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1 | INTRODUCTION

Abstract

Carbon monoxide (CO) is a toxic but valuable precursor for organic synthesis. Thus,
CO capture is an important and sustainable process. Here, a strategy of cuprous ionic
liquid engineering combined with preorganized hydrogen-bond donors (HBDs) was
first developed to form a series of functional deep eutectic solvents (DESs) for
enhanced CO capture via promoting cooperation, and the stepped sorption isotherms
with a characteristic threshold “gate-opening” pressure were obtained. It was found
that the enhanced absorption capacity (up to 220%) and enhanced working capacity
(up to 310%) can be reached by DESs with preorganized HBDs. Quantum-chemical
calculations and spectroscopic investigations revealed that cooperative interactions
and preorganized benzenediols were the reason for equimolar capacities. Addition-
ally, at least 17 absorption-desorption cycles with high CO capacity could be
Thus,
Cu(l) efficiency, and high working capacity make these DESs an alternative way for

reached, indicating excellent reversibility. easy preparation, high

CO capture.

KEYWORDS
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to value-added chemicals via carbonylation reactions® and electrore-
duction reactions,? or presents a potential clinically viable medicinal

Carbon monoxide (CO) is not only harmful to human health due to its
high toxicity but also detrimental to catalysts in proton-
exchange-membrane fuel cells as an impurity gas in H,, which is gen-
erated simultaneously by steam reforming of natural gas/coal gasifica-

tion. On the other hand, pure CO is a resource and can be transferred

agent.? Therefore, CO capture is an important and sustainable process
in CO separation and H, production.** The conventional cuprous alu-
minium chloride (CuAlICl4) complex in toluene solution (COSORB) pro-
cess for CO capture results in the low capacity of CO, the low

stability of the complex, and the loss of toluene as an organic solvent.®
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Because the high solubility of CO in sorbent is very beneficial to
improving the separation selectivity and the reaction rates, developing
alternative clean and sustainable technologies for highly efficient and
reversible CO removal is important.”

lonic liquids (ILs)2* formed by cations and anions, and deep
eutectic solvents (DESs),*?>"'* formed by hydrogen-bond accepters
(HBAs) and hydrogen-bond donors (HBDs), as two kinds of solvents,
have received a lot of attention in recent decades with similar tunable
physical-chemical properties, such as low vapor pressure, high ther-
mal and chemical stability, and high solubilization for the capture of

14-17 C02,18_27 502728—34 NH3,35_38 H2539—43 etc.

gases such as NO,,
Through structural regulation, functionalized ILs and DESs with active
sites could obtain high CO capacity compared to conventional ILs and
DESs.** Laurenczy et al.*® reported the first solubility of CO in the
conventional ILs according to [Bmim][BF,] < [Bmim][PF4] < [Bmim]
[SbF] < [Bmim][CF3COO0] < [Bmim][Tf,N]. Tao et al.** showed a CO
capacity of up to 0.046 mol CO per mol IL by [P444g][Pen] at 25°C and
1 bar. Considering the coordination of Cu(l) in CO capture,*” Cu(l)-based
ILs were reported with different efficiencies of Cu(l). For example, [Hmim]
[CuCl,)*8 triethylammonium dichlorocuprate(l) [TEA][CuCl,]*’ and 1-
ethylimidazolium dichlorocuprate(l) [EimH][CuCl,]*° were reported with
CO capacities of 0.020, 0.078, and 0.118 mol CO per mol Cu(l) at
3032 K and 1 bar, respectively. Cui et al.>® reported a capacity of
0.203 mol CO per mol Cu(l) for [HDEEA][CI] + CuCl + ethylene glycol
(EG) (1:1:4) at 20°C and 1 bar. Peng et al.>? showed that N, N, N’,
N’-tetramethyl-N-hexyl-1,5-ethyletherdiammonium bis[trichlorodicuprate
()] [HBDMAEE-C¢][Cu,Cls], reached 0.063 mol CO per mol Cu(l) at
313.2K and 1 bar. Although Cu(l)-based sorbents showed higher CO

capacities than those of conventional Cu(l)-free sorbents, the capacity of

CO and the efficiency of Cu(l) are still lower than the maximum saturation
described by a 1:1 stoichiometric ratio, meaning that most Cu(l) are inacti-
vated and difficult for CO capture under atmospheric pressures. How to
develop novel functional solvents to achieve high efficiency of Cu(l) and
high working capacity of CO is still a challenging task.

Herein, a strategy of cuprous ionic liquid engineering combined
with preorganized HBDs was developed to form a series of functional
DESs for enhanced CO capture. First, we designed and prepared a
series of DESs with Cu(l)-based IL [CMPyH][CuCl,] as HBA and
diol compounds, such as EG and 1,3-propanediol (PD) as well as
preorganized o-dihydroxybenzene (0o-DHB) and m-dihydroxybenzene
(m-DHB) as HBDs at different molar ratios (1:1, 1:1.5, and 1:2). Then,
high Cu(l) efficiency (up to 0.921 mol CO per mol Cu(l)) could be
reached at 20°C and 5 bar CO via tuning the structures and molar
ratios of HBA:HBD. Additionally, compared with alkanediols, the
cooperative interactions of Cu(l) and preorganized benzenediols in

DESs with CO were the reason for equimolar capacities (Figure 1).

2 | EXPERIMENTAL METHODS

21 | Materials

Solvents, reagents, and chemicals are purchased from commercial sup-
pliers and used without further purification. 2-(Chloromethyl)pyridine
hydrochloride ([CMPyH][CI], 98.0%), copper(l) chloride (CuCl, 97.0%)
and o-DHB (99.5%) were purchased from Shanghai Aladdin Biochemi-
cal Technology Co., Ltd. EG (99.0%) was supplied by Sinopharm
Chemical Reagent Co., Ltd., while PD (98.0%) and m-DHB (99.5%)
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FIGURE 1 Cuprous ionic liquid engineering combined with preorganized hydrogen-bond donors for enhancing the working capacity of

carbon monoxide (CO) via cooperation. EG, thylene glycol; m-DHB, m-dihydroxybenzene; o-DHB, o-dihydroxybenzene; PD, 1,3-propanediol.
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were obtained from Shanghai Macklin Biochemical Co., Ltd. CO
(99.99%) and nitrogen (N5, 99.99%) were purchased from Hangzhou
Jingong Special Gas Co., Ltd.

