Open Access Article. Published on 04 November 2024. Downloaded on 2/9/2026 12:30:26 AM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

RSC Advances

W) Check for updates ‘

Cite this: RSC Adv., 2024, 14, 34971

Received 12th September 2024

ROYAL SOCIETY
OF CHEMISTRY

(3

Low-temperature heat capacity and the
thermodynamic functions of a novel ether-based
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A novel ionic liquid (IL) modified by ether was prepared by a two-step synthesis method for the first time in
this paper. The structure of 1-(2-ethoxyethyl)-3-ethylimidazolium thiocyanate ([C;202Im][SCN]) was
characterized and analyzed by hydrogen nuclear magnetic resonance (*H-NMR), carbon nuclear
magnetic resonance (**C-NMR), Fourier transform infrared spectroscopy (FT-IR), electrospray ionization-
mass spectrometry (ESI-MS), elemental analysis and thermal gravity analysis (TG). Within a specific
temperature range from 79 to 393 K, the low temperature heat capacity of [C,202Im][SCN] was
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1. Introduction

Ionic liquids (ILs) are regarded as designer solvents consisting
of organic cations and organic or inorganic anions, which
constitute innovative fluids for chemical processes. ILs can be
used as substitutes for volatile solvents and heat transfer fluids.
They are considered as good candidates for replacements of
volatile solvents and heat transfer liquids, due to the excellent
properties of non-flammability and negligible vapor pressure
under normal environmental conditions.”* Heat transfer fluids
with high heat capacity and low viscosity are used most widely.
A new type of heat transfer media, so-called ionanofluids (INFs),
has been intensively studied in recent years. This is a group of
nanodispersions in which ionic liquids (ILs) form the contin-
uous phase.* The most promising thermophysical properties
are from cyano alkylimidazolium-based INFs due to the rela-
tively high thermal conductivity and low viscosity of their base
liquids compared to other known ILs.**> The thermophysical
parameters of ILs are quite similar to those of widely used
organic and organo-silicon heat transfer fluids.® An important
feature that distinguishes ILs among other heat transfer fluids
is the exceptionally low saturated vapour pressure at high
temperature. This makes them non-volatile and non-explosive
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using a high precision

low temperature adiabatic calorimeter. Then, the related

thermodynamic functions, such as (Hr — Hogg 15), (ST — Sz98.15) and (Gt — Gaog 15), were calculated, which
can provide a theoretical basis for the application of ether-based ILs in the future.

and especially attractive for operation under dynamic vacuum
and perhaps in outer space. The ionic liquid introduces an ether
group and cyano group to make it have better performance.”™
Additionally, the high electronegativity and stable triple bond of
cyano-based ILs offered them high conductivity and high
fluidity."

Heat capacity as a sensitive indicator of phase transitions is
not only one of the most important thermophysical properties
of matter, but also one of the basic thermodynamic properties
of liquid."™*® On the basis of heat capacity, the temperature-
dependent thermodynamic properties such as entropy,
enthalpy and Gibbs energy can be derived. Moreover, the heat
capacities are a necessary parameter to evaluate the effect of
temperature on phase equilibrium and reaction equilibrium.
The heat capacities and thermal transitions of ILs are important
parameters for the selection of operating temperature range in
industrial processes."”

The properties of ionic liquids can be regulated by changing
the anions and cations of ILs, and the prediction method is
widely used in the study of ILs properties, including the ILs heat
capacity. Recently, the group contribution method (GCM),*
quantitative structure property relationship (QSPR),* group-
additivity method (GAM),* group method of data handling
(GMDH),** artificial neural network (ANN),>> multiple linear
regression (MLR) and extreme learning machine (ELM)
methods,” etc. have been widely applied to estimate the ILs heat
capacity. Although the prediction accuracy is acceptable, the
cations and anions introduced in the derivation of the model
are not comprehensive enough which confines the prediction
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capability of the proposed model. At present, the main methods
for determination of the ILs heat capacity have been reported,
including high-precision heat capacity drop calorimetry,*
differential scanning calorimetry,**¢ isothermal titration calo-
rimetric*” and adiabatic calorimetry.”® Currently, the high reli-
ability of the data measured by low temperature adiabatic
calorimeter is attributed to its highly intelligent modern control
theory calorimetric system.>

