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Abstract: Interaction nature between deep eutectic solvents (DESs) formed by ChCl and 

glycerol and SO2 has been systematically investigated by using the M06-2X density 

functional combined with cluster models. Block-Localized Wavefunction energy 

decomposition (BLW-ED) analysis shows that the interaction between SO2 and DESs is 

dominated by charge transfer interaction. After interaction, SO2 molecule becomes 

negatively charged while the ChCl-glycerol is positively charged, which is the result of 
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Lewis acid-base interaction. The current result affords a theoretical proof that it is highly 

useful and efficient to manipulate the Lewis acidity of absorbents for SO2 capture. 

Moreover, hydrogen bonding as well as electrostatic interactions may also contribute to the 

stability of the complex. Structure analysis shows that solvent molecules will adjust their 

geometries to interact with SO2. In addition, the structure of SO2 is barely changed after 

interaction. The interaction energy between different cluster models and SO2 ranges from 

-6.8 to -14.4 kcal/mol. It is found that the interaction energy is very sensitive to the solvent 

structure. The moderate interaction between ChCl-glycerol and SO2 is consistent with the 

concept that highly efficient solvents for SO2 absorption should be not only solvable but 

also regenerable. 

Keywords: deep eutectic solvent, SO2, density functional theory, charge transfer, cluster 

model 

 

1. Introduction 

Air pollution has attracted wide attention for recent years. Sulfur dioxide (SO2), one of 

the main air contaminants, is produced by burning of fossil fuels, which is harmful to 

human health and environment. Emitting of SO2 is controlled by flue gas desulfurization 

technology in industry.1-3 However, this method has several weak points such as wasting 

water and producing the useless byproduct gypsum.4 Hence, developing more efficient and 

greener technologies to capture SO2 is highly desirable. Adsorption of SO2 by adsorbents, 

such as membrane, activated carbons may be promising technologies.5, 6 In the past decade, 

ionic liquids (ILs) have been also proposed for SO2 capture and separation, which may 
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provide a more environmentally friendly alternative.7-19 In order to understand the high 

efficiency of SO2 capture by ILs, there are many theoretical works on the interaction nature 

between ILs and SO2.
8, 16, 20-23 Nevertheless, many reports have pointed out the hazardous 

toxicity and the very poor biodegradability of most ILs. Moreover, the synthesis of ILs is 

far to be environmentally friendly. Above drawbacks together with the high price of 

common ILs unfortunately hamper their industrial emergence.24  

To overcome the drawbacks of ILs, deep eutectic solvents (DESs), as cheap, 

renewable, and biodegradable solvents, have emerged at the beginning of this century.24-34 

Generally speaking, commonly used DESs are composed of two or three cheap components, 

such as choline chloride (ChCl), and hydrogen bond donors (urea, renewable carboxylic 

acids, and polyols). Most recently, a kind of DES which consists of ChCl and glycerol has 

been used to capture SO2.
25 The SO2 absorption capacity of the DES with a ChCl–glycerol 

molar ratio of 1:1 could be as high as 0.678 g SO2 per g DES at 20 °C and 1 atm. It is 

believed that the renewable, efficient, and cheap absorbents have great potential of 

applications in SO2 capture.25 Moreover, DESs have also been used to CO2 capture.35, 36 

Understanding the interaction nature of DESs with SO2 is crucial, which will greatly 

aid researchers to design highly efficient DESs with the appropriate properties for SO2 

capture. However, until very recently, less than a handful of computational analyses have 

been conducted on choline chloride-based eutectic solvents.37-41
 Sun et al. reported a 

detailed investigation using molecular dynamic simulations of the structural characteristics 

of mixtures formed by choline chloride and urea with different urea concentrations.38 A 

reasonable explanation has been proposed for the low melting point of the eutectic mixture 
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of choline chloride and urea with a ratio of 1:2. Vibrational spectrum has been also 

explored by molecular dynamic simulations of this eutectic mixture.39 Most recently, main 

chemical species and molecular structure of deep eutectic solvent (choline chloride and 

magnesium chloride hexahydrate) have been studied by experiments with DFT 

calculation.37 It was found that the most possible species to exist in the deep eutectic 

solvent of choline chloride are Ch+, [Ch2Cl]+, [ChCl2]
-.37, 42 

To date, there is no theoretical study on the absorption of SO2 by DESs, to be best of 

our knowledge. Due to the industrial application potential of DESs for SO2 absorption, here, 

we firstly attempt to explore the interaction nature between DES (ChCl-glycerol with a 

molar ratio of 1:1) and SO2 molecule. To shed light on the interaction nature between DES 

and SO2, we employed density functional theory (DFT) combined with cluster model to 

investigate the mechanism of SO2 absorption. The outline of this paper is as follows: first, 

structures involved in the SO2 absorption reaction were optimized and structure 

characteristic were discussed; second, energetics for all the related species were 

investigated and the SO2 absorption energies for different models were obtained; last, 

various quantum-based analysis schemes, such as electrostatic potential analysis, charge 

analysis, Wiberg bond index analysis, reduced density gradient analysis, BLW-ED 

approach, and the corresponding electron density difference (EDD) map representing the 

variation of electron density caused by charge transfer interactions were performed. It is 

hoped that this work can aid researchers to design highly efficient DESs with the 

appropriate properties for SO2 absorption. 
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2. Computational details 

DESs usually consist of the mixture of a neutral species and ionic salt. Within DESs, 

there are various types of interactions, such as hydrogen bonding, electrostatic, as well as 

dispersion interactions. It is noted that organic cations usually contain alkyl side chains 

and/or aromatic moieties with important contribution from dispersion forces to their 

equilibrium structures and interaction energies.43 Besides, the interaction between the 

cation and anion is influenced significantly by dispersion forces.44, 45 Hence, computational 

methods that can give reliable results require not only a proper description of Coulomb and 

induction forces but also an accurate description of dispersion forces. Previous works show 

that dispersion-corrected density functionals (e.g., PBE+D, B3LYP+D) as well as the 

