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Abstract

Phase transitions, isobaric heat capacities and thermal stability of four ionic liquids
(ILs) are determined in this work. The selected ILs have two different cations,
pyridinium and choline, and they are combined with three different anions, acetate,
dihydrogen phosphate and tosylate. Solid-solid and solid-liquid phase transitions and
isobaric molar heat capacities are determined using two calorimeters, both based on the
differential scanning calorimetry methodology. Thermal stability of the studied
compounds is analysed through the thermogravimetric technique (TGA). Degradation
temperatures are obtained from TGA experiments using the dynamic method, whereas
isothermal TGA is used to determine the maximum operation temperature. The results
show that, all the ILs present crystalline behaviour, with melting temperatures within
the interval of 88°C and 123°C, whereas heat capacities linearly increases with
temperature. A clear dependence with the anion is observed for both heat capacities and
thermal stability, being ILs with the tosylate anion those presenting the highest values

of molar heat capacities and the highest thermal stability.
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Introduction

Ionic Liquids (ILs) constitute innovative fluids for chemical processes that are generally
non-flammable and non-volatile in environmental conditions. ILs have emerged as an
important tool to replace traditional solvents, often improving the process performance
and minimizing the environmental impact. The number of ILs and their potential
applications has been increased during the last years, as the literature reveals [1-4],
although the main part of the published papers are addressed to two general groups:

biotechnological and energy applications.

Conventional ILs, mainly imidazolium based ILs, could become part of sustainable
products and processes due to their excellent technological properties, but they could be
toxic for most organisms, in spite of these fluids are considered green solvents [5]. In
this context, novel ILs derivate from natural products opened a new direction in IL
design. One possibility is the choline based ILs, which, during last decade, have been
involved in relevant studies as, for example, extractants of saponins and polyphenols
from mate and tea [6], recombinant human therapeutic protein used for treating
advanced melanoma [7], additives in pharmaceutical products [8—10], improvers of
crystallization of biopolymers with use on suture, bone fixation material, drug delivery,
and tissue engineering [11], antimicrobial agents [12], additives for lubricants [13] or
green surfactants [14]. The presence of choline cation in an IL shows multiple
advantages, namely good water solubility, non-toxicity, biodegradability and low cost.
Another interesting property is that it can be obtained from natural resources; it is found
in a wide variety of foods and it has been recognized as an essential nutrient by the

Institute of Medicine (IOM) in 1998 [15,16].

Furthermore, the applicability on the energy field of pure choline ILs and as a part of
deep eutectic solvents (DES) is also pointed out in early studies. Thus, Zhao et al. [17]
highlighted the importance of the DES of choline acetate and choline chloride with
glycerol in the biodiesel synthesis. Zhang et al. [18] emphasised the potentiality of
choline ILs as green and cheap agents on cellulose pre-treatment. In a previous work of
our group in collaboration with researchers of University of Vigo, Sanchez ef al. [19]

analysed some thermophysical properties as density, viscosity and electrical



conductivity of choline and pyridinium ILs to be proposed as absorbents with water as
refrigerant in novel heat pump devices. Furthermore, Ali Rana et al. [20] found an
increase on the ionic conductivity by up to three orders of magnitude adding choline
dihydrogen phosphate to organic ionic plastic crystal matrix in acidic conditions, being
an important progress on electrochemical device applications, batteries, electrochromics
and fuel cells, for example. This interest as potential electrolytes was also pointed out
by other authors [21,22]. Therefore, the future of ILs as advanced materials in the
energy field is unquestionable. In these energy applications, the knowledge of liquid
range and heat capacities as a function of temperature, among other properties, is of
essential importance. This work proposes a new step on the field of ionic liquids as
smart materials in energy applications. Both properties, liquid range and heat capacity,
for four ILs, three choline based ILs and one ethyl-pyridinium, are here analysed.Three
different anions, corresponding to the three IL groups proposed by Gadilohar and
Shankarling [8] according to its acidity-basicity, have been chosen: anion acetate
belongs to the “basic cations and anions” group; tosylate to the “neutral cations and

anions” group and dihydrogen phosphate to the “amphoteric anions” group.