In our case, the low temperature heat capacity of ILs has
been measured by high precision automated adiabatic calo-
rimeter.***' However, with the continuous development of ILs,
the data of the basic properties is still lacking. Based on the
improvement of the structure of the ionic liquids synthesized in
the previous work, a new ether-functionalized IL - 1-(2-
ethoxyethyl)-3-ethylimidazole thiocyanate ([C,202Im][SCN])
was prepared for the first time. The ionic liquid introduces ether
group and thiocyanate group to make it have better perfor-
mance. The growth of the alkyl chain on the cationic ethoxy
group is expected to further reduce the viscosity of the ionic
liquids studied in this paper. The alkoxyethyl (20R) group was
favorable to decrease viscosity, and the high electronegativity
and stable triple bond of thiocyanate ILs offered them high
conductivity and high fluidity.'**>** The data of low tempera-
ture heat capacity of [C,202Im][SCN] was obtained by the low
temperature adiabatic calorimeter at the temperature between
79 K and 393 K. According to the values of experiment heat
capacity, the related thermodynamic functions in the temper-
ature range from (300 to 390 K) + 5 K, such as Hy — Hyog.15, S7 —
Ss08.15 and Gy — Gyog.15 0f [C,202Im][SCN] were obtained. Ionic
liquids are considered to be promising candidates for heat
transfer liquid. The above experimental results can provide the
operating temperature range for the novel IL [C,202Im][SCN] as
a heat transfer liquid in the industrial applications.

2. Experimental
2.1 Reagents

The purities and sources of the reagents are listed in Table 1.

2.2 Preparation and characterization of [C,202Im][SCN]

The IL [C,202Im][SCN] was synthesized by the Fig. 1. Firstly,
1.1 mol of 2-chloroethyl ethyl ether was added dropwise into the
flask containing the 1 mol of 1-ethylimidazole stirring at 75 °C
for 48 h, then the 1-(2-ethoxyethyl)-3-ethylimidazolium chloride
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Fig. 1 Synthesis of the novel ether-functionalized IL [C,202Im][SCN].

dissolving 1 mol of the [C,202Im][Cl] in a beaker containing
about twice the volume of acetone, and then adding 1.2 mol of
potassium thiocyanate in the beaker at 25 °C for 48 h. The
product was purified by filtration with filter paper that is excess
potassium thiocyanate was removed, and then the filtrate was
collected and steamed to remove excess acetone at 56 °C.
Finally, the target product was dried in vacuo (10> mbar) for
24 h at 70 °C, vacuum environment was obtained using rotary
vane vacuum pump, and the target IL was obtained.
Subsequently, the [C,202Im][SCN] were characterized by "H-
NMR spectroscopy (Mercury-Vx300, Varian, USA), “*C-NMR
spectroscopy (Mercury-Vx300, Varian, USA), FT-IR spectros-
copy (IR Perstige, Shimadzu Corporati, Japan), electrospray
ionization mass spectrometry (ESI-MS, Thermo Scientific Q
Exactive), element analysis (PerkinElmer 2400) and thermog-
ravimetry (TG, SDT Q600) (see Fig. S1-S5 in the ESI materialf).
Then the mass fraction of water content (w%) was determined
by a Karl Fischer moisture titrator (ZSD - 2 type) and w% <
0.003. *H-NMR (DMSO-dg): 65 = 9.15 (s, 1H), 7.81 (s, 1H), 7.74
(s, 1H), 4.33 (t, 2H), 4.21 (m, 2H), 3.72 (t, 2H), 3.46 (m, 2H), 1.42
(t, 3H), 1.07 (t, 3H). "*C-NMR (DMSO-d): 126.07, 121.81, 117.54,
113.28, 65.17, 61.87, 61.03, 58.16, 20.65, 19.43. The IR spectrum
of [C,202Im][SCN] exhibited the characteristic absorption of
the thiocyanate functionality at 2060 cm ™', and ether group
functionality at 1108 cm ™. The ESI-MS Figure shows that MS*
m/z: 169.1 [C,202Im]", MS™ m/z: 58.0 [SCN]". Anal. Caled for
C10H17N30S: C, 52.77; H, 7.68; N, 18.41. The TG curve shows
that the initial decomposition temperature of [C,202Im][SCN]
is 270.72 °C, which corresponds to the peak value of the DTG
curve, that is, the temperature at which the mass change rate is
the largest. Herein, the sample purity of [C,202Im][SCN] was

[C,202Im][C]] as precursor was obtained.**** Secondly, more than 99%.