Minnesota family of the M0X type of density functionals (e.g., M06-2X) are suitable for 

describing noncovalent interactions (e.g., interactions in ionic liquids).43, 45-47 Moreover, the 

dispersion-corrected M06-2X functional (M06-2X/DFT-D3) DFT method is also a reliable 

method for describing nonbonded interactions.47 Hence, it is believed that theoretical 

methods mentioned above are suitable for describing the noncovalent interactions in DESs 

because DESs are widely acknowledged as an ionic liquid analogue.26 

In this work, the M06-2X/6-31++G** computational model (with reasonable accuracy 

and reasonable cost) was employed to study all of the structures and reactions. It was 

shown that the mean absolute deviation of this method is only 1.0 kcal/mol for ionic liquids 

based on the CCSD(T)/CBS reference values.43 All of the configurations were tested to be 

local minimums by frequency calculations. Furthermore, thermodynamic enthalpy was 

used as the DESs usually work at room temperature (298K) and pressure (101kPa). The 
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correction scheme is based on the partition function of an idea gas. Obtained 

thermodynamic enthalpy is the sum of electronic energy (E0) and thermal correction energy 

(Hcorr) where the Hcorr is composed of the contributions from translation, rotation, vibration 

and electronic motion. On the other hand, the ChCl-glycerol (1:1) DES is firstly modeled 

by a simple monomer model, which consists of a glycerol molecule and a ChCl ion pair. 

However, DES is a liquid, there may exist noticeable solvent effects on the absorption of 

SO2. Solvent effects are usually considered by implicit solvation model or explicit solvation 

model.48-50 To date, there is no properly implicit solvation model for DES. Hence, for a 

better understanding of the solvent effects, we have employed cluster models to simulate 

the solvent effects on the absorption of SO2 by constructing a first solvation shell. In order 

to keep neutral for the cluster, a 1:1 molar ratio of ChCl-glycerol complex were gradually 

added to the model. The monomer structure came from the most stable configurations in 

gas phase. By gradually adding monomer to the cluster, there may be lots of local 

minimums. Thus we define a basic rule to guarantee the obtained minimums are the most 

stable ones among them. That is, the Ch+ cation will be close to glycerol molecule from 

another monomer because large repulsive interaction exists between two Ch+ cations. 

Optimization trajectory can serve as a demonstration of this hypothesis. For example, when 

a preliminary configuration with two Ch+ cations close to each other was optimized, the 

repulsive interaction would lead to a separation of them. Another basic rule to construct the 

cluster model is that the added monomers are located around the first solvation shell of SO2 

molecule. These two rules guarantee that it dramatically decreases not only the large 

number of less stable configurations around SO2 but also the computational time. Moreover, 
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interactions between the interface of DES and SO2 have also been considered by cluster 

models. 

In order to better understand the interaction nature between ChCl-glycerol and SO2, 

charge analysis (Natural population analysis and Connolly scheme), Wiberg bond index 

(WBI) analysis, reduced density gradient analysis (RDG), energy decomposition analysis 

(EDA), and electron density difference (EDD) map were performed to interpret the nature 

of interactions in extractive reaction.51-53 Most of calculations were used by the Gaussian 

09 suit of programs.54 While the BLW-ED approach was carried out by in-house version of 

quantum mechanical software GAMESS.55 

The interaction energy between the DES and SO2 was calculated according to the 

following expression: 

 
2

= ( )Complex SO DESH H H H∆ − +  

where 
2SOH and DESH are the individual thermodynamic enthalpy of SO2 and ion pair 

(or cluster), respectively. HComplex is the enthalpy of the complex formed by SO2 and DES. 

∆H is the interaction energy between SO2 and DES. The value of ∆H is usually negative. 

The more negative the value of ∆H is, the stronger interactions there are between them. 

Lastly, the effects of basis set superposition error (BSSE) on all of the interaction energies 

have also been considered.  

 

3. Results and discussion 

3.1 Structures 

ChCl and glycerol.  Two configurations were found from ChCl ion pair (Figure 1). 
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As the illustration shows, there are four hydrogen bonds in the first configuration based on 

the hydrogen bond distances (Figure 1a). There are Cl22···H8 (2.32 Å), Cl22···H11 (2.31 

Å), Cl22···H18 (2.81 Å), and Cl22···H19 (2.81 Å), respectively. It should be noted that only 

the distances within the van der Waals radius are depicted by dashed lines in the current 

work. It is known that the van der Waals radius of Cl···H is 2.95 Å while O···H is 2.72 Å.56 

There are also four hydrogen bonds in the second configuration (Figure 1b), which are 

Cl22···H5 (2.86 Å), Cl22···H12 (2.39 Å), Cl22···H16 (2.39 Å), and Cl22···H21 (2.45 Å). 

One obvious difference between two configurations is that there are four Cl···H-C hydrogen 

bonds in Figure 1a while there are three Cl···H-C and one Cl···H-O hydrogen bonds in 

Figure 1b. Because the chemical environment is similar around Ch+, the structures as well 

as the energies of other possibilities should be similar to Figure 1a. Hence, other 

configurations are not considered. For glycerol molecule, it has two configurations (Figure 

1c and Figure 1d). The first configuration (Figure 1c) possesses two intra-molecular 

hydrogen bonds, which are O9···H14 (2.03 Å), and O11···H4 (2.49 Å). Another 

configuration also has two intra-molecular hydrogen bonds, which are O9···H12 (2.28 Å), 

and O11···H14 (2.27 Å). Difference between two configurations is that there are two 

O···H-O hydrogen bonds in Figure 1d while there is one O···H-C and one O···H-O 

hydrogen bond in Figure 1c. 

ChCl-glycerol Complex: A Monomer Model for DES. The configurations of 

ChCl-glycerol are based on the most stable configuration of ChCl (Figure 1b). Following 

energetic analysis will show the second configuration of ChCl is -4.8 kcal/mol more stable 

than the first one (Figure 1a). Results show there are five possible local minimums for this 
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complex (Figure 2). There are four hydrogen bonds in complex-a (Figure 2a), which are 

Cl22···H32 (2.09 Å), O35···H4 (2.54 Å), O35···H9 (2.53 Å), and O35···H13 (2.33 Å). It 

should be noted that only the possible inter-molecular hydrogen bonds are depicted by 

dashed lines in this section. In the hydrogen bond of Cl22···H32, the hydrogen bond donor 

is OH group from glycerol while the hydrogen bond donors from other three hydrogen 

bonds are CH groups from ChCl. Hence, the so called hydrogen bond donor can also serve 

as the hydrogen bond acceptor, and vice versa. Complex-b (Figure 2b) has three possible 

hydrogen bonds. Those are Cl22···H34 (2.27 Å), O35···H8 (2.55 Å), and O35···H18 (2.37 