2.2 | Preparation of DESs

Taking the preparation of 2-(chloromethyl) pyridinium dichlorocuprate
(1) [CMPyH][CuCl,]:0-DHB (1:1) as an example, the DES was synthe-
sized via two steps. Firstly, a certain amount of liquid [CMPyH]
[CI] was mixed with an equal molar amount of solid CuCl at 80°C
under N5 for 0.5 h to obtain transparent liquid [CMPyH][CuCl,]. Then,
[CMPyH][CuCl,] as a HBD was mixed with the same molar ratio of o-
DHB at 80°C for 3 h, and readily the target IL-based DES [CMPyH]
[CuCl,]:0-DHB(1:1) was prepared.

23 |
of DESs

Characterization and physical properties

Fourier transform infrared spectrometer (FT-IR) spectra were mea-
sured with a scanning wavelength range of 4000-400 cm™! by
VERTEX-70 FT-IR of Bruker, a German company. *°C Nuclear mag-
netic resonance spectrometer (NMR) spectra were recorded using dg-
DMSO as a solvent on an AVANCE 400 NMR, and the residual
dimethylsulfoxide (DMSO) signal (6 = 39.5 ppm) was selected as the
reference. Densities of DESs were carefully determined using a pyc-
nometer at T = (20, 30, 40, 50, 60, 70, and 80°C) with an accuracy of
+0.1°C under atmospheric pressure via the specific gravity bottle

method, using the definition of density following the equation:

. (ml\;omo)’
where m4 in g is the total mass of gravity bottle and DES, V; in cm? is
the gravity bottle in the temperature volume of the volumetric bottle,
p is the density of DES. The viscosity of the DESs was also measured
by a Brookfield (DVNEXT-LV) viscometer at aforementioned

temperatures.

24 | CO capture by DESs

CO capture experimental device could be found in Figure 2, which
composes two 316 L stainless steel high-sealing tanks. The larger tank
is a gas storage tank, which is used to temporarily store CO gas, while
the smaller tank is a gas absorption tank for CO capture by DES
(~2 mL). The temperature is controlled by the thermostatic water
bath device. The pressure (<600 kPa) is monitored in real time by the
pressure sensor, which is connected to the digital display instrument
for data recording in real time. When the pressure in the absorption
tank no longer changes within 2 h, the CO absorption in DES reaches
a two-phase equilibrium state under certain temperature and CO

€2)

QD)

FIGURE 2 Carbon monoxide (CO) capture equipment. (1) CO gas
cylinder, (2) high pressure horizontal valve, (3) thermocouple, (4) water
bath, (5) gas storage tank, (6) gas absorption tank, (7) thermostatic
device, (8) magnetic agitator, (9) pressure sensor, (10) digital display
instrument, (11) vacuum pump, (12) computer.

partial pressure conditions. The CO capture capacity can be calculated

via the following equation:
n(Ps) =pco(P1, T)Vq —Pco(P'lv T)Vl —pco(Pg, T)(V2 — VpEs),

where pco(P1,T), peo (P, T) and pco(Ps, T) refer to the density of CO
in molcm™2 at partial pressures Py, P'4, and Pg, respectively, and tem-
perature T, while V3, V5, and Vpgs represent the volumes in cm® of the
gas storage tank, the absorption tank, and the DES absorbent, respec-
tively. P, and P'4 are the record CO partial pressures of the gas storage
tank before and after the purge of CO into the absorption tank. P is
the equilibrium pressure of CO in the absorption tank, and Pg =P, — Pq,
where P, and Pg are the record CO partial pressures of the absorption
tank before and after the absorption of CO in DES. The averaged uncer-
tainty of solubility data in this work was within £0.1%.

3 | RESULTS AND DISCUSSION

3.1 | Physical properties of DESs

The density (p) in g cm~2 and the viscosity (1)) in mPa s are two impor-
tant physical properties of DESs. The density and viscosity of these
DESs with different HBDs and molar ratios were measured in the
range of 20-80°C, and the data are shown in Tables 1 and 2, respec-
tively. It is clear that the density of each DES decreased with the
increase in temperature. The linear equation was used to study
the relationship of density vs. temperature as follows:

Inp=a+bT,

where a and b are fitting parameters, and their values were collected
in Table 3. Figure 3 shows the plotted In p vs. T (R? >0.99). However,
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TABLE 1 Densities (p, in g cm™3) of prepared deep eutectic solvents (DESs) at different temperatures.
Temperature (°C)

DES 20 30 40 50 60 70 80
[CMPyH][CuCI,]:EG (1:1) 1.6022 1.5960 1.5882 1.5795 1.5730 1.5674 1.5614
[CMPyH][CuCI,]:EG (1:1.5) 1.5545 1.5495 1.5402 1.5340 1.5279 1.5207 1.5133
[CMPyH][CuCI,]:EG (1:2) 1.5186 1.5086 1.4983 1.4834 1.4749 1.4615 1.4530
[CMPyH][CuCl,]:0-DHB (1:1) 1.5975 1.5853 1.5756 1.5663 1.5541 1.5458 1.5331
[CMPyH][CuCl,]:0-DHB (1:1.5) 1.5282 1.5244 1.5174 1.5096 1.5035 1.4972 1.4924
[CMPyH][CuCl;]:0-DHB (1:2) 1.4956 1.4887 1.4770 1.4700 1.4602 1.4502 1.4421
[CMPyH][CuCl,]:PD (1:1) 1.5351 1.5301 1.5225 1.5155 1.5105 1.5034 1.4983
[CMPyH][CuCl,]:PD (1:1.5) 1.4655 1.4579 1.4536 1.4457 1.4389 14314 1.4252
[CMPyH][CuCl,]:PD (1:2) 1.4277 1.4159 1.4058 1.3979 1.3889 1.3793 1.3685
[CMPyH][CuCl,]:m-DHB (1:1) 1.5784 1.5726 1.5685 1.5644 1.5568 1.5509 1.5469
[CMPyH][CuCl,]:m-DHB (1:1.5) 1.5539 1.5401 1.5301 1.5212 1.5073 1.4978 1.4852
[CMPyH][CuCl,]:m-DHB (1:2) 1.5205 1.5121 1.5011 1.4914 1.4812 1.4702 1.4588

Abbreviations: EG, thylene glycol; m-DHB, m-dihydroxybenzene; o-DHB, o-dihydroxybenzene; PD, 1,3-propanediol.