Materials and Methods.
Chemicals

Four ionic liquids, provided by IoLiTec, are considered in this work, three of them with
the common cation choline [Chol]", and the anions Acetate, [Ac]’, Tosylate, [Tos] and
Dihydrogen phosphate [H2PO4], and the other one is 1-ethylpyridinium tosylate,
[C2Py][Tos]. Identification names, CAS numbers, initial purities and cations and anions
chemical structures are presented in Table 1. Water contents were determined by Karl
Fischer titration, firstly for samples as supplied. Further purifications were done for heat

capacities determinations to ensure that the water content was lower than 200 ppm.



Table 1. Structure, identification, molar mass, mass fraction purity and initial water content of selected ILs (supplied by loLiTec).

Name Abbreviation | Chemical structure Molecular Mass fraction | Water content
CAS Number mass /g mol! | Purity* / wt%
Choline Dihydrogenphosphate [Chol][H2PO4] | + ﬁ 201.16 0.98 0.41
N~ HO—P—OH
83846928 | Ho” NN I
Choline Tosylate [Chol][Tos] |+ M- 275.36 0.97 0.37
o NN < > e
55357-38-5 ©
Choline Acetate [Chol][Ac] ‘ v 0 163.21 0.98 2.1
I
14586357 | Ho” NN o
1-ethylpyridinium Tosylate [C2Py][Tos] Y ﬁ - 279.36 0.97 0.32
“<\ /> < > T
95982-69-7 O

* Determined by NMR in all ILs (supplier indication)




Experimental section
Phase transitions determination

A differential scanning calorimeter DSC Q100 from TA-Instruments with aluminium
pans hermetically sealed was used to determine the different phase transitions
experimented by the IL during heating and cooling cycles. Samples, without further
purification, were placed in a 40-uL hermetically sealed aluminium pan with a pinhole
at the top of the cover. An empty aluminium pan was used as reference. Each sample (3
- 5 mg) was subjected to four ramps, two in cooling and two in heating mode, with an
isothermal step between them: (a) heating from (25 to 125) °C at 10 °C min’!, (b)
isothermal step at 120 °C during 45 minutes in order to remove impurities and to reduce
or eliminate free water in sample and to erase the sample thermal history , (c¢) cooling
from (125 to —85) °C at 10 °C min’!, (d) isothermal step at -85 °C during 5 minutes and
(d) heating from (-85 to 100) °C at 10 °C min' and (e) cooling from (100 to -85) °C at 5
°C min’!. Although a comparison between the cycles at different temperatures was done,
transition temperatures were determined from the DSC curves, as the onset points of the
different peaks, during the reheating and recooling steps, as it was done in previous

papers [23,24].
Heat capacities measurements

Isobaric molar heat capacities were determined using a micro DSC III calorimeter from
Setaram. Due to the solid nature of the sample, batch cells with an internal volume
around 0.8 ml were used. The scanning method with a heating rate of 0.25 K-min™!, was
used, obtaining data in the temperature interval (293.15- 348.15) K. Two reference
fluids are needed for performing the calibration; toluene and water were selected due to
the high precision of the available literature data [25]. Before measurements, samples
were dried in vacuum pump during 48h and water content was then measured by Karl-
Fisher titration obtaining values lower than 200 ppm. Although this apparatus can
determine heat capacity with uncertainty below 1% for high purity compounds, the
special hygroscopic nature of the studied ionic liquids worsens the reliability of the
measurements in the solid phase. This is mainly because water strongly affects the
melting point of these chemicals, making it to not take place at one temperature, but in a
temperature interval. Therefore, in the proximity of the melting point, heat capacity data

are less reliable. Taking this into account, standard uncertainties of 2% are estimated.



