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Abstract: The thermal stability and decomposition kinetics analysis of 1-alkyl-2,3-dimethylimidazole
nitrate ionic liquids with different alkyl chains (ethyl, butyl, hexyl, octyl and decyl) were investigated
by using isothermal and nonisothermal thermogravimetric analysis combined with thermoanalytical
kinetics calculations (Kissinger, Friedman and Flynn-Wall-Ozawa) and density functional theory
(DFT) calculations. Isothermal experiments were performed in a nitrogen atmosphere at 240, 250,
260 and 270 °C. In addition, the nonisothermal experiments were carried out in nitrogen and air
atmospheres from 30 to 600 °C with heating rates of 5, 10, 15, 20 and 25 °C/min. The results of
two heating modes, three activation energy calculations and density functional theory calculations
consistently showed that the thermal stability of 1-alkyl-2,3-dimethylimidazolium nitrate ionic liquids
decreases with the increasing length of the alkyl chain of the substituent on the cation, and then the
thermal hazard increases. This study could provide some guidance for the safety design and use of
imidazolium nitrate ionic liquids for engineering.

Keywords: ionic liquids; 1-alkyl-2,3-dimethylimidazolium nitrates; thermal hazard; kinetics analysis;
density functional theory calculations

1. Introduction

Ionic liquids (ILs), also known as room-temperature molten salt and nonaqueous
organic molten salt, are a special kind of organic molten salt that is formed by the combina-
tion of organic cations and inorganic or organic anions [1,2]. They have different molecular
symmetries and charge delocalization and present a molten state at room temperature [3].
Ionic liquids have been widely used in the fields of adsorption and electrochemistry.
This is due to the designability of ionic liquids, which allows the target design of func-
tionalized ionic liquids by varying the combination of anions and cations with different
physicochemical properties according to specific applications [4-6]. In consequence, it is of
great theoretical significance and practical value to investigate the thermal decomposition
process of ionic liquids for the synthesis method of ionic liquids, the optimization of envi-
ronmental parameters in the process of use and transportation, the safety design of fire
and explosion prevention and the selection of safety facilities and equipment in the actual
industrial process.

Although ionic liquids have a wider stable temperature range than other organic
solvents, not all kinds of ionic liquids are stable [7-9]. This is because the thermal stability
of ionic liquids is affected by the interaction between noncarbon atoms and carbon atoms
and between noncarbon atoms and hydrogen bonds [10,11]. Meanwhile, it is also affected
by the charge density of cations and the type of anions. In addition, the number and
position of substituents on the cationic ring, the length and type of alkyl chain also play a
decisive role in the thermal stability of ionic liquids [12,13].
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For a long time, due to the lack of flash point temperature in the traditional sense,
ionic liquids were not considered to be flammable and volatile, and the danger of ionic
liquids was ignored [14-16]. Fox et al. experimentally studied some imidazole ionic liquids
using TGA and a flash-ignition temperature tester and found that most of the studied ionic
liquids showed obvious undercooling, and the degree of undercooling decreased with
the increase in the number of carbon atoms in the substituent alkyl chain of cations [17].
Liu et al. demonstrated that the flammability of some imidazole ionic liquids is due
to the flammability of their decomposition products by using a variety of experimental
equipment [18-20]. For imidazole-containing ionic liquids with basic ([Cl] ™) and weak
coordination ([BF4]~, [NTF,] ™) anions, the increase in the number of carbon atoms in the
alkyl chain will increase the thermal risk. The increase in thermal hazard is due to the
increased stability of carbon positive ions and carbon radicals when the number of carbon
atoms in the alkyl chain increases [21-23].

At present, the traditional test is the basic method to evaluate the thermal hazard
of ionic liquids. However, due to the high complexity and diversity of the structure of
ionic liquids, it is necessary to study its structural characteristics and intermolecular
forces [24-26]. Li et al. analyzed and calculated the hydrogen bonds, intermolecular forces,
bond energies and activation energies of [Bmim][DBP] by using B3LYP/6-311++G (d,p) and
MO06-2X/6-311++G(d,p) levels of calculation [27]. Nie et al. used a combination of initio
calculations, molecular dynamics simulations, Born—-Haber cycle analysis and iso-chain
reactions to find that all ion pairs can form strong hydrogen bonds, and the interaction is
determined by the side-chain structure and functional groups of amino acid anions [28].

To date, no relevant studies on the thermal stability of the ionic liquids 1-alkyl-2,3-
dimethylimidazolium nitrate class have been reported. Therefore, in this paper, thermo-
gravimetry (TGA) was used to investigate the thermal stability of 1-alkyl-2,3-dimethylimida-
zolium nitrate under isothermal and nonisothermal conditions. At the same time, theo-
retical studies were conducted by combining the frontier molecular orbital theory with
quantum chemical theory calculations. Experimental and theoretical studies on the thermal
hazard of ionic liquids are of positive significance in guiding the design and safe application
of new ionic liquids.

2. Experiments and Methods
2.1. Materials

In this study, five ionic liquids with 99% mass purity, namely 1-ethyl-2,3-dimethylimi-
dazolium nitrate, 1-butyl-2,3-dimethylimidazolium nitrate, 1-hexyl-2,3-dimethylimidazoli-
um nitrate, 1-octyl-2,3-dimethylimidazolium nitrate and 1-decyl-2,3-dimethylimidazole
nitrate, were provided by the Lanzhou Institute of Chemical Physics, Chinese Academy
of Sciences(Lanzhou, China). To avoid the influence of impure water on the experimental
results, the samples were stored in a vacuum drying oven at 50 °C for one week before
the experiments.

The detailed chemical information of the five ionic liquids is shown in Table 1.

2.2. Experimental Apparatus and Test Procedure

A TGA 3+110LF analyzer (METTLER-TOLEDO, Zurich, Switzerland) was used to test
the thermal stability of the five ionic liquids. Samples (5.0-8.0 mg, 70 uL) were placed in
crucibles made of Al;O3 and heated from 30 to 600 °C with heating ramp rates of 5, 10,
15, 20 and 25 °C/min. Furthermore, to compare the thermal stability and thermal effects
under different atmospheres, the experiments were performed by purging the crucibles
with a flow rate of 20 mL/min nitrogen and air. Isothermal experiments were performed
at 240, 250, 260 and 270 °C in nitrogen atmosphere. The experimental results received
various factors such as the heating rate, the furnace atmosphere and the sensitivity of
the balance. It should be noted that to ensure the reliability of the experimental results,
each TGA test group in the experimental study was repeated two times under the same
conditions. Moreover, the final experimental data were averaged over three measurements.
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Table 1. Chemical information for five ionic liquids.
Chemical Name Abbreviation Formula Weight Structural Formula
(g/mol)
VO
1-ethyl-2,3-dimethylimidazolium nitrate [Emmim][NO;] C7H1303N; 187.20 /\“i\\/w/ /u’\
() O
{1
1-butyl-2,3-dimethylimidazolium nitrate [Bmmim][NOs] CoH1703N;3 215.25 b /!ul-\
S ° ’
R
1-hexyl-2,3-dimethylimidazolium nitrate [Hmmim][NO3] C11H103N3 243.30 b . /Nl\o_
N
[
1-octyl-2,3-dimethylimidazolium nitrate ~ [Ommim][NO3] ~ C;3Hy503Nj3 271.36 \73 VO/U\O
Lo
1-decyl-2,3-dimethylimidazolium nitrate [Dmmim][NO3] Ci5H903N3 299.41 b A

