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ABSTRACT: The application of ionic liquids (ILs) for acidic
gas absorption has long been an interesting and challenging
issue. In this work, the ethyl sulfate ([C,0S0;]7) anion has
been introduced into the structure of guanidinium-based ILs to
form two novel low-cost ethyl sulfate ILs, namely 2-ethyl-
1,1,3,3-tetramethylguanidinium ethyl sulfate
([C,3(Cy),(Cy),%gqu][C,0S05]) and 2,2-diethyl-1,1,3,3-tetra-
methylguanidinium ethyl sulfate ([(C,),*(C,),(C,),’gu]-
[C,0S0;]). The ethyl sulfate ILs, together with 2-ethyl-
1,1,3,3-tetramethylguanidinium  bis(trifluoromethylsulfonyl)-
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imide ([C,*(C,),(C,),’gqu][NTf,]) and 2,2-diethyl-1,1,3,3-tetramethylguanidinium bis(trifluoromethylsulfonyl)imide
([(C1),%(C)5(C)), gqu][NTH,]), are employed to evaluate the SO, absorption and desorption performance. The recyclable
ethyl sulfate ILs demonstrate high absorption capacities of SO,. At a low pressure of 0.1 bar and at 20 °C, 0.71 and 1.08 mol SO,
per mole of IL can be captured by [C,*(C,),(C;),’gu][C,0S80;] and [(C,),*(C,),(C,),’qu][C,0S0,], respectively. The
absorption enthalpy for SO, absorption with [C,*(C,),(C,),’gu][C,0S05] and [(C,),*(C,),(C,),’gu][C,0S0;] are —3.98 and
—3.43 kecal mol ™!, respectively. While those by [C,*(C;),(C,),’qu][NT£,] and [(C,),*(C,),(C;),’gu] [NT£,] turn out to be only
0.17 and 0.24 mol SO, per mole of IL under the same conditions. It can be concluded that the guanidinium ethyl sulfate ILs
show good performance for SO, capture. Quantum chemistry calculations reveal nonbonded weak interactions between the ILs
and SO,. The anionic moieties of the ILs play an important role in SO, capture on the basis of the consistently experimental and

computational results.

H INTRODUCTION

The capture of SO,, one of the most hazardous sources of air
pollution, has long been an important issue because it is
concerned about both the environment and human health.
Many kinds of methods and techniques have been developed to
deal with the capture of SO,. The main disadvantage of the
most widely applied absorption technique, that is limestone
scrubbing, " is the significant secondary pollution caused by the
CO, emission and the large amount of wastewater.

For the past few years, methods and techniques related to the
jonic liquids (ILs) have drawn intensive attention in the
processes of gas absorption for hazardous acidic gases, such as
C0,,>7? 80,,'°7'® and NO,."”"® This kind of process has been
developed on the basis of the appealing properties of various
ILs, such as the mostly studied imidazolium-based ILs. The
achievements made by researchers have proved that ILs are
promising materials in the application of hazardous gas
absorption. However, the costs of operations involving ILs
are still high. For example, from the aspect of synthesis of ILs, a
two-step synthesis procedure is usually required for the
preparation of many ILs, which is supposed to be time-
consuming and high-cost. The imidazolium-based ILs, such as
1-ethyl-3-methylimidazolium thiocyanate ([C,C,im][SCN] ),
1-butyl-3-methylimidazolium lactate ([C,C,im]-
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[(OH)?C,CO,]),"* and 1-butyl-3-methylimidazolium tetra-
fluoroborate ([C,C,im][BF,]),">" with satisfactory results of
SO, absorption, usually come from the traditional two-step
synthesis. Nevertheless, fair amounts of the common ILs like
[C,C,im][BF,] have become commercial products for various
applications. It may help alleviate the main cost problem, but
the preparations are still not economical enough.

Except for imidazolium-based ILs, there are other kinds of
ILs, such as a variety of guanidinium-based ILs with different
anions, which also demonstrate good performance for the
absorption of SO,. The guanidinium-based ILs are found to be
very useful and efficient in many scientific fields involving
catalytic process,zo’21 dissolution or extraction,”>”>* and gas
abso1‘ption.12’13'25_28 The studies of 1,1,3,3-tetramethylguani-
dinium lactate ([TMG][Lac]) opened up the possibility for
deep and wide investigations of guanidinium-based ILs. For
instance, it has been proven that [TMG][Lac] has the ability to
absorb SO, and CO,,'”*”*° while the main defect is its poor
regeneration behavior”’ along with its extremely hi§h dynamic
viscosity (>10* mPa s™') under ambient conditions.”' Huang et
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Scheme 1. Synthetic Strategies of Guanidinium-Based Ionic Liquids