Å), respectively. For complex-c (Figure 2c), there are two Cl···H-O hydrogen bonds and 

two O···H-C hydrogen bonds. The lengths of these hydrogen bonds are Cl22···H32 (2.39 Å), 

Cl22···H34 (2.10 Å), O33···H9 (2.55 Å), and O35···H13 (2.48 Å). For complex-d (Figure 

2d), hydrogen bonds involved in Cl atom are the same as in complex-c. Two Cl···H-O 

hydrogen bonds and one O···H-C hydrogen bond exist in complex-d. For complex-e 

(Figure 2e), there are also four hydrogen bonds. The lengths of these hydrogen bonds are 

Cl22···H32 (2.20 Å), Cl22···H36 (2.10 Å), O31···H7 (2.44 Å), and O35···H8 (2.19 Å). To 

confirm the existence of hydrogen bonds between O atoms (from glycerol) and C-H groups 

(from ChCl), the reduced density gradient (RDG) method has been employed to investigate 

this case (Figure S3, Support Information). Details of RDG method can be found in Section 

3.3. Complex-c, as the most stable complex (See Table 2), was analyzed by RDG method. 

The colors in the black cycles are red, which means a strong attractive interaction between 

O33…H9 and O35…H13. These results should be a direct evidence for the hydrogen 

bonding between C-H groups and O atoms. Overall, the structure of ChCl seems unchanged 
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in the obtained configurations while the structures of glycerol changes dramatically among 

them. For example, the configuration of glycerol in complex-a, complex-b, and complex-e 

is similar with configuration in Figure 1c. While in complex-c and complex-d, the 

configuration of glycerol is similar with configuration in Figure 1d. In summary, it seems 

that the hydrogen bonding interactions play an important role in the formation of DES.  

SO2 Absorption for Monomer Model. Based on above configurations of monomer 

model of DES, five complexes for SO2 absorption are obtained (Figure 3). In Figure 3, 

only the possible interactions between DES and SO2 are depicted by dashed lines. For 

abs-com-a (Figure 3a), there are three possible interactions within the van der Waals 

radius.56 It is known the van der Waals radius of S···O is 3.32 Å while S···Cl is 3.55 Å. 

These possible interactions in abs-com-a are S37···O33 (2.43 Å), O38···H9 (2.62 Å), and 

O39···H36 (1.97 Å). In abs-com-a, the interaction distance for S37···O33 is much shorter 

than the van der Waals radius. This situation also occurs on the interaction for O39···H36. It 

seems that there exist strong interactions for S37···O33, as well as O39···H36. In abs-com-b, 

the S37···O35 interaction distance (Figure 3b) is shorter than the distance in abs-com-a. 

There are other three O···H-C hydrogen bonding interactions in abs-com-b. In abs-com-c 

(Figure 3c), the interaction types are similar with abs-com-b. There are one S···O and three 

O···H-C hydrogen bonding interactions. The length of the interaction distances are 

S37···O35 (2.36 Å), O38···H29 (2.59 Å), O39···H8 (2.57 Å), and O39···H11 (2.18 Å), 

respectively. Strong interaction between S and O (from solvent molecule) has been also 

reported in other systems.16 Authors found that substantial interactions between the oxygen 

atom(s) of basic methanesulfonate anion and the sulfur atom of SO2 existed in 
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ether-functionalized ionic liquids. The interaction distances for S···O in the current work are 

similar to the reference’s values.16 From Figure 3d, it can readily be seen that abs-com-d is 

different from previous complexes. In this case, the S atom is interacted with Cl atom from 

ChCl while in previous complexes the S atom is interacted with O atom from glycerol 

molecule. The length of S37···Cl22 is 2.84 Å. Moreover, there are also three O···H-C 

interaction types in abs-com-d. Another configuration that S atom interacts with Cl atom is 

abs-com-e (Figure 3e). In abs-com-e, the length of S37···Cl36 is only 2.44 Å, which is 

much shorter than the length in abs-com-d. Other hydrogen bonds are O38···H3 (2.12 Å), 

O38···H17 (2.25 Å), O39···H28 (2.43 Å), and O39···H33 (1.79 Å). In addition, the 

hydrogen bond type of O39···H33 is O···H-O. It is found that the length of O39···H33 is 

much shorter than the van der Waals radius of O···H, which is also shorter than the length 

of O39···H36 (1.97 Å) in abs-com-a. A typical covalent bond length of S-Cl in a molecule 

(e.g. SOCl2) is about 2.12 Å.57 The current value (2.44 Å) is 0.32 Å longer than the typical 

covalent bond length of S-Cl. Following Wiberg bond index (WBI) analysis will show 

above S37···Cl36 interaction is a chemical bond formed by DES and SO2. Furthermore, 

chemical interactions for the mechanism of SO2 absorption/adsorption in other systems 

have been also reported.19, 58 However, NMR (1H and 13C) results show SO2 interact 

physically with glycerol and the cation of ChCl.25 It is not obviously contradictory with 

current results because the effects on the 1H and 13C NMR spectra may be negligible when 

the O-S and Cl-S bonds are formed. Hence, a detailed NMR spectra analysis should be 

valuable for this system in the future.  

Another aspect for SO2 absorption is the structure change of SO2. Results show that 

Page 11 of 45 Physical Chemistry Chemical Physics

P
hy

si
ca

lC
he

m
is

tr
y

C
he

m
ic

al
P

hy
si

cs
A

cc
ep

te
d

M
an

us
cr

ip
t



the bond lengths of S-O are barely changed in abs-com-a, abs-com-b, abs-com-c, and 

abs-com-d, while the bond length of S-O in abs-com-e changes from 1.45 Å (SO2 in gas 

phase) to 1.48 Å. For the angle of O-S-O, all the angles have been changed after absorption. 