2.3. Computational Methods

In this study, the initial structures of 1-alkyl-2,3-dimethylimidazole nitrate ionic liquids
were constructed by GaussView 6.0 [29-31]. The molecular structures of [Emmim][NOs],
[Bmmim][NO;3], [Hmmim][NO;z], [Ommim][NOs] and [Dmmim][NO3] were optimized
by the density function theory (DFT) method accompanied with a 6-311++G(d,p) basis
set. One of the important analyses for density functional theory calculations, front-line
molecular orbital analysis, contains the highest occupied orbital HOMO and the lowest
unoccupied empty orbital LUMO [32-34]. After optimization and vibrational analysis of
the ionic liquids using the Multiwfn program, the HOMO and LUMO of the ionic liquids
were obtained using the molecular orbital analysis function of Gauss view 6.0. The value
of the highest occupied orbital HOMO size is influenced by the electron supply capacity,
while the value of the lowest unoccupied empty orbital LUMO size is influenced by the
electron capacity. The difference between the AE, the energy difference of the frontier
orbitals, can not only determine the stability of the molecule but also indicate the reaction
path of the molecule with other systems [35,36].

3. Results and Discussion
3.1. Short-Term Thermal Stability

Four characterization parameters obtained from TGA curves were chosen: the tem-
perature value corresponding to the start of weight loss (Tstart), the temperature value
corresponding to the maximum rate of weight loss (T}), the temperature value corre-
sponding to the intersection of the extension of the mass baseline at the very beginning and
the tangent line at the Tpeak point (Tonset) and the residual amount remaining at the end of
the experiment to study the short-term thermal stability of [Emmim][NOj3], [Bmmim][NOs3],
[Hmmim][NO3], [Ommim][NO3] and [Dmmim][NOs] [37,38]. Table 2 summarizes the
above-mentioned important characteristic parameters of the five ionic liquids TGA curves
in N, atmosphere.
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Table 2. Obtained mass loss parameters for five ionic liquids by TGA.

Temperature (°C)

Chemical Name B (°C/min) Residue (%)
Tstart Tonset Tpeuk
5 276.10 4+ 1.25 307.99 + 0.99 324.36 + 2.38 11.93 + 0.92
10 278.68 + 2.36 313.99 + 1.37 333.74 £ 3.02 13.27 + 1.19
[Emmim][NO3] 15 287.81 + 1.88 321.78 + 0.69 340.46 + 3.22 19.36 + 0.88
20 294.56 + 1.06 324.58 4+ 2.56 344.10 + 1.54 18.77 £ 1.02
25 297.02 + 2.03 327.61 + 2.67 346.35 + 1.61 19.13 + 1.21
5 274.78 + 1.95 304.77 + 0.65 321.37 + 3.55 7.82 + 0.61
10 275.50 + 2.08 311.96 & 1.02 330.58 4+ 3.79 8.09 + 0.41
[Bmmim][NOs] 15 277.42 + 1.55 319.53 + 0.54 338.72 + 1.69 8.47 4+ 0.56
20 279.11 + 1.56 322.96 + 2.11 342.60 + 2.34 8.07 + 0.38
25 280.17 + 0.98 323.26 4+ 2.01 344.84 4+ 1.02 9.87 + 0.33
5 258.43 + 2.33 298.27 + 0.94 316.93 + 3.20 16.26 & 0.16
10 269.72 + 1.63 303.36 & 1.33 327.23 +2.81 14.95 + 0.80
[Hmmim][NO;] 15 275.11 + 1.92 308.52 + 1.89 332.19 + 1.99 13.86 + 1.22
20 277.35 + 2.06 315.00 + 1.57 335.74 + 3.02 18.93 + 1.20
25 279.02 + 1.12 317.19 4+ 2.01 337.91 4 2.00 18.45 + 1.90
5 253.08 4 1.52 294.73 + 1.97 315.00 £ 2.10 12.12 + 1.11
10 265.43 4+ 0.90 301.39 & 1.60 322.33 + 1.87 6.79 £ 0.69
[Ommim][NO;3] 15 271.34 +1.42 309.34 + 2.30 328.24 + 1.93 7.29 + 0.80
20 274.38 + 1.26 312.66 + 2.61 332.90 + 2.35 8.79 + 1.00
25 275.18 + 2.03 318.02 + 2.15 338.13 + 2.08 8.93 + 091
5 214.49 + 1.50 278.56 + 0.69 310.76 + 1.24 234 +0.28
10 232.85 + 1.19 290.30 + 0.90 314.57 + 1.60 4.71 4+ 0.61
[Dmmim][NO3] 15 243.17 £+ 2.01 299.54 + 0.58 325.46 + 1.18 1.27 +0.36
20 245.94 + 1.66 300.30 + 1.27 331.83 £ 2.01 4.23 4+ 0.58
25 248.34 + 2.34 302.33 + 1.33 332.25 + 1.65 4.73 4+ 0.47

The TGA curves of thel-alkyl-2,3-dimethylimidazole nitrate ionic liquids obtained
at different heating rates are generally consistent in shape, but the TGA curves shift to
the right as the heating rate increases, and the corresponding Tstart, Tonset and Tpeak values
become larger. In addition, as shown in Table 2, the higher the temperature increase on
the thermal decomposition, the faster the reaction rate. The higher the heating rate, the
shorter the process time for the ionic liquid to reach the required temperature, and then the
overall thermal decomposition reaction process time will be shorter. The TGA curves of the
thermal decomposition of 1-alkyl-2,3-dimethylimidazole nitrate ionic liquids in nitrogen
atmosphere and at a heating rate of 5, 10, 15, 20 and 25 °C/min are shown in Figure 1.

