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Abstract Tonic liquid 1-ethylpyridinium  bis(trifluo-
romethylsulfonyl)imide ([Copy][NTf;]) was synthesized
and characterized by "H NMR spectroscopy, °C NMR
spectroscopy and thermal gravity analysis. The molar heat
capacities of [Copy][NTf,] were measured using a heat-
flow calorimeter with “3D Calvet” calorimetric sensor
from (293 to 312) K. The experiment value of molar heat
capacity 502.15 J K" mol™' at 298.15 K was obtained.
Moreover, the estimation values of molar heat capacity
were calculated by using 4 methods at 298.15 K, and the
result showed the Paulechka et al.’s method was more
appropriate for predicting the molar heat capacity of IL
[Copy]INTHS,], and the error was less than 2%. In addition,
the freezing point I° was calculated by freezing point
depression, which was approximately equal to experi-
mental value 305.08 K. The molar enthalpy of fusion
AH,, = 26.77 kJ mol !, molar melting entropy AgeSp.
= 90.60 J mol ' K™' and the freezing constant K; were
also calculated.

Electronic supplementary material The online version of this
article (https://doi.org/10.1007/s10973-017-6807-1) contains supple-
mentary material, which is available to authorized users.

<l Wei Guan
guanweiy @sina.com

< Da-Wei Fang
davidfine@163.com

College of Chemistry, Liaoning University,
Shenyang 110036, People’s Republic of China

Tianjin Key Laboratory of Marine Resources and Chemistry,
College of Chemical Engineering and Material Sciences,
Tianjin University of Science and Technology,

Tianjin 300457, People’s Republic of China

Keywords Ionic liquid - Molar heat capacity - Molar
enthalpy - Adiabatic calorimetry - Thermodynamic

property

Introduction

Tonic liquids (ILs) are known as “green solvents” due to
their great capacity and their “environmentally friendly”
properties in comparison with common organic solvents
[1-3]. The capability of ILs to be used as solvents for the
desulfurization of fuels has been tested [4—8] and consid-
ered promising agents for gas separation as they show a
great variety in the ability to absorb gases during last years
[9, 10]. Ionic liquid with anion of bis(trifluoromethylsul-
fonyl)imide also has an application prospect as solvent to
extract benzene from alkanes [11]. Moreover, during the
practical application of ionic liquids, thermal management
of industrial processes is very important for safety pro-
duction and reducing energy consumption, so heat capacity
of ILs is indispensable basic data.

The low-temperature heat-flow calorimeter BT2.15 from
Setaram with “3D Calvet” calorimetric sensor can be used
to determine the heat capacity [12-14], which compared
with traditional differential scanning calorimetry (DSC)
with 2D flat sensors, the sensor has a novel structure, and
the sample was surrounded by multiple layers of sensors; it
means all the heat flow was captured for both sample and
reference pool, rather than just detected the heat changes in
bottom of the crucible, in which the premise was the
sample plate contacted with the sensor closely. In addition,
Zhang et al. [15]. reported the uncertainty of the heat
capacity measurements did not exceed 0.01 by using
BT2.15, and the average relative deviation was found to be
0.33%, and the maximum relative deviation was 0.79% in
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the accuracy of the measurement. However, the calculated
standard uncertainties were &= 1 K for the temperature in
the thermal analysis and + 5% for the determination of the
molar heat capacity when using a differential scanning
calorimeter according to Gomez et al.’s report [16]. That is
BT2.15 has a higher accuracy in determination of the heat
capacity than DSC.

As a continuation of our investigation [17-20], in this
paper, the IL [C2py][NTf2] was synthesized and the molar
heat capacities in temperature range of (293-312) K were
measured using a heat-flow calorimeter with “3D Calvet”
calorimetric sensor. The value of molar heat capacity at
298.15 K was calculated by polynomial fitting equation.
The molar enthalpy of fusion A¢H,, and molar melting
entropy Age.Sm, were also calculated.