For example, the angle of O-S-O has been changed from 118.4° (SO2 in gas phase) to 114.8° 

in abs-com-b. It is interesting to find that the angle in abs-com-e has a noticeable change 

(∠O-S-O= 111.4°) after interaction. The changes in above complexes may be caused by the 

electron transfer from HOMO orbital of DES to the LUMO orbital of SO2, which will 

reduce the bond strength and other structure parameters. The HOMO and LUMO orbitals 

have been depicted in the Figure S1 (Support Information). It can be known that the 

LUMO orbital of SO2 is the anti-π orbital which consists of mainly the 3p orbital of S atom 

while the HOMO orbital of DES consists of mainly the 3p orbital of Cl atom. Due to the 

adapted symmetry and similar energy level of these orbitals, the interaction between them 

may be occurred during SO2 absorption. Hence, the SO2 may serve as a Lewis acid species 

when the LUMO orbital of it gains electron. Similarly, ChCl may serve as a Lewis basic 

species when the HOMO orbital of it donates electron. This would be an important issue in 

the following discussions. Besides, for comparison of the structures, the related bond 

lengths are shown in Table 1.  

SO2 Absorption for Cluster Model. For a better understanding of the solvent effects, 

we employed a cluster model to simulate the solvent effects on the absorption of SO2. The 

construction rules of the first solvation shell have been discussed in the section of 

computational details. Those two rules guarantee that it dramatically decreases not only the 

large number of less stable configurations around SO2 but also the computational time. In 
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addition, above results show the S atom can interact with both O atom and Cl atom. For a 

cluster constructed by two monomers, there may be three possible pathways to interact with 

SO2. Because S atom from SO2 is positively charged and the electrostatic potential around 

S atom is positive (Section 3.3), there may be three possible pathways to interact with SO2. 

The first one is two Cl atoms (from ChCl) that attach to the S atom (Figure 4a). Moreover, 

the second one is one Cl atom (from ChCl) and O atom (from glycerol) that attach to the S 

atom (Figure 4b). Lastly, there is another possibility that two O atoms attach to the S atom 

(Figure 4c). In this section, the distances of noncovalent interactions are not given (See 

Supporting Information) while only the possible interaction types are depicted. Another 

way to construct a reasonable cluster model for SO2 absorption is that SO2 interact with a 

compact cluster model of DES. That is, SO2 interacts with the edge atoms of the pure 

solvent cluster model (Figure 4d and Figure 4e). In cluster-2-d, the S atom interacts with 

Cl atom while the S atom interacts with O atom from glycerol molecule in cluster-2-e. 

Similarly, other two O atoms from SO2 interact with H atoms by forming hydrogen bonds.  

Furthermore, a cluster model consists of three monomers has been constructed 

(Figure 5. and Figure S2.). It can be seen from Figure 5. that SO2 molecule is surrounded 

by solvent molecules. This cluster model stands for a highly solvated state of SO2. In this 

configuration, the S atom interacts with two O atoms from two separated glycerol 

molecules while other two O atoms interact with hydrogen atoms by forming hydrogen 

bonds. It should be noted that only one possible configuration has been listed in the current 

work. Other possible configurations may exist based on above discussions for monomer 

model and cluster models. However, following discussions for interaction energies tell us 
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that the most stable interaction model is likely to contain the O···S interaction type. In 

addition, the constructing rules as introduced in section of computational details decreases 

other configurations with low interaction energies, which may be very time consuming to 

locate those configurations. We believe that the current cluster model of three monomers is 

enough to explore the interaction nature between DES and SO2. 

Due to the complex interaction pathways for the SO2 interacting with the cluster 

model, there may exist other possible configurations. In order to investigate all the possible 

configurations, molecular dynamics simulation combined with quantum chemical 

calculations should be employed, which is out of scope of the current work. Furthermore, 

based on some elementary rules, we believe that the main interaction configurations for 

SO2 absorption have been obtained in the present work. 

  

3.2 Energetics 

ChCl and glycerol. Computational results show that the enthalpy of the first 

configuration is 4.8 kcal/mol higher than the second configuration (Figure 1). This result 

can be understood by the interaction types as has been stated above. In the second 

configuration (Figure 1b), there are three Cl···H-C hydrogen bonds and one Cl···H-O 

hydrogen bond while there are four Cl···H-C hydrogen bonds in the first configuration 

(Figure 1a). It is well know that the Cl···H-O hydrogen bond is stronger than the Cl···H-C 

hydrogen bond based on the definition of hydrogen bonding. Hence, this is the reason that 

the configuration of Figure 1b is used to construct the model of DES. For glycerol, there 

are also two configurations obtained. The second configuration (Figure 1d) is -2.3 kcal/mol 
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lower than the first configuration (Figure 1c). Glycerol molecule is flexible as we can see 

from the monomer model of DES. The glycerol molecule will adjust its configuration due 

to different interactions. 

ChCl-glycerol Complex: A Monomer Model for DES. The monomer model of DES 

was found to be five configurations (Figure 2). Relative stabilities of these configurations 

are listed in Table 2. The enthalpy of complex-a is used to be the start point for comparison. 

Computational results show that complex-b is 5.1 kcal/mol weaker than complex-a. 

Structure analysis above can give some information to us. The hydrogen bond length of 

Cl···H-O in complex-b is 2.27 Å while the corresponding value in complex-a is 2.09 Å. It 

means a stronger hydrogen bonding in complex-a. In addition, there are three O···H-C 

hydrogen bonds in complex-a while there are only two in complex-b. Complex-c is found 

to be -1.8 kcal/mol stronger than complex-a. In this configuration, there are two Cl···H-O 

hydrogen bonds and two O···H-C hydrogen bonds. The enthalpy of complex-d is the same 

as complex-a. The stability of this configuration may be ascribed to two Cl···H-O hydrogen 

bonds existed in the structure. It is interesting to find that complex-e which possesses two 

Cl···H-O hydrogen bonds is 3.5 kcal/mol weaker than complex-a. The low stability of 

complex-e may be due to the incompact structure (Figure 2e) that other possible 

interactions cannot be formed. Another reason may come from the reduced hydrogen 

bonding in the inner ChCl molecule, because the hydrogen bond length of Cl22···H21 in 

complex-a is 2.18 Å while the length of Cl22···H21 in complex-e is 2.32 Å (Support 

Information). To sum up, the most stable complex for monomer model of DES is 

complex-c, which will be used as the start point to estimate the interaction energy between 
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DES and SO2 because of its stability. 

