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A B S T R A C T   

A series of functional ionic deep eutectic solvents (iDESs) containing pyridinolate anions were reported as green 
sorbents, solvents, and catalysts for highly efficient capture and transformation of CO2 to quinazoline-2,4 
(1H,3H)-dione and its derivatives at mild conditions via tuning the structures of iDESs. Physical properties, such 
as density and viscosity, as well as flow activation energy and thermal expansion coefficient, were systematically 
investigated. Effects of the partial pressure of CO2 and the absorption temperature on the CO2 absorption ca
pacity using these functional iDESs as sorbents were studied, and the different absorption mechanisms, including 
carbamate and carbonate pathways, were analyzed by FT-IR and 13C NMR spectroscopy. Additionally, ther
modynamics analysis of CO2 absorption was performed according to the chemical reaction mechanism, and 
Kθ,ΔrGθm), ΔrHθm, and ΔrSθm were calculated. Furthermore, the effects of cations, anions, HBDs, reaction 
temperature, and the molar ratio of catalyst to substrate (nCat./nSub.) on CO2 conversion were systematically 
studied, and excellent isolated yield of up to 97.1% at mild conditions could be obtained with only 0.25 equiv. 
DES as the solvent as well as the sorbent and the catalyst. Plausible “simultaneous CO2 activation and substrate 
activation” reaction mechanism of capture and transformation of CO2 to quinazoline-2,4(1H,3H)-diones by 
[N2222][4-PyO]/DMSO (1:4) was verified by the spectra of FT-IR and based on previous reports. To the best of 
our knowledge, these are the first examples of tuning functional iDESs for the capture and transformation of CO2 
to quinazoline-2,4-(1H,3H)-dione and its derivatives with only 0.25 equiv. DES. The method may also open a 
door to obtain the high efficiency of capture and transformation of such gases as NOx, SO2, CO, H2S, and CO2 by 
functional DESs.   

1. Introduction 

Recently, a series of problems were triggered by the increase con
centration of CO2 in the atmosphere, such as the global greenhouse ef
fect, the acidification of the oceans, and the extinction of the wildlife. 
Carbon capture utilization and storage (CCUS) is an efficient way to deal 
with the emission of CO2.[1] Although aqueous monoethanolamine (30 
wt%) process has been used in industry for CO2 capture during these 
decades, high energy consumption and high solvent loss during regen
eration promote the development of alternative CCUS technologies.[2] 

It is now known that CO2 is a non-toxic C1 resource and could act as a 
“–CO2-” or “–CO-” block to form carbonates, carbamates, amides, etc. 
[3–5] Thereby, capture and transformation of CO2 to various value- 
added fine-chemicals and fuels is an important way to deal with the 
emission of CO2. Among these fine-chemicals, heterocyclic compounds 
such as quinazoline-2,4(1H,3H)-diones with multiple biological and 
pharmacological activities for production of Prazosin, Bunazosin, and 
Doxazosin has received much more attention.[6,7] The conventional 
routes for synthesis quinazoline-2,4(1H,3H)-dione and its derivatives, 
such as the anthranilic acid + urea route, the anthranilic acid +

* Corresponding author. 
E-mail address: luhf@zjut.edu.cn (H. Lu).  

Contents lists available at ScienceDirect 

Chemical Engineering Journal 

journal homepage: www.elsevier.com/locate/cej 

https://doi.org/10.1016/j.cej.2023.143991 
Received 11 April 2023; Received in revised form 29 May 2023; Accepted 6 June 2023   

mailto:luhf@zjut.edu.cn
www.sciencedirect.com/science/journal/13858947
https://www.elsevier.com/locate/cej
https://doi.org/10.1016/j.cej.2023.143991
https://doi.org/10.1016/j.cej.2023.143991
https://doi.org/10.1016/j.cej.2023.143991
http://crossmark.crossref.org/dialog/?doi=10.1016/j.cej.2023.143991&domain=pdf


Chemical Engineering Journal 469 (2023) 143991

2

potassium cyanate route, and the anthranilamide + phosgene route or 
the chlorosulfonyl isocyanate route with kinds of basic catalysts, have 
the drawbacks of toxic raw materials, harsh reaction conditions, by- 
products, and water waste. Thus, alternative methods for environmen
tally friendly transformation of CO2 to quinazoline-2,4(1H,3H)-diones 
are highly desired. 

In recent decades, two kinds of green and sustainable solvents, ionic 
liquids (ILs) and deep eutectic solvents (DESs), have received lots of 
attention with similar tunable physical–chemical properties, including 
very low vapor pressure, high thermal and chemical stability, high sol
ubilization capacity for inorganic and organic compounds via selecting 
suitable cations and anions or hydrogen bond accepters (HBAs) and 
hydrogen bond donors (HBDs).[8–11] There are several functional ILs 
reported for transformation of CO2 to quinazoline-2,4(1H,3H)-diones, 
such as alkoxide anions,[12] carboxylate anions,[13,14] azolate anions, 
[15,16] imide anions,[17,18] etc. However, disadvantages including 
high reaction temperature, high CO2 pressures, high cost and viscosity of 
pure ILs with low solubility of substituted 2-aminobenzonitriles limited 
their use. For example, Liu et al. prepared succinimide-based[17], tri
azolium-based[16], and aminophenol-based[19] ILs, which could cata
lyze 2-aminobenzonitrile with atmospheric-pressure CO2 with high 
yield, but the process required a large amount of catalyst. CO2 conver
sion by DESs is a chance to overcome the aforementioned disadvantages. 
[20] Recently, except some non-ionic DESs,[21–23] a large amount of 
DESs were designed and developed during these two decades (2003 ~ 
2023) from IL salts, such as cholinium salts, imidazolium salts, ammo
nium salts, guanidinium salts etc. as HBAs and kinds of other inorganics 
and organics, such as urea,[24,25] alkanolamines,[26,27] ethylene 
glycol (EG),[28,29] phenols,[30,31] H2O,[32–34] succinonitrile (SN), 
[35–37] dimethyl sulfoxide (DMSO), zinc chloride (ZnCl2),[38,39] etc. 
as HBDs at different molar ratios (Scheme 1). The DESs could be used as 
green solvents, sorbents, and catalysts, in the fields of gas capture, 
[40–43] extraction,[44–46] energy,[47,48] environment,[49–51] 
pharmaceutics and medicine.[52] To the best of our knowledge, there 
are kinds of DESs used for the transformation of CO2 to cyclic carbonates 
[53–55] and only a DES for carbamates synthesis,[56] while no publi
cations about the synthesis of quinazoline-2,4(1H,3H)-diones from CO2 
using functional iDESs (Scheme 2). Thus, developing functional iDESs 
with efficient capture and transformation of CO2 to quinazoline-2,4 
(1H,3H)-diones is important to give another opportunity to CCUS. 

