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Abstract—A novel asymmetrical gemini ionic liquid (GIL), [1-(1-pyridinium-yl-hexyl)-6-methylpiperidinium] di-
hexafluorophosphate ([PyC¢MPi][PF],) combined with pyridine, 1-methylpiperidine by 1,6-dibromohexane with PF,
as anion, was synthesized and characterized by "H NMR and IR. The molar heat capacity of the GIL was measured via
differential scanning calorimetry from 298.15 K to 448.15 K under atmospheric pressure. No phase transition or other
thermal anomaly was observed in the solid-phase region (298.15K to 358.15 K) and liquid-phase region (403.15K to
448.15 K). The basic properties and thermodynamic functions of the GIL, such as melting point, molar enthalpy and
entropy of fusion, heat capacity, enthalpy H-H,g 5, and entropy S;-S,e 5, Were also determined from the experi-
mental data. Thermal decomposition kinetics of [PyC,MPi][PF,], were investigated by using non-isothermal thermo-
gravimetric analysis in pure nitrogen atmosphere at various heating rates. Thermal decomposition data were, respect-
ively, correlated with Friedman method, Ozawa-Flynn-Wall equation, and ASTM model. The activation energy (E) and
pre-exponential factor (logA) values were obtained by using the above three methods.
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INTRODUCTION

Room-temperature ionic liquids (RTILs) have elicited increas-
ing attention over the past few decades [1-3]. Gemini ionic liquids
(GILs), a new type of ionic liquids consisting of two head groups
combined with a spacer and two anions, have been recently reported
[4-8]. GILs exhibit superior physicochemical properties in terms of
volatility and thermal and chemical stability compared with tradi-
tional monocationic ionic liquids [9-11]. Given their tunability,
GILs are more suitable for chemical and engineering applications
in which ordinary RTILs fail, such as high-temperature organic
synthesis [12-14], chromatography stationary phases [15,16], and
potential electrolyte additives [17].

Recent research has reported the preparation and characteriza-
tion of various symmetrical GILs in terms of their fascinating phys-
icochemical properties [5]. The physicochemical properties of imi-
dazolium-based symmetrical GILs were compared with those of
monocationic ionic liquids containing various anions, and the unique
and common features of these GILs were identified [18]. The lack
of investigation on asymmetrical GILs is relatively self-evident for
this class of ionic liquids compared with traditional monocationic
ionic liquids [19]. Hence, the basic and thermodynamic proper-
ties of asymmetrical GILs, such as melting temperature T,,, heat
capacity C, ,,, thermal decomposition temperature T, and enthalpy
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and entropy of phase transitions, should be determined. These data
are important for any process involving asymmetrical GILs at an
industrial scale, as well as to understand the applications of GILs
in the academe and industry [20-25]. The basic and thermody-
namic properties can be measured by differential scanning calo-
rimetry (DSC) and thermogravimetric analysis (TGA).

In the current work, a novel asymmetrical GIL, [1-(1-pyridinium-
yl-hexyl)-6-methylpiperidinium] dihexafluorophosphate ([PyC MPi]
[PE4],), combined with pyridine and 1-methylpiperidine by 1,6-
dibromohexane, was synthesized and characterized by 'H NMR
and IR. The heat capacity (C,,,) of the GIL was measured by DSC
from 298.15 K to 448.15 K under atmospheric pressure. The basic
properties and thermodynamic functions of the GIL were deter-
mined from the experimental data. The thermal stability and de-
composition process were investigated by non-isothermal TGA in
pure nitrogen atmosphere at different heating rates. The thermal
decomposition kinetic parameters were determined by using the
Friedman, Ozawa-Flynn-Wall, and ASTM methods. The values of
activation energy (E), pre-exponential factor (logA), and probable
kinetic model of the thermal decomposition process were corre-
spondingly obtained.