SO2 Absorption for Monomer Model. Five absorption complexes are located as 

discussed in Section 3.1. All the interaction energies are listed in Table 3. The interaction 

energy for abs-com-a is -11.5 kcal/mol while the interaction energy for abs-com-b is -12.1 

kcal/mol. It is found that the interaction energy for abs-com-c is only -7.7 kcal/mol. It is 

difficult to understand the difference from the structure parameters as depicted in Figure 3 

because the structure parameters and interaction types are similar between abs-com-c and 

abs-com-b. One possible reason is that the inner structure of monomer model is changed 

after the SO2 absorption. For example, the hydrogen bond length of Cl22···H21 in 

abs-com-b is 2.18 Å while the length of Cl22···H21 in abs-com-c is 2.29 Å (Support 

Information). This longer distance in abs-com-c means a reduced interaction between ChCl 

and glycerol. Abs-com-d and abs-com-e are based on the structures that S atom is directly 

interacted with Cl atom. Interaction energy for abs-com-d is -11.2 kcal/mol while the 

interaction energy for abs-com-e is -10.8 kcal/mol. In summary, the strongest interaction 

exists in abs-com-b while the weakest interaction is in abs-com-c. The interactions for 

abs-com-d and abs-com-e may be competitive as compared to abs-com-b. Moreover, the 

interaction energies between SO2 and other solvents have been reported.8, 58 It was found 

that the calculated absorption enthalpies of SO2 for [SCN] and [C(CN)3] based ILs are 

-17.4 kcal/mol and -7.7 kcal/mol.8 In addition, calculated interaction energies for SO2 

absorption range from -7.1 kcal/mol to -16.5 kcal/mol in 1,3-Phenylenediamine system.58 It 

was also found that the adsorption energies range from -5.5 kcal/mol to -16.5 kcal/mol on 

polyphenylene based membranes.5 These interaction energies as well as the current results 
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imply a moderate interaction between SO2 and the solvents. It is consistent with the concept 

that highly efficient solvents for SO2 absorption should be not only solvable but also 

regenerable.8 

SO2 Absorption for Cluster Model. Five complexes were located on the cluster model 

with two monomers (Figure 4). Previous three complexes (cluster-2-a, cluster-2-b, and 

cluster-2-c) are based on the construction rules of first solvation shell. Interaction energies 

between cluster model and SO2 are listed in Table 3. For cluster-2-a, the interaction energy 

between SO2 and cluster model (Figure 4a) is 0.1 kcal/mol after BSSE correction. It means 

that the interaction is not preferred in the current model. The interaction energy for 

cluster-2-b is -1.6 kcal/mol while the interaction energy for cluster-2-c is -6.8 kcal/mol. It is 

difficult to understand the large differences for these complexes by just considering the 

interaction type and interaction strength between cluster model and SO2, because all of 

them have similar interaction types and interaction distances (Support Information). A 

possible reason from structure analysis is that the compactness of the clusters may give 

significant contributions to the stability of these complexes (Figure 4a, Figure 4b, and 

Figure 4c). It can be seen that the compactness of these complexes roughly follows the 

order: cluster-2-a < cluster-2-b < cluster-2-c through visible results. Moreover, relative 

energies for pure solvent models corresponding to the complexes (the SO2 is deleted) have 

been calculated. The calculated energy for the pure solvent models corresponding to each 

complex follows the order: cluster-2-a < cluster-2-b < cluster-2-c. Therefore, a high 

compactness means a strong interaction between solvent molecules.  Cluster-2-d and 

cluster-2-e are based on the most stable cluster of pure solvent (Figure 4f). The interaction 
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energy for cluster-2-d is -9.7 kcal/mol while the interaction energy for cluster-2-e is -10.6 

kcal/mol. Both values are close to the interaction energy of monomer model. Similarly, the 

interaction energy between SO2 and cluster model with three monomers (Figure 5) has also 

been calculated. The interaction energy is calculated to be -14.4 kcal/mol, which is the 

strongest interaction among other models. This result can be understood that SO2 in 

cluster-3-a stands for a highly solvated state. 

In summary, by considering the structures and interaction energies, it is found that the 

interaction energy is very sensitive to the structures between the clusters and SO2. The first 

three complexes (cluster-2-a, cluster-2-b, and cluster-2-c) may be corresponding to the 

situation that SO2 have penetrated into the solvents while the last two complexes may stand 

for the interactions at the interface between SO2 gas phase and solvent phase. The first step 

for the SO2 absorption is SO2 interacting with DES at the interface while the second step is 

SO2 penetrate into the solvent. In the second step, enthalpy change of re-organization of 

solvent molecules has been considered naturally. Consequently, considering the interaction 

energy from monomer model to cluster model, we suggest the interaction energy for SO2 

absorption ranges from -6.8 to -14.4 kcal/mol. The current results imply a moderate 

interaction between SO2 and the solvents. Experimentally speaking, a regenerable solvent 

(or sorbent) requires a rapid desorption rate for SO2.
8 In addition, Han et al. reported that 

DESs formed by ChCl-glycerol was regenerable for SO2 absorption.25 Theoretically 

speaking, the desorption rate may be mainly depended on the solvation energies of SO2.
8 

That is, larger solvation energies of SO2 means a lower desorption rate, and vice versa. The 

current results show moderate interaction energies between SO2 and solvent. It is consistent 
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with the concept that highly efficient solvents for SO2 absorption should be not only 

solvable but also regenerable.8 

3.3 Analysis on the interaction nature of SO2 absorption 

Electrostatic Potential Analysis. It is well known that electrostatic potential (ESP) 

analysis is important for noncovalent interaction systems.59-61 For noncovalent interaction 

systems, van der Waals interactions, hydrogen bonding interactions, as well as other 

interaction may coexist. All of them may play important roles in the weak interaction for 

different systems. In DES system, it consists of different hydrogen bond donors and 

hydrogen bond acceptors. There are many types of hydrogen bonds in DES system. Hence, 

the hydrogen bonding may be important for those systems. It is also well known that 

hydrogen bonding is the result of electrostatic interaction. Here, we carried out an ESP 

analysis to qualitatively understand the configurations involved in formation of DES and 

SO2 absorption (Figure 6). The electrostatic potential of SO2, glycerol, ChCl, and 

ChCl-glycerol are mapped onto their electron densities. Results show that the 

electronegative area is around O atoms while the electropositive area is around S atom for 

SO2 molecule (Figure 6a). The electronegative area is also around O atoms in glycerol 

while other positive areas are close to hydrogen atoms (Figure 6b). For ChCl, large 

electronegative area stays around Cl and O atom while other electropositive areas are 

around H atoms (Figure 6c). From above discussions, it can be predicted that the 

electronegative area of ChCl will be close to the electropositive area of glycerol during 

formation of the monomer model of DES, and vice versa. The most stable configuration of 

ChCl-glycerol complex confirms this prediction (Figure 6d). Similarly, when SO2 molecule 
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interacts with DES, the S atom would prefer to be close to Cl or O atom while O atom 

would prefer to interact with hydrogen atoms. The obtained configurations (Figure 3, 

Figure 4, and Figure 5) of SO2 absorption can be understood based on above discussions. 