Thermal stability study

Thermogravimetric analysis, in dynamic and isothermal modes under nitrogen and dry
air atmospheres, have been performed using a TGA 7-Perkin Elmer. The short-term
thermal stability was studied firstly from dynamic scans from (100 to 800) °C, with a
heating rate of 10 °C min™! and a purge gas flow of 20 cm® min!. Samples of (3-5) mg
were placed in an open platinum pan. Each analysis was repeated three times. The
atmosphere influence was analysed for all the ILs. Furthermore, isothermal TG analysis
at temperatures lower than fonset, was used to determine the long-term thermal stability
of ILs. Details about these determination procedures were described in previous papers

[26,27].

Results and Discussion

Phase transition analysis

Choline based ILs present similar DSC thermal profiles for the different scanning rates
used in this study (10 and 5 °C min™'). The DSC curves corresponding to the last heating
and cooling steps performed at 5 °C min™! are presented in Fig 1. However, [C2Py][Tos]
shows differences between the DSC profiles at different heating rates (Fig 2). This
could be due to the highest rate does not allow the formation of crystalline lattice on
cooling ramp at and then, glass transition is observed in heating ramp at -33 °C,
followed by a cold crystallization process (exothermic peak) at -3 °C, a solid-solid
transition (endothermic peak) at 37 °C and finally a melting (endothermic peak) at 97
°C. The reduction on scan rate down to 5 °C min™ induces the appearance of an
exothermic peak in cooling ramp, compatible with crystallization, and the disappearance
of the glass transition. Therefore, the lowest scan rate induces the reduction of the
sample amorphous phase, although a small exothermic peak associated to cold

crystallization is observed also for 5 °C min™.

The obtained results from these DSC traces, bibliographic data of melting, freezing and
glass transition temperatures, as well as the enthalpy and entropy changes of melting of
the selected ILs, calculated directly from peak integration and from ASm = AHm/Tm,

respectively, are summarized in Table 2. Despite the scarce and discrepant bibliographic



information about the transitions of these ILs the obtained results are in good

concordance with some of the previously published data, as it can be seen in Table 2.

[Chol][Tos] shows melting and freezing peaks at heating and cooling ramps
respectively, in addition to solid-solid transitions in both ramps, without any sign of
amorphous phases. This melting temperature is in very good agreement with Wandelt

and Heilner [28] who reported, in a patent, melting temperatures of 107 °C.

No evidence of amorphous phase has been observed for [Chol][Ac], which shows
melting (on heating ramp) and freezing (on cooling ramp) peaks with onset
temperatures at (86 and 59) °C, respectively. These results are in relatively good
agreement with the melting temperature reported by Petkovic et al. [29] , Zhang et al.
[18], Koda et al.[30], Muhammad et al. [21] and Briinig et al. [31] although our results
are higher than those reported by Fukaya et al. [22].

[C2Py][Tos] shows strong supercooling, with freezing points significantly lower than
the melting points, being the difference (7»—Ty) up to 90 °C in the experiment performed
at 5 °C min’'. Interestingly, in a previous work [32] we found that [C2Py]" based ILs
also presented the largest super cooling effect from a list of ILs with different cation and
different anions. As we pointed out in that work, this fact is very important and a useful
property for an eventual application of ionic liquids as absorbents in absorption heat
pumps, since the problem of crystallisation commonly observed in the current working

pairs is avoided.

It is especially interesting the available data of melting point of [Chol][H2PO4]; in spite
of the DSC curves obtained from different authors are in extremely good concordance,
corresponding melting points range between (119 and 190) °C. The reason is that some
authors [33-35] attribute the melting process to the peak appeared around 120 °C and
other authors [11,36] indicate that peak at 120 °C is due to a solid-solid transitions and
the melting corresponds to a small peak around 190 °C. To clarify this controversial
fact, we extended the temperature interval of the first scans to 220 °C (see Fig S1 in
ESI) and an unfinished peak, starting at 180 °C, was observed at the end of the heating
ramp. Taking into account the degradation temperature of this compound, very close to
180 °C, -see Thermogravimetric analysis subsection of Results section of this work-, the
increasing of the upper limit of thermal scan without risk of degradation of the sample

was not possible. Therefore, we tried to found visual evidences of the physical state at



temperatures between (120 and 190) °C; few grams of pure IL were placed into a
furnace previously heated at 140 °C during a couple of minutes and we have observed
that the sample started to melt and flow (see Fig. S2 in ESI). After these evidences, the
conclusion of the present work is that the peak registered at 120 °C corresponds to the
melting of [Chol][H2PO4]. Therefore, the previously observed peak at 180 °C must be

due to the IL degradation process.