TABLE 2 Viscosities (n, in mPa s) of prepared deep eutectic solvents (DESs) at different temperatures.

Temperature (°C)

DES 20 30 40 50 60 70 80
[CMPyH][CuCl,]:EG (1:1) 216.9 84.59 44.49 27.02 17.97 12.57 9.68
[CMPyH][CuCI,]:EG (1:1.5) 138.5 61.23 33.04 20.31 13.55 9.800 7.64
[CMPyH][CuCI,]:EG (1:2) 90.44 44.44 24.92 15.82 10.73 7.830 6.36
[CMPyH][CuCl,]:0-DHB (1:1) 4806 1252 346.9 190.3 97.57 53.64 34.22
[CMPyH][CuCl,]:0-DHB (1:1.5) 3442 902.91 323.61 140.25 71.84 42.23 27.18
[CMPyH][CuCl;]:0-DHB (1:2) 2350 673.1 235.9 107.8 60.19 35.19 2417
[CMPyH][CuCl,]:PD (1:1) 427.7 165.5 77.68 47.82 32.96 24.22 18.55
[CMPyH][CuCl,]:PD (1:1.5) 3474 1111 60.39 40.16 27.53 20.85 16.96
[CMPyH][CuCl,]:PD (1:2) 199.8 81.85 43.53 28.51 20.89 17.32 14.10
[CMPyH][CuCl,]:m-DHB (1:1) 5930 1534 4951 217.2 104.4 59.47 36.46
[CMPyH][CuCl,]:m-DHB (1:1.5) 5273 1330 472.1 197.4 101.3 59.47 35.81
[CMPyH][CuCl,]:m-DHB (1:2) 3893 1031 352.8 1524 81.14 45.08 30.51

Abbreviations: EG, thylene glycol; m-DHB, m-dihydroxybenzene; 0-DHB, o-dihydroxybenzene; PD, 1,3-propanediol.

the density data were all in the range of 1.35-1.6 g cm™3. indicating
that the impact is not significant. Besides, the density of DES was
affected by the molar ratio of HBA to HBD. For example, the densities
of [CMPyH][CuCl,]:0-DHB (1:1), [CMPyH][CuCl,]:0-DHB (1:1.5), and
[CMPyH][CuCl,]:0-DHB (1:2) at 20°C were measured to be 1.5975,
1.5282, 1.4956 g cm ™3, respectively, indicating that the density of DESs
decreased with the increase in the amount of HBDs, and the densities of
HBDs were lower than that of [CMPyH][CuCl,]. Additionally, the thermal
expansion coefficient (ap, in K1) values reflect the free volume of DES,

and high «;, leads to a high free volume of DES. a,, can be calculated by:

L (VY _ (7
*=vi\or),” \ar

where V is molar volume of DES in cm® mol ™. Clearly, —b equals ap,
and ap for [CMPyH][CuCl,J:EG (1:2), [CMPyH][CuCl,]:0-DHB (1:2),
[CMPyH][CuCl,]:PD (1:2), and [CMPyH][CuCl,]:m-DHB (1:2) were
7.5591 x 107, 6.1830 x 1074, 6.8449 x 10™%, and 6.9222 x
104K~

The viscosity of typical DES was affected by temperature, HBDs,

1 respectively.

and molar ratios, and the data were measured and shown in Table 2. The
viscosity of each DES also decreased with the increase of temperature.
For example, the viscosity of [CMPyH][CuCl,):EG (1:1.5) decreased from
138.5 to 7.64 mPa s with the increase of temperature from 20 to 80°C.
The temperature has a great influence on the viscosity of the DESs based
on preorganized HBDs. The viscosity of [CMPyH][CuCl,]:0-DHB (1:1.5)

decreased from 3442 to 27.18 mPa s with the increase of temperature
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TABLE 3

DES

[CMPyH][CuCl,J:EG (1:1)
[CMPyH][CuCl,J:EG (1:1.5)
[CMPyH][CuCl,J:EG (1:2)
[CMPyH][CuCl,]:0-DHB (1:1)
[CMPyH][CuCl,]:0-DHB (1:1.5)
[CMPyH][CuCl,]:0-DHB (1:2)
[CMPyH][CuCl,]:
[CMPyH][CuCl]:PD (1:1.5)
[CMPyH][CuCl]:PD (1:2)
[CMPyH][CuCl,]:m-DHB (1:1)
[CMPyH][CuCl,]:m-DHB (1:1.5)
[CMPyH][CuCl,]:m-DHB (1:2)

CUI ET AL
Fitting parameters for equations In p = a + bT and Iny = Inny + (E,,/RT).
Parameters for Inp = a + bT Parameters for Iny = Inyg + (E, /RT)
a b (x10% R? Mo E, R?
0.6002 —4.3988 0.99568 2.798 x 10° 43.6 0.97579
0.5736 —4.5045 0.99862 5.330 x 10° 411 0.98042
0.6399 —7.5591 0.99672 1431 x 10° 36.2 0.97979
0.6646 —6.7071 0.99807 1.316 x 10’ 69.6 0.97561
0.5466 —4.1545 0.99483 1.379 x 107 68.8 0.98152
0.5844 —6.1830 0.99757 4.035 x 10° 65.28 0.97842
PD (1:1) 0.5501 —4.1308 0.99745 4.696 x 10° 43.98 0.96448
0.5188 —4.6593 0.99709 1.081 x 10° 41.18 0.94402
0.5506 —6.8449 0.99769 4,013 x 10° 36.8 0.94594
0.5569 -3.4198 0.99311 5.430 x 10*° 724 0.98363
0.6564 —7.3703 0.99738 1.017 x 10° 70.5 0.98254
0.6229 —6.9222 0.99826 1.319 x 10° 69.2 0.98024