In addition, the ESP analysis can also serve as a guiding rule to construct the fine cluster 

model of DES. It is helpful to decrease large number of lower stable configurations in the 

current work. 

Charge Analysis. The SO2 capture concept is built on the integration of acid−base 

chemistry with a novel approach for manipulating the active basic site.58 Charge transfer 

interactions between the nucleophile Cl− and acidic SO2 was proposed by experimental 

researchers to understand the effects of different compositions for DESs formed by ChCl 

and glycerol.25 Hence, it is desirable to perform a charge analysis in the current DES 

system. 

DESs formed by ChCl and glycerol consist of different species, such as Ch+, Cl-, 

glycerol. While different species may have different functions in SO2 absorption, it is 

reasonable to divide the DES into several units. NPA charge analysis had been widely used 

in the ILs systems.62-64 Useful information of charge distribution as well as charge transfer 

interaction can be obtained. However, Izgorodina et al. suggested that NPA charge analysis 

would be unsuitable for charge transfer in ILs systems because there is no significant 

orbital overlap between the cation and anion.65 Their benchmark works showed that partial 

charge schemes based on restrained electrostatic potential (RESP) such as Connolly and 

Geodesic algorithms are good choices for charge transfer. DESs, as an analogue to ILs, 

should be suitable to the analysis of partial charge schemes. Hence, the Connolly (MK 
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charge) scheme has also been employed to investigate the current system.51 Before 

interaction, the charge of Ch+ in complex-c is 0.781 (MK charge) while the charge of Cl- is 

-0.700. Glycerol, as the hydrogen bond donor, possesses a negative charge of -0.081. In 

addition, the charge of S atom before interaction is 0.633. The charges of different species 

after interaction are listed in Table 4. It should be noted that only the strongest interaction 

configurations after reaction are listed. For example, Table 4 lists only the charge 

distributions of abs-com-b and abs-com-e. For abs-com-b, it can be seen from Table 4 that 

the charge of Ch+ (abs-com-b) is 0.846 after interaction, which changes only 0.064. In 

addition, the whole charge of ChCl is not changed. After interaction, the SO2 is negatively 

charged by -0.136. It is interesting to find that the charge transfer almost from glycerol to 

SO2. Our results are consistent with the acid-base concept of SO2 absorption. Results of 

NPA charge analysis is similar with MK charge analysis. Hence, it seems that the NPA 

charge analysis is also suitable for the current system. For abs-com-e, charge transfer 

almost comes from Cl- to SO2. After interaction, the SO2 molecule is negatively charged 

(-0.273), which is greater than in abs-com-b. To explore the charge transfer interaction in 

cluster models, the MK charge of cluster-2-c, cluster-2-d, and cluster-2-e have also been 

calculated. Computational results show that SO2 is negatively charged by a number of 

-0.102 in cluster-2-c, while the charge of SO2 in cluster-2-d is -0.112. For cluster-2-e, the 

charge of SO2 is -0.166. Above charge analysis for cluster models also reveals that the 

charge transfer reaction occurs in SO2 absorption. Besides, experiments have shown that 

the most possible species to exist in DES of choline chloride are Ch+, [Ch2Cl]+, [ChCl2]
-.37 

Charge analysis (Table S1, Support Information) has also been implemented based on these 
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ionic species. Results show that the charge transfer is also readily occurred. 

The origin of the large amount charge transfer comes from the direct interaction 

between S and Cl atom. From the view of frontier orbitals, the LUMO orbital of SO2 is 

anti-π orbital which consists of mainly the 3p orbital of S atom while the HOMO orbital of 

DES consists of mainly the 3p orbital of Cl atom. Due to the adapted symmetry and similar 

energy level of these orbitals, the interaction between them may be favored during SO2 

absorption. Current results show that electron transfers from ChCl-glycerol to SO2, which 

is corresponding to the electron transfers from LUMO of ChCl-glycerol to HOMO of SO2. 

During the absorption reaction, SO2 molecule serves as Lewis acid species while the 

ChCl-glycerol serves as Lewis basic species. For the current system, above discussions 

show that charge transfer interaction occurs in SO2 absorption. Our results are consistent 

with experimental results.25 Furthermore, it was found that charge transfer was also 

reported in ILs for SO2 absorption.12, 21 

Wiberg Bond Index Analysis. It is found that the length of S···Cl in abs-com-e is much 

shorter than the van der Waals radius. Hence, it prefers to carry out a bond index analysis 

for abs-com-e and other complexes. Here, the Wiberg bond index (WBI) has been 

employed (Table 5). The WBI is calculated as the sum of the quadratic non-diagonal 

elements of the density matrix between two atoms. It should be noted that only the WBI of 

S···O for abs-com-a, abs-com-b, and abs-com-c were listed because there is no direct 

interaction between S and Cl atom in these complexes. Similarly, only the WBI of S···Cl for 

abs-com-d and abs-com-e were listed. It is found that the WBI of S···O for abs-com-a, 

abs-com-b, and abs-com-c are 0.093, 0.129, and 0.110, respectively. It indicates a weak 
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bond is formed between S and O atom. It is interesting to find that the WBI of S···Cl for 

abs-com-e is 0.409, which clearly demonstrate a covalent bond formed by S and Cl atom. A 

further orbital occupancy analysis shows that the S-Cl bond mainly consists of 3p orbital 

from Cl and 3p orbital from S, which may be corresponding to a coordination bond. 