Experimental
Preparation of IL [C,py]|[NTf;]

[Copyl[Br] (N-Alkylpyridinium bromide) was synthesized
according to Tong et al.’s report [21]. IL [C,py][NTf,] (1-
Ethylpyridinium bis(trifluoromethylsulfonyl)imide) was
synthesized by using the ion exchange reaction from
[Copyl[Br] and HN(SO,CF;), (bis(trifluoromethanesul-
fonyl)imide) in distilled water and stirred for 3 h at room
temperature. The product was washed several times with
distilled water until no Br was indicated by the solution of
AgNO3/HNOs. The final product was dried in vacuum for
2 days at 353 K. Structure of the resulting [C,py][NTf;]
was confirmed by 'H NMR, '*C NMR spectroscopy and
thermal gravity analysis (TGA) (see Figures S1, S2 and S3
in Supporting Information). The 'H NMR (600 MHz,
CDCls, 9): 9.77 (d, 1H, N-CH), 8.49 (t, 1H, CH-CH-CH),
8.01 (t, 2H, CH-CH-N), 4.61 (m, 2H, CH,—CH3;), 1.63 (t,
3H, N—CHj3). From 'H NMR and '>C NMR spectroscopy,
impurity peaks were not found. TGA spectroscopy showed
a mass loss peak of IL [C,py][NTf,]. In addition, water
content was measured using a Karl Fischer moisture titrator
(ZSD-2 type) before measurement for three times (81, 85
and 82 ppm) which are all less than 85 ppm.

Calorimeter calibration

The molar heat capacity, C,, was determined using a heat-
flow calorimeter BT2.15 from Setaram, which adopts “3D
Calvet” calorimetric sensor with resolution 0.1 pW, the
accuracy of temperature measurement is + 0.01 K, and the
mass is with an uncertainty of £ 0.00001 g. The
calorimeter was performed calibration with the standard
molar heat capacity of KCI (purity > 99.95%) at 298.15 K
and repeated for seven times. The results were 0.687333,
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0.688046, 0.687966, 0.687269, 0.688009, 0.687719 and
0.687580 J K" g !, respectively. The relative standard
deviation RSD was 0.066%, which compared with
0.6879 J K' g [22] are within the limit.

The heat capacities measurement of the IL

In this experiment, the test temperature was firstly set to
293 K and remain for 5 h, then heat to 312 K with a heating
rate of 0.02 K min™' under nitrogen environment. In this
condition, the heat flow signals (experimental before-after)
are at a same height.

Results and discussion
Measurement of molar heat capacity

The experimental isobaric heat capacities of [C,py][NTf;]
with a temperature step of 0.1 K are given in Table 1; by
plotting molar heat capacity Cp/J mol " K" against tem-
perature 7/K, the curve with /* exceeding 0.999 was
obtained (see Fig. 1). Figure 1 shows the melting process
with a sharp endothermic peak from 299 to 308 K; the
melting point was determined to be 305.08 £+ 0.05 K,
which compared with 303.65 K [23] was approximately
equal. The experimental values of the molar heat capacity
were fitted before and after the melting process according
to the following polynomial equations:

From 293 t0 299 K : C, /TJK™ ' mol ™"
= 449.5564 + 46.5024X
+ 1338627 + 22.8571X° (1)
From 299 to 305 K : C, /JK™' mol ™"
= 1081.04 + 1281.88X + 1361.77X% + 2595.12X°
+ 6696.64X* + 5984.04X° — 2538.25X°
— 5518.05X7 — 1706.07X8

(2)
From 305 to 308K : C, /JK ' mol '
= 1223.09 — 4496.34X + 9655.65X% —2519.79X°
— 9337.44X* 4+ 2667.32X° + 3377.35%°
3)
From 308 to 312K : C, /JK ™" mol ™'
= 474.32 + 0.82906X + 0.44134X* —0.27295X°
—0.70171X* + 0.20361X° + 0.58283X°
(4)

where X is the reduced temperature, X = [T — (Tynax + Timin)/
2V[(Tmax — Tmin)/2]; T is the experimental temperature;
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Table 1 Experimental molar heat capacity, Cy/J K™ mol™", versus temperature, 7/K of IL [C,py][NTf,], at the pressure, p = 0.1 Mpa