Abbreviations: DES, deep eutectic solvents; EG, thylene glycol; m-DHB, m-dihydroxybenzene; o-DHB, o-dihydroxybenzene; PD, 1,3-propanediol.
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Linear relationship of Inp vs. T for deep eutectic solvents with different hydrogen-bond donors. (A) Ethylene glycol (EG),
(B) 1,3-propanediol (PD), (C) o-dihydroxybenzene (o-DHB), (D) m-dihydroxybenzene (m-DHB).
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from 20 to 80°C. The relationship of viscosity vs. temperature was corre-
lated by the Arrhenius equation, Inn = Inno + E,/(RT), where ng in mPa s
represents the pre-exponential constant, E,, in kJ mol 1 is the flow activa-
tion energy of DES, and R = 8.314 J mol~* K~ Figure 4 shows the plot-
ted In n vs. 1/T (R? >0.9), and the values of parameters were also listed in
Table 3. The values of E,, for [CMPyH][CuCL,J:EG (1:2), [CMPyH][CuCl,]:
0-DHB (1:2), [CMPyH][CuCl,]:PD (1:2), and [CMPyH][CuCl,]:m-DHB
(1:2) were calculated to be 36.2, 65.28, 36.8, and 69.2 kJ mol™2, respec-
tively. In general, an increase in the flow activation energy (from alkane-
diol HBDs to benzenediol HBDs) corresponds with an increased
influence of the temperature on the viscosity. The difference between
the structures of alkanediol HBDs and benzenediol HBDs is the ben-
zene ring, leading to the high activity of hydroxyl groups in the benze-
nediol HBDs. It can be seen that the viscosities of [CMPyH][CuCl,]:EG
(1:2) and [CMPyH][CuCl,]:0-DHB (1:2) at 20°C were measured to be
90.44 and 2350 mPa s, respectively, due to the weak hydrogen-bond
network in the former and strong hydrogen-bond network in the latter.
For the comparison of [CMPyH][CuCl,]:0-DHB (1:2) and [CMPyH]
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FIGURE 4

[CuCl,]:m-DHB (1:2), the viscosities of these DESs at 20°C were 2350
and 3893 mPas, due to the low pKa of o-DHB (pK,; = 9.34,
pKaz = 12.6 in H,O, 25°C)*® and high pKa of m-DHB (pK,; = 9.32,
pKaz = 11.1 in H,0, 25°C).>® Moreover, the increase in the molar ratio
of HBD in DES leads to the decrease in the viscosity of DES. For exam-
ple, the viscosities of [CMPyH][CuCl,]:0-DHB (1:1), [CMPyH][CuCl,]:0-
DHB (1:1.5), and [CMPyH][CuCl,]:0-DHB (1:2) at 20°C were measured
to be 4806, 3442, and 2350 mPa s, respectively.

3.2 | CO absorption
3.2.1 | Effects of different CO partial pressures and
absorption temperatures

These cooperative DESs were easily prepared by equimolar mixing
[CMPyHI][CI] with copper(l) chloride (CuCl), and then mixing with diol
compounds (o-DHB, m-DHB, EG, and PD) at different molar ratios
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Linear relationship of Inn vs. 1/T for deep eutectic solvents with different hydrogen-bond donors. (A) Ethylene glycol (EG),

(B) 1,3-propanediol (PD), (C) o-dihydroxybenzene (o-DHB), (D) m-dihydroxybenzene (m-DHB).

85U8017 SUOWILLOD 3A 181D 3|cedldde ayy Aq pausenob ae ssile O ‘8sh Jo Ss|nl 10} ArIq1T 8UIUO AB|IMW UO (SUOTIPUOD-PUE-SWLBY WD A8 | 1M ATe1q 1 U1 |UO//SdNY) SUORIPUOD pUe SWie | 8U188S *[520z/2T/zz] uo Ariqiauluo Ae|im ‘ABojouyse ] JO Aisieniun Bueibyz Aq 0£00. 0R./200T OT/I0p/Wo A8 | 1M AleIq Ul |UOaydR//Sdny Woj pepeojumod ‘ZT ‘G202 ‘S06S.YST



7 of 15 Al?B% RNAL CUI ET AL

A B
(A) 1.0 &) 1.0
= . o o = 5 o o
8 - o 8 0.8 5 ° o oo O
— 0.8 = 0.8 o
g ° . y Wm = g 5 i
5 . 5 °
2 0.61 ° . S 061 i
8 om o oo
- . A s a
g 041 . g 04{ ©
® °, P @
3 L 2 o2l o4
g 021 d: @ [CMPyH][CuCl,]:0-DHB (1:2) § ' Qé’ © [CMPyH][CuCl,]:m-DHB (1:2)
8 i’ ®  [CMPyH][CuCl,]:0-DHB (1:1.5) o $ o [CMPyH][CuCL]:m-DHB (1:1.5)
© 0.04a A [CMPyH][CuCl,]:0-DHB (1:1) O 0.04s [CMPyH][CuCl,]:m-DHB (1:1)
6 1(30 260 3(')0 460 5(')0 600 0 100 200 300 400 500 600
CO pratical pressure / kPa CO pratical pressure / kPa
C D
(©) 1.0 ) 1.0
% 9—O :5 _o——0—©0
o o 5 o
) =0 °
) oo E 00—
2 7 2 o
(]
8 o —
) —o— ©
£ —~ £
£ —e—120°C £ —o—20°C
1 —o—30°C s —o—30°C
o —o—40°C o —o—40°C
e —o—50°C © —o—50°C
0 100 200 300 400 500 600 0 100 200 300 400 500 600
CO pratical pressure / kPa CO pratical pressure / kPa
B 4, ) 10
§ = Y Qo Qo § o o o o
< 0.84 - 5 081 ©
£ £ o
) ° o
2 0.6 Qo x X 2 0.6 o %
8 ° « X * 8 o *
2 0.4 . * g 04- & *
: > e {0
2 02 o 2 02{ 2 ¥
© x¥¥ © oO ﬁsﬁz
3 X @ [CMPyH][CuCl,]:0-DHB (1:2) 8 oﬁﬁﬁ* o [CMPyH][CuCL]:m-DHB (1:2)
o 0.0-8?% * |CMPyH][CuCL]:EG (1:2) O 0.040" % [CMPyH][CuCL]:PD (1:2)
0 100 200 300 400 500 600 0 100 200 300 400 500 600
CO pratical pressure / kPa CO pratical pressure / kPa