Chemical bond formed by SO2 and solvent molecule was also reported in other systems.16, 

21, 22 For example, a chemical bond formed by S-N was also found in the hydroxyalkyl 

ammonium ILs for SO2 absorption.21   

Reduced Density Gradient Analysis. RDG analysis was proposed by Yang et al.52 It is 

a useful tool to detect noncovalent interactions in real space, based on the electron density 

and its derivatives. It reveals the underlying chemistry that compliments the covalent 

structure and provides a rich representation of van der Waals interactions, hydrogen bonds, 

and steric repulsion in small molecules, molecular complexes, and solids. The reduced 

density gradient and electron density are generated by using the Mutiwfn program in the 

current work.66 More details about this approach are introduced in the reference.52 In 

Figure 7, the electron density (ρ) and reduced density gradient (s) for abs-com-b was 

plotted. It can be seen from Figure 7 that there are three spikes in the low-density (ρ < 

0.07), low-gradient region, which is a signature of noncovalent interactions for the current 

system. 

Although locating low-density, low-gradient regions enables identifying weak 

interactions in a molecular system, more specific interaction types cannot be determined 

from the density values alone. Low-density regions are obviously related to the weakest 

interactions, such as van der Waals, hydrogen bonding, while those with high-density 
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regions will relate to stronger (either stabilizing or destabilizing) interactions. Therefore, 

Yang et al. proposed a method to visualize the interaction types by plotting of the reduced 

density gradient versus the electron density multiplied by the sign of the second Hessian 

eigenvalue.52 In Figure 8, the gradient isosurfaces (s =0.35 a.u.) for abs-com-b, abs-com-d, 

and abs-com-e were plotted. The surfaces are colored on a red-green-blue scale according 

to values of sin(λ2)ρ, ranging from -0.02 to 0.02 au. λ2 is the eigenvalue of the 

electron-density Hessian (second derivative) matrix, which can be utilized to distinguish 

bonded (λ2 < 0) from nonbonded (λ2 > 0) interactions. Red indicates strong attractive 

interactions (like hydrogen bonding, strong electrostatic interaction), transition region 

indicates typical van der Waals interaction and blue indicates strong nonbonded overlap. 

The color scale implemented here, is opposite to the original paper. In the origin paper, blue 

indicates strong attractive interactions, and red indicates strong nonbonded overlap. It can 

be seen from Figure 8a that both hydrogen bonding and electrostatic interaction exists in 

the black circle. Similar results can be found in Figure 8b. It is interesting to find that there 

is no weak interaction between S and Cl atom in the low-density, low gradient region for 

abs-com-e (Figure 8c). By considering the structure parameters and WBI analysis above, 

the RDG analysis provides another proof that an S-Cl bond has been formed after 

interaction. In summary, RDG analysis reveals that both the hydrogen bonding and the 

electrostatic interaction coexist in the SO2 absorption reaction. 

Energy Decomposition Analysis. To explore the nature of the interaction between the 

DES and SO2 molecule comprehensively, the energy decomposition analysis (EDA) based 

on the Block-Localized Wavefunction method (BLW-ED)67-69 was applied to the 
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representative abs-com-b, abs-com-d and abs-com-e complexes by using GAMESS.55 The 

complex was divided into two blocks, namely, the ChCl-glycerol and SO2. The binding 

energy (∆Eb) between two blocks was divided into deformation energy (∆Edef), frozen 

energy (∆EF), polarization energy (∆Epol), and charge transfer energy (∆ECT) by means of 

BLW-ED. ∆Edef is the energy cost to distort the molecules into their geometry structures in 

the complex. ∆EF is defined as the energy variation by putting the adjusted solvent and 

solute molecules together without changing the electron density of each individual 

molecule, which is the sum of electrostatic and Pauli exchange repulsion. It should be noted 

that the contribution for London dispersion is also considered in the ∆EF term since the 

M06-2X functional was adopted. ∆Epol is the energy lowering caused by the adjusting of 

electron density within each individual blocks (solvent and solute molecule) due to the 

electric field imposed by the other molecule. ∆ECT represents the further energy lowering 

caused by allowing the electrons to move in the whole complex instead of each individual 

blocks, which further stabilizes the complex. In addition, the basis set superposition error 

(BSSE) is also introduced in ∆ECT. 

Two significant observations of the interaction energy between the solvent and SO2 

molecule can be observed from Table 6. First of all, the binding energy of abs-com-b is the 

highest among the three, which is consistent with the relative stability of the complexes.  

The binding energies are some different with the Gaussian’s Results because the integration 

grids and number of primitive functions are different (See interaction energies in Section 

3.2). Secondly, the binding energy of all these systems is dominated by the charge transfer 

interaction. The most significant charge transfer occurs in the abs-com-e complex, because 
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of the shortest S…Cl distance (2.44 Å). This observation is confirmed by the amount of 

charge transferred between solvent and solute molecules in above NPA analysis. However, 

the shortest S…Cl distance in abs-com-e also results in the highest deformation energy and 

the highest Pauli exchange repulsion, which is represented in the largest positive ∆Edef and 

∆EF respectively. Consequently, the binding energy of abs-com-e is lower compared with 

abs-com-b although it has the most significant charge transfer interaction. 

Electron Density Difference based on BLW method. It is necessary to probe how the 

electron transferred in these three complexes, since the charge transfer interaction is the key 

of the bonding between the solvent and solute molecules. Figure 9 shows the electron 

density difference (EDD) between the fully delocalized regular DFT and the strictly 

localized and fully optimized BLW of the three complexes investigated. Electron density 

variation was detected on Cl- and SO2 molecule for all the systems. Moreover, we found 

that most of the charge transfer happens between Cl- and SO2 molecule for abs-com-d and 

abs-com-e, while the most significant charge transfer was observed between O35 atom 

(from glycerol) and SO2 molecule in abs-com-b. This observation is consisted with the 

RDG results (Figure 8), in which a strong interaction between Cl and SO2 molecule was 

revealed in abs-com-d and abs-com-e and there is also a strong interaction predicted 

between O35 and SO2 in abs-com-b. All these observations were rediscovered by EDD map 

and their charge transfer nature was explored. In summary, the interaction between the 

solvent and solute molecules is dominated by the Cl…SO2 interaction in abs-com-d and 

abs-com-e, and by the O35…SO2 interaction in abs-com-b (the charge transfer between Cl 

and SO2 was also detected), in which charge transfer interaction contributes the most. 
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Hence, the current results reveal that it is useful and efficient to manipulate the Lewis 

acidity of absorbents for SO2 absorption. 