T/K Cp/J K" mol™ T/K Cy/J K mol™ T/IK Cy/J K mol™ T/K Cy/J K mol™
292.981 394.5121 299.331 562.7867 305.399 7993.3415 308.762 473.9394
293.138 395.7844 299.412 568.6033 305.434 7708.7617 308.840 473.9449
293.183 397.1257 299.493 574.6340 305.477 7403.5183 308.852 473.9670
293.241 398.3886 299.577 580.9363 305.520 7078.6625 308.881 473.9701
293.301 400.1093 299.655 587.6760 305.559 6741.1837 308.920 473.9829
293.364 401.6407 299.730 594.6578 305.598 6389.7097 308.960 473.9942
293.423 403.1946 299.807 602.0359 305.632 6029.0855 309.043 474.0031
293.489 404.8117 299.891 609.9267 305.675 5659.5444 309.082 474.0066
293.551 406.4640 299.964 617.9193 305.717 5288.2063 309.127 474.0136
293.617 407.9963 300.047 626.3153 305.752 4912.8065 309.166 474.0209
293.683 409.6507 300.122 635.1987 305.832 4538.2632 309.240 474.0415
293.759 411.1683 300.207 644.7180 305.843 4168.1403 309.271 474.0508
293.828 412.7473 300.283 654.4784 305.888 3803.2887 309.307 474.0539
293.897 414.4387 300.366 664.9807 305.925 3449.5974 309.318 474.0846
293.967 415.9823 300.450 675.5203 305.967 3102.7741 309.345 474.1199
294.040 417.6782 300.529 686.9487 306.003 2769.4442 309.387 474.1323
294.113 419.2426 300.603 698.8217 306.043 2450.8556 309.423 474.1525
294.187 420.5838 300.684 711.1271 306.084 21524330 309.462 474.1571
294.260 422.4213 300.766 724.0104 306.129 1883.7275 309.506 474.1579
294.333 423.7413 300.846 737.7907 306.177 1656.5143 309.541 474.2037
294.417 425.3090 300.923 752.0370 306.216 1448.7647 309.583 474.2048
294.487 426.5063 301.004 766.8903 306.252 1276.1237 309.625 474.2196
294.563 427.9144 301.087 782.5438 306.294 1137.8935 309.666 474.2262
294.640 429.0827 301.169 799.0857 306.331 1042.2236 309.707 474.2270
294.713 430.3707 301.247 816.6333 306.379 959.3273 309.748 474.2390
294.793 431.5369 301.321 835.1887 306.417 872.9017 309.785 4742417
294.874 432.4841 301.402 854.7506 306.451 819.6967 309.823 474.2530
294.952 433.6753 301.489 875.6047 306.497 781.2651 309.869 474.2611
295.025 434.8547 301.568 898.0383 306.533 751.9683 309.906 474.2661
295.103 436.0787 301.647 921.3650 306.577 721.6026 309.941 474.2902
295.187 437.2061 301.722 946.9903 306.613 694.1133 309.983 474.2968
295.266 438.3217 301.801 974.2550 306.652 671.5007 310.023 474.3573
295.341 439.6263 301.886 1003.0987 306.691 651.4887 310.067 474.3577
295.420 440.7810 301.963 1034.5987 306.740 632.4330 310.110 474.3585
295.494 441.9824 302.042 1068.5066 306.781 615.4493 310.143 474.3600
295.578 443.1992 302.123 1105.4013 306.820 599.8177 310.187 474.3616
295.657 444.5392 302.209 1144.8817 306.862 585.6473 310.223 474.4198
295.733 4457236 302.287 1188.1885 306.940 5725167 310.264 474.4276
295.813 447.0540 302.364 1235.6307 306.951 566.6629 310.303 474.4373
295.891 448.4487 302.447 1286.8053 306.981 555.3523 310.347 474.4912
295.976 449.8012 302.523 1342.6255 307.020 545.0564 310.383 474.4920
296.053 451.1177 302.604 1403.8083 307.065 535.6702 310423 474.5001
296.131 452.3238 302.684 1467.1470 307.108 527.0497 310.467 474.5059
296.213 453.8497 302.767 1540.3243 307.140 519.1007 310.508 474.5505
296.294 455.2703 302.847 1620.8253 307.183 508.4536 310.547 474.5537
296.373 456.6330 302.925 1707.9787 307.223 502.0330 310.585 474.5614
296.456 458.0733 303.024 1804.7033 307.263 494.8379 310.605 474.5668
296.537 459.5717 303.082 1911.4383 307.330 478.0748 310.641 474.6413
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Table 1 continued