As shown in Figure 1, the thermal decomposition reaction of the 1-alkyl-2,3-dimethy-
limidazole nitrate ionic liquids is a one-step reaction, and the slight weight loss at about
100 °C causes the curve to fluctuate slightly, which is due to the evaporation of a small
amount of water in the molten ionic liquid at high temperature. Moreover, with the increase
in the heating rate, the temperature value corresponding to the beginning of weight loss of
ionic liquids becomes larger.
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Figure 1. TGA curves of [Emmim][NOs] (a), [Bmmim][NOs] (b), [Hmmim][NO3] (¢), [Ommim][NOs3] (d) and

[Dmmim][NOs3] (e) with different heating rates.

For the values of the thermal decomposition characteristic parameters Tstart, Tonset
and T corresponding to the five ionic liquids, all results show that: [Emmim][NO3] >
[Bmmim][NO3] > [Hmmim][NO3] > [Ommim][NO3] > [Dmmim][NOs]. Under the same
conditions, the experimentally obtained To,s.; values are greater than Tg,+ values, but the
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mass loss of ionic liquids already occurs below the T+ values, so the thermal stability of
the ionic liquids class in this study cannot be indicated by the T+ values. Cao and Xue
also concluded that Tyyse¢ values overestimate the thermal stability of ionic liquids when
they studied other classes of ionic liquids [39,40]. Therefore, in this study, the Ts;+ value
will be used to evaluate the thermal stability of 1-alkyl-2,3-dimethylimidazole nitrate ionic
liquids, and the thermal stability can be obtained in descending order: [Emmim][NO3] >
[Bmmim][NO3] > [Hmmim][NO3] > [Ommim][NO3] > [Dmmim][NOs]. This experimental
result can indicate that the thermal stability of this type of ionic liquid decreases with
the increase of the number of carbon atoms of the alkyl chain of the substituent group
on the cation, and it is more likely to undergo thermal decomposition reactions at high-
temperature conditions, and the thermal hazard increases.

As shown in Figure 2, it is obvious from the DTG curves that the thermal decompo-
sition reaction process of all the five ionic liquids is one-step decomposition. The shapes
of the DTG curves obtained for the 1-alkyl-2,3-dimethylimidazole nitrate ionic liquids at
different temperature ramp rates of 5, 10, 15, 20 and 25 °C/min are generally consistent;
the DTG curves shift to the right, and the peak widths become narrower with increasing
ramp rates. This may be the result of the shortening of the thermal decomposition reaction
time due to the increase of the temperature rise rate.
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Figure 2. Cont.
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Figure 2. DTG curves of [Emmim][NO3] (a), [Bmmim][NO3] (b), [Hmmim][NO3] (¢), [Ommim][NOs] (d) and
[Dmmim][NOg3] (e) with different heating rates.

Since the one-step reaction process is similar, the one-step reaction is exemplified
by 1-octyl-2,3-dimethylimidazole nitrate ((Hmmim][NOg3]) at a ramp rate of 5 °C/min.
Before 258 °C, the DTG curve showed slight fluctuations, which may be caused by the
volatilization of some impurities contained in [Hmmim][NOs]. After 258 °C, the thermal
decomposition reaction of [Hmmim][NOg3] starts to occur. At about 298.27 °C, the degree
of thermal decomposition of [Hmmim][NOs] gradually became larger, and the rate of
thermal weight loss began to increase sharply and reached the maximum weight loss rate
of DTG at 316.93 °C with 63.5% weight loss. Finally, from 400 to 600 °C, the decomposition
of [Hmmim][NOs3] is nearly complete with a residual mass of 16.26%. At the end of the
experiment, it was found that the colors of the remaining material in the final crucible are all
black because of the carbonization of the ionic liquid. Similarly, the thermal decomposition
processes of the other four imidazole nitrate ionic liquids can be obtained.

To better fit the actual industrial ionic liquids fire and explosion-proof intrinsically safe
design and the selection of safety facilities and equipment, other conditions are the same
as the nitrogen atmosphere experimental conditions. A temperature rate of 10 °C/min in
the air atmosphere conditions of 1-alkyl-2,3-dimethylimidazole nitrate ionic liquids TGA
experiments was used, and the experimental results and nitrogen atmosphere experimental
results were compared. The TGA-DTG curve graph is shown in Figure 3, where the
autoignition temperature and flash point temperature data are available from the authors’
previous studies [41]. The autoignition temperature and flash point temperature data are
shown in Table 3.

Table 3. The data of autoignition temperature and flash point temperature.

Name Tep/°C Tarr/°C The Ignition Delay Time/s
[Emmim][NOs] 318.1 £ 0.9 356 +17.8 10.8
[Bmmim][NOg3] 305.7 £ 2.3 341 £17.1 8.6
[Hmmim][NOs] 301.3 £1.9 338 +16.9 8.2
[Ommim][NOs] 2989 + 1.5 336 + 16.8 7.6
[Dmmim][NOs] 293.5 +2.1 331 £16.6 6.2

According to the TGA curves in air atmosphere, the characteristic values of thermal
decomposition Tsgt for [Emmim][NO;z], [Bmmim][NO3], [Hmmim][NOs], [Ommim][NOs]
and [Dmmim][NOs] in air atmosphere conditions can be obtained as 276.63, 274.68,
268.93 260.45 and 229.83 °C, respectively. In agreement with the results for nitrogen at-
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the thermal stability of this type of ionic liquids under both nitrogen and air conditions
decreases with the increase in the number of carbon atoms of the alkyl chain of substituents
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[Dmmim][NOs], respectively.
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Figure 3. TGA-DTG curves of [Emmim][NOs] (a), [Bmmim][NOs] (b), [Hmmim][NOs] (c), [Ommim][NO3] (d) and

[Dmmim][NOs] (e).

As shown in Tables 2 and 3 and Figure 3, both the nitrogen atmosphere and air atmo-
sphere conditions showed that Ts¢ is less than Trp, and Trp is less than T4;r. Therefore,
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the main reason for the flash combustion and autoignition of 1-alkyl-2,3-dimethylimidazole
nitrate ionic liquids could be attributed to the ionic liquids themselves for the thermal
decomposition, which produces flammable or combustible substances.

It is also possible to analyze the differences in the experimental results obtained be-
tween nitrogen atmosphere and air atmosphere. By taking 1-octyl-2,3-dimethylimidazole ni-
trate ((Hmmim][NOs]) as an example, the Tstart, Tonset, Tpeak and final residues of [Hmmim]
[NO3] in air atmosphere are smaller than the values in nitrogen atmosphere, and the peak
height of the DTG curve is higher. This is due to the fact that under conditions with high
temperature and air atmosphere, the ionic liquids and the decomposition products undergo
not only decomposition reactions but also oxidation reactions, resulting in the advancement
of the thermal decomposition reaction and the increase in the reaction rate, as well as the
increase in the reaction time and the decrease in the final residual black carbide in the
crucible. The same conclusion can be obtained when comparing the other four ionic liquids.
This result also indicates that in the 1-alkyl-2,3-dimethylimidazole nitrate ionic liquids are
more susceptible to thermal decomposition at high temperatures and in the presence of
air atmosphere.