Herein, this contribution shows a novel strategy for highly efficient 
synthesis of quinazoline-2,4(1H,3H)-diones under mild conditions via 
transformation of CO2 by functional iDESs as green solvents, sorbents 

and catalysts has been developed through tuning the structures of 
hydrogen bond accepters (HBAs) and hydrogen bond donors (HBDs) 
(Scheme 3). The density and viscosity, two important physical proper
ties, were determined at the temperatures in the range of 20 ~ 80 ◦C 
under atmospheric pressure. The performance of CO2 capture was 
measured under different temperature and CO2 partial pressure. The 
thermodynamic properties of CO2 absorbed in pyridinolate-containing 
functional iDESs such as the changes of absorption Gibbs free energy, 
enthalpy and entropy were systematically analyzed. Performance of CO2 
conversion using these functional iDESs as the catalysts was also 
investigated under different conditions. Functional iDESs containing 
pyridinolate anions showed highly efficient capture and transformation 
of CO2 to quinazoline-2,4(1H,3H)-diones with the isolated yields up to 
92.9% as well as only 0.25 equiv. DES at mild conditions through 
“simultaneous CO2 activation and substrate activation” reaction 
mechanism. 

2. Experimental methods 

2.1. Materials 

Cholinium hydroxide ([Ch][OH], 44% in water, CAS No. 123–41-1) 

Scheme 1. Structures of typical HBAs and typical HBDs.  

Scheme 2. CO2 conversion by DESs to (a) carbonates, (b) carbamates, and (c) 
quinazoline-2,4(1H,3H)-diones. 

Scheme 3. Structures of cations, anions, and HBDs for the formation of func
tional iDESs. 
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and 4-hydroxypyridine (4-PyO, 97%, CAS No. 626–64-2) were obtained 
from Shanghai Aladdin Biochemical Technology Co., Ltd. 2-Aminoben
zonitrile (ABN, 98%, CAS No. 1885–29-6), 2-amino-5-fluorobenzonitrile 
(5-F-ABN, 97%, CAS No. 61272–77-3), and succinonitrile (SN, 99%, CAS 
No. 110–61-2) were accessed from Shanghai Macklin Biochemical Co., 
Ltd. Tetramethylammonium hydroxide ([N1111][OH], 25% in water, 
CAS No. 75–59-2), tetraethylamminonium hydroxide ([N2222][OH], 
25% in water, CAS No. 77–98-5), 2-amino-5-bromobenzonitrile (5-Br- 
ABN, 98%, CAS No. 39263–32-6), and 3-hydroxypyridine (3-PyO, 98%, 
CAS No. 109–00-2) were supplied from Shanghai Titan Scientific Co., 
Ltd. 2-Amino-4-methylbenzonitrile (4-CH3-ABN, 98%, CAS No. 
26830–96-6) and 2-amino-5-chlorobenzonitrile (5-Cl-ABN, 99.93%, 
CAS No. 5922–60-1) were approached from Shanghai Bide Pharma
ceutical Technology Co., Ltd. Ethylene glycol (EG, 99%, CAS No. 
107–21-1) and dimethyl sulfoxide (DMSO, 99.5%, CAS No. 67–68-5) 
were purchased from Sinopharm Chemical Reagent Co., Ltd. 2-Hydrox
ypyridine (2-PyO, 98%, CAS No. 72762–00-6) was procured from 
Meryer (Shanghai) Chemical Technology Co., Ltd. CO2 (99.999%), CO2 
(5% CO2, 95 % N2), CO2 (15% CO2, 85 % N2), and CO2 (50% CO2, 50 % 
N2) were bought from Hangzhou Jingong Gas Co., Ltd. 

2.2. Synthesis of functional iDESs 

Functional iDESs were directly synthesized through stirring mixtures 
of ionic salts as HBAs and different HBDs with desired molar ratios of 
1:3, 1:4 and 1:5 at 60 ◦C for 3 h. Typically, ([N2222][4-PyO]) was pre
pared through neutralization reaction. Equimolar 4-PyO was added into 
[N2222][OH] aqueous solution under dramatically stirring at room 
temperature for 12 h. Then, under the condition of reduced pressure, 
water was evaporated at 80 ◦C. In order to remove the possible trace of 
water, the obtained ILs were dried by freeze drying for 24 h. Other ionic 
salts, such as [N2222][2-PyO], [N2222][3-PyO], [N1111][4-PyO], and 
[Ch][4-PyO]were synthesized in a similar way. 

2.3. CO2 absorption 

Apparatus of CO2 absorption by iDESs were shown in Scheme 4. With 
the flow rate of 60 ml min− 1, CO2 with different concentrations was 
bubbled into about 1 g iDES at the desirable temperatures. The capacity 
was measured using an electronic balance with the accuracy of ±
0.0001 g at regular intervals and stopped when the absorption equilib
rium was reached. The molecular mass of iDES was obtained by using 
equation MiDES = nHBAMHBA + nHBDMHBD. 

2.4. Synthesis of quinazoline-2,4(1H,3H)-diones 

Taking quinazoline-2,4(1H,3H)-dione obtained from ABN and CO2 
as an example, ABN (1 mmol) as the substrate and one of the iDESs (0.25 
mmol) as the catalyst were sequentially added into a glass tube. CO2 gas 
was slowly purged to exhaust the air inside the glass tube. Then the 
reaction container connected with a CO2 balloon, and the reaction 
mixture was stirred at the desired temperatures for 24 h. After the re
action completed, 10 ml deionized water was added into the glass tube. 
Thus, the crude product was obtained through readily precipitation from 
the mixture, and it could be readily separated through centrifugation. 
Subsequently, after washing using deionized water and diethyl ether, 
the catalyst and unreacted ABN were removed. Finally, after dried at 
60 ◦C for 24 h under vacuum, the mass of the product was weighted by 
an electronic balance (accuracy: ± 0.0001 g). The iDES catalyst for the 
next run could be recycled through evaporation of water. 

