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ABSTRACT: Poly(ionic liquids) (PILs) have been widely used for CO2 capture
because their characteristics resemble those of an ionic liquid, yet they have
properties typically associated with polymers. We studied the application of the
amine-functionalized poly(vinylimidazole)-based PIL (PVIm-NH2) as a chemo-
sensor. The PVIm-NH2 was successfully prepared by a facile and low-cost method
and was characterized by several analytical techniques: proton nuclear magnetic
resonance (1H NMR), Fourier transform infrared (FT-IR) spectroscopy, gel
permeation chromatography (GPC), and spectrofluorometry. The ability of PVIm-
NH2 to detect CO2 gas was evaluated in the presence of triethylamine (TEA).
Under optimized conditions, the detection limit was calculated to be 2.86 × 10−3

M with R2 = 0.9906. Moreover, theoretical and experimental studies suggested a
plausible mechanism whereby PVIm-NH2 generates N-heterocyclic carbenes
(NHCs) in the presence of TEA, which further reacts with CO2 gas in aqueous
media to form a carboxylic acid. Analysis of PVIm-NH2 before and after the addition of TEA using the 1H NMR technique showed
the disappearance of the proton peak, thus suggesting a successful generation of NHC. Further analysis via 13C NMR revealed the
reaction of CO2 and NHC to form a carboxylic acid group. Finally, we demonstrated that PIL is a promising candidate as a
chemosensor through diverse structural modifications.

1. INTRODUCTION
During aerobic respiration, the molecular oxygen (O2) present
in the air is used as the final electron acceptor to generate
energy to sustain fundamental life. As a result of the respiration
process, exhaled gas contains a high concentration of carbon
dioxide (CO2), a colorless, odorless, and nonflammable gas.

1

The accumulation of exhaled CO2 in and the resulting
oversaturation of poorly ventilated places such as trans-
portation, offices, and factories directly affect people’s health
and induce physical fatigue. Previous research found that high
levels (>5000 ppm) of CO2 have deleterious effects on human
health.2−4

During the last decades, many research groups have shown
great interest in developing novel platforms for adsorption and
sensing of CO2.

5−9 Among various methods, nondispersive
infrared (NDIR) spectroscopy is extensively used for
measuring the concentration of CO2 in the air,

10−12 whereas
electrochemical methods are commonly used to measure the
concentration of CO2 dissolved in aqueous solutions.

13−16 For
instance, recently, urea biosensor was developed on the basis of
a CO2 microsensor.

17 However, these approaches are
expensive, time- and energy-consuming, and require well-
trained personnel. On the other hand, optical CO2 sensing
systems based on fluorescence and UV−vis spectroscopy
techniques are more advantageous from the point of view of
simplicity, cost-efficiency, and operating conditions.18,19

However, the selectivity of optical chemosensors based on

pH shift caused by the hydration of CO2 to carbonic acid still
remains low.19−24

A liquid phase ensures the absorption and sequestration of
gases, which are difficult to achieve in the solid and gas phases.
Thus, the development of a gas detection method for a liquid
phase is ideal for preventing the simultaneous loss of the
targeted analyte and for granting subsequent accurate
quantitative analysis. From this point of view, poly(ionic
liquids) (PILs) have attracted much attention for gas capture
and separation applications owing to their unique properties
such as their negligible vapor pressure, high ionic conductivity,
nonflammability, good thermal stability, and excellent gas
selectivity. Moreover, the combination of these properties with
the characteristic properties of polymers, including their
mechanical stability and chemical tunability, ensures that
they have the required multifunctionality.25−28 Imidazolium-
type PILs demonstrate a greater affinity for CO2 owing to the
CO2-binding activity of H-2 of the imidazolium ring.

29 Among
the imidazolium PILs, vinylimidazolium-based PILs have been
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deemed a significant class of PILs because of the plethora of
functional replacements available.30 In addition, imidazolium-
based PILs can be converted to N-heterocyclic carbenes
(NHCs) via deprotonation in the presence of a base, thus
allowing them to react with CO2 and generate imidazolium
carboxylates.31 Despite their high affinity for CO2, imidazolium
PILs have rarely been used for optical CO2 detection,
presumably because the reaction conditions need to be
precisely controlled, rendering these PILs unsuitable as
chemosensors.
Although numerous chemosensors for CO2 gas have been

developed, most have low solubility or are immiscible with
water, compromising their widespread application. Moreover,
most reported chemosensors have complicated synthesis
pathways and require expensive chemicals. For instance, Liu
et al.21 and Jang et al.32 reported the preparation of fluorescent
chemosensors based on aggregation-induced emission (AIE)
for the detection of CO2 in organic solvents. Yoon’s group
recently demonstrated that fluorescent probes based on
naphthoimidazolium could be used as CO2 chemosensors in
the presence of F− and CN−.19 Another study reported by
Yoon’s group involved the development of a fluorescent CO2
chemosensor based on a benzobisimidazolium salt. They
exploited the fluoride-induced production of NHC intermedi-
ates.22

