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This work focuses on thermal study (melting, freezing, cold crystallization and glass transition tem-
peratures have been determined) and on determination of heat capacities (in the temperature range
from 293.15K to 333.15K) of several ionic liquids using differential scanning calorimetry. In order to study
the effect of the anion and the alkyl-side chain of the cation of the ionic liquids on the thermal behavior
and on the heat capacities values, the ionic liquids: 1-alkyl-1-methylpyrrolidinium bis(tri-
fluoromethylsulfonyl)imide [ChaMpyrNTf, (n=2,34)], 1-butyl-1-methylpyrrolidinium tri-
fluoromethanesulfonate (C4MpyrTFO), and 1-butyl-1-methylpyrrolidinium dicyanamide (C4MpyrDCA)
were chosen. Besides, in order to analyze the influence of the anion of the ionic liquid on the heat ca-
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1. Introduction

The interest in ionic liquids is mainly due to their special
properties, among which can be highlighted: high thermal stability,
high heat capacity and negligible vapor pressure for their potential
applications in several fields; one of these applications is as re-
placements for current heat transfer fluids (HTF) used in industry
[1,2]. For the consideration of the ionic liquids as HTF, it is vital to
determine their density, heat capacity, freezing and melting tem-
peratures, heat of fusion, and thermal decomposition temperatures.
With the differential scanning calorimetry (DSC) technique it is
possible to obtain thermal properties, such as glass transition,
melting, freezing, crystallization and cold crystallization tempera-
tures. In addition, worth to mention that for most of ILs these
thermal properties are unknown, in spite of being essential for the
application of ILs to most of industrial processes, and particularly
for their potential application as HTF and their heat storage
performance.

This essay is a continuation of our previous work [3,4], in which a
thermal study is carried out and the heat capacity of different ionic
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liquids is determined. In this work, the thermal behavior of several
pyrrolidinium-based ionic liquids was analyzed and their heat ca-
pacities as function of temperature were determined using differ-
ential scanning calorimetry (DSC). To study the influence of the alkyl
chain length, the thermal behavior of 1-alkyl-1-methylpyrrolidinium
bis(trifluoromethylsulfonyl)imide (C,MpyrNTf,) with n=2,3,4 has
been analyzed, and the influence of different anions was studied
using the ionic liquids 1-butyl-1-methylpyrrolidinium  tri-
fluoromethanesulfonate (C4MpyrTFO), and 1-butyl-1-
methylpyrrolidinium dicyanamide, (C4MpyrDCA). Besides, in order
to analyze the influence of the anion of the ionic liquid on the heat
capacity, the results obtained in this study were compared with
those obtained in a previous publication (for the C,MpyNTf, and
C,MimNTf; ionic liquids). Finally, both the obtained results of the
thermal analysis [5—18] and the heat capacities were compared with
literature values [16,19—21].

2. Experimental section
2.1. Chemicals

The ionic liquids studied in this work were acquired from IoLi-
Tec, the mass fraction purity of all ionic liquids is higher than 0.99
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except for C4MpyrDCA that is higher than 0.98. All ionic liquids
were further dried by stirring them at 343 K under a moderate
vacuum of 0.2 Pa for at least 48 h prior to their use. Their purities
and halide contents as analyzed by the suppliers together with the
water content determined after the drying step with a Coulometric
KF titrator, model C20 using Hydranal-Coulomat CG and Hydranal-
Coulomat AG as cathodic and anodic titratans, are presented in
Table 1. It is important to comment that in addition, the samples of
ionic liquid were dried in situ in the DSC before each measurement.
The structure of the ILs used in this work is shown in Fig. 1.