Table 1 The purities and sources of the reagents

Reagent CAS Purity Source

1-Ethylimidazole 7098-07-9 >98% Adamas

2-Chloroethyl ethyl ether 628-34-2 >98% Adamas

Ethyl acetate 141-78-6 >99.5% Sinopharm Chemical Reagent Co., Ltd

Acetone 67-64-1 >99.5% Sinopharm Chemical Reagent Co., Ltd
Potassium thiocyanate 333-20-0 =98.5% Greagent

a-Al,O5(s) >99.95% National Institute of Standards and Technology

Ultrapure water
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2.3 Measurement of molar heat capacities of [C,202Im]
[SCN] by adiabatic calorimeter

Before the measurement, IL sample was dried in vacuo (107>
mbar) for 24 h at 80 °C, and the sample pool and the insulation
screen were thoroughly cleaned with anhydrous ethanol, and
the sample pool was sealed with an organic thermal conductive
silicone ring after drying. Helium was filled to ensure that the
sample pool was uniformly heated during the experiment. After
the colloid was cured, make sure the tightness of the sample cell
was good, insert the platinum resistance thermometer and the
inner screen thermocouple at the bottom of the sample cell,
assemble and seal them, and vacuum until the pressure gauge
shows 107>-10"° mbar. Make sure the connection of the line
was correct, and the room temperature condition begins the
pre-test. When the temperature of the system was reduced to
about 78 K and vacuumed, the experiment was carried out in the
temperature range of 78-400 K with 3 K as the interval.

In this work, the heat capacity was measured by the high
precision automatic adiabatic calorimeter, which developed by
Dalian Institute of Chemical Physics.***® The accuracy of the
instrument measurement is £0.001 K for temperature. Herein,
we chose the a-Al,O; as a reference standard material to verify
the reliability of the adiabatic calorimeter, and then the data of
heat capacity of empty equivalent and the a-Al,O; were obtained
at 3 K intervals at temperatures ranging from 78.254 to 400.134
K and 79.432 to 400.854 K, respectively. And then, the corre-
sponding experimental values of the data are listed in Tables S1
and S2,T and described in the Fig. 2. From Table S1,7 it can be
seen that two peaks at 223.480 K and 226.649 K, which were
caused by the melting of organic heat transfer silica gel and
silicone, implying that they didn't affect existing calibration.
Furthermore, the heat capacity experimental data of empty
equivalent and the a-Al,O; were fitted by the least square
method, and adopted polynomial segmentation fitting to match
experimental data.’” The fitted values and corresponding rela-
tive deviation are also listed in Tables S3 and S4.f From the
comparison, we know that the deviations between experimental
values and the fitting values are within +0.5% in the

100
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Fig. 2 The heat capacities of a-Al,Oz in the temperature range from
78 to 400 K.
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temperature range of 78 to 400 K. Additionally, the deviations
between heat capacity fitted values of a-Al,0; and the recom-
mended values by NIST*** are within +0.5% (see Table S51),
and the uncertainty compared with the values given by the
former National Bureau of Standards® are within $0.159%.
After that, the molar heat capacities of [C,202Im][SCN] (1.15172
g) were repeatedly measured by calibrated adiabatic calorimeter
at 3 K intervals at temperatures ranging from 78 to 400 K.

In this experimental, the sealing was carried out twice.
Firstly, the organic silica gel was used to seal the experimental
sample in the sample pool (Fig. S6IT). When sealing this time,
the sample pool was filled with helium gas. Secondly, the
assembled sample pool (Fig. S6I1) and the internal and external
insulation screen (Fig. S6H and Gf) were sealed in a steel
vacuum tank (Fig. S6Lt) using flanges and lead pads (Fig. S6Dt).
During sealing this time, the vacuum tank was vacuumed. The
assembly of the two seals and the insulating screen was
conducive to creating an insulating environment, which can
improve the accuracy of the experimental results. Herein, the
details of calorimeter can be referred to the Fig. S6.7

3. Results and discussion
3.1 Heat capacity

Firstly, we consider the factors affecting the uncertainty before
determining the molar heat capacity. These factors include the
standard uncertainty of maximum error of the instrument,
multiple measurements, mass of sample experiment, sample
purity,* which are denoted as u(MPE), u(sd), u(Mass) and
u(Purity), respectively. And then, the expanded uncertainties
(0.95 confidence level, k = 2), U, of each measured variable are
obtain and show in Table 2 and S6,T respectively.