Based on the limits and constraints associated with existing
PILs, we developed a novel water-soluble and low-cost PIL
chemosensor based on imidazolium for sensing CO2 gas in an

aqueous solution at room temperature. As illustrated in Figure
1a, poly(1-vinylimidazole) (PVIm) was alkylated with
bromoethylamine (BEA) to form PVIm-Et-NH2 (PVIm-
NH2), which is capable of generating an NHC intermediate
under basic conditions. The fluorescent CO2 detection system
based on PVIm-NH2 was designed for use in aqueous media
and offers a low detection limit and rapid response times.
Furthermore, the mechanism of CO2 detection was inves-
tigated by conducting experimental and theoretical studies.

2. RESULTS AND DISCUSSION
2.1. Characterization of PVIm-NH2. The chemical

structure of PVIm-NH2 was characterized by Fourier transform
infrared (FT-IR), 1H NMR, and GPC. As shown in Figure S1,
the FT-IR spectra of PVIm (top) and PVIm-NH2 (bottom)
demonstrate that the polymerization of PVIm and alkylation of
PVIm with Et-NH2 were successfully accomplished. The
spectra of both of these compounds contain peaks attributed
to the stretching vibrations of the imidazole rings at 1500.34,
1418.38, 1286.28, and 1230.36 cm−1 (PVIm) and 1496.49,
1418.38, 1285.32, and 1229.39 cm−1 (PVIm-NH2), respec-
tively. Moreover, the peaks attributed to the stretching
vibrations of the azole C−H of PVIm and PVIm-NH2 appear
at 1110.79 and 1088.61 cm−1, while the peaks of the bending
vibrations of the heterocycles appear at 918.91, 826.34, and
747.28 cm−1 (PVIm) and 921.80, 830.20, and 749.20 cm−1

(PVIm-NH2).
33 The characteristic peaks of the N�H bending

and C�N stretching modes at 1568.80 and 1160.93 cm−1 on

Figure 1. (a) Schematic illustration of the synthetic pathway to form PVIm-NH2. (b) Fluorescence excitation (λex = 380 nm) and emission (λem =
465 nm) spectra of an aqueous solution of 0.5 wt % PVIm-NH2; inset: images of the PVIm-NH2 aqueous solution taken under visible light (left)
and 365 nm UV light (right). (c) Fluorescence emission spectra of the aqueous solution of PVIm-NH2 at different excitation wavelengths (330−
410 nm).
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the FT-IR spectrum of PVIm-NH2 confirm that PVIm has
been successfully alkylated to PVIm-NH2.
The structure of PVIm and its successful alkylation to PVIm-

Et-NH2 were additionally confirmed using 1H NMR analysis.
As shown in Figure S2, the 1H NMR spectrum of PVIm

exhibits the following characteristic signals: δ = 7.42−6.13 ppm
(m, 3H, imidazole moiety), δ = 3.78−2.31 ppm (m, 1H,
methine), and δ = 2.22−1.45 ppm (d, 2H, methylene).34

Furthermore, as shown in Figure S3, the characteristic peaks of
PVIm-NH2 appear on the 1H NMR spectrum of this

Figure 2. PL spectra of aqueous solutions of (a) 0.5 wt % PVIm-NH2 and (b) 0.5 wt % PVIm-NH2 containing TEA (0.32 M) before and after CO2
gas bubbling at an excitation wavelength of 380 nm (slit with: Ex = 3 nm, Em = 3 nm).

