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Abstract: Deep eutectic solvents (DESs) as a novel class of designer solvents have 11 

attracted intensive attention in CO2 capture, while the interactions between CO2 and 12 

underlying molecules and/or ions in DESs are poorly understood. Here, superbase 1,5-13 

diazabicyclo[4.3.0]non-5-ene (DBN) and 1,2,4-triazole (Tz) formed DESs with 14 

different DBN/Tz molar ratios were used to absorb CO2, wherein DES [2DBN:Tz] 15 

achieved the highest weight capacity approaching 0.19 g CO2/g DES at 25 °C. The 16 

ionicity of the DESs determined by hydrogen nuclear magnetic resonance (1H NMR) 17 

showed a positive correlation with absorption capacity. Density functional theory 18 

calculation was also used to elucidate the proton transfer between molecular and ionic 19 

pairs in [DBN:Tz] and their interactions with CO2. Both Hirshfeld atomic charge and 20 

electrostatic potential analyses revealed that DBN and Tz- acted as electron-rich 21 

nucleophiles could form DBN-CO2 and Tz-CO2
- adducts with electrophilic CO2, which 22 

were also confirmed by 13C NMR and Fourier transform infrared spectroscopy. 23 

Moreover, a two-paths CO2 capture process through synergistic effect of DBN and Tz- 24 

was proposed and demonstrated. 25 

Keywords: Deep eutectic solvents, superbase, ionicity, CO2 capture, mechanism 26 

 27 

1. Introduction 28 

Carbon capture and storage (CCS) together with carbon capture and utilization 29 

(CCU) are considered as effective methods to alleviate the increasingly severe 30 

greenhouse effect, especially CO2 emission from fossil fuels combustion [1,2]. As the 31 

first step in CCS and CCU technologies, efficient and reversible CO2 capture has 32 

become one of the most attractive research hotspots [3,4]. Nitrogen chemisorption is 33 

widely used for CO2 trapping, in which amine-based compounds serving as Lewis bases 34 
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can form N-C bond with weak acidic CO2 [5,6]. Traditionally, aqueous solutions of 35 

amines have been used for industrial-level CO2 removal [7,8]. However, the loss of 36 

volatile amines and the concurrent uptake of water into the gas stream could lead to 37 

substantial energy consumption and non-sustainable development [9]. 38 

Ionic liquids (ILs) as alternatives to aqueous amine solutions for CO2 capture have 39 

drawn intensive attention due to their unique properties such as wide liquid range, 40 

flexible designability, negligible vapor pressure, and high thermal stability [10,11]. 41 

Combining the chemical reactivity of amines and ILs’ superiorities, amine-based task-42 

specific ILs are designed to overcome the main drawbacks of aqueous amines. Bates et 43 

al. firstly introduced amine-functionalized ILs for CO2 capture, in which a primary 44 

amine moiety was tethered covalently to an imidazolium cation and exhibited increased 45 

CO2 uptake approaching 0.5 mol CO2/ mol IL at ambient conditions [12]. Subsequently, 46 

Wang et al. developed a series of azole-based ILs for equimolar CO2 capture through 47 

strong Lewis basicity of the deprotonated azole anion [13]. 48 

Recently, mixtures of superbases and weak acids, referred to as protic ionic 49 

liquids (PILs), have shown excellent performance for CO2 absorption owing to their 50 

strong affinity with CO2 and low viscosity [14,15]. Generally, these mixtures were 51 

prepared by the neutralization of strong proton acceptors such as 1,8-52 

diazabicyclo[5.4.0]undec-7-ene (DBU), 1,5-diazabicyclo[4.3.0]non-5-ene (DBN), 53 

1,1,3,3-tetramethylguanidine, and 1,3,4,6,7,8-hexahydro-1-methyl-2H-pyrimido[1,2-54 

a]pyrimidine with weak proton donors including pyrrole, imidazole, 1,2,4-triazole (Tz), 55 

benzimidazole, phenol, ethylene glycol, etc. The pioneering work was switchable 56 

solvents composed of DBU and an alcohol that can reversibly capture CO2 [16]. A series 57 

of functionalized choline-based ILs were prepared and exhibited considerable CO2 58 

capture capacity up to 28.6 wt%, which was attributed to the formation of carbonic 59 

acids together with carbamates [17]. To obtain higher absorption capacity, superbase 60 

was added to increase the number of active sites in the absorption system [18]. 61 

Furthermore, Zhang et al. found the protonated superbase cation played a key role in 62 

absorption and manifested a synergistic CO2 capture mechanism through cation and 63 

anion effects [19]. Most studies have revealed the absorption mechanism, which 64 

involved the formation of carbonates and/or carbamates by nucleophilic attacks of 65 

deprotonated basic anions on CO2 [20]. 66 

It is worth noting that mixtures of bases and weak proton acids are not only 67 

composed of ions but also molecular species due to the restriction of proton transfer 68 

equilibrium [21], leading to the presence of complex hydrogen bond networks among 69 
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ionic and molecular species. Different from ILs composed of ions, deep eutectic 70 

solvents (DESs), defined by Smith and Abbott et al., are systems formed from a eutectic 71 

mixture of Lewis or Brønsted acids as hydrogen bond donors (HBDs) and bases as 72 

hydrogen bond acceptors (HBAs) that can contain a variety of ionic and molecular 73 

species [22]. In this regard, the mixture of superbase and weak proton acid seems to be 74 

more suitable referred to DESs if hydrogen bond interaction is prominent. Moreover, 75 

the ionicity of DESs should be considered because molecular and ionic states are 76 

dependent mutually and will jointly determine the performance of DESs. 77 

Spectral and theoretical calculation methods have been used to investigate the 78 

ionicity and degree of proton transfer in acetate-based PILs, unravelling the effect of 79 

base structure, pKa, and hydrogen bond network [23-25]. Lately, a quantitative ionicity 80 

determination method was established by assuming the active hydrogen chemical shift 81 

to be a weighted average of that can be observed in acid and protonated base [26]. In 82 

this way, a new cooperative CO2 absorption mechanism by both HBD and deprotonated 83 