2.2. Apparatus and procedure

The Mettler-Toledo differential scanning calorimeter (DSC),
model DSC822¢, was used for the studies of the thermal behavior of
the pure ionic liquids and for the determination of their heat ca-
pacities. This DSC is joined to a liquid nitrogen cooling system in
order to reach as low temperatures as 133.15 K. The calorimeter is
also connected to an Olympus SC30 camera (CMOS color camera for
light microscopy), which allows the visualization of the phase
transitions, helping with their interpretation. The Mettler-Toledo
STARE® software in its version 9.30 was used to evaluate the exper-
imental data. As already explained in a previous work [3], the
apparatus was calibrated for temperature and heat flow using pure
zinc, indium, water and heptane and for tau lag by determining
onset temperatures at different heating rates. The obtained repro-
ducibility in the enthalpy of fusion and in temperature were +2%
and +0.2%, respectively. In order to maintain a dry and inert at-
mosphere inside the furnace, dry nitrogen is constantly flowing at
50 mL/min. The samples of pure ionic liquids were dried in situ in
the furnace of the DSC by heating the sample at 403.15 K for 1 h. All
the weighings carried out in this work were made using a Mettler-
Toledo AX-205 Delta Range balance with an uncertainty in the
measurement of +3 x 104 g.

For the thermal analyses, 40 pL aluminum pans hermetically
sealed with a pinhole at the top were used for the samples and a
similar empty pan also with a pinhole was used as the reference in
the furnace. These pans (sample and reference) were chosen so that
their weight was as close as possible to minimize errors in the
measurements. The mass of the samples were relatively small,
between 4 and 8 mg, to avoid homogenization errors and thermal
lag. The temperatures used for the thermal analyzes range from
133.15 to 393.15 K at different cooling and heating rates. All the
samples were subjected to a slow cooling and heating cycle at
2 Kmin~! (“slow method”), and depending on the obtained results,
the run can be repeated at 10 K min ™~ or, if there are freezing peaks,
they are subjected to a quenching (cooling at 40Kmin~' and
heating at 10 Kmin~') in order to prevent the IL from crystallizing

Table 1
Name, purity and halide contents supplied by the company and water content
experimentally determined of the studied ionic liquids®.

Ionic Liquid  Purity/ Halide content/(ppm) Water content/(ppm)
(mass fraction)

C,MpyINTE"  >0.99 <100 <150

CsMpyrNTf,©  >0.99 <100 <100

C4MpyINTE¢  >0.99 <100 <70

C4MpyrDCA®  >0.98 <200 <300

C4MpyrTFO"  >0.99 <100 <160

@ Standard uncertainty u(water content) = + 5%.

b 1-ethyl-1-methylpyrrolidinium bis(trifluoromethylsulfonyl) imide.

€ 1-methyl-1-propylpyrrolidinium bis(trifluoromethylsulfonyl) imide.

4 1-butyl-1-methylpyrrolidinium bis(trifluoromethylsulfonyl) imide.

ef 1-butyl-1-methylpyrrolidinium dicyanamide.

1-butyl-1-methylpyrrolidinium trifluoromethanesulfonate.

Ionic Liquid Structure
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Fig. 1. Structure of the ILs used in this work.

and thus be able to determine the glass transition. In the case that
different crystals were observed, a more detailed study was carried
out by cooling at 2 K min~! and heating at different temperatures.

Regarding the understanding of the thermal scans, the melting
temperature (Tm) was taken as the onset of an endothermic peak
(downward deflection of the curve peak) on heating, the freezing
temperature (Tf) as the onset of an exothermic peak (upward
deflection of the curve peak) on cooling, the glass transition tem-
perature (Tg) as the midpoint of a small heat capacity change on
heating from the amorphous glass state to a liquid state, the cold
crystallization temperature (Tcc) as the onset of an exothermic peak
on heating from a subcooled liquid state to a crystalline solid state,
the solid-solid transition (Tss) as the onset of an exothermic or
endothermic peak on heating from a crystalline solid state.

For the determination of heat capacities a higher amount of
sample is necessary since the size of the measurement signal is
proportional to the sample amount, and thus 100 pL aluminum
pans hermetically sealed with a pinhole at the top were used. The
sapphire method was used, consisting in an initial isothermal
segment for 15 min followed by a dynamic period at 20 K min~!
and a final isothermal segment for 15 min. The runs for Cp mea-
surements were repeated three times for each sample.