Due to the melting temperatures of the selected ILs are relatively high, these compounds
should be named molten salts rather ionic liquids if the classical definition is admitted.
Some authors [37] refers to this IL as to a near-IL, because is liquid at room temperature

when diluted with 20% (v/v) H20.

As it was previously indicated, from melting temperatures and enthalpy changes
corresponding to this transition, entropy changes included in Table 2 have been
calculated. Two important characteristics of plastic crystals are their very low entropies
of melting (<20 J mol™! K'!) and the exhibition of a series of solid-solid phase transitions
below the melting point [38,39]. This behaviour is typically shown by plastic crystals.
For these compounds, the transition from solid to liquid is not as sharp as in other
solids. The ions are not as anchored to the lattice as in classical crystalline solids, being
free to rotate or vibrate. This makes the entropy of these phases to be high, and as a
result, the entropy of melting is small [40]. This state is also understood to contain many
lattice vacancies as a result of the rotational disorder, for which the material can present

plastic material properties, as high ionic conductivity.
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Table 2. Melting (tm), freezing (#r), glass transition (#g), solid-solid (zs) and cold
crystallization (f.c) temperatures, enthalpy (AHm) and entropy changes (ASm) of melting
of the selected ILs acquired using differential scanning calorimetry (DSC). All
temperatures correspond to the onset of the peaks, except for glass transition that
corresponds to the midpoint step temperature Experiments were performed with (1008 +
10) hPa of atmospheric atmosphere, and relative humidity of (55 £ 10)%. Reference

data are also included.

- tm/ te/ ty/ tec/ tss / AHp/ ASp/
°C °C °C °C °C kJ-mol! Jmol! K!
[Chol][H2POs4] 123 120 - 23 1.3 3.3
190[36] 22[36] 20/120[36]
180[11] 110[11]
119[33,34]
[Chol][Tos] 105 73 66 19.1 51
107 [28]
[Chol][Ac] 86 59 17.3 48
51[22] 8.9 [41]
74[30] 16.5 [42]
80[18,29]
72[21]
89 [41]
68 [42]
75 [31]
[C2Py][Tos] 101 — 33 -3 48 21.0 56

Expanded uncertainties (0.95 level of confidence) U(#)=2°C, U/(AHm)= 10%, U(ASm)= 10%

The obtained melting entropies for [Chol][Tos], [Chol][Ac] and [C:Py][Tos] are
relatively high compared with salts undergoing plastic crystallization, whose ASm <20 J
mol! K! [43], indicating that these ILs present rather a rigid crystalline structure than
plastic one. The other studied IL, [Chol][H2POs4], is clearly a liquid crystal, as the very

low ASm suggests.



Heat capacity analysis

Fig. 3 shows the isobaric specific heat (¢p), for the studied systems between (293.15 and
348.15) K. Samples are in solid phase over the whole studied temperature interval. As
usual, ¢p increases with temperature. A clear dependence with the anion is observed, as
obtained in a previous work [44], being the lowest values corresponding to tosylate
based ILs and the highest to that containing acetate anion. In this case, also dependence
with cation is observed, being choline ILs those presenting the highest values. Table 3
shows the isobaric molar heat capacities values, Cp, for the selected ILs between
(293.15 and 348.15) K. These data are also plotted in Fig. 4. Isobaric molar heat

capacity also increases with temperature and follows the tendency:
[Chol][ H2PO4]< [Chol][Ac]< [C2Py][Tos]< [Chol][Tos],

Cp often correlates with molecular weight [42], since degrees of freedom of the
molecule strongly increase with its size. However, the obtained C, results show that the
studied ILs do not follow this tendency. This deviation from the usually observed
behaviour could be related with the ability of the choline and acetate ions to form
hydrogen bonds, since it is well known that they revert in an important positive

contribution to heat capacity.