3.2. Long-Term Thermal Stability

Considering the perspective of practical industrial applications, ionic liquids may
need to be applied in high-temperature environments for long periods of time. Under such
high loading conditions, both Tt and Touser are no longer suitable for characterizing the
long-term thermal stability of ionic liquids. As one of the purposes of this study is to investi-
gate the long-term and short-term thermal stability of 1-alkyl-2,3-dimethylimidazole nitrate
ionic liquids, in this study, the long-term thermal stability was tested by isothermal mea-
surements at different temperature intervals around T+ for the five substances selected.

Figure 4 shows the results of isothermal TGA experiments of five ionic liquids at
different temperature intervals (270-240 °C with a temperature interval of 10 °C). It
can be seen that with the increase in the number of carbon atoms of the alkyl chain
of substituents on the cation and the increase in temperature, the weight loss of 1-alkyl-
2,3-dimethylimidazole nitrate ionic liquids is more obvious after 10 h of constant tem-
perature, which indicates that the magnitude of the long-term thermal stability of the
1-alkyl-2,3-dimethylimidazole nitrate ionic liquids is [Emmim][NO3] > [Bmmim][NO3] >
[Hmmim][NO3] > [Ommim][NO3] > [Dmmim][NOj], which is consistent with the short-
term thermal stability law.

Compared with the ionic liquids thermal decomposition temperature value in Table 2,
the Tt value is much higher than the long-term thermal decomposition temperature,
indicating that the long-term thermal stability of such ionic liquids is significantly lower
than the short-term thermal stability. Therefore, for the long-term use of ionic liquids, the
short-term thermal stability characteristics parameters cannot be used as a reference basis.
It needs to strengthen the temperature monitoring to avoid accidents.
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Figure 4. Isothermal TGA curves of five ionic liquids at 240 °C (a), 250 °C (b), 260 °C (c) and 270 °C (d). (([Emmim][NOs],
[Bmmim][NO3], [Hmmim][NO;z], [Ommim][NO3] and [Dmmim][NOg3] are represented by black, red, blue, green and
purple curves, respectively).

3.3. Kinetics of Decomposition

Activation energy is one of the basic parameters to evaluate the thermal hazard
of ionic liquids, but there are differences in the magnitude of the activation energy val-
ues calculated by different isoconversion rate methods at nonisothermal temperatures.
In order to verify the accuracy of the activation energy values obtained for the 1-alkyl-
2,3-dimethylimidazole nitrate ionic liquids, this study used three different calculation
methods: Kissinger, Friedman and the Flynn-Wall-Ozawa (FWO) method based on the
nonisothermal thermogravimetric TGA-DTG curve data to calculate the activation energy
of E, [42-45].

The equation for the FWO method is Equation (1), the equation for the Kissinger
method is Equations (2) and (3), and the equation for the Friedman method is Equation (4).

1g(B) = 1g Lé%x)] 2315 0.4567% 1)
B [ AR | E.
In7z =In {G(w)EJ RT @
B . (AR\ E
lnT—% = ln(Ea> — RT, 3)
do E,
In IBdT =1In[Af(a)] — RT 4)

The activation energies of [Emmim][NOj3], [Bmmim][NO3], [Hmmim][NOs], [Ommim]
[NOs] and [Dmmim][NOs] can be obtained by Equation (3) of the Kissinger method and the
fitting linear slope calculation as 205.00 £ 8.17, 167.10 £ 9.05, 161.00 £ 6.80, 150.10 & 7.68
and 134.53 + 6.95 kJ/mol, and the corresponding R? of the fits were 0.99582, 0.98701,
0.99912, 0.99559 and 0.99722, respectively. The results of the fitted relationship diagram are
shown in Figure 5.

Figure 6 shows the activation energy curves of the 1-alkyl-2,3-dimethylimidazole
nitrate ionic liquids obtained by the Friedman method, and from the activation
energy graphs, the trend of each ionic liquids is basically the same. Combined with the
analysis of the activation energy values obtained by Friedman and FWO method in
Tables 4 and 5, it can be found that each ionic liquid has a small difference between
the different conversion rates, and it can be inferred that [Emmim][NO3], [Bmmim][NOs],
[Hmmim][NOz], [Ommim][NO3] and [Dmmim][NOs3] all contain only one thermal decom-
position reaction process.
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Figure 5. Fitting results of the Kissinger method for [Emmim][NO3] (a), [Bmmim][NO3] (b), [Hmmim][NOs3]

(c), [Ommim][NO3] (d) and [Dmmim][NO3] (e).
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Table 4. The activation energy obtained by the Friedman method for thermal decomposition of the 1-alkyl-2,3-

dimethylimidazole nitrate ionic liquids.

E; (kJ/mol)

* [Emmim][NO;3] [Bmmim][NO3] [Hmmim][NO;3] [Ommim][NO;] [Dmmim][NO;]
0.1 212.41 £5.90 169.04 + 4.98 151.48 + 4.31 147.78 + 4.92 133.98 + 7.33
0.2 211.21 £ 6.22 157.66 + 4.68 154.01 + 4.88 153.42 + 5.71 134.74 + 8.56
0.3 217.62 + 4.89 180.49 + 7.52 164.42 + 5.50 152.75 + 5.80 134.18 £ 7.52
04 202.71 £ 5.81 186.80 + 6.31 164.43 +4.79 154.75 + 5.29 140.18 + 6.99
0.5 196.86 + 7.02 179.56 + 8.01 156.17 + 4.57 154.25 4+ 6.44 135.83 + 8.34
0.6 204.48 + 6.09 171.43 £ 5.70 153.29 + 5.72 153.55 + 5.72 129.46 + 8.00
0.7 192.83 £ 5.16 171.20 + 6.58 164.36 + 5.09 150.50 + 6.00 133.50 £ 7.46
0.8 209.21 +5.74 196.55 + 7.05 159.47 + 4.90 153.77 + 6.35 135.87 £7.29
Average 205.91 £+ 5.85 176.59 + 6.35 161.91 £+ 4.97 152.14 + 5.78 134.69 + 7.69

Table 5. The activation energy obtained by the Flynn-Wall-Ozawa method for thermal decomposition of the 1-alkyl-2,3-

dimethylimidazole nitrate ionic liquids.