T/K Cp/J K" mol™ T/K C/J K mol™ T/K C/J K" mol™ T/K Cy/J K mol ™
296.611 461.1828 303.160 2029.2547 307.372 475.2134 310.682 474.6561
296.693 462.7051 303.242 2159.0397 307.419 474.1055 310.721 474.6794
296.770 464.3540 303.320 2302.9403 307.454 473.0019 310.762 474.6867
296.851 465.9347 303.397 2464.2327 307.491 472.6804 310.844 474.6922
296.932 467.6950 303.475 2645.2863 307.536 4732158 310.853 474.7092
297.011 469.3723 303.557 2850.1220 307.578 473.6605 310.881 474.7263
297.092 471.2890 303.635 3082.8043 307.611 473.7361 310.924 474.7310
297.173 473.0746 303.713 3339.5771 307.655 473.7656 310.963 474.8086
297.253 475.0104 303.791 3620.8195 307.694 473.7885 311.044 474.8350
297.337 477.0221 303.876 3928.0883 307.732 473.8052 311.085 474.8361
297.417 479.0697 303.955 4262.2846 307.776 473.8180 311.128 474.8443
297.496 481.0467 304.037 4620.8053 307.816 473.8211 311.169 474.8881
297.572 483.3359 304.110 4999.5034 307.854 473.8285 311.201 474.9063
297.653 485.6164 304.179 5393.6827 307.892 473.8405 311.244 474.9067
297.731 487.9497 304.271 5812.9382 307.933 473.8494 311.288 474.9184
297.841 490.3720 304.347 6246.6447 307.973 473.8533 311.323 474.9234
297.892 492.7477 304.423 6671.1083 308.010 473.8584 311.366 474.9312
297.973 495.4810 304.508 7082.8475 308.051 473.8591 311.415 474.9393
298.050 498.3247 304.583 7493.6641 308.093 473.8591 311.449 475.0371
298.132 501.3073 304.668 7888.9193 308.135 473.8669 311.488 475.0549
298.212 504.0967 304.741 8258.9497 308.177 473.8684 311.524 475.0619
298.289 507.3590 304.822 8580.2173 308.218 473.8696 311.561 475.0643
298.357 510.4863 304.897 8846.5518 308.252 473.8715 311.608 475.0743
298.425 513.9347 304.963 9038.7637 308.294 473.8816 311.642 475.0751
298.553 517.4980 304.997 9156.0626 308.363 473.8844 311.681 475.0980
298.641 521.1741 305.047 9235.8052 308.376 473.8921 311.698 475.1201
298.696 525.0130 305.082 9264.5373 308.417 473.8964 311.719 475.1364
298.778 528.9677 305.122 9237.4827 308.454 473.8968 311.764 475.1477
298.857 533.0953 305.165 9152.6120 308.493 473.9022 311.793 475.1624
298.933 537.6053 305.197 9036.7736 308.561 473.9026 311.817 475.1927
299.017 542.1408 305.240 8887.5517 308.645 473.9131 311.841 4752121
299.096 546.9740 305.277 8706.5863 308.674 473.9169 311.887 475.2276
299.173 551.9355 305.315 8496.0650 308.687 473.9286 311.921 4753033
299.257 557.3107 305.353 8256.6773 308.728 473.9360 312.083 475.4930