For [Chol][Tos], which shows a solid-solid transition in the studied temperature range,
larger values for solid II are found, with an increment in heat capacity between the two
phases, ACp, around 10 J-mol'-K'!. It is worth to note that the low temperature reported
values for [Chol][ H2PO4] and [C2Py][Tos] are those of the metastable high temperature
solid phase. Although samples were thermostated at 288.15 K for an hour before
carrying out the experiments, the stable phase could not be attained, as it was in Q100
experiences. Probably lower temperatures than 288.15 K are needed in order to make

these phases to appear.
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Fig. 3. Isobaric specific heat capacities, ¢, for the four ILs: A [Chol][H2PO4],
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Table 3. Isobaric molar heat capacities of the ILs under atmospheric pressure (990 + 12)

hPa. All these values correspond to sample solid phase.

Cp/J mol'K™!
T/K  [Chol][H2PO4] [Chol][Tos] [Chol][Ac] [C2Py][Tos]
293.15 *279.3 363.2 300.5 *333.7
298.15 286.5 371.3 310.5 *340.1
303.15 293.7 380.2 321.5 *349.2
308.15 301.3 388.0 330.9 *359.1
313.15 309.1 396.2 341.7 *368.5
318.15 314.6 401.8 351.8 *375.4
323.15 322.5 410.1 363.2 384.5
328.15 329.6 419.4 373.3 392.2
333.15 337.2 426.6 382.4 402.5
338.15 344.4
343.15 452.6
348.15 460.1

Standard uncertainties: u(7) = 0.1 K; u(Cp) = 2%.
*Corresponds to metastable high-temperature solid phase.
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Up to our knowledge no data about this property can be found in literature for the
studied ionic liquids. In order to fit isobaric molar heat capacity values with temperature

for the ILs, a linear equation is used

Cp = Ag + AT (1)

The values of 4; parameters as well as standard deviation s are given in Table 4.

Table 4. Fitting Coefficients Ai of Eq. (1) and Standard Derivation s.

IL Ao/ J mol! K! A1/ J mol! K2 s
[Chol][H2POx] -143.09 1.4412 0.4
[Chol][Tos] (solid I) -61.91 1.4993 0.7
[Chol][Tos] (solid II) -305.46 2.0668 0.5
[Chol][Ac] -173.99 1.7284 1.0
[C2Py][Tos] -140.34 1.4328 0.5

Thermogravimetric analysis

Dynamic study

Fig. 5 shows the TG and DTG curves of the four ILs performed in air and N2

atmospheres with a heating rate of 10 °C min™'. Thermal stability parameters determined



from the dynamic TG and DTG curves are summarized in Table 5. Onset temperatures
were determined as it was indicated in previous works [32]; weight at onset temperature
(Wonset) and temperatures of the minima of DTG (#peak) are also presented in this table.
Up to our better knowledge, previous literature data of thermal stability of these ionic
liquids are scarce. Petkovic ef al. [29] and Fukaya ef al. [22] obtained values of 169 °C
and 189 °C, respectively, for onset temperature of [Chol][Ac], which are in relatively
concordance with our results; the differences can be attributed to different experimental
conditions and different methods to obtain this parameter from TGA curves. Several
authors [11,36] indicate that [Chol][ H2PO4] is stable up to 200 °C, agreeing with our

results.
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Table 5. Onset temperatures (fonset), sample remaining weight (in %) at onset
temperature (Wonset) and temperature of the minimum of DTG (#peak) from the dynamic
scans (10 °C min™') in air and nitrogen atmospheres. Experiments were performed with

(1008 = 10) hPa of atmospheric atmosphere, and relative humidity of (55 + 10)%.