EXPERIMENTAL

1. Materials

The following reagents were used directly without further puri-
fication: 1,6-dibromohexane (Aladdin, 0.98), pyridine (Aladdin,
0.98), 1-methylpiperidine (Aladdin, 0.98), potassium hexafluoro-
phosphate (Aladdin, 0.98), methanol (Aladdin, 0.98), and ethyl ace-
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Scheme 1. Synthesis routes of asymmetrical dicationic ionic liquid
([PyCoMPi][PF],).

tate (Aladdin, 0.98). All reagents are stable and stored under inert
atmosphere.

2. Procedures

2-1. Synthesis and Characterization of [PyC;MPi][PE],

Asymmetrical GIL [PyC,MPi][PF,], was prepared in accordance
with Scheme 1, and its purity was measured to be >0.99 in mass
fraction by high-performance liquid chromatography (type Waters
600E, Waters Co.). The prepared asymmetrical GIL was stored under
inert atmosphere. The procedure for the synthesis of 1-(6-bromo-
hexyl) pridinium bromide (Compound a) was performed as fol-
lows: 1,6-dibromohexane (0.25 mol) was magnetically stirred in a
flask at 50 °C followed by the dropwise addition of pyridine (0.05
mol); the mixture was reacted for 15 h and then filtered. The resi-
due was rinsed thrice with ethyl acetate (20 mL) and dried in vacuo
to yield a waxy-like solid; the total yield was 0.85 with 0.99 purity.
[1-(1-pyridinium-yl-propyl)-6-methylpiperidinium] dibromide
(Compound b) was prepared through the following steps: Com-
pound a (0.05 mol) was mixed with N-methylpiperidine (0.055 mol)
in methanol (dissolved Compound a as well) and stirred for 10 h
at 60 °C, and then methanol was removed by evaporation. The resi-
due was washed thrice with ethyl acetate and dried in vacuo at 60°C
for 12h to obtain a white solid product (Compound b); the total
yield was 0.95 with 0.99 purity. Compound ¢ was synthesized through
an anion exchange procedure, and the yield of [PyC,MPi][PF,],
was >0.90.

The obtained ionic liquid [PyCMPi][PF], was identified by using
"H NMR (Bruker Avance 400 spectrometer) and IR (Tensor-27 FT-
IR Spectrometer). 'H NMR (400 MHz, CD,CL,) & (ppm): §1.36 to
2.00 (m, 14H), 62.95 (d, 3H), 03.24 (t, 6H), 64.57 (t, 2H), 6 8.02
(t, 2H), 6847 (m, 1H), 68.77 (t, 2H). IR (KBr): 3030, 2940, 1490,
and 685 cm™.

2-2. Measurement of Heat Capacity

DSC is probably the most common method used to determine
the heat capacity of ionic liquids. The heat capacity (C,,,) of the
GIL in this study was measured by DSC (DSC, Q100, TA Instru-
ments). To verify the reliability of the DSC results, the molar heat
capacities of synthetic sapphire (a-ALO;) were measured. The devia-
tions of the results from the recommended values by NIST 27 were
within +0.1% in the temperature range from 293.15K to 453.15K.
The DSC conditions were described as follows: sample mass, ~10.0
mg; temperature range, 298.15 K to 448.15 K; and heating rate, 10
K-min™"

2-3. Thermal Stability
Thermal stability and kinetics were determined by using a ther-
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Fig. 1. The C, ,, curve of ionic liquid [PyC;MPi] [PF],.

mogravimetric analyzer (Netzsch STA 449C). The experiment con-
ditions were determined as follows: sample mass, ~5.0 mg; heating
rates: 5, 10, 15, 20, and 25 K-min ; temperature range, 273.15K to
1073.15 K; and highly pure nitrogen, 50 mL-min™".