HBD anion was proposed through absorptive capacity combined with ionicity 84 

calculation in DBU-based DESs [27]. Elucidating the coexistence of molecules and 85 

ions in DESs and their diverse interactions with CO2 are of great significance in the 86 

CO2 trapping process. Although a few studies have shown various CO2 capture 87 

mechanisms in which superbase can protonate the HBD and stabilize the absorption 88 

products of anion and CO2 [18,19,27], the insight into the direct CO2 absorption by 89 

superbase molecules and ions in DESs has scarcely been reported. 90 

Herein, we synthesized a type of DESs by superbase DBN and weak acid Tz for 91 

CO2 capture. The degree of proton transfer in the DESs was determined and the proton 92 

transfer process from Tz to DBN was testified. The interactions in molecular complexes 93 

and ionic pairs together with their independent interactions with CO2 were also 94 

analyzed. In addition, the direct absorption of CO2 by DBN molecules and Tz- ions was 95 

confirmed by the relationship between absorption capacity and ionicity of the DESs 96 

together with spectroscopy. A two-paths CO2 capture process was also proposed. 97 

 98 

2. Materials and methods 99 

2.1. Materials 100 

Tz (99%) and DBN (98%) were purchased from Shanghai Macklin Biochemical 101 

Co., Ltd., China. CO2 with a mole fraction of 0.9999 was supplied by the Shanghai 102 

Wetry Standard Reference Gas Co., Ltd., China. The nuclear magnetic resonance (NMR) 103 
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solvents, deuterated dimethyl sulfoxide (99.9% DMSO-d6, 0.03 vol% tetramethylsilane, 104 

TMS) and deuterated acetonitrile (99.8% CD3CN, 0.03 vol% TMS), were obtained 105 

from Cambridge Isotope Laboratories, Inc., USA and Shanghai Macklin Biochemical 106 

Co., Ltd., China, respectively. All chemicals were directly used without further 107 

purification. In particular, anhydrous DBN used for direct CO2 absorption was treated 108 

under vacuum drying by a rotary evaporator at 60 °C for 8 h and then dried using 3A 109 

molecular sieves to eliminate the influence of water on absorption. 110 

2.2. DES preparation and characterization 111 

DESs were prepared by mixed DBN and Tz with a certain molar ratio from 3:1 to 112 

1:3 denoted as [3DBN:Tz], [2DBN:Tz], [DBN:Tz], [DBN:2Tz], and [DBN:3Tz]. 113 

Typically, appropriate amounts of DBN and Tz were weighted with a precision of 114 

0.0001 g. Then the mixture was added to a dried flask under nitrogen protection and 115 

stirred at 40 °C for 6 h to ensure thorough homogeneity. Afterwards, the prepared DES 116 

was dried at 60 °C through rotary evaporation under vacuum for at least 8 h to ensure 117 

the water content less than 0.2 wt%. The water content of the DESs was measured by 118 

AQV-300 Karl-Fisher volumetric titration (Hiranuma, Japan). 119 

The prepared DESs were characterized by 1H NMR and Fourier transform infrared 120 

spectroscopy (FT-IR). 1H NMR and 13C NMR spectra were measured on a 600 MHz 121 

spectrometer (Ascend 600, Bruker, Germany) with 128 scans in DMSO-d6 and 1024 122 

scans in CD3CN at 25 °C, respectively, and all spectra were referenced to TMS. Before 123 

1H NMR measurement, 30 mg prepared DES sample was injected into a 5 mm NMR 124 

tube together with 0.6 mL DMSO-d6. Notably, the mass concentration of all 1H NMR 125 

samples were controlled as equal as possible. FT-IR spectra were obtained by Nicolet 126 

iS20 spectrometer (Thermo Scientific, USA) operating in the attenuated total reflection 127 

(ATR) mode. 128 

The melting points of DESs were determined by differential scanning calorimetry 129 

(DSC, TA Instruments DSC 25, USA). DESs were loaded into TA Tzero aluminum pans 130 

in glove box under N2. The sample was firstly cooled to -90 °C at a rate of 0.1 °C/min 131 

to ensure complete crystallization. After isothermal for 2 h, the sample was heated to 132 

50 °C at a rate of 10 °C/min and the melting point was taken from the onset temperature 133 

of the endothermic peak appearing in the heating process. 134 

2.3. CO2 absorption and desorption procedure 135 

CO2 capture was performed in an apparatus reported by our previous works, as 136 
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illustrated in Fig. S1 (Supporting Information) [28,29]. A pressure transmitter (Series 137 

33X, Keller Co., Switzerland) with an accuracy of  0.2 kPa was set up between the 138 

storage tank (Vs = 150  0.1 mL) and the stainless-steel autoclave (Vr = 30  0.1 mL) 139 

to measure the pressure at intervals of 0.1 s. Typically, after 1 g of DESs was added into 140 

the autoclave, the system was evacuated with a vacuum pump to a pressure lower than 141 