The calculated standard uncertainties are +1K for the temper-
ature in the thermal analysis and +5% for the determination of the
molar heat capacity. A more detailed explanation about the pro-
cedure can be found in literature [22], as well as the calculation of
the standard uncertainties [3].

3. Results and discussion
3.1. Thermal analysis
Three different behaviors were found in the ionic liquids studied

in this paper when the cooling and heating rate is 2 Kmin~, as in
the case of the ionic liquids studied in previous papers [3,4]:
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Table 2
Results of the thermal analysis for the studied ionic liquids®.

Rate/K-min™'  Tf_p°/K Tfom/K  Thuom /K  Thn-w)/K  Tg/K Tec/K  Tssqy—m /K  Tssq—miK  Tssmop' /K  Tmg/K — Tmgp/K
CoMpyINTf, 2 335 318 289 173 180 288 312 362

5 339 318 289 173 180 288 312 362

10 342 318 289 173 180 288 312 362

20 343 318 289 173 180 288 312 362

Q+10' 276 180 288 312 362
C3MpyrNTf, 2 253 283

Q+10 i 284
C4MpyINTf, 2 183 208 244 253

5 185 213 244 252

10 187 217 244 254

1 without Tg" 208 240 262

2 without Tg 211 235 263

10 without Tg 220 244 252

20 without Tg 225 244 253
C4MpyrTFO 2 245 238 267

5 230 230 239 267

10 237 237 272

20 231 238 265

C4MpyrDCA 2

173

Standard uncertainty u(T)=+1K.

Freezing temperature from liquid to crystal L.

Freezing temperature from crystal I to crystal II.

Freezing temperature from crystal II to crystal III.

Freezing temperature from crystal IIl to crystal IV.

Solid —solid transition temperature from crystal IV to crystal III.
Solid —solid transition temperature from crystal III to crystal II.
Solid —solid transition temperature from crystal Il to crystal L.
Cooling with quenching and heating at 10 K min—".

Not readable with accuracy from thermal scan.

Cooling the sample without reaching the glass transition temperature.

“ . TR o d A A T o

(i) the first type of behavior is formed by ionic liquids charac-
terized by presenting only formation of amorphous glass;
(ii) the second type of behavior is characterized by presenting
freezing, forming crystals on cooling. However, if they are
subjected to quenching, a Tg is observed while the Tf
disappears;
(iii) the third type of behavior appears in the ILs that do not show
tendency to crystallize on cooling; however, on heating they
show cold crystallization; The experimental values of the

rexo

thermal transition temperatures of the studied ionic liquids
are summarized in Table 2.

In Fig. 2 can be observed that if the ionic liquid C;MpyrNTf; is
subjected to the “slow method”, by cooling and heating at
2Kmin~!, the presence of four exothermic peaks on cooling and
four endothermic peaks on heating (three small peaks at 180, 288
and 312 K and a larger peak at 362 K) is revealed.

To investigate in detail the endothermic peaks at 180, 288 and
312 K, the sample was subjected to different heating rates (5, 10 and
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Fig. 2. Thermal scan for C,;MpyrNTf, at a rate of 2 Kmin™".
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20K min~1), after its cooling at 2 K min~". In these analyzes it was
observed that the four transitions kept showing on cooling and on
heating; therefore it can be assumed that they represent three
solid-solid transitions of three different crystals, corroborating the
idea that this ionic liquid forms different polymorphs when cooled.
After stating the presence of polymorphs, a “quenching method”
was carried out, where a broad freezing peak on cooling and the
three melting peaks were obtained, indicating that this ionic liquid
is a strong crystal-former, as it is usual in ionic liquids with NTf; as
anion with short alkyl-side chain of the cation [3,4].