 

4. Conclusion 

In this work, interaction between SO2 and DESs formed by ChCl and glycerol has 

been explored. Based on the structure analysis, interaction energies analysis, as well as 

other quantum-based analysis schemes, we draw the conclusion as follows: 

(1) Structure analysis shows that hydrogen bonding interaction contributes to the SO2 

absorption. Both ChCl and glycerol can form hydrogen bonds with SO2. 

(2) Charge analysis shows that charge transfer occurs when SO2 interacts with 

ChCl-glycerol. In addition, the charge transfer interaction is found to be the dominate 

component in the interaction energy. Hence, the charge transfer interaction is believed to 

play an important role in SO2 absorption. 

(3) The calculated interaction energy for different models range from -6.8 to -14.4 

kcal/mol, which is a moderate interaction for SO2 absorption. The interaction energy is very 

sensitive to the solvent structure based on the results of cluster models. The moderate 

interaction between SO2 and ChCl-glycerol is consistent with the concept that highly 

efficient solvents for SO2 absorption should be not only solvable but also regenerable. 

    Current results afford a theoretical proof that it is highly useful and efficient to 

manipulate the Lewis acidity of absorbents for SO2 absorption. 
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Figure 1. Optimized configurations for ChCl and glycerol.  
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Figure 2. Optimized configurations for ChCl-glycerol complex. (a) complex-a; (b) 

complex-b; (c) complex-c; (d) complex-d; (e) complex-e. 
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Figure 3. Optimized configurations for SO2 absorption based on monomer model. (a) 

abs-com-a; (b) abs-com-b; (c) abs-com-c; (d) abs-com-d; (e) abs-com-e. 
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Figure 4. Optimized configurations for SO2 absorption based on cluster model (two 

monomers) and cluster model of pure solvent. (a) cluster-2-a; (b) cluster-2-b; (c) cluster-2-c; 

(d) cluster-2-d; (e) cluster-2-e; (f) cluster model of pure solvent; 
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Figure 5. Optimized configuration (cluster-3-a) for SO2 absorption based on cluster model 
(three monomers) 
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Figure 6. Electrostatic potential surface mapped on electron total density with an isovalue 

0.001. The colors range from −10.0 kcal/mol (−0.01594 a.u) shown in red, 0 kcal/mol in 

white, and +10.0 kcal/mol (+0.01594 a.u) in blue for all the molecules. (a) SO2; (b) glycerol; 

(c) ChCl; (d) ChCl-glycerol. 
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Figure 7. Plots of the electron density and its reduced density gradient for abs-com-b. 
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Figure 8. Gradient isosurfaces (s =0.35 au) for abs-com-b, abs-com-d, and abs-cm-e. The 

surfaces are colored on a red-green-blue scale according to values of sin(λ2)ρ, ranging from 

-0.02 to 0.02 au. Red indicates strong attractive interactions, and blue indicates strong 

nonbonded overlap. 
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Figure 9. Electron density difference (EDD) map representing the variation of electron 

density caused by the charge transfer interaction for (a) abs-com-b; (b) abs-com-d; (c) 

abs-com-e. The red color means a gain of electron density while the blue indicates a loss of 

electron density.  
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Table 1. Structure parameters for the complexes of SO2 absorption. 

 Hydrogen bond X···S 

 interacting atoms distance interacting atoms distance 

abs-com-a O38···H9 2.62 S37···O33 2.43 

 O39···H36 1.97   

abs-com-b O38···H29 2.39 S37···O35 2.36 

 O39···H7 2.30   

 O39···H17 2.47   

abs-com-c O38···H29 2.59 S37···O35 2.36 

 O39···H8 2.57   

 O39···H11 2.18   

abs-com-d O38···H8 2.61 S37···Cl22 2.84 

 O38···H18 2.28   

 O39···H8 2.54   

abs-com-e O38···H3 2.12 S37···Cl36 2.44 

 O38···H17 2.25   

 O39···H28 2.43   

 O39···H33 1.79   
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Table 2. Relative stabilities of different complexes for monomer model. (unit: kcal/mol) 

 relative energy 

complex-a 0.0 

complex-b 5.1 

complex-c -1.8 

complex-d 0.0 

complex-e 3.5 
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Table 3. Interaction energy (after BSSE correction) between ChCl-glycerol and SO2. (unit: 
kcal/mol) 

 interaction energy 

abs-com-a -11.5 

abs-com-b -12.1 

abs-com-c -7.7 

abs-com-d -11.2 

abs-com-e -10.8 

cluster-2-a 0.1 

cluster-2-b -1.6 

cluster-2-c -6.8 

cluster-2-d -9.7 

cluster-2-e -10.6 

cluster-3-a -14.4 
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Table 4. Charge analysis on important SO2 absorption complexes. 

  Ch+ Cl- glycerol S SO2 

  after ∆Q after ∆Q after ∆Q after ∆Q ∆Q 

abs-com-b NPA 0.880 -0.016 -0.826 0.002 0.028 0.095 1.739 0.076 -0.082 

 MK 0.846 0.064 -0.738 -0.038 0.029 0.110 0.650 0.017 -0.136 

abs-com-e NPA 0.930 0.034 -0.611 0.218 -0.041 0.027 1.677 0.014 -0.279 

 MK 0.812 0.030 -0.507 0.193 -0.032 0.050 0.563 -0.07 -0.273 
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Table 5. Wiberg bond index analysis on related complexes for monomer model. 

 S-O S-Cl 

abs-com-a 0.093 / 

abs-com-b 0.129 / 

abs-com-c 0.110 / 

abs-com-d / 0.124 

abs-com-e / 0.409 
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Table 6. Values of energy components (kcal/mol) of typical Solvent-Solute complexes 

calculated using the BLW-ED approach at M06-2X/6-31++G** level of theory (after BSSE 

correction). 

 ∆Edef ∆EF ∆Epol ∆ECT ∆Eint ∆Eb 

abs-com-b 4.3  1.8  -7.9  -11.8  -17.9  -13.6  
abs-com-d 1.9  -1.2  -4.6  -9.1  -14.9  -13.0  
abs-com-e 23.1  23.1  -17.9  -41.5  -36.3  -13.2  
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