2.5. Characterization 

The chemical structures of these functional iDESs and CO2-saturated 
iDESs were verified via NMR (Bruker 400 MHz) and FT-IR (VERTEX 70). 
DMSO‑d6 was selected as the solvent for NMR analyzing, and residual 
DMSO used as the reference. Densities of iDESs were carefully deter
mined using a pycnometer at T = (293.2, 303.2, 313.2, 323.2, 333.2, 
343.2 and 353.2) K under atmospheric pressure. Pycnometer was cali
brated using ethylene glycol at temperatures mentioned above. The 
viscosities of the iDESs were measured by a Brookfield (DVNEXT-LV) 
viscometer at different temperatures. Karl Fisher titrator (870 KF Titrino 
plus) was used to determine the water contents of these iDESs, and the 
results were listed in Table S1 of Supporting Information. The melting 
points were measured on a TA Q2000 DSC in the range of − 80 ~ 40 ◦C 
at a heating rate of 10 ◦C min− 1 under N2 atmosphere, and the results 
were listed in Table S2 of Supporting Information. The melting points of 
the solids were obtained by capillary measurement. Thermal expansion 
coefficients were also calculated and listed in Table S3 of Supporting 
Information. 

3. Results and discussion 

3.1. Physical properties of functional iDESs 

3.1.1. Density 
The density (ρ) in g cm− 3 and the viscosity (η) in mPa⋅s are two 

important physical properties of DESs. The densities of typical func
tional iDESs with different cations, anions, HBDs, and molar ratios of 
HBA: HBD were measured and the results were showed in Table 1. 

To study the relationship of density vs temperature, the linear 
equation lnρ = a + b T was used, where a and b are fitting parameters, 
and their values were collected in Table 2 (R2 > 0.99), indicating the 
density decreased linearly with the increasing temperature for these 
functional iDESs (Fig. 1). Besides, the density of typical iDES was 
affected by cations, anions, HBDs, and molar ratios of HBA: HBD. For 
[Ch][4-PyO]/DMSO (1:4), [N1111][4-PyO]/DMSO (1:4) and [N2222][4- 
PyO]/DMSO (1:4) with different cations, the density of former is higher 
than that of latter at same temperature, due to the increased interaction 
between anion and cation containing short chain and hydroxyl group. 
For example, the densities of [Ch][4-PyO]/DMSO (1:4), [N1111][4- 
PyO]/DMSO (1:4) and [N2222][4-PyO]/DMSO (1:4) at 30 ◦C were 
1.1101, 1.0875, and 1.0731 g cm− 3, respectively. For [N2222][3-PyO]/ 
DMSO (1:4), [N2222][4-PyO]/DMSO (1:4) and [N2222][2-PyO]/DMSO 
(1:4) with different anions, the measured density data at each temper
ature were very close, indicating that the anions have a less effect on the 
density of the DESs. Additionally, For [N2222][4-PyO]/EG (1:4) and 
[N2222][4-PyO]/SN (1:4), the density of former with strong hydrogen 
bonds is higher than that of latter at same temperature. For [N2222][4- 
PyO]/DMSO (1:4), there is a rapid decrease in density with the 

Scheme 4. Apparatus of CO2 absorption by iDESs: (1) gas cylinder containing 
different concentration CO2; (2) high pressure valve; (3) rotor flow meter; (4) 
magnetic stirrer; (5) thermocouple; (6) glass bottle filled with iDES; (7) off-gas 
absorption by NaOH. 
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increasing temperature due to the strong polarity of DMSO. Further
more, the molar ratio of HBA:HBD has a less effect on the density of 
[N2222][4-PyO]/DMSO DESs. For example, the densities of [N2222][4- 
PyO]/DMSO (1:5), [N2222][4-PyO]/DMSO (1:4), and [N2222][4-PyO]/ 
DMSO (1:3) at 50 ◦C were 1.0592, 1.0569, and 1.0546 g cm− 3, 
respectively. 

3.1.2. Viscosity 
The viscosity of typical DESs was also affected by temperature, cat

ions, anions, HBDs, and molar ratios of HBA: HBD, and the data were 
measured and showed in Fig. 2. The temperature has a great influence 
on the viscosity of the typical DESs. For example, the viscosity of [N2222] 
[4-PyO]/SN (1:4) decreased from 257.1 to 38.58 mPa⋅s with the in
crease of temperature from 20 to 50 ◦C. In addition, the relationship of 
viscosity vs temperature was correlated by the Arrhenius equation, lnη 
= lnη0 + Eη/(RT), where η0 in mPa⋅s represents the pre-exponential 
constant, Eη in kJ mol− 1 is the flow activation energy of iDES, and R 
= 8.314 J mol− 1 K− 1. Fig. 2 shows the plotted ln η versus 1/T, and the 
values of parameters were also listed in Table 2 (R2 > 0.99). The values 
of Eη for [N2222][4-PyO]/SN (1:4), [N2222][4-PyO]/EG (1:4), and 
[N2222][4-PyO]/DMSO (1:4) were calculated to be 43.4, 35.2 and 22.1 
kJ mol− 1, respectively. 

3.1.3. Melting point 
The melting points of these iDESs were also measured and listed in 

Table S2, and the corresponding DSC curves could be found in Fig. 3. It 
can be seen that the melting points of these iDESs were all below zero, in 
the range of − 35 ~  − 10 ◦C, except [N2222][4-PyO]/SN (1:4) and 
[N2222][4-PyO]/EG (1:4), melting points of which below − 80 ◦C. For 
comparison, the melting points of HBDs and HBAs were also tested. The 
melting points of DMSO, EG and SN were 18.4, − 13, and 50 ◦C, 
respectively. Additionally, the melting points of [N2222][4-PyO], [N2222] 
[3-PyO], [N2222][2-PyO], and [N1111][4-PyO] were 72, 40, 30 and 
81 ◦C, respectively, while that of [Ch][4-PyO] was tested to be < −

18 ◦C. These results indicated that all these IL-based mixtures, except 
[Ch][4-PyO]/DMSO (1:4), were DESs, according to the definition of 
DESs.[57]. 

3.2. CO2 absorption 

3.2.1. Effects of different CO2 partial pressures and absorption 
temperatures 

Take [N2222][4-PyO]/DMSO (1:4), [N2222][4-PyO]/SN (1:4), and 
[N2222][4-PyO]/EG (1:4) as the examples, the effect of different CO2 
partial pressures on CO2 absorption capacity of typical functional iDESs, 
was studied and the results can be found in Fig. 4. CO2 absorption ca
pacities were decreased with the decrease of CO2 partial pressure. For 
instance, the CO2 absorption capacity of [N2222][4-PyO]/DMSO (1:4) at 
40 ◦C was decreased from 1.11 mol of CO2 per mole of iDES under 1 bar 
to 0.77 mol of CO2 per mole of iDES under 0.05 bar, indicating that 
captured CO2 could be desorbed under low partial pressure as well as the 
capacity obtained under low concentration of CO2 was mainly chemical. 