FIGURE 5 Effect of molar ratio of hydrogen-bond accepters:hydrogen-bond donors (HBA:HBD) on carbon monoxide (CO) capture by deep
eutectic solvents (DESs) containing o-dihydroxybenzene (o-DHB) (A) and m-dihydroxybenzene (m-DHB) (B) at 20°C and different partial
pressures. The S-shaped absorption isotherms of CO in DESs containing o-DHB (C) and m-DHB (D) at different temperatures. (E and F)
Comparison of CO capture by DESs containing benzenediols and alkanediols with HBA:HBD = 1:2 at 20°C and different partial pressures. EG,
ethylene glycol; PD, 1,3-propanediol.

(1:1, 1:1.5, and 1:2). The CO absorption performances under different ratios of the captured CO to Cu(l) in [CMPyH][CuCl,]:m-DHB (1:2) at
temperatures and CO partial pressures were systematically studied, 20°C were 0.921 and 0.667 at 5 and 1 bar, respectively, suggesting
and the results were shown in Figure 5. It is shown that the molar that the captured CO could be facilely stripped from the CO-saturated
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DESs by vacuum. Clearly, the absorption capacity decreased with the
decrease of CO partial pressure (Figure 5A,B). In addition, the molar
ratio of captured CO to Cu(l) was increased with the increase of HBDs
in DESs. Take [CMPyH][CuCl,]:m-DHB DESs as an example, when
the molar ratios of HBA:HBD were 1:1, 1:1.5, and 1:2, the CO absorp-
tion capacities were 0.738, 0.844, and 0.921 mol CO per mol Cu(l) at
20°C and 5 bar. For [CMPyH][CuCl,]:0-DHB DESs, the CO absorption
capacities were 0.710, 0.774, and 0.920 mol CO per mol Cu(l) for 1:1,
1:1.5, and 1:2, respectively. The lower CO absorption capacities of
DESs with 0-DHB as the HBD were due to the lower acidity of o-
DHB (pKa1 = 9.34, pKaz = 12.6 in H,0, 25°C).>% However, CO capac-
ities of DESs with benzenediols were higher than those of DESs with
alkanediols (Figure 5E,F). Furthermore, the CO capacities of
benzenediol-containing DESs with a molar ratio of HBA:HBD = 1:2
were determined under different absorption temperatures

(Figure 5C,D). It can be seen that the CO capacity decreased when

Capacity (mol CO/mol Cu™)

AI?BIl:'J R NALM

the temperature was increased. For example, the CO absorption
capacity of [CMPyH][CuCl,]:0-DHB (1:2) decreased from 0.920 to
0.70 mol CO per mol Cu(l) when the temperature was increased from
20 to 40°C at 5 bar. Considering the viscosity of [CMPyH][CuCl,]:o-
DHB (1:2) decreased dramatically from 2350 at 20°C to 235.9 mPa s
at 40°C (reduced by 90%) while the CO absorption capacity reduced
by only 24%, these viscous DESs could be handled in industrial pro-
cesses. The results also suggested that the captured CO could be fac-
ilely stripped from the CO-saturated DESs by heating.

Interestingly, the S-shaped absorption isotherms were obtained
and showed in Figure 5C,D, where the amount of CO adsorbed would
be small at low pressures but rise sharply just before the pressure
reaches the desired absorption pressure. Here, the “desired absorp-
tion pressure” and the “characteristic threshold ‘gate-opening’ pres-
sure” have the same meaning—when this pressure is reached, the

adsorption capacity increases sharply. It can be seen from Figure 5

TABLE 4 Carbon monoxide (CO)
capture capacities (in mol CO per mol

Absorbent T(°C) 1 bar 2 bar
[CMPyH][CuCl,]:m-DHB (1:2) 20 0.667 0.819
[CMPyH][CuCl,]:m-DHB (1:1.5) 20 0.541 0.742
[CMPyH][CuCl,]:m-DHB (1:1) 20 0.287 0.590
[CMPyH][CuCl,]:0-DHB (1:2) 20 0.540 0.772
[CMPyH][CuCl,]:0-DHB (1:1.5) 20 0.465 0.643
[CMPyH][CuCl,]:0-DHB (1:1) 20 0.241 0.476
[CMPyH][CuCl,]:PD (1:2) 20 0.201 0.342
[CMPyH][CuCl,J:EG (1:2) 20 0.198 0.365
[HBDMAEE-C][Cu,Cl3], 40 0.063 0.36
[HTMPDA-C¢][CuCls], 40 0.032 0.092
[HTMHDA-C][Cu,Cl3], 40 0.059 0.13
[HTMHDA-DE][Cu,Cl3], 40 0.038 0.087
[HTMHDA-TE][CuCls]» 40 0.060 0.16
[HDEEA][CuCI,]:EG (1:4) 20 0.203 0.348
[HDEEA][CUCI,J:EG (1:2) 20 0.161 0.276
[HDEEA][CuCI,]:EG (1:1) 20 0.140 0.215
[EimH][OACc]-0.6CuOAc 20 0.45 0.50
[Emim][OACc]-0.6CuOAc 20 0.07 =
[TEA][CuCly] 30 0.078 0.174
[TPA][CuCl,] 30 0.106 0.185
[EimH][CuCl,] 20 0.157 0.310
[EimH][CuCl5] 30 0.118 0.236
[BimH][CuCl,] 30 0.111 0.234
[HimH][CuCl,] 30 0.105 0.229
[BimH][CuCl,]-1.0ZnCl, 80 0.075 0.128
[BimH][CuCl,] 80 0.027 -
[BimH][ZnCl5] 80 0.006 -
[Hmim][CuCl,] 30 0.02 -

5 bar Ref. Cu™) of typical deep eutectic solvents,
0921 This work ionic liquids, and organic solvents.
0.844 This work
0.738 This work
0.920 This work
0.774 This work
0.710 This work
0.590 This work
0.587 This work
_ 52

_ 52

_ 52

_ 52

_ 52

0.564 st

0.482 >t

0.402 1

_ 57

_ 57

0.609 +

0.783 4

_ 50

_ 50

_ 50

_ 50

0.338 i

47

47

58

Abbreviations: EG, thylene glycol; m-DHB, m-dihydroxybenzene; o-DHB, o-dihydroxybenzene; PD,

1,3-propanediol.

