medium 8−17 Weak 

 

 

Fig.5  The second-order stabilization energies, E(2) (kJ/mol), electron density, ρc (a.u.), and the 
change in vibrational frequency, v(cm-1) as a function of hydrogen bonding energy, EHB (kJ/mol) for 

N—H∙∙∙O hydrogen bonds in [HEtHex][TFSA]-nCO2 (n=1, 2, 3, 4) and [HEtHex][TFSA]-nSO2 
(n=1, 2, 4, 6). 
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3.6 The analysis of RDG. To describe the strength of hydrogen bonding between [HEtHex][TFSA] 
and nSO2/CO2, a scatter diagram and colour-filled reduced density gradient (RDG) isosurface map is 
drawn and shown in Fig.6 and 7. The spurs on the left, in the middle, and on the right in Fig.6a and 
Fig.7a correspond to hydrogen bonding, van der Waal forces, and nonbonded overlap, respectively, 
and also correspond to the blue, green, and red regions in Fig.6b c and Fig.7b c, respectively. The 
denser spur on the left means stronger hydrogen bonding between [HEtHex][TFSA] and nSO2/nCO2. 
In contrast, the density of the spur increases with an increasing number of SO2/CO2 molecules 
bonding with [HEtHex][TFSA], with a denser spur in the case of SO2 and a sparser spur for CO2. 
This result, which shows that the absorption ability of [HEtHex][TFSA] is better for SO2 than CO2, 
is consistent with the result of AIM and NBO analyses. 

 

 
Fig.6  The scatter diagram and color-filled RDG isosurface map of [HEtHex][TFSA]-nCO2  

(n=1, 2, 3, 4) 
 

 

Fig.7  The scatter diagram and color-filled RDG isosurface map of [HEtHex][TFSA]-nSO2  
(n=1, 2, 4, 6). 

4. Conclusion 
The absorption of CO2/SO2 using the chelating PILs composed of N-2-

ethylhexylethylenediaminium cation and TFSA anion ([HEtHex][TFSA]) was invested at the 
electronic and molecular level using M06-2X/6-311G (d, p) of DFT calculation. The N–H∙∙∙O 
interactions between [HEtHex][TFSA] and CO2/SO2 were determined and used for classification of 
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the H-bonds in the structure of [HEtHex][TFSA]-nCO2/SO2. The total H-bond energy of 
[HEtHex][TFSA]-nCO2 (or nSO2) increased with the number of gas molecules. AIM analyses and 
NBO data showed that the H-bond energies for the interactions in the structures of PILs-nSO2 are 
larger than those for PILs-nCO2. The PILs combined with SO2 have H-bond energies within the range 
of 10–34 kJ/mol, E (2) values within the range of 29–135 kJ/mol, H∙∙∙O bond lengths within the range 
of 0.10–0.24 nm, and ρc within the range of 0.027–0.101 a.u. At the BCPs, in contrast, these values 
for PILs-nCO2 are within the range of 8–17 kJ/mol, 17–34 kJ/mol, 0.10–0.25 nm, and 0.018−0.044 
nm, respectively. These values enabled the classification of the H-bonds for PILs-nSO2 as strong and 
those for PILs-nCO2 as weak H-bonds. This could be because of the fact that SO2 accepts protons 
more readily than CO2. 

Supplementary Material 
See Supporting Information for the complete original vibrational frequency, charge distribution, 

second-order perturbation stabilization energy, and electron density data. 
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