The effect of absorption temperature on CO2 capture capacity of 
typical functional iDESs was also investigated. CO2 absorption capacity 
of each DES decreased with the increase of absorption temperature. CO2 
capacity of [N2222][4-PyO]/DMSO (1:4) under 1 bar was decreased from 
1.11 mol of CO2 per mole of iDES at 40 ◦C to 0.85 mol of CO2 per mole of 
iDES at 55 ◦C, indicating that the absorbed CO2 can be released under 
high temperature. 

In addition, the effect of structures of HBDs on the capture perfora
tions of CO2 was investigated. The results indicated that the order of CO2 
capture capacity was [N2222][4-PyO]/DMSO (1:4) > [N2222][4-PyO]/ 
SN (1:4) > [N2222][4-PyO]/EG (1:4) at the same conditions. For 
example, the capacities of CO2 capture under 50 ◦C and 1 bar of [N2222] 
[4-PyO]/DMSO (1:4), [N2222][4-PyO]/SN (1:4), and [N2222][4-PyO]/ 
EG (1:4) were 0.92, 0.77, and 0.73 mol of CO2 per mole of iDES, 
respectively, indicating the tunable absorption of CO2 by [N2222][4- 
PyO]-containing DESs. 

Table 1 
Density (ρ) in g cm− 3 and the viscosity (η) in mPa⋅s of typical functional iDESs.  

iDES Property T (K) 
293.2 303.2 313.2 323.2 333.2 343.2 353.2 

[Ch][4-PyO]/DMSO (1:4) ρ  1.1191  1.1101  1.1011  1.0926  1.0849  1.0750  1.0651 
η  18.91  12.81  9.12  6.79  5.41  4.35  3.53 

[N2222][4-PyO]/DMSO (1:4) ρ  —  1.0731  1.0661  1.0569  1.0491  1.0419  1.0331 
η  —  9.20  6.50  4.87  4.06  3.25  2.56 

[N1111][4-PyO]/DMSO (1:4) ρ  1.0965  1.0875  1.0785  1.0688  1.0602  1.0505  1.0425 
η  11.20  7.91  5.90  4.66  3.85  3.07  2.62 

[N2222][3-PyO]/DMSO (1:4) ρ  1.0837  1.0757  1.0677  1.0584  1.0526  1.0422  1.0357 
η  11.93  8.38  6.15  4.83  3.77  3.05  2.35 

[N2222][2-PyO]/DMSO (1:4) ρ  1.0721  1.0661  1.0601  1.0542  1.0486  1.0422  1.0361 
η  10.56  7.43  5.56  4.34  3.43  2.82  2.33 

[N2222][4-PyO]/SN (1:4) ρ  1.0575  1.0515  1.0455  1.0407  1.0346  1.0292  1.0215 
η  257.10  122.10  65.50  38.58  24.62  17.04  12.32 

[N2222][4-PyO]/EG (1:4) ρ  1.0769  1.0719  1.0669  1.0599  1.0545  1.0491  1.0449 
η  112.50  63.15  38.22  24.53  17.37  12.88  9.50 

[N2222][4-PyO]/DMSO (1:3) ρ  —  —  1.0618  1.0546  1.0452  1.0372  1.0298 
η  —  —  8.99  6.94  5.12  4.13  3.36 

[N2222][4-PyO]/DMSO (1:5) ρ  1.0830  1.0760  1.0670  1.0592  1.0511  1.0440  1.0370 
η  11.43  7.76  5.67  4.17  3.10  2.53  2.10  

Table 2 
Fitting parameters for equations lnρ = a + bT and lnη = lnη0 + Eη/(RT).  

iDES Parameters for lnρ = a + bT Parameters for lnη = lnη0 +

Eη/(RT) 
a b 

[×104] 
R2 η0[×106] Eη R2 

[Ch][4-PyO]/ 
DMSO (1:4)  

0.351  − 8.126  0.999  1002.338  23.836  0.995 

[N2222][4-PyO]/ 
DMSO (1:4)  

0.301  − 7.603  0.999  1387.572  22.063  0.995 

[N1111][4-PyO]/ 
DMSO (1:4)  

0.341  − 8.495  0.999  2233.802  20.621  0.995 

[N2222][3-PyO]/ 
DMSO (1:4)  

0.304  − 7.624  0.998  1017.273  22.749  0.998 

[N2222][2-PyO]/ 
DMSO (1:4)  

0.236  − 5.668  0.999  1504.101  21.461  0.997 

[N2222][4-PyO]/ 
SN (1:4)  

0.221  − 5.619  0.997  4.119  43.390  0.992 

[N2222][4-PyO]/ 
EG (1:4)  

0.226  − 5.188  0.997  54.953  35.172  0.994 

[N2222][4-PyO]/ 
DMSO (1:3)  

0.304  − 7.782  0.998  1357.867  22.886  0.998 

[N2222][4-PyO]/ 
DMSO (1:5)  

0.295  − 7.346  0.999  473.073  24.475  0.996  
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3.2.2. Mechanism of CO2 absorption 
To study the mechanisms of CO2 absorptions in different iDESs, FT-IR 

and 13C NMR spectroscopy of [N2222][4-PyO]/DMSO (1:4) and [N2222] 
[4-PyO]/EG (1:4) before and after the absorption of CO2 at 50 ◦C and 1 
bar were analyzed (Fig. 5). Compared with the FT-IR spectrum of fresh 
[N2222][4-PyO]/DMSO, two new peaks at 1635 and 1745 cm− 1 can be 
found in the FT-IR spectrum of CO2-saturated [N2222][4-PyO]/DMSO 
(1:4) (Fig. 5a). According to the literature,[58] they can be assigned to 
the carbonyl carbons in carbonate (O⋅⋅⋅CO2) and carbamate (N⋅⋅⋅CO2), 
respectively. The formation of carbonate and carbamate could also be 
proved by 13C NMR spectroscopy (Fig. 5b). In comparison with the 13C 
NMR spectrum of the fresh DES [N2222][4-PyO]/DMSO (1:4), two new 
chemical shifts at 145.3 and 158.2 ppm in the 13C NMR spectrum of the 
CO2 saturated iDES [N2222][4-PyO]/DMSO (1:4) were produced, which 
could be attributed to the carbonyl carbons in carbamate (N⋅⋅⋅CO2) and 
carbonate (O⋅⋅⋅CO2), respectively. Because the capture capacity was 
readily lower than 1 mol of CO2 per mole of [N2222][4-PyO], it is safely 
to say that some [4-PyO] anions transformed to carbonate species while 
other [4-PyO] anions transformed to carbamate species after the inter
action with CO2 during the absorption of CO2. When the capture ca
pacity was found to be higher than 1 mol of CO2 per mole of [N2222][4- 
PyO], the complexes of [4-PyO] anions with two CO2 were formed due 
to the multiple cooperative interactions. 