Figure 3. (a) Fluorescence quenching efficiency of amine compounds and alcohol in an aqueous solution containing 0.5% PVIm-NH2, (b) PL
spectra of 0.5 wt % aqueous solutions of PVIm-NH2 containing various amounts of TEA with 380 nm excitation (slit width: Ex = 3 nm, Em = 3
nm) and (c) plotted against the intensity at 465 nm.
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compound: δ = 8.30−6.34 ppm (m, 3H, imidazolium moiety),
δ = 4.58−2.77 ppm (m, 5H, propylene and methine), and δ =
2.66−1.63 ppm (s, 2H, methylene).34
The molecular weight of PVIm-NH2 was determined via

GPC analysis using 0.02 N sodium nitrate as the aqueous
eluent. The weight-average molecular weight (Mw), number-
average molecular weight (Mn), and polydispersity index
(PDI) of PVIm-NH2 were found be to bePVIm-NH2 407 878,
346 787, and 1.18, respectively. These results confirm the
successful polymerization of PVIm-NH2.
The prepared PVIm-NH2 is highly soluble in water because

it exists in the form of a salt and also as a result of the abundant
amines of the imidazole groups in its backbone, which make it
suitable for sensing CO2 in aqueous media. As presented in
Figure 1b, a strong excitation peak is found at 380 nm, and a
strong emission peak was recorded at 440 nm with a shoulder
at 465 nm. The inset in Figure 1b shows a photographic image
of PVIm-NH2 in an aqueous medium, which, upon exposure to
365 nm UV irradiation, underwent strong blue emission
observable by the naked eye. Moreover, as shown in Figure 1c,
its emission spectra were measured at different excitation
wavelengths ranging from 330 to 410 nm. As the excitation
wavelength increased, the representative emission peak was
red-shifted. PVIm-NH2 was observed to exhibit excitation-
dependent photoluminescence. As the excitation wavelengths
changed from 330 to 380 nm, the emission peak was red-
shifted from 418 to 440 nm, and the photoluminescence
intensity was enhanced. However, upon exposure to excitation
wavelengths above 380 nm, the photoluminescence intensity at
440 nm gradually decreased. This phenomenon was caused by
a red edge effect that commonly happens in other
imidazolium-based ionic liquids owing to their physical and
electrical properties.35−37 It occurs primarily because of the
spatial heterogeneity of polymeric assemblies, which consist of
hydrophilic and hydrophobic pockets that allow multiple
solvation sites and contribute to inhomogeneous broadening of
the absorption, thus resulting in excitation-dependent PL shift.
2.2. Effect of TEA and CO2 on the Fluorescence of

PVIm-NH2. Bearing in mind the presence of intrinsic pendant
amine, which can act as a base, we have analyzed the
fluorescence spectrum of PVIm-NH2 (5 wt %) bubbled with

CO2 gas, as illustrated in Figure 2a. The intensity and
representative peaks at 440 and 465 nm of PVIm-NH2
remained unchanged after bubbling CO2. The nonreactivity
of intrinsic pendant amine with imidazolium moiety was also
reported in previous work.20 However, as shown in Figure 2b,
the addition of TEA strongly quenched the fluorescence�the
subsequent addition of CO2 gas by bubbling again turned on
the fluorescence with stronger intensity.
To study the quenching efficiency and selectivity more

intensively, a series of 0.5 wt % PVIm-NH2 aqueous solutions
were prepared and mixed with 0.5 v/v% of different amines
and alcohol compounds. As shown in Figure 3a, aqueous
solutions of the PVIm-NH2 mixed with various amine
compounds display fluorescence quenching under an excitation
wavelength of 380 nm. The quenching efficiencies were
investigated by calculating the value of FL0-FL/FL0, where FL0
is the fluorescence intensity of an aqueous solution of PVIm-
NH2 without amine or alcohol and FL is the fluorescence
intensity of an aqueous solution of PVIm-NH2 containing
amine or alcohol.
Interestingly, all of the amine compounds that were

investigated had a quenching effect, whereas acetone and
ethanol had the opposite effect, i.e., a slight enhancement.
Among the six amine compounds that were tested, TEA had
the highest fluorescence quenching efficiency of 42.7%. In
comparison, the fluorescence quenching efficiencies of ethyl-
amine, isopropylamine, triethanolamine, benzylamine, and
tributylamine were 40.6, 38.5, 33.7, 28.0, and 16.1%,
respectively. To evaluate the quenching constants of TEA,
aqueous solutions of PVIm-NH2 were mixed with various
amounts of TEA to prepare a range of aqueous solutions with
different concentrations of TEA, and the fluorescence
intensities were recorded (Figure 3b). The quenching constant
of TEA was calculated using the Stern−Volmer equation.
According to the Stern−Volmer equation, the quenching
constant (Ksv) is