E, (kJ/mol)

14
[Emmim][NO3] [Bmmim][NO3] [Hmmim][NO3] [Ommim][NO3] [Dmmim][NO;3]
0.1 207.10 £ 3.45 140.63 4+ 2.88 163.76 = 3.12 151.03 £ 3.62 135.94 4 3.68
0.2 199.47 + 2.99 159.66 + 2.31 164.27 + 3.40 140.75 4+ 4.55 135.44 + 3.51
0.3 196.65 + 3.06 169.39 4 3.55 164.59 4+ 2.80 150.53 4= 4.23 133.44 4 4.66
0.4 212.02 + 3.58 172.73 +2.70 177.84 + 3.91 143.79 + 3.71 135.79 4+ 3.01
0.5 200.15 + 2.69 174.94 4+ 2.65 160.59 + 3.48 159.87 +2.99 135.96 + 3.80
0.6 197.14 + 3.41 173.89 4+ 1.88 148.73 4+ 2.66 143.33 4+ 3.40 129.44 4+ 3.59
0.7 198.80 + 4.12 172.24 +3.97 147.35 +2.17 153.52 + 4.81 132.68 4+ 4.09
0.8 208.15 £ 3.71 165.77 + 2.69 158.32 + 3.64 143.23 +4.93 137.26 + 3.46
Average 202.43 £ 3.38 166.16 + 2.83 161.74 + 3.15 150.19 4+ 4.03 135.03 +3.73
4. 5= B g= u o=0.1
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Figure 6. Fitting results of the Friedman method for [Emmim][NOs] (a), [Bmmim][NOs] (b), [Hmmim][NOs3] (c),
[Ommim][NO;3] (d) and [Dmmim][NO3] (e).

Based on the results of TGA curves for different heating rates of 5, 10, 15, 20 and
25 °C/min in nitrogen atmosphere, the experimental results of conversion « in the inter-
val range of 0.1-0.8 with each group interval of 0.1 were selected as the base datausing
MATLAB 2019b (MathWorks company, Natick, American) program, and the mathematical
least-squares method was introduced to bring in the experimental data for fitting to plot the
relationship between the Y coordinate of In(f) and the X coordinate of 1000/T, as shown
in Figure 7. The average activation energies of the 1-alkyl-2,3-dimethylimidazole nitrate
ionic liquids were obtained as 202.43 + 3.38, 166.16 & 2.83, 161.74 £ 3.15,150.19 =+ 4.03 and
135.03 = 3.73 k] /mol, respectively, with R? above 0.99 by Equation (1), and the results are
similar to those calculated by the Kissinger and Friedman methods.

The difference in activation energy between the three calculation methods is small,
and the fit of each is above 0.98. Therefore, the activation energies of the 1-alkyl-2,3-
dimethylimidazole nitrate ionic liquids should be taken as the average of the Kissinger,
Friedman, and FWO methods, and the activation energies of [Emmim][NO3], [Bmmim][NOs],
[Hmmim][NO3], [Ommim][NO3] and [Dmmim][NO3] are 204.45 4+ 5.80, 169.95 + 6.08,
161.55 £ 4.97,150.81 £ 5.83 and 134.75 £ 6.12 kJ/mol. As shown in Table 6, the magni-
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tude of the thermal decomposition hazard of the 1-alkyl-2,3-dimethylimidazole nitrate
ionic liquids is: [Emmim][NO3] < [Bmmim][NO;3] < [Hmmim][NOs] < [Ommim][NOs] <

[Dmmim][NOs].
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Figure 7. Fitting results of the Flynn—Wall-Ozawa method for [Emmim][NOgz] (a), [Bmmim][NOs] (b), [Hmmim][NOs] (c),

[Ommim][NO3] (d) and [Dmmim][NO3] (e).
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Table 6. The activation energy of the 1-alkyl-2,3-dimethylimidazole nitrate ionic liquids.
E,; (kJ/mol)
Method
[Emmim][NO;3] [Bmmim][NO3] [Hmmim][NO;3] [Ommim][NOs] [Dmmim][NO;]

Kissinger 205.00 + 8.17 167.10 4+ 9.05 161.00 + 6.80 150.10 + 7.68 134.53 4+ 6.95
Friedman 205.91 + 5.85 176.59 4+ 6.35 161.91 +4.97 152.14 +5.78 134.69 4+ 7.69

FWO 202.43 + 3.38 166.16 + 2.83 161.74 + 3.15 150.19 4+ 4.03 135.03 + 3.73
Average 204.45 + 5.80 169.95 4+ 6.08 161.55 +4.97 150.81 + 5.83 134.75 4+ 6.12

3.4. Front-Line Molecular Orbital Analysis

As can be seen from Figure 8, the LUMO electron of [Emmim][NOs], [Bmmim][NO3],
[Hmmim][NO3], [Ommim][NOs] and [Dmmim][NOs3] are all distributed in the nitro por-
tion, and the calculations indicate that this type of ionic liquid differs from most ionic
liquids in that the anion nitro portion of the anion pair contains the highest electron density,
causing a proton to react first with the anion in the anion—cation ion pair. On the contrary,
the LUMO electron cloud mainly concentrates on imidazole, and this phenomenon indi-
cates that if the electron leap from HOMO to LUMO occurs, the electrons of the nitrate ion
in the ionic liquid will preferentially transfer intermolecular charge to the imidazole ring,
so the imidazole ring is less prone to chemical bond breakage. The cation will preferentially
break the chemical bond over the anion, which is one of the reasons why the overall thermal
stability of this type of ionic liquid is better than other types.

(b) HUMO

(a) LUMO J\

() LUMO (f) HUMO

Figure 8. Cont.
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Figure 8. The results of the frontier molecular orbital for [Emmim][NOs] (a,b), [Bmmim][NOs] (c,d),

[Hmmim][NOs] (e,f), [Ommim][NO3] (g,h) and [Dmmim][NO3] (i,).

Meanwhile, it can be obtained from the Table 7 that the energy difference is: [Emmim]
[NO3] > [Bmmim][NO3] > [Hmmim][NO3] > [Ommim][NO;3] > [Dmmim][NO3]. The
molecular structure stability order is: [Emmim][NO3] > [Bmmim][NOz] > [Hmmim][NOs] >
[Ommim][NO3] > [Dmmim][NOs].

Table 7. The value results of the frontier molecular orbital.