In contrast, there is only one type of band at 1635 cm− 1 in FT-IR 
spectrum of CO2-saturated [N2222][4-PyO]/EG (1:4), which could be 
attributed to the carbonyl carbon in carbonate (O⋅⋅⋅CO2). Additionally, 
in comparison with the 13C NMR spectrum of the fresh [N2222][4-PyO]/ 

EG (1:4), three new chemical shifts at 61.3, 65.7 and 156.9 ppm in the 
13C NMR spectrum of CO2-saturated [N2222][4-PyO]/EG (1:4) were 
produced, which could be attributed to two methylene carbons and a 
carbonate carbonyl carbon, respectively. According to the literature, 
[59] one of the hydroxyl groups in EG was dehydrogenation by [4-PyO] 
anion due to the anion’s basicity, and neutral molecule 4-PyO was 
formed simultaneously. Based on previous reports [57,59,60] and the 
observed products, the mechanisms of CO2 absorption by [N2222][4- 
PyO]/EG (1:4) and [N2222][4-PyO]/DMSO (1:4) are different, and the 
proposed plausible mechanisms could be illustrated in Scheme 5. 

3.2.3. Thermodynamics analysis of CO2 absorption 
Thermodynamics analysis of CO2 absorption by [N2222][4-PyO]/ 

DMSO (1:4), [N2222][4-PyO]/SN (1:4), and [N2222][4-PyO]/EG (1:4) 
was studied. It can be safely assumed that CO2 capture at high tem
perature or low CO2 partial pressure mainly through chemical in
teractions[40]. Thus, CO2 absorptions were performed under 0.05 bar 
CO2 at 313.2, 318.2, 323.2, and 328.2 K to discuss the thermodynamic 
properties. As aforementioned, single site absorption mechanisms 
(carbamate or carbonate) were followed during the CO2 absorption by 
[N2222][4-PyO]/DMSO (1:4), [N2222][4-PyO]/SN (1:4), and [N2222][4- 
PyO]/EG (1:4). Here, we do not distinguish between carbamate N site 
and carbonate O site, and study the average interaction or energy when 
we analyze the thermodynamic properties of CO2 absorption by [N2222] 
[4-PyO]/DMSO (1:4) and [N2222][4-PyO]/SN (1:4). Therefore, Equation 
(1) was used to describe these 1:1 chemical reactions: 

CO2 + DES→DES-CO2 (1) 

Fig. 1. Linear relationship of lnρ vs T for typical functional DESs with different cations (a), anions (b), HBDs (c), and molar ratios of HBA: HBD (d).  
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Chemical equilibrium constant, Kθ, in dimensionless of this reaction 
could be obtained through Equation (2): 

Kθ =
Zchem

(1 − Zchem)P/Pθ (2) 

where Zchem is the chemical absorption capacity in mol mol− 1. The 
calculated Kθ were collected in Table 3. Kθ values decreased with 
increasing temperature. For example, Kθ for CO2 absorption by [N2222] 
[4-PyO]/DMSO (1:4) at 313.2, 318.2, 323.2, and 328.2 K were 66.96, 
40.61, 22.55, and 18.46, respectively, indicating that low temperature is 

favorable for CO2 absorption. In addition, the Kθ value at each tem
perature decreased with the order [N2222][4-PyO]/DMSO (1:4) >
[N2222][4-PyO]/SN (1:4) > [N2222][4-PyO]/EG (1:4), indicating that 
[N2222][4-PyO]/DMSO (1:4) is favorable for CO2 absorption. 

In order to understand the thermodynamic driving force and eval
uate the absorbents in practical application, the change of molar Gibbs 
free energy of the reaction (ΔrGθm, in kJ mol− 1), the change of molar 
enthalpy of the reaction (ΔrHθm, in kJ mol− 1), and the change of molar 
entropy of the reaction (ΔrSθm, in J mol− 1 K− 1) could be readily ob
tained by Equations (3–5) from chemical equilibrium constant Kθ, 
because of the quite narrow temperature range used in this contribution: 

ΔrGθ
m = − RTlnKθ (3)  

ΔrHθ
m = − R(

∂lnKθ

∂(1/T)
) (4)  

ΔrSθ
m =

ΔrHθ
m − ΔrGθ

m

T
(5) 

The linear relationship of lnKθ vs 1/T was showed in Fig. 6. The 
values of ΔrGθm, ΔrHθm and ΔrSθm were listed in Table 3. The negative 
values of ΔrGθm under the experimental conditions strongly indicated 
that the absorptions of CO2 in DESs were favorable. The values of ΔrHθm 
were also negative and |ΔrHθm| > 50 kJ mol− 1, indicating the 
exothermic absorption process and the chemical interaction between 
CO2 and DES. In addition, the negative ΔrSθm values indicated that that 
the degree of disorder of the system becomes smaller due to the strong 
chemical interaction. Considering ΔrHθm < 0, ΔrSθm < 0, and |ΔrHθm| 
> |TΔrSθm|, the sign of ΔrGθm was determined by that of ΔrHθm. Thus, 
the ΔrHθm was predominant for the favorable 1:1 chemisorption of CO2. 

Fig. 2. Linear relationship of lnη vs 1/T for typical functional DESs with different cations (a), anions (b), HBDs (c), and molar ratios of HBA:HBD (d).  

Fig. 3. DSC curves of iDESs for melting point measurement.  
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3.3. CO2 conversion 

3.3.1. Effects of cations, anions and HBDs on CO2 conversion 
These iDESs were used as green solvents, sorbents and catalysts for 

the transformation of CO2 to quinazoline-2,4-(1H,3H)-dione and its 

Fig. 4. CO2 absorption by different DESs at different temperatures and CO2 
partial pressures. (a)[N2222][4-PyO]/DMSO (1:4); (b)[N2222][4-PyO]/SN (1:4); 
(c)[N2222][4-PyO]/EG (1:4). 

Fig. 5. (a) FT-IR and (b) 13C NMR comparison of [N2222][4-PyO]/DMSO (1:4) 
and [N2222][4-PyO]/EG (1:4) before and after the absorption of CO2 at 50 ◦C 
and 1 bar. 