o i}
DES, CH;COOC,Hs | N Vs
T —— %N* [C,0S057]
0°C,24h ~ N
o N H (o]
N L~ . RN
- 2 3 DES: 0—S—o0,
\N>: NH — [C(CACr), gul[C;0805] : TN
- 1.2DES,CH)Cl, [~ . o
2. NaOH N o
&. / >:N+ ICZOS()}-]
0°C,48 h ~ AN
N
L~ ]
[(Cz)zz(Cl)z(Cl)ngu][CZOSO3]
[N 1. CH,Cl, [N r o 0 ]
C,H;l, CH;COOC,H; | _~ _N+/_ _ 2. LiNTf,], H,0 | _~ *N"ﬁ F3C s// \\S/CF3
0°C,24h \N; “H 20°C,6h ~ > “u JONTY
~ ~ N o o
N ) - ; N
\N/ENH — G €t [CHC(Cor gulINTE)
- L2GHsL, CHCl, [\ 1. CH,Cl, N r oo ]
2. NaOH (s) / _N+/ . 2. Li[NTf,], H,0 | ~ _N/ F3C s// \._CF;
N > . 2 LiINTf,], H,0 > p
0°C,48 h N N m 20°C,6 h NN AN 7NN
P ] P ] (o] o]
[(C22H(CxAC; gull [(C2);2(C1)x(Cy),*gulINTH,]
al132¢ reported the results of SO, capture with a number of hydroxide (Sigma—Aldrich, > 0.980), bis-

tuning guanidinium-based ILs possessing the [NTf,]™ anion,
and also provided new approaches to the syntheses of
multisubstituted guanidinium-based ILs. About 0.08 mol
fraction of SO, was captured at a low partial pressure of 0.1
bar and at 20 °C by the [NTf,]-based ILs. Hence, it is very
important to discover novel ILs at a low cost, which are suitable
to capture acidic gases like SO, under the particular
circumstances.

In previous work, we employed [TMG][Lac] to the
extractive desulfurization process of hydrocarbon fuels, along
with three piperazinium-based ILs. It is found that [TMG]-
[Lac] has the highest extractive efficiency and selectivity.”* As a
continuation of the previous efforts, two novel guanidinium-
based ILs, 2-ethyl-1,1,3,3-tetramethylguanidinium ethyl sulfate
([CX(Cy)5(Cy), qu][C,0805]) and 2,2-diethyl-1,1,3,3-tetra-
methylguanidinium ethyl sulfate ([(C,),*(C,),(C,),’gu]-
[C,080;]), have been designed and employed to capture
SO, in the present work. When guanidinium-based ILs with
dicyanamide, thiocyanide, and tetrafluoroboric anions appear
hygroscopic solids, the ethyl sulfate anion that comes from the
cheap commercial product, diethyl sulfate, is introduced with
fine properties. The absorption/desorption performance for the
ILs was demonstrated under different conditions. Two ILs with
the same cations with those of the ethyl sulfate ILs,
[sz(Cl)z(Cl)zagUJ[Nsz] and [(Cz)zz(c1)2(c1)2sgu][Nsz]r
were investigated to show a comparison of the effect of anions
on absorption performance. While another two ethyl sulfate
ILs, 1-ethyl-3-methylimidazolium ethyl sulfate ([C,C,im]-
[C,0S0;]) and I-ethyl-3-methylpyridinium ethyl sulfate
([Cypy][C,0S0;]), were also employed to demonstrate a
comparison of the effect of cations. The interactions between
ILs and SO, were further studied from a computational
perspective.

B EXPERIMENTAL SECTION

Materials. 1,1,3,3-Tetramethylguanidine (Aldrich, > 0.990
in mass fraction), diethyl sulfate (Aldrich, > 0.980), sodium

(trifluoromethylsulfonyl)imide lithium (Li[NTf,], Aldrich,
0.9995 trace metals basis), iodoethane (Sigma—Aldrich, >
0.990) dichloromethane (Sigma—Aldrich, > 0.998) and ethyl
acetate (Sigma—Aldrich, > 0.998) were used without further
purification. A Millipore Q3 system was applied to produce
ultrapure water.

SO, (=0.999) gas and N, gas (>0.999) were purchased from
Hangzhou Jingong Special Gas Co. Ltd., PRC.