3 kPa and then set at a certain temperature, pressure, and stirring speed. The CO2 142 

capture reached an absorption equilibrium when the pressure remained constant. The 143 

CO2 absorption capacity was determined by a differential pressure method [30]. For the 144 

desorption process, the autoclave was heated and kept at 80 °C with vigorous stirring, 145 

and the pressure was also recorded in real-time until constant atmospheric pressure. 146 

2.4. Computational details 147 

Theoretical calculations were conducted using Gaussian 09 E.01 software package. 148 

The geometric configurations were optimized at the B3LYP/6-311+G(d,p) level with 149 

DFT-D3(BJ) empirical dispersion correction. The calculation was performed in a 150 

continuum solvation model based on the quantum mechanical charge density (SMD 151 

solvation model) [31]. DBN, with a dielectric constant of 3.06 estimated by the 152 

Clausius-Mossotti equation [32], was used as the solvent to simulate the environment 153 

of DBN-Tz DESs. Further frequency calculation at the same level of theory was also 154 

performed at the optimized geometries to ensure no imaginary frequency. The 155 

counterpoise (CP) technique was employed to correct the basis set superposition error 156 

(BSSE) problem for calculating the interaction energy (ΔEBSSE). The enthalpy changes 157 

of each optimized geometry were obtained via vibrational frequency analysis at 25 °C 158 

and 100 kPa. Furthermore, the intrinsic reaction coordinate (IRC) pathways were traced 159 

to verify the energy profile connecting the transition state (TS) to the two minima of 160 

the proton transfer reaction. Atom in molecules (AIM) analyses were performed to 161 

confirm the existence and characteristics of the hydrogen bond network between 162 

molecule complexes and ionic pairs. Hirshfeld atomic charges and electrostatic 163 

potential (ESP) analyses were conducted to search for the potential nucleophilic and 164 

electrophilic sites between DESs and CO2. AIM, ESP, and Hirshfeld atomic charge 165 

analyses were all performed based on the B3LYP-D3(BJ)/6-311+G(d,p) wave function 166 

using the Multiwfn version 3.8 code [33]. 167 

 168 
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3. Results and discussion 169 

3.1. DES performance 170 

DSC curves and corresponding fusing points of DBN and Tz mixtures investigated 171 

in this work are shown in Fig. 1, indicating these DESs are liquids at room temperature 172 

and can be directly used to capture CO2. Since the definition of DESs is that the melting 173 

point at the eutectic composition is much lower than that of a theoretical ideal mixture, 174 

the experimental melting points together with the liquidus line (grey dot dash line) of 175 

ideal mixture of DBN and Tz are exhibited in Fig. S2, which is calculated based on the 176 

melting temperature and fusion enthalpy of pure DBN (-39.5 °C and 5.87 kJ/mol) and 177 

Tz (120 °C and 14.5 kJ/mol) measured in this work. Compared to hypothetical ideal 178 

mixture, the mixtures formed by DBN and Tz show significant melting point depression, 179 

which indicates the strong hydrogen bond interaction and the formation of DESs 180 

[34,35]. As for the measured melting points of DESs investigated in this work, they are 181 

depicted in Fig. 1 and Fig. S2. With increased amount of DBN from [DBN:2Tz] to 182 

[3DBN:TZ], the melting points of the DESs decrease from -56.6 °C to -89.7 °C. The 183 

DESs are difficult to crystallize with further increasing amount of DBN, and the 184 

potential deep eutectic point is incapable to measure. In addition, we previously found 185 

DESs formed by weak base and strong acid have shown two eutectic points in full solid-186 

liquid phase diagram, which is ascribed to the formation of high melting point 187 

equimolar salts and the change of hydrogen bond acceptor and donor with tuning molar 188 

ratio of HBA and HBD [36]. Thus, the lower melting temperature of [DBN:3Tz] than 189 

that of [DBN:2Tz] may be attributed to formation of high melting point salts at XTz 190 

close to 0.6 (Fig. S2). Furthermore, according to the independent gradient model based 191 

on Hirshfeld partition (IGMH) analysis [37] in Fig. S3, optimized geometric 192 

configurations of [DBN:3Tz] exhibits increased hydrogen bonding sites but decreased 193 

interaction strength compared to [DBN:Tz] and [DBN:2Tz], which may synergistically 194 

account for the decreased melting point of [DBN:3Tz]. 195 
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 196 

Fig. 1. DSC curves and corresponding melting points of DBN-Tz DESs. 197 

The ionicity of the DESs was calculated by the NMR technique according to the 198 

previously reported method [26,38]. Herein, a brief introduction is provided to clarify 199 

the calculation process in DBN-Tz DESs. 200 

The proton transfer equilibrium in DBN-Tz DESs can be described as follows: 201 

 DBN      + Tz          ⇔ DBNH+  + Tz- 

I XDBN XTz 0 0 

C XDBNH XDBNH XDBNH XDBNH 

E XDBN - XDBNH XTz - XDBNH XDBNH XDBNH 

where I is the initial concentration, C is the change of concentration, and E is the 202 

equilibrium concentration. 203 

The equilibrium constant Keq can be expressed as Eq. (1): 204 

                 𝐾𝑒𝑞 =
𝑋𝐷𝐵𝑁𝐻
2

(𝑋𝐷𝐵𝑁−𝑋𝐷𝐵𝑁𝐻)(𝑋𝑇𝑧−𝑋𝐷𝐵𝑁𝐻)
                   (1) 205 

According to Shen et al. [26], the observed 1H NMR chemical shift was assumed 206 

to be the weighted average of the unreacted molecule Tz and protonated ion DBNH+. 207 