The ionic liquid CsMpyrNTf, showed a freezing and a melting
peak (at 253 K and 283 K, respectively) when subjected to the “slow
method”. When a quenching is applied to the sample, it also pre-
sented the same peaks (the freezing peak moved to lower tem-
peratures). In video V1 available in Supplementary data the
instantaneous freezing suffered by this ionic liquid can be observed.
Both this ionic liquid and the previous one (C3sMpyrNTf,) belong to
the second type of behavior previously explained.

The ionic liquid C4MpyrNTf, has the behavior explained in the
third type, i.e., it does not form crystals on cooling while on heating
it presents a glass transition followed by a cold crystallization and
three endothermic peaks, as shown in Fig. 3. To study these
endothermic peaks, the sample was subjected to different heating
rates and it was recorded to visually assess the transitions. By
cooling the sample at 2 K min~! and heating it up at 5 or 10 K min~!
the glass transition and the cold crystallization appeared at higher
temperatures as the heating rate increases, which is a behavior
already observed for other ILs [3,4], but the three endothermic
peaks appeared approximately at the same temperatures than
when the sample was heated at 2 Kmin~, although it should be
noted that the second and third peak are joined, increasingly
indistinguishable as the heating rate increases, as it can be
observed in Fig. 3a)—c). With the help of the video, where no visible
changes were observed at 244 K (a melting transition would be
visible), it can be stated that the transition is a solid-solid transition

where all or part of the crystals formed in the cold crystallization
change their conformation. According to the movements seen in
the video, it can be said that at 252 K a conformational change
immediately followed by a melting transition (occasionally they
can occur at the same time) is the reason for these two overlapped
peaks.

Knowing that it is likely that this IL forms several polymorphs
(due to the nature of the anion and the cation), several runs were
carried out by cooling the sample without reaching the glass
transition temperature to check if different crystals are formed.
Therefore, the samples were cooled to 193Kat 2Kmin ! and
heated at 1, 2, 10 and 20 Kmin~ .. From the curves obtained for
these experiments, it can be observed that when the sample is
heated at 1 and 2Kmin~! the Tcc appears at 208 and 211K
respectively, followed by one or two exothermic peaks (Tss) at
240K for the heating rate of 1Kmin ' and 235 and 245K for
2Kmin~!, and the appearance of one small and one large endo-
thermic peaks at approximately 262 and 265K. It should be
remarked that the exothermic peaks following the Tcc are broad
irregular peaks. In video V2 available in Supplementary data, the
change in the crystals occurred at 240 K can be clearly observed. On
the other hand, when the samples are heated at 10 and 20 K min~!
the shape of the curves are similar to those obtained when the
sample is cooled to 133K, i.e., beyond the glass transition temper-
ature. Examples of these behaviors are shown in Fig. 4.

In summary, when depending on the conditions the glass
formed in the cold crystallization suffers an endothermic solid-
solid transition at 244K, the ionic liquid presents another solid-
solid transition immediately followed by its melting at approxi-
mately 254 K, that is, in the cold crystallization transition a type II
crystal is formed, which changes to a type I crystal in the endo-
thermic solid-solid transition at 244K which melts at 254K
(Fig. 4a). On the other hand, when the Tcc glass suffers an
exothermic solid-solid transition at approximately 240 K the other
solid-solid transition joined to the melting occurs at approximately
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1

1 3 e
STAR® SW 9.30

T T T 1
-30 20 -10 °c

Lab: METTLER

STAR'SW 9.30



56

265K, that is, the cold crystallization transition gives rise to a type
Il crystal which changes to a type II crystal in the exothermic Tss
which melts at 265 K (Fig. 4b).