Tmax and T, are the maximum and minimum of the
temperature in the experimental temperature range. The
correlation coefficient r-square of the four fittings is all
above 0.999. Then, the value of molar heat capacity, C,.
=502.15 £ 0337 K ' mol ', at 298.15 K was calculated
by the polynomial Eq. (1).

Estimation of molar heat capacity
The molar heat capacity of IL [C,py][NTf,] was estimated

by using 4 methods. According to Paulechka et al.’s report,
[24] molar heat capacity can be estimated using the molar
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volume (V/em® mol™") through the following empirical
equation:

Cp(cal.l) =8.6+1.915V (5)

where ¥ = 252.55 cm® mol ! (298.15 K), which was cal-
culated by using the equation, ¥ = M/p, p = 1.5375 gcm >
[23], the estimated value of Cy(cal.1) = 492.23 JK ' mol
for [C,opy][NTf;] obtained from Eq. (5). Besides, according
to the gene expression programming (GEP) model [25], the
prediction of experimental heat capacity data can be esti-
mated by using the operators of —, + and x . The
mathematical formula is as follows:
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Fig. 1 Plot of C, versus T of IL [C,py][NTf]

Table 2 Values of molar heat capacity of estimated and experiment
at 298.15 K

G G G G Co
(cal.l) (cal.2) (cal.3) (cal.4) (exp.)
C/J K! 492.23 293.50 477.50 433.69 502.15
mol ™!
RD/% 1.97 41.55 491 13.63

Cp(cal.2)= 0.610577(T) + 3.2299289(N-c)
+ 7.999972(N-a) + 0.638975(Mw)
+ 16.965817(Cc)— 0.159172(T)
x (CH3R — ¢)—170.658909 (6)

where T is temperature, Cc is number of carbon atoms in
cation part of IL, number of atoms of anion part (N-a), My
is molecular weight of IL, (N-c) is number of atoms of
cation part and (CH3R-c) is number of methyl groups in
cation counter parts, and Cp(cal.2) = 293.50 J K ! mol™
(298.15 K) was calculated. Farahani et al. [26] also
reported that it can be calculated by following formula:

Cp(cal.3) = —122.16826 + 0.45794T
+ 12.8395N¢ — 56.85424CH3R ¢
+ 19.25836N, — 11.36109#H, (7)

where Nc = number of atoms of cation, N, = number of
atoms of anion, CH3R- = number of methyl groups in
cation counter parts, nf{, = number of hydrogen atoms in
anion, T = temperature; then, Cy(cal.3) = 477.50 J K!
mol ' (298.15 K) was obtained. Ahmadi et al. [27] also put
forward a formula, by which the molar heat capacity can be
estimated through the numbers of atoms including C, N, S,
O, F, Br, Cl and B:

Cp(cal.4) = 0.28087"%*—17.5066 In(T) + 0.6593My,""*
+ 15.9932C + 16.1292Cc— 2.8956N—11.7667S
—1.37290—4.1977(F 4+ Br 4 Cl) + 6.7438B—12.399

(3)

where 7' = temperature; My = molecular weight of IL;
C = number of carbon atoms of anion; Cc = number of
carbon atoms of cation; N, S, O, F, Br, Cl and B = number
of nitrogen, sulfur, oxygen, fluorine, bromine, chlorine and
boron atoms of IL, Cp(cal4) = 433.69 J K ' mol™
(298.15 K) was also calculated. The values of molar heat
capacity for 4 estimating methods and experiment are all
listed in Table 2.