As only one type of exchangeable proton involves in DBN-Tz DESs, the observed 208 

chemical shift δ can be described as Eq. (2): 209 

             𝛿 = 𝛿𝑇𝑧 × (𝑋𝑇𝑧 − 𝑋𝐷𝐵𝑁𝐻) + 𝛿𝐷𝐵𝑁𝐻 × 𝑋𝐷𝐵𝑁𝐻             (2) 210 

where δ is the observed chemical shift of active hydrogen in DES (Fig. 2a), δTz and 211 

δDBNH are the chemical shift of active hydrogen in Tz and DBNH+, respectively. 212 

A series of samples with different molar ratios of DBN to Tz were synthesized and 213 

their chemical shifts of exchangeable protons from 1H NMR spectra were used to 214 
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calculate the contents of molecular and ionic components, as shown in Fig. 2. With the 215 

increased amount of DBN, the active hydrogen peak gradually shifts to downfield, 216 

which results from enhanced hydrogen bond interaction between DBN with Tz. 217 

Meanwhile, the peaks become broad, indicating the active protons are in different 218 

equilibrium states between molecular and ionic species [39]. Thus, the observed 219 

chemical shift δ is taken from the corresponding maximum peak (Fig. 2a and Fig. S4). 220 

Hence, each mixture can give Eqs (1) and (2), and the least-squares method is applied 221 

to fit the experimental data. The active proton from Tz, δTz, should be different in pure 222 

substrate or DESs [38], and δTz together with δDBNH and Keq are regarded as parameters 223 

in fitting process. With a certain optimization, three unknown constants could be 224 

calculated. The correlation coefficient is 0.996 and root mean square error is 0.038, 225 

which fit well with the experimental data (Fig. 2b). The calculated results are as follows: 226 

Keq = 5.05, δDBNH = 9.72, δTz = 8.589. 227 

 228 

Fig. 2. (a) Chemical shifts from 1H NMR and (b) optimization results of active 229 

hydrogen in DBN-Tz DESs with various molar ratios of DBN to Tz. 230 

XDBNH and ionicity of DESs with different molar ratios of DBN to Tz, can be 231 

calculated according to Eq. (1). The calculated ionicity values of DESs with a molar 232 

ratio of DBN/Tz from 3:1 to 1:1 are 92%, 87%, and 69%, respectively. Significantly, 233 

the ionicity of the DESs under various DBN/Tz molar ratios is not equal to the 234 

proportion of ions in the DESs system but represents the extent of proton transfer which 235 

equals to the conversion of the component at a relatively low initial concentration. The 236 

ionicity shows a positive correlation with the DBN/Tz ratio, which can be ascribed to 237 

the fact that an increased DBN amount can shift the proton transfer equilibrium forward. 238 

Notably, the ionicity of [DBN:Tz] is 69%, indicating the coexistence of molecules and 239 

ions in the DES. 240 
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3.2. Molecular complexes and ionic pairs in DESs 241 

Based on the ionicity calculation, the proton transfer from molecular complex to 242 

ionic pair together with the interactions between them is also revealed at a molecular 243 

level by DFT calculation using DES [DBN:Tz] as an example. For the proton transfer 244 

process in [DBN:Tz], IRC pathways were traced to verify the energy profile connecting 245 

TS to optimized molecular complex and ionic pair configuration. As energy profile 246 

shown in Fig. 3, the proton transfer reaction is endothermic, and the energy barrier is 247 

14.1 kJ/mol which is close to that of proton transfer between bis-(2-methoxyethyl)-248 

ammonium and acetate reported previously [40]. Such a low energy barrier also 249 

indicates the rapid kinetics and reversibility of the proton transfer reaction. Thus, the 250 

proton transfer can quickly achieve equilibrium under a controlled preparation 251 

temperature at only 40 °C. Initially, the N-H bond length of Tz in DBN-Tz molecule 252 

pair (mol-pair) is 1.06 Å. Then, the proton will transfer from Tz to DBN and form 253 

DBNH+ in which the new N-H bond length is 1.08 Å. 254 

 255 

Fig. 3. Energy profile of proton transfer between mol-pair and ion-pair in [DBN:Tz]. 256 

The mol-pair undergoes a TS in which DBN and Tz compete for the proton, 257 

resulting in the formation of ionic pair (ion-pair) with complex hydrogen bond networks. 258 

Topological analyses based on AIM theory were performed to further locate and clarify 259 

the characteristic of weak interactions in mol-pair and ion-pair. The visualized AIM 260 

results were obtained by finding chemical bond critical points (BCPs) and topological 261 

paths (Fig. S5). The serial numbers of BCPs and labels of involved atoms are also 262 

shown in the figure. The orange ball and line illustrate the BCPs and topological paths 263 

https://doi.org/10.1016/j.fuel.2022.126709


Postprint. Jiawei Ruan et al. Fuel, Volume 334 (2023) 126709 

https://doi.org/10.1016/j.fuel.2022.126709 

 

10 

 

connecting atoms, which means weak interactions. In addition, the topological 264 

parameters at the BCPs including electron density (ρBCP), Laplacian values of electron 265 

density (2ρ), and energy density (E(r)) together with interaction energy with the BSSE 266 

correction (ΔEBSSE) are listed in Table 1. 267 

Table 1 Calculated binding energy (ΔEBSSE, kJ/mol) and topological parameters (ρBCP, 268 