The studied ILs, [C,*(C,),(C,),’gu][C,0S80,],
[(Cz)zz(cl)z(cl)zsgu][Czosos]; [CZZ(CI)Z(C1)23gu][NTf2]
and [(C,),*(C)),(C)),’qu][NT£,], were synthesized in the
laboratory.

Preparation and Characterization of the ILs. The
tetramethylguanidinium ethyl sulfate and bis-
(trifluoromethylsulfonyl)imide ILs were synthesized according
to Scheme 1.

[sz(cl)z(cl)fglﬂ [C,080;] and [(Cz)zz(cl)z(cl)zsgu]‘
[C,0S80;] were prepared by a one-pot reaction, while
[sz(Cl)z(Cl)fgu][Nsz] and [(Cz)zz(c1)z(c1)23gu][Nsz]
were prepared by the two-step methods.'>** The detailed
information for the preparation of the ILs is presented in the
Supporting Information. The water content in the ILs was
determined using a coulometer (Mettler Toledo, C20) by a
Karl Fischer titration. The water mass fraction was less than
200 ppm.

Characterizations of the ILs with 'H and *C NMR spectra
were carried out on a Bruker AVANCE III 500 MHz NMR
spectrometer using CDCl; as solvent and tetramethylsilane as
the internal standard. The results are shown in Figures S-1 to S-
8 in the Supporting Information.

The densities of the guanidinium-based ILs were measured
with a densimeter (Anton Paar DMA, S000 M), which was
calibrated with ultrapure water and dry air. The results are
summarized in Table S-1. The uncertainty is 0.01 °C for the
temperature and 3 X 107> g cm™ for the density.

1-Ethyl-3-methylimidazolium ethyl sulfate ([C,C,im]-
[C,0S80;]) and 1-ethyl-3-methylpyridinium ethyl sulfate
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([Cypyl[C,0S0;]) were prepared according to the same
procedures with those of [CZZ(CI)Z(CI)ZSgu][CZOSO3:| to
show a comparison with the guanidinium-based ILs on gas
capture.

Thermal Stability of the ILs. Characterizations of the
thermal stability of ILs were carried out on a thermal
gravimetric analyzer (TA Instruments, QS50) under a nitrogen
atmosphere. An approximate amount of 5.0 mg of IL and a
ceramic crucible were applied for scanning at the heating rate of
5 °C min~' from room temperature to S00 °C.

SO, Absorption/Desorption. The apparatus for SO,
absorption in this work is schematically illustrated in Figure 1.

4
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Figure 1. Apparatus applied for SO, absorption: 1, N, gas cylinder; 2,
SO, gas cylinder; 3, valve; 4, gas flowmeter; S, drying tower; 6, IL-
containing quartz tube; 7, thermometer; 8, temperature controller; 9,
tail gas absorber.

A certain amount of IL (c.a. 3.0 g) was loaded to a quartz
tube (100 mm in height and 30 mm in diameter) immersed in a
water bath (IKA, RCT basic). The diameter of the nozzle of the
gas inlet is 4.0 mm. The quartz tube was previously heated at
100 °C before each experiment under vacuum. The temper-
ature is controlled with an accuracy of 0.1 °C. Then, pure SO,
gas or mixed gas consisting of SO, and N, was introduced into
IL by bubbling at the flow rate of 60 mL min~". The flow rate
of gas was controlled by a rotometer (Changzhou Shuanghuan
Thermo-technical Instrument Co., Ltd., LZB-3WB). Pretests of
N, absorption with ILs were carried out and it is confirmed that
the solubility of N, in the ILs is negligible (<0.0001 g).
Therefore, the content of absorbed SO, can be determined by
mass (Mettler Toledo, AL204) with an uncertainty of 0.0001 g.
The absorption equilibrium was supposed to be achieved when
the measured mass of the tube containing IL remained
unchanged.

As soon as the absorption equilibrium was reached, SO, in
the IL was desorbed by heating up to 50 °C with the bubbling
of N, gas at the pressure of 1 bar into IL at the flow rate of 60
mL min~', and the mass changes were recorded periodically.
Desorption tests under vacuum (<20 Pa, 25 °C) were also
carried out. Each test for absorption/desorption was conducted
at least 2 times.

The uncertainties for the temperature (T), pressure (p), gas
flow (Q), and time (t) are u(T) = 0.1 °C, u(p) = 0.2 kPa, u(Q)
=3 mL min~’, and u(t) = 1 s. The uncertainty for the amount
of SO, in the ILs (x, mole SO, per mole IL) is u(x) = 0.04x.