85U8017 SUOWILLOD 3A 181D 3|cedldde ayy Aq pausenob ae ssile O ‘8sh Jo Ss|nl 10} ArIq1T 8UIUO AB|IMW UO (SUOTIPUOD-PUE-SWLBY WD A8 | 1M ATe1q 1 U1 |UO//SdNY) SUORIPUOD pUe SWie | 8U188S *[520z/2T/zz] uo Ariqiauluo Ae|im ‘ABojouyse ] JO Aisieniun Bueibyz Aq 0£00. 0R./200T OT/I0p/Wo A8 | 1M AleIq Ul |UOaydR//Sdny Woj pepeojumod ‘ZT ‘G202 ‘S06S.YST



MAI?B% RNAL

CUI ET AL

that there is a dramatic increase in absorption capacity after about
0.2 mol CO per mol Cu(l) captured in DESs with preorganized benze-
nediols as the HBDs, and the desired absorption pressure for these
DESs are different under different molar ratio of HBA:HBD and differ-
ent absorption temperatures. For example, it can be seen from
Figure 5C that the “gate-opening” pressures for CO absorption in
[CMPyH][CuCl,):0-DHB (1:2) at 20, 30, 40, and 50°C were measured
to be 56, 105, 140, and 250 kPa. Additionally, these absorption iso-
therms are different from the classical Langmuir-type absorption
isotherms of CO in DESs with alkanediols as HBDs,>* where the
amount of CO adsorbed increases continuously, but at a decreasing
rate, as the pressure is raised (Figure 5E,F). According to the previous
reports, the S-shaped absorption isotherm is beneficial to gas stor-
age.>*>> These stepwise curves are the result of the combination of
physical adsorption and chemical adsorption, and the chemical
adsorption becomes the dominant factor when CO partial pressure
reaches the desired absorption pressure, the similar results can be
found in the SO, capture by DESs®® and CO capture by ILs.*’

We selected some typical Cu(l)-based DESs and ILs to compare
the capture capacity and Cu(l) efficiency in mol CO per mol Cu™
(Table 4). It can be seen that the DESs with preorganized benzenediols
as the HBDs reported in this work showed high CO capture capacity
and Cu(l) efficiency among these solvents.

3.22 | Cycles of CO, absorption

In separation processes, the reversibility of separation agents is one of
the essential aspects as it controls the economy of separation and
purification technology. Thus, besides the high efficiency of Cu(l) and
high capacity of CO, the CO absorption-desorption recycling property
of these Cu(l)-based benzenediol-containing DESs was also investi-
gated, and the results of CO absorption-desorption cycles of
[CMPyH][CuCl,]:0-DHB (1:2) are shown in Figure 6. Overall, all of the
CO capture capacities of [CMPyH][CuCl,]:0-DHB (1:2) at typical CO
partial pressures remained steady during these cycles, indicating that
the CO capture process by Cu(l)-based DESs with benzenediols as the
HBDs is highly reversible and energy-saving. Although the long-term
stability and recyclability of Cu(l)-based benzenediol-containing DESs
remain to be tested over many more CO absorption-desorption
cycles under atmospheric pressures, these initial results indicate that
these DESs with benzenediols as HBDs are remarkably robust.

3.3 | Mechanism of CO absorption

3.3.1 | FT-IR analysis

The mechanism of CO capture by [CMPyH][CuCl,]:0-DHB (1:2) was
further studied and characterized by FT-IR spectroscopy (Figure 7).
Figure 7A shows the FT-IR results of [CMPyH][CuCl,]:0-DHB (1:2)
before CO absorption, after CO absorption, and after CO desorption.
It can be seen that, compared with neat DES, a new peak at
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FIGURE 6 Seventeen consecutive carbon monoxide

(CO) absorption-desorption cycles over [CMPyH][CuCl,]:0-DHB (1:2).
CO absorptions were carried out at 20°C under different partial
pressures of CO, and the reversible chemical adducts

[Cu,Cl, + 2COJ%™ may form during CO absorption by these deep
eutectic solvents. Desorption was performed at 80°C under vacuum.
0-DHB, o-dihydroxybenzene.

2099 cm~! was occurred after the absorption of CO at 20°C and
5 bar, indicating the interaction between CO and Cu(l). The peak dis-
appeared after the desorption of CO. The results indicated the forma-
tion of copper(l)-carbonyl chemical adduct was reversible, which is
similar to the results reported by Repper et al.>’ Because of the for-
mation of [CuCl,]~ dimer was energetically favored,*® it is inferred
that the reversible chemical adducts [Cu,Cls + 2CO]?>~ were formed
during CO absorption by these DESs. In addition, the performances of
CO capture by [CMPyH][CuCl,]:0o-DHB DESs with different molar
ratios of HBD:HBA were also investigated by FT-IR spectroscopy, and
the peak change is shown in Figure 7B. With the increasing molar
ratio of HBD:HBA in these DESs from 1:1 to 1:2, the typical stretch-
ing vibration peak of CO slightly blue-shifted from 2094 to
2099 cm™ 1, after the gradual increasing absorption capacity from
0.738 to 0.921 mol CO per mol Cu(l). Interestingly, the ratio of the
blue-shifted CO peak and the capacity of CO absorption are increased
linearly as the molar ratio of HBD:HBA increased (Figure 7D). For
another comparison, FT-IR results of [CMPyH][CuCl,]:EG DESs with
different molar ratios of HBD:HBA after CO absorption are also
shown in Figure 7C. It can be seen that with the increasing molar ratio
of HBD:HBA and the increasing CO capacity (Figure 7E), the
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FIGURE 7 Fourier transform infrared
spectrometer spectra of [CMPyH][CuCl,]:o-
DHB and [CMPyH][CuCl,]:EG deep eutectic
solvents before and after the absorption of
carbon monoxide (CO) at 20°C and 5 bar.