The first set of experimental molar heat capacities of
[C,202Im][SCN] in the temperature range 79.314 to 392.911 K
with 3 K intervals are showed in Table 2 and Fig. 3. Another set
of experimental data in the corresponding temperature range
are listed in Table S6 and Fig. S7,t respectively.

The heat capacity curve in Fig. 3 was shown the smooth
upward trend in the temperature ranges of 79.314-178.027 K,
191.547-224.826 K, 266.528-392.911 K, which implied that the
[C,202Im][SCN] was presented glass state, solid state and liquid
state in the corresponding temperature range, respectively. The
curve was also indicated that the IL has a wide liquid temper-
ature range and was stable in liquid state. Besides, the heat
capacity curve was raised significantly in the temperature range
of 181.011-188.585 K and 230.801-263.644 K, one was accom-
panied by the glass transition process of [C,202Im][SCN], and
the other one was along with the melting process with the phase
transition from solid to liquid. The glass transition temperature
(Tg) and the melting point (Ty,) were obtained by the two sets of
experimental molar heat capacities of [C,202Im][SCN], which
were (184.383 + 0.417) K and (256.606 + 0.033) K, respectively.
Fig. 4 contains two series of heat capacity, which measured in
the fusion region. It indicates that the fusion process of
[C,202Im][SCN] is reversible and repeatable. The experimental
results further prove that the low temperature adiabatic calo-
rimeter has good accuracy and repeatability. Herein, the molar

RSC Adv, 2024, 14, 34971-34978 | 34973
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Table 2 The first set of experimental values of molar heat capacity for [C,202Im][SCN] in the temperature range from 79.314 to 392.911 K with 3

K intervals®

T/(K) Cpm (J K ' mol ™) T/(K) Cpm (J K ' mol™) T/(K) Cpm (J K" mol™)
79.314 85.777 184.800 206.123 295.680 327.854
81.371 90.607 188.585 266.752 298.580 328.438
84.331 94.426 191.547 269.519 301.433 330.697
87.201 96.424 194.499 267.017 304.284 330.725
90.065 97.935 197.516 270.874 307.135 330.924
92.933 100.078 200.597 273.125 310.009 331.504
95.806 100.968 203.666 274.209 313.002 331.953
98.685 102.111 206.720 275.433 316.185 332.599
101.582 103.296 209.741 273.398 319.227 333.018
104.491 104.476 212.724 277.361 322.299 334.604
107.417 107.291 215.733 277.824 325.380 335.706
110.362 108.836 218.771 278.526 328.272 336.430
113.297 109.582 221.789 279.494 331.149 337.220
116.222 110.499 224.826 280.574 334.019 337.811
119.172 111.608 227.862 286.044 336.885 339.305
123.230 114.551 230.801 289.408 339.751 340.362
127.267 117.278 233.806 325.825 342.616 340.854
130.226 118.990 236.918 396.433 345.485 340.687
133.207 121.442 239.930 467.398 348.353 341.968
136.161 123.619 243.560 589.361 351.228 343.444
139.141 125.223 247.524 976.824 354.116 344.806
142.148 127.087 252.560 1878.526 357.017 347.168
145.129 129.108 256.638 3282.494 359.933 347.383
148.091 130.410 260.735 890.574 362.885 348.691
151.081 132.506 263.644 398.044 365.847 352.645
154.102 134.291 266.528 318.408 368.815 354.508
157.103 135.796 269.494 319.825 371.796 356.890
160.088 137.301 272.465 322.045 374.787 360.192
163.057 138.191 275.417 322.839 377.791 360.270
166.011 139.216 278.328 323.783 380.792 363.985
168.999 139.851 281.218 324.577 383.812 369.880
172.023 141.183 284.086 324.898 386.839 374.305
175.030 141.607 286.928 326.313 389.872 376.220
178.027 142.572 289.826 325.780 392.911 379.381
181.011 153.204 292.789 327.025

¢ T is Kelvin temperature, and C,, , is molar heat capacities. The standard uncertainty (0.68 level of confidence): «(T) = 0.001 K, u(p) = 0.001 MPa.