FT-IR Characterization. A Nicolet 470 spectrophotometer
(Thermo Electron Co.) with the OMIC software was employed

to record FT-IR spectra for the ILs before and after SO,
capture.

Computational Methods. Quantum chemistry calcula-
tions were carried out by density functional theory (DFT) at
the B3LYP level of theory,”> > in combination with the 6-
311+G(d,p) basis set to optimize all species. Frequency
calculations were also performed to obtain the zero point
energy (ZPE) and identify the stationary points as minima.
Possible isomers for different complexes of IL—n(SO,) (n = 0—
4) have been evaluated, and the most stable geometries are
presented. All calculations were performed with the Gaussian
09 software package.*®

B RESULTS AND DISCUSSION

Enormous efforts in experimental and computational have been
done in order to study the capture of SO, by room temperature
ionic liquids (RTILs). In general, it is supposed that the SO,
absorption is dominated by the interactions between the anion
of the IL and SO, molecule.***”*® However, there is a main
consideration that a high basicity of the anionic moiety may
consequently block the regeneration of IL because of the
enhanced interactions between the absorbent and SO,, leading
to the requirement of stringent conditions for gas desorption.
Therefore, the mild functional groups or atoms such as ether
groups or oxygen atoms which form interactions with SO, with
suitable strength can be introduced.””** The nonbonded
interactions generated between absorbent and SO, can assist
the absorption and facilitate the desorption.

Thermal Stabilities. To check whether the ILs are suitable
for SO, capture, evaluations of their thermal stabilities were
carried out. The thermogravimetric analysis (TGA) traces are
shown in Figure 2. For [C,%(C,),(C,),’qu][C,0S0,], the IL
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Figure 2. TGA curves of the ILs: solid line, [C,*(C,),(C,), gu]-
[C,080;]; dashed line, [(C,),*(C;),(C,),’gqu][C,0S0;]; dotted line,
%sz((jl)z(cl)fgu] [NT£,]; dash—dotted line, [(C,),*(C;),(C,), gul-
NTE,].
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shows a gradual weight loss for no more than 2.5% from 40 °C
up to about 110 °C, which comes from the continuous
decomposition of the ethyl sulfate anion to sulfate or
hydrogensulfate rather than the decomposition of the ethyl
group in the cation. The speculation is confirmed by 'H NMR
spectrum (Figure S-9) after heating the IL to 110 °C. This
weight loss increases to 10.5% around 220 °C representing a
loss of approximate 28 or 29 g mol™'. This kind of thermal
behavior is similar to those of imidazolium ethyl sulfate ILs
reported in the literature.** Meanwhile, the weight loss of
[(C,),%(C),5(C)),’gu][C,080;] is 10.0% at 250 °C which
similarly represent the complete decomposition of ethyl sulfate
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anion. Interestingly, another weight loss of 10.0% at 325 °C is
followed. It can be ascribed to the departure of one ethyl group
in the guanidinium cation. The decomposition curves of
[NTf,]-based ILs show much higher thermal stabilities
compared with those of [C,080;]-based ILs, as a result of a
more stable anion. The hexa-substituted ones are more stable
to heat relative to the penta-substituted ones because of the
better symmetry of the cation. In conclusion, these ILs are
supposed to have adequate thermal stabilities.

SO, Absorption with lonic Liquids. Absorption experi-
ments at an atmospheric pressure (p = 1 bar) and at 20 °C were
done with the results shown in Figure 3.

4.5
4.0
3.54
3.04
2.5
2.04
1.5
1.0
0.5+

0.0 T T T T T T
0 10 20 30 40 50 60 70

t/ min

S04 content / mol (mol IL)'1

Figure 3. SO, absorption with different ILs at an atmospheric pressure
(1 bar) and 20 °C: W, [(Cz)zz(cl)z(cl)23gu][CZOSO3]5 o,
[C%(C1)x(C1),’gu] [C,080;]; A, [(C,),*(C)y(C)),’gul[NTE]; 'V,
[sz(Cl)z(Cl)fgu] [NT£,].

It is observed that the maximum absorption capacity is
achieved in 20 min, and the absorption performance is in the
order of [(Cz)zz(cl)z(cl)zsgu] [C,080;] >
[sz(cl)z(cl)zag‘l] [C,080;] > [(CZ)ZZ(CI)Z(C1)23gu] [NT£]
> [sz(Cl)z(Cl)zngJ [NT£,]. [(Cz)zz(Cl)z(Cl)ng] [C,080,]
absorbs 3.93 mol SO, per mole of IL, and the two [NTf,]-
based ILs have the capacities of about 2 mol SO, per mole of
IL. Both ILs with hexa-substituted guanidinium cations show
larger capacities.