Scheme 5. Plausible mechanisms of CO2 absorption by (a) [N2222][4-PyO]/ 
DMSO (1:4) and (b) [N2222][4-PyO]/EG (1:4). 
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derivatives. Choosing the cyclization of CO2 and ABN to obtain quina
zoline-2,4-(1H,3H)-dione as a model reaction, the effects of cations, 
anions as well as HBDs on CO2 conversion were systematically studied, 
and the results are showed in Table 4. 

The effect of cations of DESs on CO2 conversion was first studied, and 
the results were showed in Entries 1, 2 and 5, Table 4. The order of 
isolated yields at 50 ◦C and 1 bar is [N2222][4-PyO]/DMSO (1:4) >
[N1111][4-PyO]/DMSO (1:4) > 90% > [Ch][4-PyO]/DMSO (1:4), indi
cating that the cation of catalyst with long chains resulted in high yield 
because of the weaker interaction of cation⋅⋅⋅anion. Entries 3 ~ 6 
illustrated the results of the effect of DMSO’s dosage on CO2 conversion. 
It can be found that the order of isolated yields at 50 ◦C and 1 bar is 
[N2222][4-PyO]/DMSO (1:4) > 90% > [N2222][4-PyO]/DMSO (1:5) >
[N2222][4-PyO]/DMSO (1:3) > 80% > [N2222][4-PyO] > 70%. When 
adding more DMSO as HBD, it promotes isolated yield. In addition, 
Entries 5, 7 and 8 showed the results of the effect of anion on CO2 

conversion. These anions have the difference in the position of N atom in 
the aromatic ring. It can be see that the order of isolated yields at 50 ◦C 
and 1 bar is [N2222][4-PyO]/DMSO (1:4) > 90% > [N2222][3-PyO]/ 
DMSO (1:4) > [N2222][2-PyO]/DMSO (1:4) > 70%. The highest isolated 
yield of 92.9% was obtained with [N2222][4-PyO]/DMSO (1:4) as the 
catalyst probably due to the N site and O site on the opposite positions of 
[4-PyO] anion. Furthermore, the effect of HBDs, including DMSO, SN, 
and EG, on CO2 conversion was investigated, and the order of isolated 
yields was [N2222][4-PyO]/DMSO (1:4) > 90% > [N2222][4-PyO]/SN 
(1:4) > 50% > [N2222][4-PyO]/EG (1:4) > 30%, according to the results 
listed in Entries 5, 9 and 10. Clearly, the effect of HBDs is a key factor 
that has a significant impact on the isolated yields using DESs as the 
catalysts. 

Moreover, the effects of reaction temperature and the molar ratio of 
iDES catalyst to substrate (nCat./nSub.) were also studied, and the results 
were listed in Table 4 too, using [N2222][4-PyO]/DMSO (1:4) as the 
optimal catalyst. It can be seen from Entries 5, 12 and 13 that the iso
lated yields at 30, 50 and 80 ◦C were 35.4, 92.9, and 93.6%, respec
tively, indicating that the isolated yield increases with the increasing 
reaction temperature from 30 to 50 ◦C and remains steady when reac
tion temperature above 50 ◦C. The effect of nCat./nSub. such as 1:4, 1:2, 
and 1:1 was studied and the results were showed in Entries 5, 14 and 15 
for [N2222][4-PyO]/DMSO (1:4) and Entries 10 and 11 for [N2222][4- 
PyO]/EG (1:4), respectively. The isolated yields at nCat./nSub. = 1:4, 1:2, 
and 1:1 for [N2222][4-PyO]/DMSO (1:4) were 92.9, 95.1, and 96.3%, 
respectively, indicating that the isolated yield increased with the 
increasing nCat./nSub.. However, the increasement of isolated yield was 
not significant for [N2222][4-PyO]/DMSO (1:4). Interestingly, isolated 
yield was increased 80% for [N2222][4-PyO]/EG (1:4) when nCat./nSub. 
increased from 1:4 to 1:1. Based on the above discussion, the optimal 
reaction conditions should be nCat./nSub. = 1:4 at 50 ◦C with [N2222][4- 
PyO]/DMSO (1:4) as the catalyst. 

3.3.2. Mechanism of CO2 conversion 
The mechanism of CO2 conversion into quinazoline-2,4(1H,3H)- 

diones using iDES [N2222][4-PyO]/DMSO (1:4) as the catalyst can be 
verified using FT-IR spectra. Fig. 7 showed the FT-IR spectra of CO2 
conversion processes using [N2222][4-PyO]/DMSO with different molar 
ratios of HBA:HBD as the catalyst. As illustrated in the Fig. 7a, without 
DMSO, CN peak at 2213 cm− 1 could still be detected after 24 h in FT-IR 
spectrum of reaction system using neat [N2222][4-PyO] as the catalyst. 
Thus, the results indicated that the substrate had not been completely 

Table 3 
Equilibrium constant (Kθ), change of molar Gibbs free energy of the reaction 
(ΔrGθ m), change of molar enthalpy of the reaction (ΔrHθ m), and change of 
molar entropy of the reaction (ΔrSθ m) for the CO2 absorption by DESs.  

DES Property T (K) 
313.2 318.2 323.2 328.2 

[N2222][4- 
PyO]/ 
DMSO (1:4) 

Kθ  66.96  40.61  22.55  18.46 
R2  0.971 
ΔrGθm (kJ 
mol− 1)  

− 10.9  − 9.8  − 8.4  − 8.0 

ΔrHθm (kJ 
mol− 1)  

− 76.3 

103ΔrSθm (kJ 
mol− 1 K− 1)  

− 208.8  − 209.0  − 210.1  − 208.1 

[N2222][4- 
PyO]/SN 
(1:4) 

Kθ  27.62  22.55  14.48  8.99 
R2  0.967 
ΔrGθm (kJ 
mol− 1)  

− 8.6  − 8.2  − 7.2  − 6.0 

ΔrHθm (kJ 
mol− 1)  

− 65.0 

103ΔrSθm (kJ 
mol− 1 K− 1)  

− 180.1  − 178.5  − 178.8  − 179.8 

[N2222][4- 
PyO]/EG 
(1:4) 

Kθ  13.33  10.30  8.57  7.03 
R2  0.996 
ΔrGθm (kJ 
mol− 1)  

− 6.7  − 6.2  − 5.8  − 5.3 

ΔrHθm (kJ 
mol− 1)  

− 35.5 

103ΔrSθm (kJ 
mol− 1 K− 1)  

− 92.0  − 92.1  − 91.9  − 92.0  

Fig. 6. Linear correlation between lnKθ and 1/T.  