Energy (ev)

[Emmim][NOs] [Bmmim][NO3] [Hmmim][NO3] [Ommim][NO3] [Dmmim][NO;3]

the LUMO energy
the HUMO energy
AE

—0.00956 —0.01238 —0.01003 —0.02401 —0.02130
—0.27919 —0.27624 —0.26490 —0.26323 —0.25862
0.26963 —0.26323 —0.25862 0.23922 0.23732

The results of density functional theory calculations and TGA experimental are consis-
tent: the thermal stability of ionic liquids of this type decreases and the thermal hazard
increases as the number of carbon atoms in the alkyl chain of substituents on the cation
increases. Finally, the results of the study are consistent with the trend of the change in
thermal stability of imidazolium-based ionic liquids containing [Cl]~, [BF4]~, [PFs]~ and
[NTF;]™ anions with the change in cationic alkyl chain length.

4. Conclusions

Isothermal and nonisothermal thermogravimetric analyses were performed to assess
the thermal stability of 1-alkyl-2,3-dimethylimidazolium nitrate ionic liquids with different
alkyl chains (ethyl, propyl, butyl, hexyl and decyl) pairing with the nitrate anion. The
length of the alkyl group on the imidazolium ring was a strong indicator of the characteristic
parameter values of thermal stability such as Tstart, Tonset, Tpeak and residual amount. TGA-
DTG curves for 1-alkyl-2,3-dimethylimidazole nitrate ionic liquids in nitrogen and air
atmospheres with different heating rates demonstrated that it was a one-step reaction for
their thermal decomposition in both nitrogen and air atmospheres.

Nonisothermal and isothermal thermogravimetric experimental results showed that
the short-term thermal stability of 1-alkyl-2,3-dimethylimidazolium nitrate ionic liquids
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and long-term thermal stability are the same. The thermal stability of 1-alkyl-2,3-dimethyli-
midazolium nitrate ionic liquids was [Emmim][NO3] > [Bmmim][NO3] > [Hmmim][NOs] >
[Ommim][NO3] > [Dmmim][NOs], which indicated that the thermal stability of 1-alkyl-2,3-
dimethylimidazole nitrate ionic liquids decreases with the increase in the substituent alkyl
chain carbon atom number on the cation. Furthermore, the long-term thermal stability
of 1-alkyl-2,3-dimethylimidazolium nitrate ionic liquids was significantly lower than the
short-term thermal stability.

Based on the TGA-DTG curves data under nitrogen atmosphere, the results of the
activation energy calculations obtained by using the Kissinger, Friedman and FWO meth-
ods were similar, with R? being above 0.98. The average activation energy for thermal
decomposition of 1-alkyl-2,3-dimethylimidazole nitrate ionic liquids were 204.45 + 5.80,
169.95 £ 6.08, 161.55 + 4.97, 150.81 & 5.83 and 134.75 £ 6.12 k] /mol for [Emmim][NOs],
[Bmmim][NO3], [Hmmim][NO3], [Ommim][NOs] and [Dmmim][NOs3], respectively.

The thermal stability relationships of the 1-alkyl-2,3-dimethylimidazole nitrate ionic
liquids were obtained from the frontier molecular orbital theory, and the results were
compared with those of the experimental study of thermal hazards to verify the
consistency and reliability of the theoretical calculations and experimental results. The
molecular structure stability was [Emmim][NO3] > [Bmmim][NO3] > [Hmmim][NO3] >
[Ommim][NOs] > [Dmmim][NOjz], which was inconsistent with those of experimental
studies on thermal stability.

This study could provide some guidance for the safety design and use of imidazolium
nitrate ionic liquids in practical engineering applications.
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Nomenclature

Tar The autoignition temperature (°C)
Trp The flash point temperature (°C)
Tstart  Start temperature of decomposition (°C)
Tpear  Peak temperature of decomposition (°C)
Tonset  Onset temperature of decomposition (°C)
Reaction temperature (°C)
a Apparent activation energy (kJ/mol)
(«)  The integral mechanism function (dimensionless)
«)  The most probable kinetic function (dimensionless)
Pre-exponential factor (min—1)
Universal gas constant (8.314 J/mol K)
Degree of conversion (dimensionless)
Heating rates (°C /min)

=R A QMmA



Materials 2021, 14, 2560 18 of 19

References

1.  Jenkins, H.B.D. Ionic liquids—An overview. Sci. Prog. 2011, 94, 265-297. [CrossRef]

2. Earle, M].; Esperanga, ].M.; Gilea, M.A.; Lop, ].N.C.; Rebelo, L.P.; Magee, ].W.; Seddon, K.R.; Widegren, J. The distillation and
volatility of ionic liquids. Nat. Cell Biol. 2006, 439, 831-834. [CrossRef] [PubMed]

3. Quraishi, K.S.; Bustam, M.A_; Krishnan, S.; Khan, M.L; Wilfred, C.D.; Lévéque, ]. M. Thermokinetics of alkyl methylpyrrolidinium
NTf; ionic liquids: Effect of alkyl chain on thermal stability. J. Therm. Anal. Calorim. 2017, 129, 261-270. [CrossRef]

4. Liu, Z,; Pulletikurthi, G.; Endres, F. A prussian blue/zinc secondary battery with a bio-ionic liquid-water mixture as electrolyte.
ACS Appl. Mater. Interfaces 2016, 8, 12158-12164. [CrossRef]

5. Dupont, J.; Souza, RED.; Suarez, P.A.Z. Ionic liquid (molten salt) phase organometallic catalysis. Chem. Rev. 2003, 102, 3667-3692.
[CrossRef]

6.  Sun, W.; Gao, R.F; Jiao, K. Electrochemistry and electrocatalysis of a nafion/nano-CaCOs /hb film modified carbon ionic liquid
electrode using BMIMPF6 as binder. Electroanalysis 2007, 19, 1368-1374. [CrossRef]

7. Wang, Y.L; Li, B;; Sarman, S.; Mocci, E; Lu, Z.Y.; Yuan, ].Y,; Laaksonen, A.; Fayer, M.D. Microstructural and dynamical
heterogeneities in ionic liquids. Chem. Rev. 2020, 120, 5798-5877. [CrossRef] [PubMed]

8. Huang, G.S.; Lin, W.C.; He, P; Pan, Y.; Shu, C.M. Thermal decomposition of imidazolium-based ionic liquid binary mixture:
Processes and mechanisms. J. Mol. Lig. 2018, 272, 37-42. [CrossRef]

9.  Flieger, J.; Feder-Kubis, ].; Tatarczak-Michalewska, M. Chiral ionic liquids: Structural diversity, properties and applications in
selected separation techniques. Int. J. Mol. Sci. 2020, 21, 4253. [CrossRef] [PubMed]

10. Huddleston, J.G.; Visser, A.E.; Reichert, W.M.; Willauer, H.D.; Broker, G.A.; Rogers, R.D. Characterization and comparison of
hydrophilic and hydrophobic room temperature ionic liquids incorporating the imidazolium cation. Green Chem. 2001, 3, 156-164.
[CrossRef]