Moreover, it is found that the guanidinium ethyl sulfate ILs
have higher absorption capacities compared with [C,C,im]-
[C,0S80;] and [C,py][C,0SO;] at 20 °C and 1 bar, which
show the capacities of 2.60 and 2.85 mol SO, per mole of IL
respectively. In literature, at 16 °C and 1 bar, about 2 mol SO,

per mole of IL can be absorbed by [C,C,im][C,0S0,].*"*
These observations demonstrate that the ethyl sulfate ILs with
guanidinium cation are more efficient for the absorption of
SO,.

Subsequently, in order to obtain more practical results of the
flue gas desulfurization with the ILs, a gas mixture of SO,/N,
with SO, content of 10% by volume was employed instead of
the pure SO, gas. The SO, absorption performance of ethyl
sulfate ILs at different temperatures of 20, 30, and 40 °C is
evaluated to calculate the heat of absorption. The results are
shown in Figure 4.

The rise of temperature from 20 to 40 °C results in a
remarkable drop of SO, capacity. It is observed that 0.71 and
1.08 mol SO, per mole of IL have been captured at 20 °C by
[sz(Cl)z(Cl)fglﬂ [C,080;] and [(Cz)zz(cl)z(cl)23gu]‘
[C,0S0;], respectively. The absorption capacities drop to
0.36 and 0.55 mol SO, per mole IL at 40 °C. The SO, capture
is reduced and the required time to reach equilibrium is
increased significantly compared with those for atmospheric
SO,. Nevertheless, the ethyl sulfate ILs performed well in the
simulation of practical SO, absorption process.

The absorption equilibrium can be expressed as

SO,(gas) = SO,(IL) 1)

Henry’s law is used to describe the behavior of gas absorption
at 0.1 bar of SO,, and we have the following equation:

k=2

p )

where K is Henry’s constant, x represents the mole fraction of
SO, in the IL phase, and p represents the partial pressure of
SO, in the gas phase. The heat of gas absorption from phase-
equilibrium data can be calculated according to the following
equation:43

dllnK] _ AH,
dTr  RT? 3)

where AH,; represents the absorption enthalpy. The calculated
results of K and AH,; are summarized in Table 1.

The absorption enthalpies for SO, absorption with
[sz(Cl)z(Cl)fgu:l [C,080;] and [(Cz)zz(cl)z(cl)zsgu]‘
[C,080;] are —3.98 and —3.43 kcal mol™', respectively.
Although these values are slightly higher relative to those for
SO, absorption with N-functionalized imidazole at 25 °C and
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Figure 4. SO, absorption with (a) [(C,),*(C,),(C}),’qu][C,0505] and (b) [C,*(C,),(C1),’gqu][C,0S05] at a pressure of SO, of 0.1 bar and

different temperatures: W, 20 °C; @, 30 °C; A, 40 °C.
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Table 1. Henry’s Constant (K) and Absorption Enthalpy
(AH,,,) in the Process of SO, Absorption with Guanidinium
Ethyl Sulfate ILs at 0.1 bar

[(Cz)zz(Cl)z(Cl)fgu]

[sz(Cl)z(Cl)fgu] [C,080;] [C,080;]
T/°C K/bar™ AH,,/kcal mol™ K/bar™ AH,,/kcal mol™
20 4.15 S.19
30 342 —3.98 4.32 —343
40 2.67 3.55

144.8 kPa,** they are still small to indicate a possible physical
absorption process for the guanidinium-based ILs.

On the other hand, only 0.17 and 0.24 mol SO, per mole of
IL is captured at 20 °C with [C,%(C,),(C,),’gu][NTf,] and
[(C),*(C)),(Cy),°gu] [NTH,], respectively, as shown in Figure
S. The absorbed amounts of SO, for [NTf,]-based ILs is
approximate 1/10 of those for the atmospheric SO, at 20 °C,
showing a remarkable drop.