(A) Spectra of [CMPyH][CuCl,]:0-DHB (1:2)
before CO absorption, after CO absorption,
and after CO desorption; (B and C) comparison
of the typical CO peak in the spectra of
[CMPyH][CuCl,]:0-DHB and [CMPyH][CuCl,]:
EG with different molar ratios of hydrogen-
bond accepters:hydrogen-bond donors (HBA:
HBD) after CO absorption; (D) relationship
between wavenumbers of the CO peak with
the molar ratio of HBA:HBD; (E) relationship
between CO capture capacity with the molar
ratio of HBA:HBD. EG, ethylene glycol; IL,
ionic liquids; 0-DHB, o-dihydroxybenzene.

stretching vibration peak of CO also slightly blue-shifted from 2090 shifted peak of CO could be observed from the FT-IR spectroscopy of
to 2094 cm™ 1. Furthermore, with the same molar ratio of HBD:HBA [CMPyH][CuCl,):EG + CO to that of [CMPyH][CuCl,]:0-DHB + CO
in both [CMPyH][CuCl,):EG and [CMPyH][CuCl,]:0-DHB, the blue- (Figure 7D). For example, with the molar ratio of HBD:HBA = 1:2, the
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stretching vibration peaks of CO for [CMPyH][CuCl,]:EG + CO and
[CMPyH][CuCl,]:0-DHB + CO were 2094 and 2099 cm™1, respec-
tively, indicating the strong coordination of Cu(l)---CO in CO-saturated
[CMPyH][CuCl,]:0-DHB DESs, which originally arose from the strong
acidity of benzenediols. These results indicated that the high CO cap-
ture capacity could be obtained by DESs with preorganized benzene-
diols as the HBDs.

3.3.2 | NMR analysis

Moreover, benzenediols are beneficial to CO capture by Cu(l)-based
DESs, which can also be proved by NMR. Figure 8 shows the compari-
son of 13C NMR spectra results of [CMPyH][CuCl,]:0-DHB (1:2) and
[CMPyH][CuCl,):EG (1:2) before and after the CO absorption. From
the comparison of the **C NMR spectra of [CMPyH][CuCl,]:0-DHB
(1:2) before and after the absorption of CO, it can be seen that the
typical resonances at about 6 = 110.2, 114.0, and 139.6 ppm in
the spectrum of neat [CMPyH][CuCl,]:0-DHB (1:2), which can be
assigned to the o-DHB carbon atoms, were moved down-field to
6 =111.8, 115.5, and 141.2 ppm in the spectrum of CO-saturated
[CMPyH][CuCl,]:0-DHB (1:2), indicating that the strong hydrogen
bonds played an important role in the capture of CO by DESs with
benzenediol as HBDs and the formation of coordination bonds
between Cu(l) and CO.>° Take the ¥C NMR spectra of [CMPyH]
[CuCl,]:EG (1:2) before and after the absorption of CO for compari-
son; the typical resonance at about § = 57.7 ppm in the spectrum of

neat DES, assigning to the EG carbon atoms, was slightly moved up-
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FIGURE 8 3C Nuclear magnetic resonance spectrometer spectra
of [CMPyH][CuCl,]:0-DHB (1:2) and [CMPyH][CuCl,]:EG (1:2) deep
eutectic solvents (hydrogen-bond accepters:hydrogen-bond

donors = 1:2) before and after the absorption of carbon monoxide
(CO) at 20°C and 5 bar. EG, ethylene glycol; o-DHB, o-
dihydroxybenzene.

field to 6 = 57.1 ppm in the spectrum of CO-saturated DES, indicating
the formation of weak hydrogen bonds of EG in the CO capture by
DESs with EG as HBDs. It is surprising that no other resonances were
observed in Figure 8, especially the resonance for CO, although the
high CO capture capacities of DESs were obtained. The reason for
this phenomenon may be attributed to the very low mass fraction of
CO in [CMPyH][CuCl,]:0-DHB (1:2) and [CMPyH][CuCl,]:EG (1:2) in

de-DMSO. A similar phenomenon can be found in the literatures.*?>1

3.3.3 | Density functional theory calculations

Density functional theory (DFT) calculations at B3LYP/6-31G++(d,p)
level with Gaussian 16°° were used to compare the reactions of CO
with active Cu(l) sites of [Cu,Cls]?~, the dimer anion of [CuCl,], in
DESs with different diol HBDs, m-DHB and PD as the examples
(molar ratio of HBA:HBD = 1:1). Figure 9 shows the optimized struc-
tures of [CusCls]?~, m-DHB---[CuyCl,]>"--m-DHB, and PD--
[Cu,Cl4]?~---PD. It is confirmed by DFT calculation that the interaction
between the linear isolated anion [CuCl,]~ and CO is weak
(AH = —21.1 kJ mol™2), while the planar dimer anion [Cu,Cl,]?>~ has
more negative interaction enthalpy of —52.1 and —50.4 kJ mol™.
Thus, it is supposed that the formation of dimer anion [Cu,Cls]%~ is
beneficial to CO capture. It can be seen from Figure 9 that the dimer
anion [Cu,Cl4]?~ has two three-coordinated Cu(l) atoms, and all six
atoms are in the same plane. The optimized structures of the planar
conformation for the complex m-DHB--[Cu,Cl4]?>~---m-DHB, including
two m-DHB molecules, are clearly shown. Differently, the optimized
structure of the chair conformation is obtained for the complex PD.--
[Cu,Cl,])?~--PD. Additionally, the calculated terminal Cl—Cu—bridged
Cl angles in [CuCl,]™, [CuCls)?>~, m-DHB--[Cu,Cl4]?> ---m-DHB, and
PD--[Cu,Cl4]?>---PD were 180.0°, 133.9°, 151.4°, and 162.9°, respec-
tively. It is clear that the CI-Cu—Cl angle in [CuCl,]~ bends a lot in
the complex m-DHB--[Cu,Cls]?~--m-DHB and [Cu,Cls]%~, while it
bends a little in the complex PD--[Cu,Cl,J?~---PD, indicating the
strong bridge Cu---Cl interactions were formed in the formers. Fur-
thermore, the strength of hydrogen bonds in the complexes m-DHB. -
[Cu,Cly]?~---m-DHB and PD---[Cu,Cl4]? ---PD are different. The dis-
tances between H of ~OH and terminal Cl in m-DHB---[Cu,Cl,]?~---m-
DHB (2.154 and 2.200A) are shorter than those in PD--
[CuyCly]?~--PD (2.328 and 2.369 A), due to the stronger acidity of
preorganized m-DHB (pK.; = 9.32, pK,> = 11.1 in H,0, 25°C)> than
PD (pK, = 16.3).% The relatively strong ~OH---Cl hydrogen bonds can
weaken the terminal Cu-Cl bond, leading to more ligands connecting
to Cu(l). As a result, the interaction between CO and Cu(l) in m-DHB---
[CuyCly]?~---m-DHB is stronger than that in PD---[Cu,Cls]*~---PD.