2ρ, E(r), a.u.) at the BCPs for weak interactions in mol-pair and ion-pair. 269 

type BCP ρBCP 2ρ E(r) ΔEBSSE 

Mol-pair 
1 0.0568 0.0974 -0.0137 

-51.9 
2 0.0058 0.0166 0.0006 

Ion-pair 
3 0.0682 0.0929 -0.0215 

-148.7 
4 0.0109 0.0314 0.0012 

As shown in Fig. S5 and Table 1, there are two types of BCPs in both mol-pairs 270 

and ion-pairs, which can be expressed N-HN (BCP 1 in mol-pair, BCP 3 in ion-pair) 271 

and C-HN (BCP 2 in mol-pair, BCP 4 in ion-pair). According to the topological 272 

analyses in the AIM theory, ρBCP is positively correlated with the bond strength [41], 273 

and the type of bond is characterized by 2ρ and E(r), for which positive 2ρ values 274 

usually refer to non-covalent bonds including ionic bonds, hydrogen bonds, and van 275 

der Waals interactions. Based on the topological parameters in mol-pair and ion-pair, 276 

the interaction of N-HN type in the DES [DBN:Tz] is typical hydrogen bond [42]. 277 

Considering relatively small ρBCP and 2ρ values together with positive E(r) value, the 278 

C-HN type belongs to van der Waal interactions. In addition, the interaction energies 279 

of ion-pairs are larger than that of mol-pairs, owing to the stronger Coulomb force in 280 

ion-pairs. 281 

The topological analyses reveal the complex hydrogen bond networks in DES 282 

[DBN:Tz] including neutral hydrogen bonds between neutral DBN-Tz complexes and 283 

doubly ionic hydrogen bonds between ionic DBNH+-Tz- pairs. Hydrogen bond 284 

interactions which originate from the competition for exchangeable proton between 285 

DBN and Tz can be the driving force of proton transfer and may further determine the 286 

equilibrium of the molecular complexes and ionic pairs. Therefore, the stronger 287 

hydrogen bond interaction in ion-pair is in good agreement with the calculated ionicity 288 

of 69% which suggests the more abundant ionic species in the DES [DBN:Tz]. 289 

3.3. CO2 absorption 290 

The CO2 absorption performance of DBN-Tz DESs with different ionicities was 291 

measured to determine the optimal absorption temperature and DBN/Tz molar ratio, 292 
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along with the relationship between ionicity and absorption capacity. Fig. 4 shows the 293 

molar absorption capacity by DBN-Tz DESs (1 mol DES contains 1:n or n:1 mol 294 

HBA/HBD, n = 1, 2, and 3) at different molar ratios and temperatures. Overall, the CO2 295 

absorption capacity increases with the increased molar ratio of DBN to Tz. The 296 

maximum absorption capacity of [3DBN:Tz] reaches 1.89 mol CO2/mol DES at 25 °C. 297 

The absorption temperature also greatly influences the maximum absorption capacity. 298 

The molar CO2 absorption capacity of DESs with DBN/Tz molar ratio from 3:1 to 1:2 299 

at 25 °C is larger than those at 35 and 45 °C, indicating that CO2 absorption is an 300 

exothermic process. As for [DBN:3Tz], the temperature shows a positive effect on CO2 301 

absorption, which means the mass transfer is strictly limited at low temperature due to 302 

its high viscosity. 303 

 304 

Fig. 4. Molar absorption capacity of CO2 by DBN-Tz DESs at different temperatures. 305 
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 306 

Fig. 5. CO2 gravimetric absorption capacity by DBN-Tz DESs under different molar 307 

ratios at 25 °C and 100 kPa. 308 

For the CO2 capacity of DESs, the weight absorption capacity is more practical for 309 

industrial absorbent evaluation, while the molar absorption capacity can be used for 310 

further mechanism analysis. As time-dependent CO2 gravimetric absorption capacity 311 

illustrated in Fig. 5, the absorption rate increases as the DBN ratio increases. [3DBN:Tz] 312 

firstly reaches absorption equilibrium after 30 min, while [DBN:3Tz] takes 180 min. 313 

Nonetheless, [2DBN:Tz] obtains the highest weight capacity approaching 0.19 g CO2/g 314 

DES in 60 min. 315 

For the molar absorption capacity, we found that the molar CO2 uptake of both 316 

[2DBN:Tz] and [3DBN:Tz] exceed 1 mol per mol DES. It is speculated that there are 317 

species other than Tz- in DBN-Tz DESs can capture a considerable amount of CO2, 318 

because the deprotonated Tz- can only absorb equimolar CO2 through N-C bond 319 

formation [13,17]. Moreover, the molar capacity of DESs increases with the increase 320 

of the DBN/Tz ratio, which suggests the superbase DBN can facilitate CO2 absorption. 321 

To check the possibility of direct CO2 absorption by DBN, the absorption capacity 322 

of anhydrous DBN was also measured. Water content in anhydrous DBN was less than 323 