The expanded uncertainties U(Cp, ) is at 0.95 confidence level, (k = 2),
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Fig. 3 The experimental molar heat capacities in Table 2 of [C;202IM]
[SCN] in the temperature range from 79 to 393 K.
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Fig. 4 Two series of experimental molar heat capacities of [C,202IM]
[SCNJ in the fusion region(® red solid circle is the first series, * blue
solid pentacle is the second series).
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heat capacities of [C,202Im][SCN] in Table 2 are fitted by
piecewise polynomial in reduced temperature (x), using the
least square method in the certain temperature range.*>*"*

The fitting equation for the first temperature range of 79-178
K is following:

x = (T — 128.5)/49.5 (1)

Com/(T K" mol™") = 118.17577 + 32.78655x + 4.93784x”
— 18.93691x% — 1.641x* + 14.251x° — 7.22955x° (2)

For the second temperature range 192-225 K:
x = (T — 208.5)/16.5 (3)

Cp/(J K" 'mol™") = 27599163 + 4.96005x — 1.31058x>
+ 1.17008x% — 2.12929x* — 0.52521x° + 2.55262x° (4)

For the third temperature range 267-346 K:
x = (T — 306.5)/39.5 (5)

Com/(J K™ mol™") = 331.03056 + 6.62813x — 0.79168x”
+10.22054x" + 5.34842x* — 5.90238x° — 5.89985x° (6)

For the finally temperature range 347-393 K:
x = (T — 370)/23 (7)

Com/(I K" mol™") = 355.3121 + 17.58326x — 0.86388x”
+6.26081x7 + 24.72321x* — 4.42713x° — 19.54869x°(8)

The correlation coefficient of the fitting R* = 0.99905, R* =
0.99702, R> = 0.99685 and R*> = 0.99204, respectively. In the

View Article Online
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Table 4 Results of phase transition of the [C,202Im][SCN] obtained
from both series of heat capacity measurements®

[C,202Im][SCN]
Thermodynamic functions Series 1, x; Series 2, x, X+ g,
T,/(K) 184.800 183.966 184.398 + 0.566
Tm/(K] 256.638 256.573 256.606 + 0.046
AgusHrm/(K] mol ™) 19.724 18.688 19.206 + 0.518
ApusSm/(J K mol ™) 76.855 72.837 74.846 + 2.009

—\2 . . . .
Coa= >0, (xi—%)/n(n— 1)]'"? in which n is the experimental
number; x;, a single value in a set of calorimetric measurements;Xx, the
mean value of a set of measurement results.

fitting temperature region, x = [T — (Tmax * Tmin)/2)/[(Tmax —
Tmin)/2], T is the thermodynamic temperature of experiment.

3.2 Thermodynamic functions

The related thermodynamic functions with 298.15 K as refer-
ence temperature, such as (Hr — Hjog15), (ST — Sz9s.15) and
(Gr — Gyog.15), were calculated by the polynomial equation of
heat capacity in the temperature range from 300 to 390 K with 5
K intervals, and the thermodynamic relationships as follows:

T

Hp — Hyos15 = J ComdT )
298.15
T
Sr— Swgas = j (Com/T)dT (10)
298.15
T T
Gr — Grgs = J ComdT — TJ (Com/T)dT (11)
298.15 298.15

Table 3 The calculated values of thermodynamic functions data for [C,202Im][SCN] in“ the temperature range from (300-390) K

T/(K) Coml(J K~ mol™) Hy — Hyog.15/(k] mol ™) Sz — Sz0.15/(J K~* mol ™) —(Gr — Gas.15)/(K] mol ™)
298.15 329.5 — — —
300 329.9 0.60 2.04 0.012
305 330.8 2.26 7.51 0.031
310 331.6 3.92 12.9 0.079
315 332.5 5.58 18.2 0.153
320 333.6 7.25 23.4 0.238
325 335.1 8.92 28.6 0.375
330 336.8 10.6 33.7 0.521
335 338.7 12.3 38.8 0.698
340 340.3 14.0 43.8 0.892
345 340.8 15.7 48.7 1.102
350 343.1 17.4 53.6 1.360
355 345.2 19.1 58.5 1.668
360 347.8 20.9 63.4 1.924
365 351.4 22.6 68.2 2.293
370 355.3 24.4 73.0 2.610
375 359.2 26.2 77.8 2.975
380 364.0 28.0 82.6 3.388
385 370.6 29.8 87.4 3.849
390 377.5 31.7 92.2 4.425

“ T is Kelvin temperature, and Cj, ,, is molar heat capacities.