= [ ]K F F( / 1)/ quenchersv 0

where F0 is the fluorescence intensity in the absence of a
quencher and F is the fluorescence intensity in the presence of
a quencher. As shown in Figure 3c, the Ksv of TEA was

Figure 4. PL spectra of (a) an aqueous solution containing 0.5 wt % PVIm-NH2 and 0.32 M TEA recorded after bubbling different volumes of CO2
gas at 380 nm excitation (slit with: Ex = 3 nm, Em = 3 nm) and (b) plotted against the intensity at 465 nm (n = 3).
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calculated as 0.9295 with R2 of 0.9970 for TEA concentrations
ranging from 0.04 to 0.32 M. Therefore, to minimize the use of
chemicals, the optimal concentration of TEA as quencher was
set as 0.32 M because of the relatively weak quenching
efficiency at higher concentrations. These results confirmed
that triethylamine is the most appropriate compound to enable
PVIm-NH2 to efficiently undergo a structural transformation
into NHC.
We have further investigated the effect of solution pH on the

quenching efficiency of TEA, as shown in Figure S4. The pH of
solutions was manipulated and adjusted by adding HCl or
NaOH. As shown in Figure S4b, TEA is not quenching PVIm-
NH2 in a solution with a pH lower than 9 because the pKa of
protonated TEA is 10.75. When the pH of the solution
becomes higher than 10, TEA act as a base to deprotonate
PVIm-NH2 and generates NHC.
2.3. Analytical Performance of PVIm-NH2 for the

Detection of CO2. To evaluate the sensitivity of the
developed PVIm-NH2 PIL toward detecting CO2, an aqueous
solution of 0.5 wt % PVIm-NH2 containing 0.32 mM TEA in 2
mL of H2O was prepared at room temperature, after which
various volumes of CO2 were bubbled through the solution. As
shown in Figure 4a, the fluorescence intensity of PVIm-NH2 at
465 nm was gradually enhanced as the amount of CO2
increased. Noteworthy is that the developed sensing platform
showed an immediate response toward CO2 for volumes as
much as 25 mL, beyond which saturation set in. As illustrated
in Figure 4b, the fluorescence intensity is linearly related to
CO2 in two distinct ranges: from 0.25 to 3 mL and from 6 to
20 mL with correlation coefficients of 0.991 and 0.974,

respectively. The limit of detection (LOD) was calculated to
be 2.86 × 10−3 M (125.87 ppm) using 3σ/s, where “σ” and “s”
are the SD of the blank signals and the slope of the calibration
curve, respectively. These results confirmed that the simple and
water-soluble PVIm-NH2 chemosensor we developed was
highly sensitive for the detection of CO2.
2.4. Proposed CO2 Sensing Mechanism. Supplementary

practical and theoretical experiments were conducted to gain
insight into the turn off−on mechanism of the sensor we
developed for the simultaneous detection of TEA and CO2,
(Figures 5 and 6). First, the generation of NHC in the system
was confirmed by comparing the 1H NMR spectra of PVIA in
the presence and absence of TEA. This was accomplished by
preparing two solutions of PVIm-NH2 (0.5 wt %) in D2O, and
TEA was added to one of these solutions such that the final
concentration thereof was 0.32 M. Both PVIm-NH2 solutions
were analyzed using 1H NMR to investigate the structural
changes that occurred after adding TEA. As shown in Figure
5a, the apparent difference between the two 1H NMR spectra
was the disappearance of one of three proton peaks recorded in
the range 8.30−6.34 ppm and assigned to the imidazolium
protons. The disappearance of the proton peak could also be
the result of hydrogen−deuterium exchange because of the
catalysis of TEA. However, the observed PL quenching and the
chemical shift in the upfield direction confirm the removal of
the proton (Ha) by TEA. The carbene unit has a higher
electron density around its nucleus, which has a shielding effect
and induces the peak shift. The CO2 gas that was subsequently
bubbled through the solution resulted in the formation of the
carboxylate function and carbonic acid. In addition, the