The ionic liquid C4MpyrTFO presents the same behavior than
CoMimNTf, and C3MpyrNTf,, i.e., it belongs to the second type of
behavior where the ionic liquid forms crystals on cooling and melts
on heating (Fig. S1 a) available in Supplementary data). In the case
of this ionic liquid, unlike the transition shown by C3MpyrNTf,, the
freezing was not instantaneous, as shown by the broad and irreg-
ular peaks (up to three) represented in the DSC curve and video V3
presented in Supplementary data where movements along a tem-
perature range can be observed, suggesting the possibility of the
existence of polymorphs. On the process of heating, this ionic liquid
suffers a small endothermic transition at 238 K followed by a broad
and irregular melting transition. Using the video V4 (Supplemen-
tary data), it can be said that the endothermic transition is a solid-
solid transition where some of the crystal or crystals formed on
cooling change their conformation. Regarding the following broad
endothermic curve, movements of changing crystals can be
observed immediately mixed with a melting process; therefore, in
that broad peak a solid-solid transition is occurring while some of
the crystals melt to finally lead to the melting of the whole sample.

E. Gomez et al. / Fluid Phase Equilibria 470 (2018) 51—59

Given the possibility of the formation of different crystals in this
IL, additional experiments were carried out with the same cooling
rate (2 K min~') and different heating rates (5, 10 and 20 Kmin~").
In these curves the same behavior was found, with the peak
comprising the solid-solid and the melting transitions becoming
wider as the heating rate increases. However, when the heating rate
was 5 Kmin~! another small endothermic curve at 230 K appeared,
suggesting the presence of a solid-solid transition. Given the
appearance of freezing transitions on cooling and two solid-solid
transitions on heating, at least three crystals have been formed
during the experiments.

Finally, this IL was subjected to a quenching method and it
showed to be a strong crystal former, since it still suffered freezing
on cooling despite the relatively high cooling rate.

The ionic liquid C4MpyrDCA showed the first type of behavior
(Fig. S1b) available in Supplementary data), presenting only a glass
transition at approximately —100°C.

In Table 3 the experimental results from the thermal analyses
are compared with literature values [5—18]. As it can be observed,
the results obtained in this work are in agreement with those in
literature when the experimental conditions are similar. Besides
this, with the new experiments carried out, these ionic liquids are

Table 3
Literature comparison for the thermal analysis of the studied ionic liquids.
Rate Tfe~n Tl  Tfuom  Thm-wy Tg Tec Tssqv—my  Tssau—my  Tssai—n Tmy, Tmyy
CoMpyrNTf, This work 2 335 318 289 173 180 288 312 362
This work 5 339 318 289 173 180 288 312 362
This work 10 342 318 289 173 180 288 312 362
This work 20 343 318 289 173 180 288 312 362
[5] 10 171 173 287 359
[6] na. 187 290 318 363
[7] na 188 290 318 364
[8] na 183 183 291 318 361
[9] 20 168 172 186 287 293 363
C3MpyrNTf, This work 2 253 283
This work Q+10 284
[10] 10 ~258% 183 282
[11] 2 259 283
[11] 5 261 283
[11] 10 262 284
[12] 2/10 283
[5] 10 183 206 228 255 285
[13] 20/10 285
[14] 10 284.6
[8] na 183 198 228* 255 285
[15] 10 283
C4MpyrNTf, This work 2 183 208 244 253
This work 5 185 213 244 252
This work 10 187 217 244 254
This work 1 without Tg 208 240 262
This work 2 without Tg 211 235 263
This work 10 without Tg 220 244 252
This work 20 without Tg 225 244 253
[16] na 181 240
[10] 10 188 244 256
[11] Q 1st cycle 186 217 239 252
[11] Q 2nd cycle 186 217 (D40 252 262
[11] 10 181 204 226 262
[12] Q 188 220 (-+1D543 255
[5] na 186  218° 249 255
[13] 20/10 267
[14] 10 266
[6] na 266
[17] 10 190 258
[8] na 186 218 249 255
[18] na 266
[15] 10 186 220 255

na = not available.
2 Read on graphic presented in the original reference.
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Table 4
Experimental molar heat capacities, c,, for the studied ionic liquids (phase liq).*