IOIliC quuid Atmosphere t()nsct/ OC W()nsct/ % tpcak/ 0(:
247 97 263
Air 275 91 329
632 36 695
[Chol][H2PO4]
246 97 263
Nitrogen 277 88 335
570 32 614
Air 336 82 349
[Chol][Tos]
Nitrogen 332 84 346
Air 226 83 248
[Chol][Ac] )
Nitrogen 200 85 222
CPVIIT Air 316 84 340
[CPy]{Tos] Nitrogen 335 86 357

Expanded uncertainties are U(t) = 8 °C and U(W) = 2% (0.95 level of confidence (k=2))

In Fig. 6, a comparison between TG curves obtained for the four selected ILs at 10 °C
min! under both, air (a) and N2 (b), atmospheres is presented. As it can be observed
from this figure, there are different thermal behaviors taking into account the beginning
of the mass loss, characterized through the onset temperature, as well as the shape of the
TG curves. For example, in case of [Chol][Ac], the TG curve shows a single step
(obviating the initial one due to the water and volatiles loss) after which the sample has
lost the whole mass. In case of [Chol][Tos] and [C2Py][Tos] a major decomposition step
is recorded followed by a small one where the degradation of the sample ends at high
temperatures. For the [Chol][H2PO4] the TG curve shows two main, but not well
resolved, steps which means that the associated processes are overlaid during the

heating of the sample.
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Although onset temperature cannot be considered as the liquid range upper limit
[32,45], it can be used to compare the short-term thermal stability of different ILs.
According to this, the following thermal stability trend is obtained:

[Chol][Ac] < [Chol][H2PO4] < [C2Py][Tos] < [Chol][Tos]

These results are in total agreement with previous findings that concluded the main role
of anion on the thermal stability [46,47]. Cao et al. [48] analyzed the thermal stability of
66 ILs with different anions, among them, [Ac]’, [H2PO4]" and [Tos], with different

cations, obtaining similar trends than us.



Isothermal study

Taking into account the small differences between the dynamic stability results obtained

in both selected atmospheres, the isothermal analysis was only performed in air.

Fig. 7 shows the isothermal scans at different temperatures (all of them lower than fonset)

in air atmosphere for the four ILs.
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Fig. 7. Isothermal scans in air atmosphere at different temperatures for the four ILs. All

experiments were performed at atmospheric pressure of 998 + 12 hPa

As it was expected, in all cases there is a significant mass loss in short times after
exposing the sample at temperatures lower than onset one. [Chol][Ac] is the less stable,
as it was also concluded in the dynamic study. For the other three ILs, a sequence can
be stablished making a comparison of one of the isothermal scans. Thus, for isothermal
experiments at 260 °C it can be seen that a degradation of 10% is observed for the
[Chol][H2PO4] after 7 min of exposition, whereas to get the same mass loss, 50 and 115
min were necessary in case of [CoPy][Tos] and [Chol][Tos], respectively. That

indicates, once again, the strong influence of the anion on the thermal stability of ionic



liquids. Therefore, according to this isothermal degradation study, the following

sequence for the thermal stability can be stablished:
[Chol][Ac] << [Chol][H2PO4] < [C2Py][Tos] < [Chol][Tos],

which is the same obtained through the dynamic analysis.

Kinetics of isothermal degradation

The kinetics of mass loss for the selected ILs was analysed from isothermal TGA results
following the methodology reported in previous articles [27,45]. The Arrhenius

equation is a good tool to analyse the temperature dependence on the mass loss rate, k:

k=4 exp[_Rl;“ j )

where Ea is the activation energy and 4 is the pre-exponential coefficient. This relation
allows the prediction of the decomposition rate at any temperature.

By defining the degree of conversion, a, as:

mo—m

a =

3)

Mpy—Meo

where m is the measured experimental mass at temperature 7, mo the initial mass, and
M« the mass at the end of the non-isothermal experiments and considering the rate of
conversion do/dt, the k constant is obtained as the slope of a linear fitting of conversion

rate versus time for each isothermal scan.

From the linear relation between In k and temperature (Fig. 8) the activation energy of
the thermal degradation process is calculated for each IL, which is presented, together

with the preexponential factor in Table 6.
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Fig. 8. Arrhenius plots for the selected ILs: e[Chol][H2PO4], E[Chol][Tos],
[LJ[Chol][Ac], A[C2Py][Tos].

Table 6. Activation energies, Ea with the standard uncertainty, AE, and pre-exponential

coefficients, 4, for the four ILs obtained from the Arrhenius equation (1).