To further investigate the reaction between the active Cu(l) site
and CO, the structures of the complexes of m-DHB:--[Cu,Cl4]?>~---m-
DHB and PD---[Cu,Cl,]?>"---PD with one CO and two CO are also cal-
culated by DFT, and the results are shown in Figure 9. It can be seen
that when Cu(l) interacts with CO, the planar three-coordination con-
formation of <CuCls> transfers to the tetrahedral four-coordination

conformation of <CuCl3CO>. It is interesting that the planarization of
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the bowl-shaped complex m-DHB---[Cu,Cl, + COJ?~---m-DHB to m-
DHB---[Cu,Cl, + 2COJ*~--m-DHB occurs by the reaction with
another CO. The interaction enthalpies between the complex m-
DHB--[Cu,Cly]?>~-m-DHB and CO are calculated to be
AH; = —56.8 k) mol~* and AH, = —53.7 kJ mol~?, respectively. The

negative values of AH indicate the exothermic absorption process as
well as the strong chemical interaction between CO and the complex m-
DHB--[Cu,Cl,]?~---m-DHB (|aH| >50 kJ mol™2). Thus, up to equimolar
absorption capacity could be reached by DES with m-DHB as the HBD.
For comparison, the interaction enthalpies between the complex PD---

[Dimer anion}?-

sideview

[Dimer anion]?-+2CO

PP,
*J'b

([CUCU; [Cuzc|4]2_ topview m-DHB---[Cu,Cl,+2CO]>"---m-DHB
m-DHB-+-[Cu,Cl,J>-m-DHB
sndewew _ -
) AH 56810 molT Ny, , [DiMmer anionf+CO AR=53.7 el
D)iEn0° (—> 1339° N
Aﬂ
topwew Q’ ‘”Q/

m-DHB:--[Cu,Cl,+COJ*---m-DHB

162.9° f}/o
AH',==52.0 kI mol"' @
|:§ ’/)

‘;\)z.aaa ’(}: -'0?5.

sideview topview PD---[Cu,Cl,+CO]?---PD
PD--[Cu,Cl,J~-PD

AH'\=—43.7kJ mol ™!

PD-[Cu,Cl,+2COJ]?=+-PD

FIGURE 9 Optimized structures of [CuyCl,]?~, m-DHB---[Cu,Cl4]?>---m-DHB, PD---[Cu,Cl,]?>~---PD, and the complexes with carbon monoxide
(CO). Note that van der Waals radii (in A)®? are 1.70 (C), 1.20 (H), 1.52 (O), 1.75 (Cl), and 1.40 (Cu), respectively. m-DHB, m-dihydroxybenzene;
PD, 1,3-propanediol.

© Cl-- HO
o ¥ he
H-...... l/%' ------- ... HO F

[CMPyH][CuCl,):0-DHB (1:1) dimer

/ vacuum

[CMPyH][CUCl,]:0-DHB (1:1) dimer + CO

[CMPYH][CuCL,]:0-DHB (1:1) dimer + 2CO

FIGURE 10 Possible mechanism of carbon monoxide (CO) absorption by deep eutectic solvents with preorganized o-dihydroxybenzene (o-
DHB) as hydrogen-bond donors through cooperation of hydrogen bonding and coordination.
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[CuxClyl?>--PD and CO are calculated to be AH'; = —52.0 kJ mol~* and
AH', = —437 k) mol™%, respectively. Interestingly, the interaction
enthalpy for the optimized complex PD--[Cu,Cls + COJ?>~---PD is high
due to the cooperation of Cu—CO—Cu. The results indicate that more
than 0.5 mol CO per mol Cu(l) could be captured by DES with PD as the
HBD. However, it is clear that the efficiency of Cu(l) in DES with m-DHB
is higher than that in DES with PD due to the strong cooperation of -
OH--Cl hydrogen bonding and Cu---CO coordination, which originates
from the strong acidity of preorganized m-DHB.

Based on the above discussion, the plausible mechanism of CO
absorption by DESs with preorganized o-DHB as HBDs can be pro-
posed as described in Figure 10.

4 | CONCLUSIONS

In summary, a new absorption strategy based on cuprous ionic liquid
engineering combined with preorganized HBDs has been developed
to form a series of functional DESs for enhanced CO capture via pro-
moting cooperation. Thus, up to 0.667 and 0.921 mol CO per mol
Cu(l) could be reached by [CMPyH][CuCl,]:m-DHB (1:2) under 1 bar
or 5 bar CO, respectively. Quantum-chemical calculations and spec-
troscopic investigations revealed that, compared with alkanediols,
benzenediols are beneficial to CO capture by Cu(l)-based DESs. Addi-
tionally, excellent reversibility (17 absorption-desorption cycles) could
be reached with steady CO capacity during 0-5 bar. Thus, easy prepa-
ration of DESs, high capacity of CO, and high efficiency of Cu(l) make
these preorganized DESs pave an alternative way for CO capture and
conversion. We believe that the method may also open a door to
achieving high efficiency of active sites as well as high capacity of
gases such as NO,, SO,, H,S, and CO, by functional materials.
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