11. Tokuda, H.; Hayamizu, K,; Ishii, K.; Susan, M.; Watanabe, M. Physicochemical properties and structures of room temperature
ionic liquids. 2. Variation of alkyl chain length in imidazolium cation. J. Phys. Chem. B 2005, 109, 6103-6110. [CrossRef] [PubMed]

12. Prasad, M.R.R.; Krishnamurthy, V.N. Thermal decomposition and pyrolysis-GC studies on tetraalkyl-substituted ammonium
hexafluorophosphates. Thermochim. Acta 1991, 185, 1-10. [CrossRef]

13.  Kosmulski, M.; Gustafsson, J.; Rosenholm, J.B. Thermal stability of low temperature ionic liquids revisited. Thermochim. Acta
2004, 412, 47-53. [CrossRef]

14. Salgado, J.; Villanueva, M.; Parajo, J.J.; Fernandez, J. Long-Term thermal stability of five imidazolium ionic liquids. J. Chem.
Thermodyn. 2013, 65, 184-190. [CrossRef]

15. Rogers, R.D.; Seddon, K.R. Ionic liquids—Solvents of the future? Science 2007, 302, 792-793. [CrossRef] [PubMed]

16. Clough, M.T; Griffith, J.A.; Kuzmina, O.; Welton, T. Enhancing the stability of ionic liquid media for cellulose processing: Acetal
protection or carbene suppression? Green Chem. 2016, 18, 3758-3766. [CrossRef]

17.  Fox, D.M.; Awad, W.H.; Gilman, ].W.; Maupin, PH.; De Long, H.C.; Trulove, P.C. Flammability, thermal stability, and phase
change characteristics of several trialkylimidazolium salts. Green Chem. 2003, 5, 724-727. [CrossRef]

18. Liu, S.H,; Lin, W.C,; Xia, H.; Hou, H.Y.; Shu, C.M. Combustion of 1-butylimidazolium nitrate via DSC, TG, VSP2, FTIR, and
GC/MS: An approach for thermal hazard, property and prediction assessment. Process Saf. Environ. Prot. 2018, 116, 603—-614.
[CrossRef]

19. Liu, S.H.; Zhang, B. Using thermal analysis technology to assess the thermal stability of 1,3-dimethylimidazolium nitrate. Process
Saf. Environ. Prot. 2019, 124, 181-186. [CrossRef]

20. Bin, Z; Liu, S.H.; Jie, L.; Zhang, Z.H.; Bin, LW.; Shu, C.M. Thermal stability and flammability assessment of 1-ethyl-2, 3-
dimethylimidazolium nitrate. Process Saf. Environ. Prot. 2019, 135, 219-227. [CrossRef]

21. Hao, Y,; Peng, J.; Hu, S.W.; Li, ].G.; Zhai, M.L. Thermal decomposition of allyl-imidazolium-based ionic liquid studied by TGA-MS
analysis and DFT calculations. Thermochim. Acta 2010, 501, 78-83. [CrossRef]

22.  Williams, M.L.; Holahan, S.P.; McCorkill, M.E.; Dickmann, ].S.; Kiran, E. Thermal and spectral characterization and stability of
mixtures of ionic liquids [EMIM]Ac and [BMIM]Ac with ethanol, methanol, and water at ambient conditions and at elevated
temperatures and pressures. Thermochim. Acta 2018, 669, 126-139. [CrossRef]

23. Zhu,S.; Wu, Y,; Chen, Q.; Yu, Z.; Wang, C.; Jin, S.; Ding, Y.; Wu, G. Dissolution of cellulose with ionic liquids and its application:
A mini-review. Green Chem. 2006, 8, 325-327. [CrossRef]

24. Clough, M.T.; Geyer, K.; Hunt, P.A.; Mertes, ].; Welton, T. Thermal decomposition of carboxylate ionic liquids: Trends and
mechanisms. Phys. Chem. Chem. Phys. 2013, 15, 20480-20495. [CrossRef] [PubMed]

25. Xue, Z.M.; Zhang, YW.; Zhou, X.Q.; Cao, Y.Y.; Mu, T.C. Thermal stabilities and decomposition mechanism of amino and
hydroxyl-functionalized ionic liquids. Thermochim. Acta 2014, 578, 59-67. [CrossRef]

26. Zhou, X.M.; Cao, B.B,; Liu, S.Y.; Sun, X.J.; Zhu, X.; Fu, H. Thermal reaction of the ionic liquid 1,2-dimethyl-(3-aminoethyl)
imidazolium tetrafluoroborate: A kinetic and theoretical study. J. Mol. Model. 2016, 22, 1-11. [CrossRef] [PubMed]

27. 1i, S.C; Jiang, H.C.; Hua, M.; Pan, X.H.; Li, H.C.; Guo, X.X.; Zhang, H. Theoretical and experimental studies on the thermal
decomposition of 1-butyl-3-methylimidazolium dibutyl phosphate. J. Loss Prev. Process Ind. 2020, 65. [CrossRef]

28. Nie, B.Y;; Li, RE; Wu, Y.; Yuan, X.; Zhang, W. Theoretical calculation of the thermodynamic properties of 20 amino acid ionic
liquids. J. Phys. Chem. B 2018, 122, 10548-10557. [CrossRef]

29. Thomas, L.H. The calculation of atomic fields. Math. Proc. Camb. Philos. Soc. 1927, 23, 542-548. [CrossRef]


http://doi.org/10.3184/003685011X13138407794135
http://doi.org/10.1038/nature04451
http://www.ncbi.nlm.nih.gov/pubmed/16482154
http://doi.org/10.1007/s10973-016-5994-5
http://doi.org/10.1021/acsami.6b01592
http://doi.org/10.1021/cr010338r
http://doi.org/10.1002/elan.200703859
http://doi.org/10.1021/acs.chemrev.9b00693
http://www.ncbi.nlm.nih.gov/pubmed/32292036
http://doi.org/10.1016/j.molliq.2018.09.058
http://doi.org/10.3390/ijms21124253
http://www.ncbi.nlm.nih.gov/pubmed/32549300
http://doi.org/10.1039/b103275p
http://doi.org/10.1021/jp044626d
http://www.ncbi.nlm.nih.gov/pubmed/16851672
http://doi.org/10.1016/0040-6031(91)80112-V
http://doi.org/10.1016/j.tca.2003.08.022
http://doi.org/10.1016/j.jct.2013.05.049
http://doi.org/10.1126/science.1090313
http://www.ncbi.nlm.nih.gov/pubmed/14593156
http://doi.org/10.1039/C6GC00027D
http://doi.org/10.1039/b308444b
http://doi.org/10.1016/j.psep.2018.03.010
http://doi.org/10.1016/j.psep.2019.02.012
http://doi.org/10.1016/j.psep.2020.01.001
http://doi.org/10.1016/j.tca.2010.01.013
http://doi.org/10.1016/j.tca.2018.09.013
http://doi.org/10.1039/b601395c
http://doi.org/10.1039/c3cp53648c
http://www.ncbi.nlm.nih.gov/pubmed/24173605
http://doi.org/10.1016/j.tca.2013.12.005
http://doi.org/10.1007/s00894-016-2996-y
http://www.ncbi.nlm.nih.gov/pubmed/27188725
http://doi.org/10.1016/j.jlp.2020.104162
http://doi.org/10.1021/acs.jpcb.8b06813
http://doi.org/10.1017/S0305004100011683

Materials 2021, 14, 2560 19 of 19

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.
44.