RESULTS AND DISCUSSION

1. Heat Capacity and Relative Thermodynamic Functions

The heat capacity curve of [PyC,MPi][PF,], is shown in Fig. 1.
As can be seen 1, the melting peak was relatively wide for the rea-
son that the ionic liquid did not always convert directly into liquid
during the phase-change process, which covered multiple phase-
transition points: glass transition temperature and cooling point
[26]. In a certain temperature range, ionic liquid exhibits tautom-
erism of mesomorphic phase leading to wide melting peaks. No
phase transition or other thermal anomaly was observed in the solid
range from 298.15K to 358.15K and liquid range from 403.15K
to 448.15K for ionic liquid [PyCiMPi][PF],. The melting point
(T,,), phase transition enthalpy (A, H,,), and phase transition entropy
(AgsS,,) can be obtained from the curve. The Az H,, is the integral
of the melting peak and A,S,,=AsH,/T,,, which can be seen in
Table 1.

The heat capacity of [PyC,MPi][PF,], at various temperatures
can be determined from the curve, and the data within the solid-
phase region and liquid-phase region were correspondingly cor-
related with the following polynomial equation. The regression results
are listed in Table 2.

C, /(J-mol ™ -K™)=By+B,(T/K)+B,(T/K)’ 1)

where T is the thermodynamic temperature (K), C, ,, is the molar
heat capacity (J-mol"-K "), and B,-B, are the dimensionless equa-
tion constants.

Table 1. Basic properties of the gemini ionic liquid [PyC,MPi][PE],

Basic properties
Tonic liquid - —
T./K A H,/(KJ-mol") AgS,/(J-mol™-K)
[PyC,MPi][PF,], 386.71 28.19 72.90
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Table 2. The parameters of Eq. (1)
Solid phase region Liquid phase region
Tonic liquid > >
B, B, B, R B, B, B, R
[PyC,MPi][PF], 833.8102 —1.1546 0.00388 0.9989 1339.4666 —2.4297 0.00458 0.9997
R*: coefficient of determination
Table 3. The thermodynamic functions of [PyC,MPi][PF], obtained form heat capacity curve
Solid phase region Liquid phase region
T/K Cp, m/ HTHZQ&IS K/ ST'SZQ&IS K/ T/K Cp, m/ HT‘H293A15 K/ S’]“Szg&ls K/
(J-mol K" (kJ-mol™") (J-mol™"-K™) (J-mol K™ (kJ-mol™) (J-mol™"-K™)
298.15 833.32 0.00 0.00 403.15 1104.72 76.42 163.49
303.15 840.06 4.15 8.14 408.15 1111.03 83.09 167.91
308.15 847.85 8.28 16.16 413.15 1117.36 89.69 172.24
313.15 853.61 12.38 24.05 418.15 1124.32 96.24 176.49
318.15 859.46 16.46 31.82 423.15 1132.31 102.74 180.67
323.15 866.17 20.50 39.49 428.15 1139.65 109.17 184.77
328.15 873.01 24.53 47.05 433.15 1146.38 115.55 188.8
333.15 879.68 28.53 54.52 438.15 1153.96 121.88 192.77
338.15 886.17 32.51 61.89 443.15 1162.47 128.15 196.68
343.15 894.04 3647 69.18 448.15 1171.03 134.38 200.53
348.15 901.53 40.41 76.39
353.15 909.15 4433 83.53
358.15 919.72 48.23 90.59
The thermodynamic functions relative to the standard reference
temperature 298.15 K, such as enthapy H;-Hygs 15 and entropy S;- 90
Syes15% were derived (Table 3) from the heat capacity data based
on the following expressions:
Before the melting point, 60 |
r g
HT'H298.15K:I Cp, m(8)dT ) ]
298.15 K s
r -1
S1-Sx0s.15 K:j C,, m($)T dT €) 30
298.15 K
After the melting point,
T/‘ T
H-Hagg 15 = Cp, (AT +A, H,, +| - Cpm(DdT )] of : s ! :
29815K h 400 600 800 1000

T, _
ST'529&15K:I Cp, m(9T 'dr

298.15K

-1 (T -1
+A,H, T, +jT/ C,, (DT dT (5)

where T is the initial fusion temperature (K), and T, is the final
fusion temperature (K).
2. Thermal Stability