0.30

0.25+

0.204

0.15+

0.10+

0.05+

S0O5 absorption / mol (mol IL)'1

0.00 T T T T T T
0 10 20 30 40 50 60 70

t/ min
Figure S. SO, absorption with the [NTf,]-based ILs at a SO, pressure

of 0.1 bar and 20 °C: M, [(C,),*(Cy),(C,),’gqu][NTL]; @,
[CZZ(CI)Z(CI)Z?,gu][Nsz:]'

Regeneration of the lonic Liquids. As the ethyl sulfate
ILs exhibited good absorption ability, we examined the
regeneration ability of the ILs. Typical cycles of absorption/
desorption of SO, with the ethyl sulfate ILs are depicted in
Figure 6. It is observed that the absorbed SO, is completely
removed after the desorption process.

-
N

S05 content / mol (mol IL)™"

"0 30 60 90 120 150 180 210 240 270
{/ min

Figure 6. Typical cycle of absorption/desorption of SO, with ethyl
sulfate ILs. SO, is absorbed at a pressure of 0.1 bar mixed with N, and
at 20 °C, and desorbed at S0 °C with the atmospheric N, bubbling: H,
[(C2),*(C1)2(C1),’gu][C,080;]; @, [C,*(C1),(C1), °gul[C,080;].

It should be mentioned that a relatively low temperature of
50 °C was applied in the desorption process, because there is a
consideration of the fair thermal stability of
[C,*(C)),(C),’gqu][C,080;] on the basis of the TGA results
previously described. Thus, desorption of SO, was achieved
under vacuum at the room temperature in lieu of desorption by
heating with N, bubbling, which turned out to be very suitable
for these ILs. Successive multicycles of absorption/desorption
of SO, with [C,*(C,),(C,),’gu][C,0S80,] and
[(C,),%(C,),(C)),’gu][C,080;] are also displayed in Figure
7. The ILs were dried again after desorption. Ten successful

1.2

1.04

0.8+

0.6+

0.4+

0.2

SO2 content / mol (mol IL)'1

0.0

Absroption/desorption cycles

Figure 7. Successive cycles of SO, absorption/desorption with the
ethyl sulfate ILs. SO, is absorbed at a pressure of 0.1 bar mixed with
N, and at 20 °C, and desorbed at <20 Pa and 25 °C: H,
[(Cz)zz(cl)z(cl)z3gu][Czoso3]i o, [sz(cl)z(cl)zsgu][Czoso3]-

consecutive absorption/desorption cycles indicate the ILs can
be well regenerated without loss in absorption capability.

In addition, the highest water content in the ILs was
determined to be about 800 ppmw for [(C,),*(C,),(C,), gu]-
[C,O0S0;] after each SO, absorption process among 10
consecutive regeneration cycles, when the absorption capacity
increased to ca. 1.10 mol SO, per mole of IL, indicating that the
change of water content in the ILs has a slight influence on the
performance of SO, capture. Nevertheless, water is not added
to the ILs to absorb SO, as it hydrolyzes SO, severely. The cost
for regeneration of ILs is elevated as well when water is
introduced.

Geometries of lonic Liquids. With the experimental data
in hand, we simulated the molecular structures of the
guanidinium-based ILs by quantum chemistry calculations.
The optimized molecular structures of the ILs are shown in
Figure 8, along with those of ILs containing the [NTf,]™ anion.

It is found that the hydrogen-bonding interaction through
N—H--O with the spans of 1.75 or 1.82 A is presented in both
penta-substituted guanidinium-based ILs (Figure 8, parts a and
c), and it does not exist in the hexa-substituted ones (Figure 8,
parts b and d). The particular spatial distribution of N—H---O
leads to a quite strong hydrogen-bonding interaction between
the cation and anion, and the interaction enthalpy (AH) has
been obviously shifted by ~7 kcal mol™ from —78.1 to —85.6
kcal mol™ or from —69.9 to —76.6 kcal mol™". The hydrogen-
bonding interaction of N—H:--O between cation and anion that
only exists in the ILs with penta-substituted guanidinium
cations accounts for the weakening of the interactions between
IL and SO, molecules.

Interactions between the ILs and SO, via DFT
Calculations. DFT calculations allow the analysis of the
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(c) (d)

Figure 8. Optimized structures of the ILs showing interactions
between cation and anion moieties (bond lengths are shown in A): (a)
[C,2(C)),(Cy),%gqu][C,080;] (AH = —85.6 kcal mol™'); (b)
[(Cz)zz(Cl)z(Cl)fgu][C20303] (AH = =781 kel mol_l); (O]
[C,%(C1),(C)), gu][NTS,] (AH = —76.6 kcal mol™); (d)
[(C,),%(C),(C)), qu][NTE] (AH = —69.9 keal mol™).

interactions between the ILs and SO,. Previous quantum
chemistry calculations'®** have clearly revealed the interaction
patterns of [TMG][Lac] with CO, or SO, successfully. Herein,
we adopted this method to get deep insights into the
interactions between the guanidinium-based ILs and SO,.
Structure optimizations for ILs and SO, were achieved and the
results are displayed in Figures 9—12, and the interaction
enthalpies are listed in Table 2.