© 2024 The Author(s). Published by the Royal Society of Chemistry
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The thermodynamic functions (Hr — Hjeg.15), (S — S208.15)
and —(Gy — Gyog.15) Were calculated and the values are listed in
Table 3, and the changing trend of these data is the same as that
reported in the literature.**?® Then, plotting the values of H —
H,gg vs. T, and the fitted line is shown in Fig. S8.f In the
temperature range of 300 to 390 K, the values of (Hy — Haog)
increase with the increasing temperatures. (Hy — Hjog.15),
(St — Sa0s.15) and —(Gy — Gaog.15) are positively correlated with
temperature. Compared with the ionic liquid 1-(2-
methoxyethyl)-3-ethylimidazolium perrhenate [C,201IM][ReO,]
in literature 31, the values of Cp 1, (Hr — Haog.15), (ST — S208.15)
and —(Gy — G,og.15) are less than those in this study.

The molar enthalpy Ag,sHy, and entropy Ag,sSm, of fusion of
the compound are obtained by the following equations:

Ty

T;
AfusHm = <Q — nJ Cptm(s)dT — nJ Cp‘m(L)dT
T; T;

[ )

AfusSm = Afus}Im/Tm

(12)

(13)

where T; and Ty are the temperature at the initial or final melting
temperature, Q is the total energy introduced to the sample cell
from T; to Ty, Cpys) and Cpy) are the heat capacity of the sample
in the solid phase and liquid phase at T; and Ty, respectively.
Cp) is the heat capacity of the sample in liquid phase at C; is
the average heat capacity of the empty sample cell at tempera-
ture (T; + T¢)/2. The results of the melting point (T},), molar
enthalpy (AgsHm), and molar entropy (Ag,sSm) of two phases
transition obtained from every series of repeated experiments
are listed in Table 4.

From Table 4, the average value of Ty, is 256.606 £ 0.046 K
for the two series of repeated experiments, which is higher than
T,. The IL [C,202Im][SCN] changes from a glassy state to
a highly elastic state and then from a solid state to a liquid state
during this temperature change (211.826 K),*® it may be due to
the effect of the size of the anionic group on steric hindrance.
When the cation structure of IL is the same, the volume of anion
directly affects its steric resistance, that is, the volume of anion
is proportional to its steric resistance, and inversely propor-
tional to the melting temperature. This result is similar to the
literature reports.*>** Due to the similar thermal stability of
most kinds of ILs, the melting temperatures are relatively close,
resulting in the values of melting enthalpy and melting entropy
are relatively close.*"***

4. Conclusions

Heat capacity as a key reference for phase transition of matter is
not only one of the most important thermophysical properties
of matter, but also one of the basic thermodynamic properties
of liquid. Herein, the heat capacities of the novel ether-
functionalized IL [C,202Im][SCN] were obtained by the cali-
brated high precision low temperature adiabatic calorimeter at
the temperatures between 79 K and 393 K. The glass state, solid
state and liquid state temperature ranges of [C,202Im][SCN]
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were obtained by the heat capacity curve, that is 79-178 K, 192-
225 K and 267-393 K, respectively. In the meantime, the glass
transition temperature (T, = 184.383 & 0.417 K) and the melting
point (T, = 256.606 + 0.033 K) were also obtained. Finally, the
related thermodynamic functions (Hy — Hygg.15), (St — S298.15)
and (Gy — G,og.15) were obtained by polynomial equation of heat
capacity values in the temperature range from 300 to 390 K with
5 K intervals. The above experimental results can provide the
operating temperature range for the novel IL [C,202Im][SCN] as
a heat transfer liquid in the industrial applications.
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