The TG curves of [PyC,MPi][PF], at various heating rates are
shown in Fig. 2. As the heating rate increased, the onset decompo-
sition temperatures (T,,,) laterally shifted to higher temperatures.
Table 4 shows T, and the temperatures at the maximum rate of
weight loss (T,,,,) at various heating rates from 5 K-min" to 25 K-
min . The T, and T, of this type of dicationic ionic liquid were
higher than those of traditional monocationic ionic liquids [27],

TIK

Fig. 2. The TG curves for decomposition of [PyC,MPi][PF], at dif-
ferent heating rates. (in K-min™): [1] 5, [2] 10, [3] 15, [4] 20,
and [5] 25.

proving that GILs demonstrate superior thermal stability. The lateral
shift to higher temperatures for the maximum region of mass loss
has been reported elsewhere [28]. The TG curves of [PyC,MPi] [PF],
at different heating rates showed that the ionic liquid presented
only one-step thermal decomposition. As shown in Fig. 2 and Table
4, the total weight loss of [PyC(MPi][PF], during the decomposi-
tion processes slightly increased with increasing heating rates.
3. Decomposition Kinetics Analysis

In iso-conversional method, the degree of conversion « can be

Korean J. Chem. Eng.(Vol. 32, No. 12)



2372

X. Yang et al.

Table 4. Characteristic temperatures in TG curves of [PyC,MPi][PF],

at different heating rates
Heating rate/(K-min ") Tonea! K T K
5 632.35 671.65
10 643.49 685.95
15 651.53 695.25
20 658.26 700.85
25 666.67 707.45

The Kissinger plot shows a straight line with slope (—E/R). The
In(AT,,) is plotted over the 1/T,,,,, where the obtained slope gives
E. The pre-exponential factor (A) is obtained on the assumption
of a single-step reaction.

3-2. Friedman Method
Friedman analysis is based on the following equation [25,32]:

ln(d—g) =InA- £ +Inf(@) (7)

dt RT

explicitly assigned to each point of the reaction curves [24]. Three
methods, ASTM, Friedman, and Ozawa-Flynn-Wall methods, were
employed to determine the kinetic parameters of GIL thermal de-
composition without knowing its decomposition mechanism.
3-1. ASTM Method
The ASTM method, which originated before the onset of the
computer age, is usable only for one-step reactions. The standard
equation can be expressed as follows [29-31]:
1nT2i (- g7+ miE ©

max max

where S is the heating rate (K-min "), E is the activation energy
(kJ-mol "), R is the universal gas constant (8.314 J-mol K "), and
T, .. is the temperature at the maximum rate of weight loss (K).

where f(¢) is the reaction mechanism function. The plot of In(de/
dt) versus 1/T gives a group of straight lines, and E can be deter-
mined from the slopes.
3-3. Ozawa-Flynn-Wall Method

This method is an integral iso-conversion method reported by
Ozawa [34] and Flynn-Wall [33] with the approach by Doyle (1962)
for the exponential integral [33,34].

logf= lg[Réfa)

The plots of logf versus 1/T give a group of straight lines. The
values of E at various conversions & can be, respectively, calculated
from the slopes of the lines.

With these three methods, the values of E and log(A/s ™) are shown
in Table 5 and Fig. 3. The results of Friedman analysis showed that

}2.3157 0.4567E ®

RT

Table 5. Thermal decomposition kinetic parameters obtained by Friedman, Ozawa-Flynn-Wall, and ASTM methods

Friedman Ozawa-Flynn-Wall ASTM
a
E/(kJ-mol™") log(A/s™) E/(kJ-mol ™) log(A/s™) E/(kJ-mol ™) log(A/s™)
0.1 193.66 12.79 177.16 11.40
0.2 183.44 11.99 186.67 12.22
0.3 171.16 11.02 185.28 12.12
0.4 155.83 9.81 179.51 11.66
. 143 .4 . 172. 11.
05 340 8.86 7230 08 174.34+£291 11.22
0.6 135.81 8.30 165.44 10.54
0.7 131.18 7.99 159.18 10.06
0.8 130.41 7.98 153.52 9.48
0.9 149.64 9.40 149.31 9.32
Average 154.95 9.79 169.82 10.88
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Table 6. Arrhenius parameters in multivariate non-linear-regres-