(c) (d)

Figure 9. Optimized structures of [C,*(C,),(C,),’gu][C,0S80;] with
SO, showing interactions between IL moieties and SO, (bond lengths
are shown in A): (a), IL + SO,; (b), IL + 2S0,; (c), IL + 3S0,; (d), IL
+ 4S0,.

The enthalpy increments for the addition of SO, molecules
to the ILs reveal that the more the SO,, the larger the enthalpy
is. As reported in Table 2, the AH values are related to the
absorption ability and the absorption performance of the ILs
seems to follow the order: [C,*(C,),(C,),’qu][C,080;] >

[(Cz)zz(Cl)z(Cl)fgu] [CZOSO3] > [(Cz)zz(Cl)z(Cl)fgu]-

Figure 10. Optimized structures of [(C,),*(C,),(C,),’qu][C,0S05]
with SO, showing interactions between IL moieties and SO, (bond
lengths are shown in A): (a), IL + SO,; (b), IL + 2S0,; (¢), IL +
350,; (d), IL + 4SO,.

(c) (d)

Figure 11. Optimized structures of [C,*(C,),(C,),°gu][NTf,] with
SO, showing interactions between IL moieties and SO, (bond lengths
are shown in A): (a), IL + SO,; (b), IL + 2S0,; (c), IL + 3S0,; (d), IL
+ 4S0,.

[NTf,] ~ [C,%(C)),(C,),’qu][NT£]. In general, the calcu-
lations are in agreement with the experimental results. Among
the studied systems for four ILs, AH increases the most for
[(C,),*(C)),(Cy),°gu][C,080;] from 6.0 kcal mol™ (IL +
1S0,) to 27.8 kcal mol™ (IL + 4S0,), and the AH increment
with each addition of one SO, molecule is generally the largest.
The intrinsic hydrogen-bonding interaction in the penta-
substituted guanidinium ILs severely prevents the interaction
between the IL and SO,, and the SO, capability is observed
lower relative to the corresponding hexa-substituted ones.
Hence, gas capture performance is better for
[(Cz)zz(Cl)z(Cl)fgu] [C,080;] than [CzZ(Cl)z(Cl)fgu]-
[C,0S0;], which is in accordance with experimental results.
Additionally, it is noted that the strength of H-bonding
interaction is gradually weakening with the increasing SO,
amount, as the distance of N—H---O becomes slightly longer
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Figure 12. Optimized structures of [(C,),%(C,),(C,),’gu][NTf,] with
SO, showing interactions between IL moieties and SO, (bond lengths
are shown in A): (a), IL + SO,; (b), IL + 2S0,; (c), IL + 3S0,; (d), IL
+ 4S0,.

from 1.70 to 1.85 A for [C,*(C,),(C,),’qu][C,0S0;] and
from 1.91 to 2.00 A for [C,%(C,),(C,),’gu][NTf,], indicating
the probable competitive relation between anion—cation and
IL-SO, interactions.

Furthermore, we also noted that the SO, molecules interact
not only with the IL moieties, but also with other SO,
molecules through the O==S--O weak interactions with a
spans of 2—3 A. The oxygen atoms in a SO, molecule becomes
more nucleophilic when the SO, molecule has been bonded to
the ethysulfate anion.”” This kind of interaction offers great
help to capture more SO,, that once one SO, molecule is
captured, more SO, molecules aggregate later.

Referring to calculated results, we conclude three types of
interactions among the ILs and SO,: interactions between the
cation and SO, through C—H---O, the packing effect among
different SO, molecules, and interactions between the anion
and SO, through S=O---S. Combined with the experimental
results, it is considered that the third kind of interactions play
the predominant role in SO, absorption with the ILs. The
sulfate moiety of the ethyl sulfate anion has three oxygen atoms
closer to each other relative to the [NTf,]” anion, facing
toward the N* atom in the cationic moiety. The bridge
structures of H-+-O=S--O representing cation—SO,—anion
interactions for the ethyl sulfate ILs are easily generated and
may facilitate the capture of SO, even at a low pressure.