Tonic Liquid E.£AE,/ kJ mol™ A/ min™ R?

[Chol][H,PO4] 154+ 18 4.64 10”° 0974
[Chol][Tos] 167+ 9 2.04 10" 0.987
Chol][Ac] 106+ 14 823 10" 0.967
[

[CoPy][Tos] 151+2 1.25 10" 0.999

These values of activation energy are in good concordance with the obtained from Cao
et al. [48] for different ILs with similar anions, except in the case of [H2PO4] based IL,
but this disagreement can be attributed to differences in the temperature interval.
[Chol][Ac] presents the lowest values of activation barrier and degradation temperature
in this oxidative atmosphere, whereas the opposite situation corresponds to [Chol][Tos]
which shows the highest values of both, activation energy and temperature of
degradation. Thus, from these energy values, the observed tendency agrees with that

resulted from dynamic and isothermal values:

[Chol][Ac] < [C2Py][Tos] = [Chol][H2PO4] < [Chol][Tos]



Maximum operation temperature (MOT)

The level of degradation allowed in different applications is not yet clear in literature,
ranging from 1% in one year [49] to 10% in 10 h [50]. In this work, an estimation of the
maximum operation temperature (MOT) for the four ILs has been done following the
criteria of Seeberger et al.[49]. They proposed the use of the following equation to

calculate the MOT for a defined time of operation (#max):

Ea/R

4.6+In(A+tmax)

MOT = 4)

where R is the gas constant.

In Fig. 9, the MOT (in Celsius degrees) is depicted versus the operating time (in hours)
for the four studied ILs.

10000 =

1000

____________________________________________

0.1

MOT /°C

Fig. 9. Calculation of the maximum operation temperature (MOT) in air atmosphere of
the four selected ILs: e [Chol][Ac]. © [Chol][H2PO4]. A [C2oPy][Tos] and
B[ Chol][Tos], depending on the operating time.

As expected, temperature decreases systematically with the exposure time. Hence,
following this criterion, the MOT for the IL [Chol][Tos] changes from almost 200 °C
for 1 h. to 160 °C for 1 day and to 110 °C for 1 year (8000 h) of operation times;
whereas for [Chol][Ac] temperature cannot exceed 50 °C to guaranty the quality of the
IL during 1 day (24 h). So it can be said that this MOT study ratifies that concluded
from the above thermal stability studies, obtaining a similar trend than those presented

before:



[Chol][Ac] < [Chol][H2PO4] < [C2Py][Tos] < [Chol][Tos]

Thermal stability trends obtained through different criteria, i.e. according to onset
temperatures (from dynamic experiments), to energy, and to MOT values (isothermal

studies), were very similar, a fact that avails the reliability of the used methodologies.

Conclusions

Phase transitions, isobaric heat capacities and thermal stability of four ionic liquids

(ILs) with application in energy field were determined in this work.
Main results are the following:

The four studied ILs showed crystalline behaviour, with melting temperatures ranging
from 86°C to 123°C. According to ASm values, a rigid crystalline structure would be
associated to the [Chol][Tos], [Chol][Ac] and [C2Py][Tos] ionic liquids (ASm >20 J K!
mol!) whereas [Chol][H2PO4] shows plastic crystal behaviour (ASm <20 J K'! mol™).

Heat capacities were measured in the temperature interval between (293.15 and 348.15)
K being all the samples in solid phase. This property increased with temperature.

Isobaric molar heat capacity also increases with temperature and follows the tendency:
[Chol][ H2PO4] < [Chol][Ac] < [C2Py][Tos] < [Chol][Tos]

A clear dependence with the anion is observed for both, heat capacities and thermal
stability, being ILs with the tosylate anion those that presented the highest values of

molar heat capacities and the highest thermal stability.

Thermal stability trends obtained through different criteria, i.e. according to onset
temperatures, to activation energy, and to maximum operation temperature (MOT)
values, were very similar. As it can be expected, this property was strongly dependent
of the anion, presenting the [Ac] and the [Tos] based IL the lowest and the highest

thermal stability, respectively.
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