As shown in Table 2, the estimated value calculated
from Paulechka et al.’s method is the nearest when com-
pared with the experiment, and the error is less than 2%.
According to Benito et al.’s report [28], the heat capacity
determined by DSC was 523 J K' mol™', which is higher
than our experiment and the error was more than 4% when
compared with the estimated value 492.23 J K ' mol ' and
the experimental value 502.15 J K" mol™'. The deviation
of experimental data may be caused by the different effi-
ciencies of the instrument sensors. That is, the Paulechka
et al.’s method which is based on the molar volume is more
appropriate for predicting the molar heat capacity of IL
[Copy]INTH].

The molar enthalpy of fusion

The molar enthalpy of fusion of IL [Copy][NTf;], AtH,
can be obtained from the following equation:

Tae Ty Ty
AiHy = |Q —n [ CoqydT —n [ Cp)dT — [ HodT /n
T Tae T

©)

where n is the amount of substance, Ty is the temperature
of solid-liquid phase transition (peak melting temperature),
T; is the temperature at which the solid-liquid phase tran-
sition started, 77 is the temperature at which the solid—
liquid phase transition ended, Q is total heat including
sample and pool from T; to T¢, Cp is molar heat capacity
at T, Cpp is the molar heat capacity at Tt, Hy is molar heat
capacity (7; — T¢). The molar enthalpy of fusion A¢H,,, of IL
was obtained using Eq. (9). The value of AH,,.

= 26.77 kJ mol' is bigger than 22.44, 6.83 and
5.90 kJ mol™! for [Copyl[PFe¢], [Cspyl[PFs] and [Cspy]
[PF¢] [27], respectively. It may because the higher relative
molecular mass and volume need more heat from solid to
liquid.
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Determination of melting point by freezing point
depression

The trace impurities can also make a difference for the
experimental result even the purity of 99 mass% is high. In
that case, IL can be taken as a dilute solution which con-
sists of solvent and impurity. Since the freezing point of
dilute solution is certain to below the melting point of pure
IL, then freezing point depression equation was obtained
according to phase equilibrium principle as follows:

Inxa = A¢Hn(Tae—T") /RT3 T” (10)

where x, is molar fraction, 7" is melting point of pure IL, R
is Avogadro constant. Since Ty T " Tﬁe, then Eq. (10) was
rearranged:

T* = Te—RTL Inxa/AcHy (11)

From Eq. (11), the value of T" = 306.48 K was obtained,
which compared with the average 305.08 K was a little
bigger. The reason was caused by trace water in ionic
liquid [C,py][NTH;].

The molar melting entropy Ag.S, of IL can also be
calculated according to melting point of pure IL:

AgeSn = A¢Hy /T (12)

From Eq. (12), AgeSm = 90.60 & 0.06 T mol ' K™ was
calculated, which compared with 60.04, 18.41 and
17.98 J mol " K" [27] for [Copyl[PFs], [Cspy][PFs] and
[Cspyl[PF¢], respectively, is bigger. Besides, the freezing
constant Ky was also calculated by the following equation:

Ki = RT*>Mp/A¢Hp, (13)

where M, is molar mass, then the freezing constant Ky
= 1.09 x 10* g mol ! K™ was calculated.

Conclusions

In this paper, IL [C,opy][NTf,] was synthesized and char-
acterized. The molar heat capacities of ionic liquid [C,py]
[NTf,] were measured using a calorimeter with “3D Cal-
vet” calorimetric sensor from (293 to 312) K. The value of
molar heat capacity 502.15 J K™ mol™' was obtained at
298.15 K. Moreover, the estimation values of molar heat
capacity were calculated by using 4 methods at 298.15 K,
and the result showed the estimating formula which based
on the molar volume was more appropriate for predicting
the molar heat capacity of IL [C,py][NTf,] with the error
less than 2%. The molar enthalpy of fusion A¢H,,
= 2677 kI mol!, molar melting entropy AgeSm
=90.60 ] mol ' K" and the freezing constant K; were also
calculated.
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