sion methods
Model E/(kJ-mol™") log(A/s™) Correlation nor IgK,
& coefficient A
C 163.72 10.08 0.9996 ngm[_=0.4127
E, 181.83 11.75 0.9981 n=0.5233
F, 196.44 14.31 0.9976 n=1
F, 247.53 17.64 0.9891 n=2

the values of E were between 154.95 and 193.66 kJ-mol *, and the
values of log(A/s™") values were in the range from 9.40 to 12.79,
which decreased with an increase in the conversion () of [PyC,MPi]
[PF,],. The results from Ozawa-Flynn-Wall method showed that
the activation energy values were between 169.82 and 177.16 kJ-
mol ™, and the log(A/s ") values were between 10.88 and 11.40, which
were the same findings with the Friedman method. The activation
energy obtained by the ASTM method was 174.34+2.91 kJ-mol ',
and the corresponding average logarithmic pre-exponential factor
was 11.22. The activation energy values and the pre-exponential
factors calculated by the three methods were basically the same.

The probable kinetic model of thermal decomposition process
can be determined by using the multiple linear regression method.
In this study, Netzsch TA4 thermokinetics was used to estimate
the kinetic parameters of mechanism function. On the basis of the
correlation coefficient and single-step reaction observations, the
mathematical models were obtained (Table 6). The C, model cor-
responds to the first-order reaction with autocatalysis, and the mech-
anism function (@) is (1-a) (1+K_,; @), whereas the F, model cor-
responds to nth-order reaction, and the f(ay) in F, is (1-@)". As
indicated in Table 6, the C; model is the most feasible model with
the correlation coefficient of 0.9996. In addition, the correspond-
ing E and log(A/s™') were, respectively, 163.72 kJ-mol ' and 10.08,
which were very similar to those from the Friedman and ASTM
methods.

CONCLUSION

A novel asymmetrical gemini salt [PyC,MPi][PF,], was synthe-
sized and characterized. Its basic properties, such as melting point,
phase transition enthalpy, phase transition entropy, and molar heat
capacity, were measured by using DSC from 298.15K to 448.15K.
The molar heat capacities of [PyC,MPi][PF,], were fitted to poly-
nomials: in solid-phase region, C, ,/(J-mol 'K ')=833.8102-1.1546
(T/K)+0.00388 (T/K)* and in liquid-phase region, G, J(J-mol -
K1)=1339.4666—2.4297 (T/K)+0.00458 (T/K). Additionally, the
thermodynamic functions relative to the standard reference tem-
perature 298.15 K were determined. Thermal decomposition kinet-
ics and mechanism function of [PyC,MPi][PF], were investigated
by using TGA in pure nitrogen atmosphere. The average activation
E, pre-exponential factor log(A/s '), and mechanism function f(c)
were obtained by using three methods.
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SYMBOLS
T, : melting point
C,»  :molar heat capacity
T, : thermal decomposition temperature

T,  :onset decomposition temperature
T, : temperature at maximum mass loss rate
B,-B, :dimensionless equation constants

T : thermodynamic temperature
T, : initial fusion temperature

T, : final fusion temperature

E :activation energy

A : pre-exponential factor

R :universal gas constant: 8.314 J-mol "K'
fla)  :reaction mechanism function
G(a) :integral mechanism function
K. : rate constant

n : reaction order

Swsisk  :entropy at 298.15K

Sy :entropy at T

Greek Letters

A H,, : phase transition enthalpy

AuS,,  :phase transition entropy
Y/j : heating rate

[o4 : conversion

o : chemical shift
Abbreviations

GIL  :gemini ionic liquid
[PyC,MPi][PF,], : [1-(1-pyridinium-yl-hexyl)-6-methylpiperidin-

ium] dihexafluorophosphate
NMR  :nuclear magnetic resonance
IR : infrared spectroscopy

DSC  :differential scanning calorimetry

TG  :thermogravimetry

TGA  :thermogravimetric analysis

ASTM : American society for testing and materials
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