Table 4 
The effects of cations, anions, and HBDs on CO2 conversion by DESs as catalysts.a 

Entry Catalyst nCat./nSub. T (◦C) Isolated yield (%) 

1 [Ch][4-PyO]/DMSO (1:4) 1:4 50  78.3 
2 [N1111][4-PyO]/DMSO (1:4) 1:4 50  91.2 
3 [N2222][4-PyO] 1:4 50  76.3 
4 [N2222][4-PyO]/DMSO (1:3) 1:4 50  84.5 
5 [N2222][4-PyO]/DMSO (1:4) 1:4 50  92.9 
6 [N2222][4-PyO]/DMSO (1:5) 1:4 50  89.9 
7 [N2222][3-PyO]/DMSO (1:4) 1:4 50  75.8 
8 [N2222][2-PyO]/DMSO (1:4) 1:4 50  72.5 
9 [N2222][4-PyO]/SN (1:4) 1:4 50  59.0 
10 [N2222][4-PyO]/EG (1:4) 1:4 50  32.7 
11 [N2222][4-PyO]/EG (1:4) 1:1 50  58.8 
12 [N2222][4-PyO]/DMSO (1:4) 1:4 30  35.4 
13 [N2222][4-PyO]/DMSO (1:4) 1:4 80  93.6 
14 [N2222][4-PyO]/DMSO (1:4) 1:2 50  95.1 
15 [N2222][4-PyO]/DMSO (1:4) 1:1 50  96.3  

a Reaction conditions: ABN 1 mmol, DES 0.25 mmol, reaction time 24 h, 1 bar 
CO2 balloon. 
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transformed. On the contrary, with the increase of DMSO in reaction 
system, the CN peak of 2-aminobenzonitrile all disappeared after 24 h in 
[N2222][4-PyO]/DMSO with different molar ratios of HBA:HBD as 
catalyst (Fig. 7b ~ d). It can be seen that the strength of N–H peaks of 
amino group at 3460 and 3343 cm− 1 becomes weaker and broader with 
increasing reaction time. Simultaneously, strength of CN peak at 2213 
cm− 1 decreases gradually till it disappears with the increasing reaction 
time. In addition, another new peak at 1684 cm− 1 during CO2 conver
sion indicates the formation of C = O. Therefore, 2-aminobenzonitrile is 
successfully transformed to quinazoline-2,4(1H,3H)-dione. It can be 
safely concluded that, compared with neat IL, DMSO in these iDESs is 
beneficial for improving the isolated yield of product (Entries 3 ~ 6, 
Table 4). 

In addition, the comparison of FT-IR and 1H NMR spectra of neat 
ABN and ABN–[N2222][4-PyO]/DMSO with different molar ratios of 
HBA:HBD were showed in Fig. 8. As the molar ratio of HBA:HBD 
increased, a new peak at 3337 cm− 1 can be found in the FT-IR spectrum 
(Fig. 8a). According to the literature[18], they can be assigned to the 
formation of the NH⋅⋅⋅O = S hydrogen bond, which is attributed to the 
strong polarity of DMSO. Similarly, compared with the 1H NMR spec
trum of neat ABN, an obvious downfield shift of the 2-aminobenzonitrile 
NH2 proton signal occurred in the 1H NMR spectrum of ABN-[N2222][4- 
PyO] (Fig. 8b), suggesting the activation of ABN by [N2222][4-PyO] 
through hydrogen bonding. With the addition of DMSO, the chemical 
shift of the 2-aminobenzonitrile NH2 proton signal gradually shifts to the 
up-field, due to the hydrogen bonds of NH2⋅⋅⋅DMSO. 

Furthermore, density functional theory (DFT) calculations at B3LYP/ 
6–31G++(d,p) level with Gaussian 16 [61] were used to investigate the 
mechanism of CO2 conversion by [N2222][4-PyO]/DMSO. In the begin
ning, the interactions of [4-PyO]⋅⋅⋅CO2 were calculated, due to the key 
role of anion in CO2 absorption by DESs. The optimized structures of [4- 
PyO]–CO2 (N⋅⋅⋅CO2) and [4-PyO]–CO2 (O⋅⋅⋅CO2) were shown in Scheme 
6. It is shown that the intermolecular distances between N(or O) atom 
and C atom in two kinds of [4-PyO]–CO2 were predicted to be 1.561 Å 
for N⋅⋅⋅C and 1.595 Å for O⋅⋅⋅C, respectively. The calculated O = C = O 
angles in [4-PyO]–CO2 (N⋅⋅⋅CO2) and [4-PyO]–CO2 (O⋅⋅⋅CO2) amount to 
134.9 and 138.5◦, indicating that there was a strong interaction between 
[4-PyO] and CO2. The interactions of [4-PyO]/DMSO⋅⋅⋅CO2 were also 
calculated. The results showed that the intermolecular distances of 
N⋅⋅⋅CO2 and O⋅⋅⋅CO2 as well as the calculated O = C = O angles both 
decreased in [4-PyO]/DMSO⋅⋅⋅CO2 systems, indicating the more active 
CO2 could be obtained in DESs than ILs, due to the cooperation 
(hydrogen bonds) between DMSO and CO2. 

DFT calculations were also used to analyze the effect of DMSO in CO2 
conversion by [N2222][4-PyO]/DMSO, and the optimized structures of 
ABN, [PyO]–ABN and [PyO]–ABN–DMSO were shown in Scheme 7. It is 
shown that the calculated –NH2 angles in ABN, [PyO]–ABN and [PyO]– 
ABN–DMSO amount to 115.5, 109.9 and 112.7◦, indicating that there 
was a strong interaction between [4-PyO] and ABN while it was 
decreased in [4-PyO]/DMSO⋅⋅⋅ABN system. However, it should be noted 
that the molar ratio of ABN to [4-PyO] is only 1:0.25 in the reaction 
system, indicating the less interaction between [4-PyO]0.25 and ABN. 

Fig. 7. FT-IR spectra of CO2 react with ABN using (a) [N2222][4-PyO], (b) [N2222][4-PyO]/DMSO (1:3), (c) [N2222][4-PyO]/DMSO (1:4), and (d) [N2222][4-PyO]/ 
DMSO (1:5) as the catalyst at 50 ℃ and 1 bar CO2. 
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Considering this situation, the added equimolar DMSO as HBD in reac
tion system resulted in that the intermolecular distance between H atom 
of NH2 and O atom of DMSO was predicted to be 2.021 Å, corresponding 

to a reduction of approximately 27% of the sum of the van der Waals 
radii of the two interacting atoms. Thus, the added NH2⋅⋅⋅DMSO 
hydrogen bonding leading to the active ABN in CO2 conversion. 