45.

Raghavachari, K. Perspective on “Density functional thermochemistry. III. The role of exact exchange”. Theor. Chem. Acc. 2000,
103, 361-363. [CrossRef]

Lee, C,; Yang, W.; Parr, R.G. Development of the Colle-Salvetti correlation-energy into a function of the electron density. Phys. Rev.
B Condens. Matter 1998, 37, 785-789. [CrossRef]

Kohagen, M.; Brehm, M.; Lingscheid, Y.; Giernoth, R.; Sangoro, J.; Kremer, F.; Naumoyv, S.; Iacob, C.; Karger, J.; Valiullin, R.; et al.
How hydrogen bonds influence the mobility of imidazolium-based ionic liquids. A combined theoretical and experimental study
of 1-n-butyl-3-methylimidazolium bromide. J. Phys. Chem. B 2011, 115, 5280-15288. [CrossRef] [PubMed]

Srivastava, R.; Al-Omary, FA.M.; EI-Emam, A.A.; Pathak, S.K,; Karabacak, M.; Narayan, V.; Chand, S.; Prasad, O.; Sinha, L. A
combined experimental and theoretical DFT (B3LYP, CAM-B3LYP and M06-2X) study on electronic structure, hydrogen bonding,
solvent effects and spectral features of methyl 1H-indol-5-carboxylate. J. Mol. Struct. 2017, 1137, 725-741. [CrossRef]

Yang, D.P; Zhang, Q.L.; Song, X.Y.; Cheng, S.B. Modulating mechanism of N-Hbased excited-state intramolecular proton transfer
by electron-withdrawing substituent at aromatic para-position. Chem. Phys. Lett. 2019, 730, 76-83. [CrossRef]

Zheng, Y.Z.; Chen, D.E; Zhou, Y,; Guo, R; Liang, Q.; Fu, ZM. Hydrogen-Bonding interactions between 1-Butyl-2,3-
dimethylimidazolium tetrafluoroborate and dimethyl sulphoxide. J. Mol. Struct. 2018, 1164, 70-76. [CrossRef]

Chandra, A.K. Theoretical studies on the kinetics and mechanism of the gas-phase reactions of CHF,OCHF, with OH radicals.
J. Mol. Model. 2012, 18, 4239-4247. [CrossRef]

Chen, C.C.; Liaw, H.J.; Chen, Y.N. Flammability characteristics of ionic liquid 1-Decyl-3-methylimidazolium bis(trifluoromethyls-
ulfonyl)imide. J. Loss Prev. Process Ind. 2017, 49, 620—-629. [CrossRef]

Volli, V,; Lin, W.C,; Krishna, G.V.S.; Bhardwaj, H.; Shu, C.M. Oxidative stability, thermal hazard analysis, and decomposition
kinetics of 1-methylimidazolium nitrate via DSC, TGA, and GC/MS. |. Therm. Anal. Calorim. 2019, 138, 3403-3413. [CrossRef]
Cao, Y.Y.; Mu, T.C. Comprehensive investigation on the thermal stability of 66 ionic liquids by thermogravimetric analysis. Ind.
Eng. Chem. Res. 2014, 53, 8651-8664. [CrossRef]

Xue, Z.M.; Qin, L,; Jiang, ].Y.; Mu, T.C.; Gao, G.H. Thermal, electrochemical and radiolytic stabilities of ionic liquids. Thermochim.
Acta 2017, 656, 70-84. [CrossRef] [PubMed]

Meng, J.W. Study on Thermal Hazard of Tri-Substituted Imidazole Nitrate Ionic liquids. Master’s Thesis, Nanjing Tech University,
Nanjing, China, 2021.

Flynn, ].H.; Wall, L.A. A quick, direct method for the determination of activation energy from thermogravimetric data. J. Polym.
Sci. Part C Polym. Lett. 1966, 4, 323-328. [CrossRef]

Kissinger, H.E. Reaction kinetics in differential thermal analysis. Anal. Chem. 1957, 29, 1702-1706. [CrossRef]

Maton, C.; Vos, N.D.; Stevens, C.V. Ionic liquids thermal stabilities: Decomposition mechanisms and analysis tools. Chem. Soc.
Rev. 2013, 42, 5963-5977. [CrossRef] [PubMed]

Ozawa, T. A New Method of Analyzing Thermogravimetric Data. Bull. Chem. Soc. Jpn. 1965, 38, 1881-1886. [CrossRef]


http://doi.org/10.1007/s002149900065
http://doi.org/10.1103/PhysRevB.37.785
http://doi.org/10.1021/jp206974h
http://www.ncbi.nlm.nih.gov/pubmed/22077384
http://doi.org/10.1016/j.molstruc.2017.02.084
http://doi.org/10.1016/j.cplett.2019.05.039
http://doi.org/10.1016/j.molstruc.2018.03.042
http://doi.org/10.1007/s00894-012-1432-1
http://doi.org/10.1016/j.jlp.2017.06.002
http://doi.org/10.1007/s10973-019-08853-x
http://doi.org/10.1021/ie5009597
http://doi.org/10.1039/C7CP07483B
http://www.ncbi.nlm.nih.gov/pubmed/29503990
http://doi.org/10.1002/pol.1966.110040504
http://doi.org/10.1021/ac60131a045
http://doi.org/10.1039/c3cs60071h
http://www.ncbi.nlm.nih.gov/pubmed/23598738
http://doi.org/10.1246/bcsj.38.1881

	Introduction 
	Experiments and Methods 
	Materials 
	Experimental Apparatus and Test Procedure 
	Computational Methods 

	Results and Discussion 
	Short-Term Thermal Stability 
	Long-Term Thermal Stability 
	Kinetics of Decomposition 
	Front-Line Molecular Orbital Analysis 

	Conclusions 
	References