Figure 5. (a) 1H NMR spectra of PVIA in D2O and PVIA containing 0.32 M TEA in D2O, (b) variation in the pH value of an optimized detection
solution (0.5 wt % PVIm-NH2 and 0.32 M TEA in 2 mL DI water) after bubbling different volumes of CO2 gas, (c) 13C NMR spectra of PVIA
containing TEA in D2O and PVIA containing 0.32 M TEA and bubbled CO2 in D2O, and (d) schematic illustration of the proposed mechanism for
detecting TEA and CO2. Inset: Fluorescence emission images of samples exposed to 365 nm UV light corresponding to each reaction step.
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bubbling CO2 gas gradually lowers the pH of the solution
toward acidic, as presented in Figure 5b. To further confirm
the reaction of CO2 with NHC, 13C NMR and FT-IR analyses
were conducted. As shown in Figure 5c, a new peak on the 13C
NMR spectrum at 160 ppm appears after the reaction of
PVIm-NH2 NHC with CO2, corresponding to carboxylic acid.
The 13C NMR results were in accordance with other works
reported in the literature.38 In addition, the appearance of a
new peak located at around 1710 cm−1 on the FT-IR spectrum
corresponding to C�O stretching confirms the formation of
the carboxylic acid group, as illustrated in Figure S5.39 The
proposed mechanism of generation of NHC by removing the
Ha proton, catalysis by TEA, and the subsequent reaction with
CO2 gas explains the observed photophysical changes, as
displayed in Figure 5d. The generation of NHC in the
presence of TEA is accompanied by a transformation of the
aromatic imidazolium ring into an antiaromatic ring with 4n π
electrons. Antiaromatic compounds are rich in electrons and
unstable compared to aromatic compounds; therefore, their
photophysical properties differ. Yoon et al. reported that
antiaromatic compounds lack fluorescence and have short
lowest excited-state lifetimes, which contrast with aromatic
analogs.40 The reaction of CO2 with the NHC group restores
the aromaticity of the imidazolium ring, thus resulting in
fluorescence recovery.
2.5. DFT Study of the Proposed CO2 Sensing

Mechanism. According to the report by Xu et al., the
reaction of CO2 with amine-functionalized imidazolium PILs
generates carbamic acid salts in an aqueous solution.20

However, our proposed mechanism is based on the following:
the disappearance of the Ha proton peak from the 1H NMR
spectrum, the apparition of new peak on 13C NMR, and the
gradual change in the pH value from basic to acidic following
the addition of CO2 indicated that the reaction of PVIm-NH2
with TEA would generate an NHC group. We performed DFT
calculations as an additional confirmation of the proposed
mechanism. As shown in Figure 6, the free energies were
calculated for two reaction mechanisms: CO2 capture by
PVIm-NH2 in the (1) absence and (2) presence of TEA. The
practical experiments revealed no notable PL changes in the
first scenario (Figure 2a). The theoretical calculation of the

free energy of CO2 capture in the absence of TEA, considering
that PVIm-NH2 exists in the form of a salt with bromide ions,
indicated the necessity for high activation energy of 50.408
kcal/mol.
On the other hand, the addition of TEA to PVIm-NH2

quenched the fluorescence intensity, which subsequently
intensified again after CO2 bubbling. Under these conditions,
the calculated free energy required to form NHC was 24.277
kcal/mol, 2-fold lower than that required for the first
mechanism. Based on the results we obtained from our
practical and theoretical experiments, we confirmed that TEA
acts as a catalyst to generate the NHC group, which further
reacts with CO2, thus enabling the formation of the carboxylate
functional group.

3. CONCLUSIONS
A novel water-soluble PIL was synthesized using a facile and
inexpensive method to develop a PVIm-NH2 chemosensor for
the sensitive detection of CO2 gas. The PVIm-NH2 polymer
exhibited an immediate response to CO2 gas via a turn off−on
mechanism in the presence of TEA with a good LOD
calculated to be 2.86 × 10−3 M (125.87 ppm). In the presence
of TEA, the imidazolium moiety of PVIm-NH2 changed to
NHC, which resulted in fluorescence quenching. The formed
NHC group efficiently reacted with the subsequently added
CO2 gas via bubbling, thus allowing the carboxylation of the
imidazolium moiety. As a result of this carboxylation reaction,
the formerly quenched fluorescence was restored and its
emission intensified, thus demonstrating that this PVIm-NH2-
based PIL is a promising CO2 sensor. Finally, although TEA
exhibited the highest quenching efficiency of all of the amines
that were assessed, the sensing platform could be optimized
even further for detecting other amine molecules via the
formation of NHC. Therefore, we consider the developed PIL
to have excellent potential for application as a chemosensor to
detect other species by various structural modifications.