0.04% in order to prevent the formation of bicarbonate to the greatest extent during 324 

absorption. The results show that 1 mol DBN can absorb 0.5 mol CO2, which seems 325 

like that DBN can react with CO2 in a stoichiometric of 2:1. However, according to 326 

earlier work [43], the measured conversion of DBN and CO2 was 60% at -10 to 0 °C 327 

for 2 h, wherein the DBN can bind with equimolar CO2 and for DBN-CO2 adduct. 328 

Taking into consideration the CO2 process is exothermic, the chemical equilibrium of 329 
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absorption will shift inversely when absorption temperature increases. Thus, the 330 

measured absorption capacity of 0.5 mol CO2/mol DBN means that the yield of binding 331 

reaction of DBN and CO2 is 50% under experimental condition. 332 

The CO2 capture by Tz- follows a 1:1 absorption mechanism [44] and the 333 

absorption ratio of DBN molecule to CO2 can be tentatively regarded as 2:1. If no 334 

species other than DBN and Tz- are directly involved in the absorption, the ideal CO2 335 

uptake capacity of DBN-Tz DESs, Cideal, can be deduced and expressed as Eq. (3): 336 

             𝐶𝑖𝑑𝑒𝑎𝑙 = 𝐼 + (𝑋𝐷𝐵𝑁 − 𝐼) × 50%                 (3) 337 

where XDBN is the initial molar ratio of DBN to Tz (XDBN = 1, 2, and 3) and I is the 338 

ionicity of the corresponding DES. The measured and ideal CO2 absorption molar 339 

capacities and previously determined ionicity are shown in Table 2. It is reasonable that 340 

the actual measured CO2 capacity is lower than the ideal capacity due to viscosity 341 

limitation. The deviation between measured and ideal capacities seems to decrease as 342 

the DBN molar ratio increases, indicating the influence of mass transfer resistance on 343 

the reaction equilibrium reduces with increased DBN/Tz molar ratio. The molar 344 

absorption capacities of [2DBN:Tz] and [3DBN:Tz] are 1.41 and 1.89, respectively, 345 

which is very close to the corresponding ideal capacities. Thus, the relationship among 346 

measured CO2 uptake, ideal CO2 uptake, and ionicity gives a basic understanding of 347 

the plausible absorption processes in which both DBN molecules and Tz- ions can 348 

directly absorb CO2. 349 

Table 2 Measured (25 °C, 100 kPa) and ideal CO2 absorption molar uptake and 350 

calculated ionicity (25 °C) of DES under different molar ratios. 351 

sample 
Measured uptake 

(mol CO2/mol system) 

Ideal uptake 

(mol CO2/mol system) 
Calculated ionicity 

Anhydrous 

DBN 
0.50 - - 

[3DBN:Tz] 1.89 1.96 0.92 

[2DBN:Tz] 1.41 1.44 0.87 

[DBN:Tz] 0.67 0.85 0.69 

[DBN:2Tz] 0.63 0.94 0.87 

[DBN:3Tz] 0.38 0.96 0.92 

3.4. Mechanism of CO2 absorption 352 

To uncover the CO2 absorption mechanism by DBN-Tz DESs, theoretical 353 

calculation was employed to elucidate the multiple interactions between CO2 and DESs 354 
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which contain molecules and ions in it. Herein, Hirshfeld atomic charges of nitrogen, 355 

carbon, and oxygen atoms in DBN, DBNH+, Tz, and Tz- together with CO2 are 356 

calculated and shown in Fig. 6. Corresponding ESP isosurface maps of complexes 357 

including molecule or ion with CO2 are shown inset. It has been widely accepted that 358 

an atom with a more positive (negative) atomic charge is more likely to be the 359 

preferential site of nucleophilic (electrophilic) reaction [45]. As can be seen in Fig. 6, 360 

the C atom in CO2 exhibits a large positive atomic charge (0.3408 a.u.), indicating CO2 361 

is vulnerable to nucleophilic attack. Taking into consideration of N(2) atom in DBN-362 

based species, DBN and DBNH+, the N(2) atom in DBN (Fig. 6a) shows a significant 363 

negative atomic charge (-0.1785 a.u.), while the atomic charge of N(2) atom in DBNH+ 364 

(Fig. 6b) increases to -0.0623 a.u.. Thus, as an electron-rich nucleophile, DBN can 365 

attack C atom in CO2, while DBNH+ seems to be unable to react with inert CO2. This 366 

result is also in accordance with the corresponding ESP maps in which the N(2) atom 367 

in DBN can attract the C atom of CO2, while C(5) atom shows greater affinity to CO2 368 

than N(2) atom in DBNH+. 369 

As for Tz and Tz-, the Hirshfeld atomic charge of N(1) atom attached to the active 370 

hydrogen in Tz is -0.0161 a.u.. After deprotonation, the atomic charge of N(1) atom in 371 

Tz- significantly decreases to -0.2273 a.u. because of the π-electron delocalization in 372 

Tz- ring, thereby leading to enhanced interaction between N(1) atom in the Tz- and CO2. 373 

Moreover, the nitrogen atom in neutral pyridine has poor ability for CO2 capture and 374 

only form weak van der Waals complexes with CO2 [46,47]. Thus, as another 375 

structurally related nitrogen-containing heterocyclic compound, Tz molecule is also 376 

difficult to bind CO2. In short, both Hirshfeld atomic charge and ESP analyses 377 

demonstrate that DBN molecule and Tz- ion can form nucleophilic interaction on the 378 

electrophilic C atom in CO2 in DBN-Tz DESs. DBN and Tz- are firstly pulled to the 379 

reaction site in CO2 through electrostatic attraction and new bonds are then formed 380 

through electron transfer. 381 
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 382 

Fig. 6. Hirshfeld atomic charge and ESP isosurface map (inset) between CO2 and (a) 383 