T/K cpl)- K" -mol~! T/K cp/]-K~'-mol~!
C4MpyrNTf, C4MpyrTFO C4MpyrDCA C3MpyrNTf,

293.15 566 432 407 323.15 567
294.15 568 434 408 324.15 569
295.15 569 435 410 325.15 571
296.15 570 437 411 326.15 573
297.15 571 438 412 327.15 575
298.15 572 439 413 328.15 576
299.15 573 441 414 329.15 578
300.15 574 442 416 330.15 579
301.15 574 443 417 331.15 581
302.15 575 444 418 332.15 582
303.15 576 445 419 333.15 584
304.15 577 446 420 334.15 585
305.15 578 448 421 335.15 586
306.15 578 449 422 336.15 588
307.15 579 450 422 337.15 589
308.15 580 451 423 338.15 590
309.15 581 452 424 339.15 591
310.15 581 453 425 340.15 593
311.15 582 454 426 341.15 594
312.15 583 455 427 34215 595
313.15 583 456 428 343.15 597
314.15 584 457 429 34415 598
315.15 585 458 429 345.15 599
316.15 585 459 430 346.15 600
317.15 586 460 431 347.15 601
318.15 587 460 432 348.15 601
319.15 588 461 433 349.15 602
320.15 588 462 434 350.15 604
321.15 589 463 434 351.15 604
322.15 590 464 435 352.15 605
323.15 590 465 436 353.15 606
324.15 591 466 437

325.15 592 467 438

326.15 593 468 439

327.15 593 469 440

328.15 594 470 441

329.15 595 471 442

330.15 596 472 442

331.15 596 473 443

332.15 597 474 444

333.15 598 475 445

¢ Uncertainty is u(cp) = +5%.
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Fig. 5. Experimental molar heat capacities, c,, determined in this work and in previous
works as a function of temperature. Symbols:\V/, CsMpyrNTf, (this work); O,
C4MpyrNTf;, (this work); A, C4aMpyrDCA (this work); O, C4MpyrTFO (this work); W,
CsMpyNTf, (reference [4]); @, C4MpyNTf, (reference [4]); M, C4MpyTFO (reference
[4]); ¥, CsMimNTf, (reference [3]), ®, C4MimNTf, (reference [3]); M, C4MimTFO
(reference [3]); A ,C4MimDCA (reference [3]); (—), solid blue lines represent the fitting
using the quadratic equation. (For interpretation of the references to color in this figure
legend, the reader is referred to the Web version of this article.)

Table 5
Fitting parameters for the fitting (C,=yo+aT +bT?) of the experimental heat
capacities.

IL Yo a b R?
CsMpyrNTf, —1540.5 11.319 —0.0148 0.9998
C4MpyrNTf, 166.15 1.9095 -0.0018 0.9985
C4MpyrTFO —188.08 3.0622 -0.0320 0.9987
C4MpyrDCA —130.18 2.6340 —0.0027 0.9984
700
650 DJD‘:‘”DD”*D
o p O s + * R
600 - .
1]
- abn & :o:?'ono"“"“
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'K

Fig. 6. Experimental molar heat capacities determined in this work and literature
values as a function of temperature. Symbols: O, CsMpyrNTf, (this work); @,
C4MpyrNTf, (this work); B, C;MpyrDCA (this work); A, C4MpyrTFO (this work); A,
C4MpyrNTf, (reference [16]); I, C4MpyrNTf, (reference [19]); X, C4MpyrNTf, (refer-
ence [20]); +, C4MpyrNTf, (reference [21]).

better characterized. The comparison of results is sometimes
difficult due to the different procedures and to the fact that
sometimes the experiment setups are not well defined.

3.2. Heat capacities

Heat capacities scans were completed from (258.15—-348.15) K.
However, only data from (293.15—333.15) K are presented since at
the temperature range limits the samples are not fully thermally
conditioned [22].

The experimental heat capacities for the all ionic liquids studied
in this work in the temperature range T = (293.15-333.15) K are
summarized in Table 4 and these experimental data are also plotted
in Fig. 5. In this figure the heat capacities of ionic liquids with
pyridinium and imidazolium cation determined in our previous
work [3,4] are also represented, in order to evaluate the influence of
cation of the ionic liquid in the value of the heat capacity.