4. EXPERIMENTAL SECTION
4.1. Materials. 1-Vinylimidazole and 2-bromoethylamine

hydrobromide (98%) were purchased from Alfa Aesar.
Benzene (>99.5%) and triethylamine (TEA) were obtained
from Dae Jung, Corp (South Korea). Hexanes (extra pure
grade) and ethyl alcohol (95%, extra pure grade) were
purchased from Duksan, Corp (South Korea). Acetone
(99.5%) was obtained from Samchun, Corp (South Korea).
All reagents and solvents were used as received without further
purification. The distilled water used in all experiments was
purified using a Milli-Q water purification system. The
resistivity of the water was higher than 18 MΩ·cm−1.
4.2. Equipment and Measurement. Proton nuclear

magnetic resonance (1H NMR) was recorded using a Bruker
Avance (400 MHz magnet, Bruker, Germany). Fourier
transform infrared (FT-IR) spectra were recorded on an FT/
IR-6300 Fourier Transform Infrared Spectrometer (Jasco,
Japan). Gel permeation chromatography (GPC) was carried
out on a Breeze System (Waters) with a series of four Water
Ultrahydrogel columns (Linear, 120, 250, and 500), a Waters
2414 Refractive Index detector, and a Waters 1525 Binary
pump; mobile phase: 0.02 N sodium nitrate in water at 30 °C,
calibrated with a poly(ethylene glycol) standard to determine
the representative molecular weight of PVIm-NH2. The
fluorescence experiments were performed on an FP-6500

Figure 6. Free energy diagrams of CO2 capture by PVIm-NH2 in the
absence (black) and presence (red) of TEA.
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spectrofluorometer (Jasco, Japan) using a quartz cuvette with a
1 cm path length.
4.3. Synthesis of PVIm. Poly(1-vinylimidazole) (PVIm)

was prepared by a modification of the free radical polymer-
ization method reported previously.33 Briefly, 9.624 mL (0.106
mol) of 1-vinylimidazole monomer and 100 mg (0.61 mmol)
of AIBN were completely dissolved in 96 mL of benzene in a
250 mL three-neck volumetric flask with mild stirring and
heating. The mixed solution was heated at 60 °C for 24 h
under reflux and nitrogen atmosphere. After the polymer-
ization was complete, the product was precipitated by acetone
and then washed three times with acetone and hexane,
respectively. The obtained PVIm (light yellow powder) was
dried in a vacuum oven at 40 °C for 48 h.
4.4. Synthesis of PVIm-NH2. PVIm (1 g, 10 mmol; based

on the monomer) and 2-bromoethylamine hydrobromide
(3.07 g, 15 mmol) were added to 50 mL of ethanol in a molar
ratio of 1:1.5, and the mixed solution was sonicated to achieve
complete dissolution. The reaction mixture was heated to
reflux (60 °C) for 48 h with constant stirring under a nitrogen
atmosphere. PVIm-NH2 was precipitated by adding isopropyl
alcohol, washed with hexane, and dried in a vacuum oven at 40
°C for 48 h.
4.5. Assessment of the CO2 Gas Detection Perform-

ance of PVIm-NH2. PVIm-NH2 of ∼1 w/w% was dissolved in
DI water under ultrasonication. Afterward, TEA was dissolved
in the PVIm-NH2 aqueous solution with a final concentration
of 0.80 M and stored at room temperature. A syringe (0.457
mm outer diameter) was used to inject increasing volumes of
CO2 into the aqueous solution of PVIm-NH2 containing TEA.
The fluorescence intensity was recorded with a spectrofluor-
ometer (excitation wavelength = 386 nm, slit with: Ex = 3 nm,
Em = 3 nm).
4.6. Computational Details. We performed quantum

chemical calculations using the NWChem 7.0 package.41−43

Density functional theory (DFT) based on the B3LYP hybrid
functional was used,44,45 and the electronic states were
expanded using the def2-TZVPD basis set46 for all elements.
The Gibbs free energy for all reactants, products, and reaction
intermediates at 1 atm and 298.15 K was estimated by
calculating their molecular partition functions. The solvation
free energies were calculated within the framework of the
COSMO method47 using a variation thereof known as the
solvation model based on the density (SMD).48
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