DBN, (b) DBNH+, (c) Tz, and (d) Tz- in DBN-Tz DESs. Red color represents the 384 

positive atomic charge and electrostatic potential, while blue color represents the 385 

negative atomic charge and electrostatic potential. The numbers on the X-axis 386 

correspond to the atoms (Blue N atom, Red O atom, Green C atom) in the ESP map. 387 

The multiple interactions of DBN and Tz- in DBN-Tz DESs with CO2 were further 388 

investigated by 13C NMR and FT-IR to support the experimental and theoretical results. 389 

Anhydrous DBN can form DBN-CO2 adducts, while the products become bicarbonates 390 

in the presence of water [48]. To confirm the formation of DBN-CO2 instead of 391 

bicarbonates, we measured the CO2 absorption capacity of anhydrous DBN and a 392 

mixture of DBN and equimolar deionized water. The results are in line with our 393 

expectation and the CO2 absorption capacities for anhydrous DBN and hydrous DBN 394 

are 0.50 and 0.95 mol CO2/mol absorbent, respectively, since CO2 capture by 395 

deprotonated H2O obeys the 1:1 absorption process. 396 

The 13C NMR spectra of anhydrous DBN together with absorption products of 397 

anhydrous DBN and hydrous DBN are shown in Fig. 7. The amidine (-N=C-N-) carbon 398 

in anhydrous DBN appears at 161.2 ppm, as shown in Fig. 7a. The products of 399 
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anhydrous DBN after CO2 absorption (Fig. 7b) shows two low-intensity signals at 160.3 400 

and 163.0 ppm (weaker) assigned to a carbamate (-N-COO) and an amidine (-N=C-N-) 401 

carbon, respectively [43]. The peak of amidine (-N=C-N-) carbon at 161.2 ppm moves 402 

downfield to 163.0 ppm during the CO2 absorption by DBN. It is attributed to the newly 403 

formed N-C bond, which reduces the electron density of the amidine atom adjacent to 404 

the N(2) atom of DBN. 405 

Fig. 7c also shows two low-intensity signals at 159.6 and 164.0 ppm with similar 406 

intensities assigned to an amidine (-N=C-N-) carbon and bicarbonate ion (HCO3
-). For 407 

bicarbonate, the peak of amidine carbon moves upfield to 159.6 ppm due to the electric 408 

field effect [49]. DBN generates a local electric field after protonation to DBNH+, 409 

which causes the polarization of the adjacent amidine bond and increases the electron 410 

density of amidine carbon, and then the chemical shift of amidine carbon shifts to 411 

upfield. In addition, considering the peak shape of amidine carbon in Fig. 7a (161.2 412 

ppm) and Fig. 7c (159.6 ppm) with split peaks including one tiny and another high 413 

intensity, the peak at 159.6 ppm should also be assigned to corresponding amidine 414 

carbon in DBNH+. Accordingly, the peak at 160.3 ppm in Fig.7b and the peak at 164.0 415 

ppm in Fig. 7c can be recognized as different species, assigned to (-N-COO) in DBN-416 

CO2 adduct and (HCO3
-) in bicarbonate, respectively [50,51]. 417 

 418 
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Fig. 7. 13C spectra of (a) anhydrous DBN, (b) products of DBN + CO2 under anhydrous 419 

condition, (c) products of DBN diluted in equimolar deionized water + CO2. The insets 420 

are DBN, proposed DBN-CO2 adduct, and bicarbonate structures consistent with 421 

observed spectra. 422 

Based on ionicity calculation and CO2 absorption capacity measurement, 423 

containing abundant DBN molecules and Tz- ions, DES [2DBN:Tz] possesses the 424 

highest gravimetric absorption capacity at 25 °C. Thus, 13C NMR and FT-IR spectra of 425 

[2DBN:Tz] before and after CO2 treatment are exhibited in Fig. 8 to further manifest 426 

the synergistic absorption mechanism. The 13C NMR of the CO2 saturated [2DBN:Tz] 427 

has two new peaks at 160.0 and 163.2 ppm. The peak at 160.0 ppm close to the (-N-428 

COO) peak in DBN-CO2 adduct at 160.3 ppm (Fig. 7b), is tentatively assigned to the 429 

C atom of CO2 in DBN-CO2 adduct [51]. Similarly, the other peak at 163.2 ppm can be 430 

attributed to the C atom of CO2 in [Tz-CO2]
- adduct formed by Tz- reacted with CO2 431 

[13,52]. 432 

FT-IR analyses also provide a consistent profile regarding CO2 absorption 433 

mechanism. As shown in Fig. 8b, no obvious peaks at 3000-3400 cm-1 for [2DBN:Tz] 434 

before and after CO2 treatment are observed, indicating that DBNH+ does not react with 435 

CO2 [52]. The peak at 1647 cm-1
 in fresh [2DBN:Tz] should be assigned to the C=N 436 

stretching vibration in DBN, and then it is shielded by a peak at 1668 cm-1 which is 437 

assigned to the asymmetric stretch of (-N-COO) in both DBN-CO2 and Tz-CO2
- adducts 438 

after CO2 treatment [53,54]. The formation of (-N-COO) group is also supported by the 439 

appearance of new peaks at 1568 and 1304 cm-1 associated with asymmetric and 440 

symmetric stretching frequencies of carboxylate -COO-, respectively [52,55]. In 441 

addition, a new peak appeared at 813 cm-1 can be assigned to the bending mode of 442 

carboxylate -COO- [56]. 443 
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 444 