If the heat capacity of the C,MpyrNTf, ILs are compared it can be
observed that longer alkyl chains on the cation, increase the Cp; this
behavior agrees with that reported in literature [19,23] and with
the results of our previous work (as also shown in Fig. 5) for
ChMpyNTf, and CoMimNTf; ILs.

Regarding the heat capacities of ILs with the same cation and
different anions, in this work it can be observed that an increase in
the size of the anion means an increase of the C, values. For the
ionic liquids with 1-buthyl-3methylpyrrolidinium cation the G,
values at 298.15K decrease in the order NTf; > TFO~ > DCA™, the
same result was found for the ionic liquids with the pyridinium
cation (Fig. 5) and this behavior agrees with that found in literature
[19,23].

Finally, in Fig. 5 if we compare the ionic liquids with the same
anion and the same alkyl chain but different anion type, in all cases,
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the pyrrolidinium-based ionic liquid present higher heat capacities
than their analogous pyridinium-based ionic liquid and these pre-
sent higher heat capacities than imidazolium-based ionic liquids.

The dependence of the heat capacities with temperature is
usually fitted to a polynomial. In this work, a quadratic polynomial
equation (Cp = yo+aT + bT?) was used to fit the obtained heat ca-
pacities, and the fitting parameters for the studied ILs are presented
in Table 5 together with the squared correlation factor, R%. As it can
be inferred from this table, with R? values higher than 0.99, the heat
capacities follow a good linear trend with temperature. This fitting
can be also observed in Fig. 5.

In Fig. 6, a comparison between experimental and literature
values [16,19—21] of heat capacities as function of the temperature
is presented for C4MpyrNTf, ionic liquid. The largest deviations
(>9%) have been found related to the data published by Hardacre
et al. [19]. The deviation between the experimental values and
those recommended by Paulechka in his review [20] for this ionic
liquid is 2%. In general, the deviation values are close of the un-
certainty in the measurement of the heat capacities. For the ionic
liquid C4MpyrDCA there is published in the bibliography [23,24] the
value of G, =502 JK T mol ! at T=298.15K, the difference with the
value published in this work is about 21%, although this difference
it may be due to the different methods chosen for the experimental
determination of Cp,, while that in this work the C, has been
determined from 258.15 to 348.15 K, in the previous works [23,24]
the method used was from 293 to 333 K. For the rest of ionic liquids
presented in this work no literature data were found.

4. Conclusions

The determination of the thermal analysis and the heat capac-
ities of the several pyrrolidinium-based ionic liquids Co,MpyrNTf,
(n=2,3,4), C4MpyrTFO and C4MpyrDCA has been carried out with a
Mettler-Toledo differential scanning calorimeter (DSC), model
DSC822¢ combined with the Mettler-Toledo STAR® software,
version 9.30 and an Olympus SC30 camera (CMOS color camera for
light microscopy).

The thermal behavior of the ionic liquid was determined
following a specific protocol, finding three types of thermal
behavior: the first type of behavior is formed by ionic liquids
characterized by only present a glass transition, the second type is
characterized by presenting freezing, forming crystals on cooling
and finally, the third type appears in the ILs that do not show
tendency to crystallize on cooling; however, on heating they show
cold crystallization.

The experimental results were compared with those found in
literature, and the comparison showed a satisfactory agreement.

The heat capacities increased linearly with temperature for all
studied ionic liquids and it was concluded that the heat capacity
values of the pyrrolidinium ionic liquids with the NTf; anion in-
crease as the alkyl-side chain of the cation increases. Regarding the
influence of the cation on the heat capacities of ILs, in this work it
can be observed that an increase in the size of the anion means an
increase of the Cp values. Finally, the pyrrolidinium-based ionic
liquid present higher heat capacities than their analogous
pyridinium-based ionic liquid and these present higher heat ca-
pacities than imidazolium-based ionic liquids.
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