Based on the previous reports [7,18] and the obtained product, the 
plausible mechanism of CO2 conversion by [N2222][4-PyO]/DMSO (1:4) 
could be proposed as described in Scheme 8. It is clear that [N2222][4- 
PyO]/DMSO (1:4) can activate CO2, forming carbamate or carbonate 
[X–CO2] anions as active CO2 species. At the same time, hydrogen bonds 
were formed between DMSO and [X–CO2] anions. On the other hand, 
hydrogen bonds were formed between the N and O sites in [4-PyO] 
anion and the amino group in 2-aminobenzonitrile, due to the basicity 
of [4-PyO] anion. In addition, DMSO can also form hydrogen bond with 
the H atom in 2-aminobenzonitrile NH2, which is beneficial for the [4- 
PyO] anion to remove H from 2-aminobenzonitrile. Simultaneously 
with CO2 activation, negative charged active amino group –HN– as well 
as neutral 4-PyO could be formed via simultaneous dehydrogenation. 
Later, high basic –HN– nucleophilically attacks the C of CO2 from active 
species [X–CO2], resulting in the formation of the carbamate interme
diate accompanied by the removal of [X] anion. Then, it transfers to 
cyclic carbonate intermediate via intramolecular nucleophilic cycliza
tion. After proton transfer from –NH to –OH, the chemical bond OC–OH 
breaks to form an isocyanate intermediate, followed by the spontaneous 
intramolecular rearrangement. Finally, the quinazoline-2,4(1H,3H)- 
diones is obtained by proton transfer from neutral 4-PyO, and [4-PyO] 
anion is regenerated at the same time. 

3.3.3. Recycling of iDESs 
It is known that the cycle stability plays an essential role in catalysts’ 

practical applications. In order to evaluate the cycle stability, the 
[N2222][4-PyO]/DMSO (1:4), as an example, was reobtained through 
evaporation of water and reused as catalyst for the reaction of CO2 and 
2-aminobenzonitrile. The reaction was carried out at 50 ◦C and 1 bar 
CO2. As shown in Fig. 9, after six cycles, the isolated yield of quinazo
line-2,4(1H,3H)-dione is no obvious decrease, indicating that the 
catalysis activity of [N2222][4-PyO]/DMSO (1:4) is maintained steadily. 
Therefore, this iDES is an efficient and outstanding catalyst. 

3.3.4. CO2 conversion with different substituted 2-aminobenzonitriles 
CO2 conversion with different substituted ABNs, such as 4-CH3-ABN, 

5-F-ABN, 5-Cl-ABN, and 5-Br-ABN, were also studied (Table 5). Order of 
isolated yields of products from halogen substituted ABNs was 5-F-ABN 
(97.1%) > 5-Cl-ABN (91.4%) > 5-Br-ABN (90.9%), due to the decreased 
electron-withdrawing ability. For example, F atom with the strongest 
electron-withdrawing ability reduced the electron density of benzene 
ring, leading to the strongest dehydrogenation of amino group in ABNs, 
resulting in the highest isolated yield. For comparison, the isolated yield 
of product from 4-CH3-ABN was only 73.0%, due to the electro-donating 
ability of methyl. Thus, these results proved the plausible reaction 
mechanism. 

4. Conclusions 

In summary, a strategy for efficient capture and transformation of 

Fig. 8. (a) FT-IR and (b) 1H NMR comparison of ABN and [N2222][4-PyO]/ 
DMSO with different molar ratios of HBA:HBD. 

Scheme 6. Optimized structures of [4-PyO]–CO2 complexes at B3LYP/ 
6–31++G(d,p) level. (a) the N atom on the [4-PyO] anion with the closest CO2 
molecule; (b), the O atom on the [4-PyO] anion with the closest CO2 molecule. 
Note that van der Waals radii (in Å) are 1.70 (C), 1.20 (H), 1.52 (O), 1.55 (N), 
1.80 (S).[62]. 

Scheme 7. Optimized structures of (a) ABN, (b) [PyO]–ABN and (c) [PyO]– 
ABN–DMSO complexes at B3LYP/6–31++G(d,p) level. 
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CO2 to quinazoline-2,4(1H,3H)-diones by functional iDESs containing 
pyridinolate anions as green solvents, sorbents and catalysts under mild 
conditions has been developed via tuning the structures of DESs. Den
sity, viscosity, and melting point of these functional iDESs were 
measured, as well as flow activation energy was calculated. CO2 ab
sorptions were measured under different capture temperatures and 
partial pressures of CO2, especially at high capture temperature or low 
partial pressure of CO2, which indicated the chemical interactions. 
Thermodynamic properties of CO2 absorbed in pyridinolate-containing 
functional iDESs, such as the change of molar Gibbs free energy of the 
reaction (ΔrGθm), the change of molar enthalpy of the reaction (ΔrHθm), 
and the change of molar entropy of the reaction (ΔrSθm), were analyzed, 
and the ΔrHθm was predominant for the favorable 1:1 chemisorption of 
CO2. The performance of CO2 conversion with 2-aminobenzonitrile and 

its derivatives using these pyridinolate-containing DESs as the green 
solvents, sorbents, and catalysts was also investigated, and excellent 
isolated yield of up to 97.1% quinazoline-2,4(1H,3H)-dione and its de
rivatives at mild conditions could be obtained with only 0.25 equiv. 
[N2222][4-PyO]/DMSO (1:4) through “simultaneous CO2 activation and 
substrate activation” reaction mechanism. To the best of our knowledge, 
these are the first examples of tuning functional iDESs for capture and 

Scheme 8. Plausible reaction mechanism of CO2 with ABN using iDES [N2222][4-PyO]/DMSO (1:4).  

Fig. 9. Recycling stability of [N2222][4-PyO]/DMSO (1:4) in the reaction of 
CO2 and 2-aminobenzonitrile. Reaction conditions: ABN 1 mmol, DES 0.25 
mmol, reaction time 24 h, reaction temperature 50 ◦C, 1 bar CO2 balloon. 

Table 5 
CO2 conversion with different substituted ABN a.  

Entry Substrate Product Isolated yield 
(%) 

1 92.9 

2 73.0 

3 97.1 

4 91.4 

5 90.9  

a Reaction conditions: [N2222][4-PyO]/DMSO (1:4) 0.25 mmol, substrate 1 
mmol, 50 ◦C, 24 h, 1 bar CO2 balloon. 
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transformation of CO2 to quinazoline-2,4-(1H,3H)-dione and its de
rivatives with only 0.25 equiv. DES. We believe that this strategy could 
open a door to achieving high efficiency of capture and conversion of 
gases such as NOx, SO2, H2S, and CO2 by functional DESs. 
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