Fig. 8. (a) 13C spectra and (b) FT-IR spectra of [2DBN:Tz] before (blue lines) and after 445 

(red lines) CO2 treatment. 446 

Based on the experimental results, quantum chemistry calculations, 13C NMR, and 447 

FT-IR spectra, the plausible absorption mechanism is proposed as presented in Scheme 448 

1. Both molecular DBN and ionic Tz- in DESs can synergistically interact with CO2 to 449 

produce DBN-CO2 and Tz-CO2
- adducts, which is illustrated as Path 1 and Path 2, 450 

respectively. 451 
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 452 

Scheme 1. Plausible synergistic absorption mechanism by DBN molecule (Path 1) and 453 

Tz- ion (Path 2) in DBN-Tz DESs. 454 

Above discussions demonstrate a two-paths CO2 capture process coordinated by 455 

DBN molecule and Tz- ion which can be tuned by adjusting initial HBA/HBD molar 456 

ratio. The DFT calculation of two paths could offer a better understanding of DESs in 457 

CO2 capture. 458 

 459 

Fig. 9. Possible existing dimer before and after CO2 absorption along with 460 

corresponding enthalpy changes in two paths. 461 

The enthalpy changes of CO2 absorption by DBN molecule (Path 1) and Tz- ion 462 

(Path 2) together with possible existing dimer after absorption are illustrated in Fig. 9. 463 

In Path 1, the formed DBN-CO2 adduct tends to be stabilized by Tz molecule through 464 

hydrogen bond interaction. Similarly, the Tz-CO2
- adduct formed by Tz- and CO2 is 465 

stabilized by DBNH+ in Path 2. The O=C-O bond angle of absorbed CO2 in Path 1 and 466 
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Path 2 is 131.4° and 130.9°, respectively, demonstrating the formation of DBN-CO2 467 

and Tz-CO2
- adducts. The electron density of BCPs in mol-pair and ion-pair after 468 

capturing CO2 are calculated and shown in Fig. S6 together with mol-pair and ion-pair 469 

before CO2 treatment. The decreasing electron density indicates the reduced interaction 470 

strength in DESs after binding with CO2. Thus, the eutectic nature of DESs may change 471 

after CO2 absorption due to the formation of DBN-CO2 and Tz-CO2
- adduct. In addition, 472 

the enthalpy change of CO2 absorption in Path 2 is -38.8 kJ/mol which is lower than 473 

that in Path 1, indicating a higher desorption energy consumption of Path 2. 474 

 475 

Fig. 10. Absorption and desorption of CO2 by (a) DBN and (b) [DBN:Tz]. 476 

Apart from that, the absorption and desorption performances of DBN and DES 477 

[DBN:Tz] are determined and shown in Fig. 10. [DBN:Tz] is selected to represent the 478 

CO2 absorption by Tz- in Path 2, because the DES composed entirely of Tz- without 479 

DBN molecule is hardly available. By contrast, DBN possesses higher weight capacity 480 

than [DBN:Tz], and the corresponding desorption is only 2.5 min at 80 °C, which is 481 

shorter than 6 min of [DBN:Tz]. The rapid desorption kinetics of DBN can be attributed 482 

to its lower desorption enthalpy change with lower desorption energy consumption. 483 

Moreover, the reusability of DBN is better than [DBN:Tz] and the absorption capacity 484 

of DBN shows no obvious decrease after recycling. 485 

The fact is that CO2 absorption in both Path 1 and 2 are exothermic and reversible, 486 

resulting in the contrary effect of temperature on absorption rate constants and 487 

absorption equilibrium constants. Compared with CO2 absorption by Tz-, when DBN 488 

absorbs CO2 at the temperature of 25 °C, the effect of temperature on the reduction of 489 

absorption equilibrium constants is more significant than the increase of absorption rate 490 

constants. Thus, the equilibration time of CO2 capture by DBN (180 min) at 25 °C is 491 

longer than [DBN:Tz] (60 min) including the contribution of both DBN and Tz-. 492 

Furthermore, the DES [2DBN:Tz] obtains the highest gravimetric capacity approaching 493 

0.19 g CO2/g DES in 60 min (Fig. 5), also indicating a cooperative and complementary 494 
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effect of these two pathways. In short, the synergistic CO2 absorption mechanism by 495 

molecules and ions is also embodied in the absorption and desorption performance of 496 

the DESs. 497 

 498 

4. Conclusion 499 

DBN and Tz formed DESs were designed and synthesized to absorb CO2 by 500 

synergistic effects of DBN molecule and Tz- ion in the DESs. The strong hydrogen bond 501 

interaction in DBN-Tz DESs was confirmed and exhibited significant melting point 502 

depression in DESs. The proton transfer from Tz to DBN was testified and led to form 503 

mol-pair and ion-pair in DESs. The absorption capacity of DESs showed a positive 504 

correlation with the amount of DBN and ionicity of the DESs, indicating DBN molecule 505 

can facilitate CO2 absorption. Moreover, DBN molecules and Tz- ions acted as electron-506 

rich nucleophiles can form DBN-CO2 and Tz-CO2
- adducts with electrophilic CO2 507 

through electron transfer. A synergistic CO2 capture process by DBN and Tz- in the 508 

DESs was illustrated by absorption and desorption performance, demonstrating a 509 

complementary effect of these two paths in DESs. The insights into molecules and ions 510 

of the DESs and their independent interactions with CO2 offer a better understanding 511 

of these solvents to improve the rational design of DESs for CO2 capture. 512 
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