Likewise, Costa et al.** calculated the interactions of a
number of ILs with CO,, H,S, and SO,, including imidazolium
NTf, ILs. They evaluated the CO, solubility in [C,C,im]-

[NTf,] from the a microscopic point of view.*® Free volume,
which is rather popular in previous theoretical and experimental
practices,” >° has been discussed to relate with the gas
solubility, while relatively weak correlation was found.***” In
this work, the ILs with the [NTf,]” anion have small SO,
capacities at a low pressure. The interactions between the
[NTf,]” anion and SO, are much weaker than those between
the [C,080;]” anion and SO,. The binding energies are
calculated to be —10.6 kcal mol™* for [NTf,] —SO, and —17.4
keal mol™" for [C,080;] —SO,, according to ref 4S. This
means, for ILs with the same cation, the ethyl sulfate ILs have
better performance in SO, absorption as a result of enhanced
intermolecular interactions of anion and SO,, which is in good
agreement with our experimental results.

In addition, no significant difference is observed for the
chemical shifts in the "H NMR spectra (Figures S-10 and S-11
in the Supporting Information) of the ethyl sulfate ILs before
and after the absorption of SO,. This indicates that the
interactions between IL and SO, are quite weak, no strong
chemical interactions are involved, and no additional chemical
bonds are formed. To confirm this result, FT-IR character-
izations were carried out, which are graphically shown in Figure
S-12. Still no remarkable change can be seen for
[C,*(C),(C), qu][C,0S0,]. The intermolecular hydrogen-
bonding interactions for the [(C,),*(C;),(C;),’gu][C,0S0;]
and SO, system at the wavenumber of about 3500 cm™ are
observed, while additional shifts or new peaks are hardly found
in the IR spectra. It should be the intrinsic intramolecular
hydrogen-bonding interaction between the cation and anion of
[C,*(C)),(C)), qu][C,0S0,] that gives rise to the difference.
The interaction enthalpies for IL—SO, shown in Table 2 also
support that no chemical bond is formed, due to the relatively
small values of AH for intermolecular interactions between IL
and SO,.

B CONCLUSION

In this work, we successfully synthesized and applied two novel
guanidinium ethyl sulfate ILs to capture SO,. The low-cost
ethyl sulfate ILs showed satisfactory abilities of absorption and
regeneration. It is found that the amount of captured SO,
(mole SO, per mole of IL) is in the order of
[(Cz)zz(Cl)z(Cl)f’gﬂ [C,080,] (3.93) > [sz(Cl)z(Cl)zsgu}
[C,080;] (3.15) > [(C,),%(C)x(C)),'gul[NTE] (2.25) >
[C,*(C1),(C1), qu][NT£,] (1.93) at 1 bar of SO, and 20 °C.
The guanidinium ethyl sulfate ILs perform better than the
imidazolium and pyridinium ethyl sulfate ILs under the same
conditions. Moreover, the ILs captured 0.71, 1.08, 0.17, and
0.24 mol SO, per mole of IL at 0.1 bar of SO, in N, and at 20
°C by [sz(cl)z(cl)z3gu][Czoso3]; [(Cz)zz(c1)2(cl)238u]‘
[C,080,], [sz(Cl)z(Cl)ngJ [NTf,] and
[(C,),*(C)),5(Cy),°gu][NTHL,], respectively. On the basis of
the quantum chemistry calculations, gas absorption is mainly
governed by the interactions between the anion of IL and SO,.

Table 2. Interaction Enthalpies (AH, kcal mol™') between ILs and SO,

AH (keal mol™)

IL + 180,
[CZZ(CI)Z(CI)ngu] [C,080;] —8.1
[(Cz)zZ(Cl)z(Cl)fgu] [CZOSO3] —6.0
[CZZ(CI)Z(CI)ZSgu] [NT£,] =52
[(Cz)zz(cl)z(cl)z3gu] [Nsz] —6.6

+ 250, + 35S0, + 4S0,
—14.4 -23.1 -27.9
—16.1 —-19.3 —27.8
—11.6 -16.9 —20.5
—-11.9 —158.7 —20.1
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The hydrogen-bonding interaction of N—H:--O in the penta-
substituted guanidinium-based ILs prevents the interaction of
ILs and SO,. The nonbonded interactions between IL moieties
and SO,, along with interactions between SO, molecules
through O=S--O were presented during the absorption
process, which were supposed to be quite weak in accordance
with '"H NMR and FT-IR characterizations. In summary,
theoretical and experimental researches have validated that the
novel guanidinium ethyl sulfate ILs have the potential for SO,
capture.
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