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Abstract
Here, we report the results of qualitative and quantitative investigations of the first-order 
phase transition in the ionic liquid 1-ethylpyridinium triflate exhibiting a high variability 
of temperature ranges, within which the freezing and melting occur. By two methods, the 
direct fast quenching/annealing and the slow temperature-controlled differential scanning 
calorimeter, it is revealed that despite the almost constant absolute enthalpies of phase tran-
sition, the freezing occurs faster with the larger temperature contrast (cooling rate) between 
the initially hotter sample and the colder surrounding. This feature is a clear exhibition of 
the Mpemba effect. The regularity in the change of the melting point is analyzed as well.

Keywords  Ionic liquid · Mpemba effect · Dynamic calorimetry · First-order phase 
transition · Metastability

1  Introduction

This work is dedicated to the memory of Professor Jean-Pierre E. Grolier. He was one 
of the pioneers of the modern calorimetry, especially scanning transitiometry [1]. Among 
many scientific interests, Professor Grolier investigated liquid–solid equilibria [2] and 
phase transitions in polymers [3, 4]. His work was inspiration to many scientists.  

Modern dynamic lifestyles coupled with an increase in renewable energy penetration in 
the power production mix have resulted in an increased supply–demand intermittency issue 
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[5]. This issue can be resolved through low-cost energy storage technologies [6]. Thermal 
energy storage (TES) is such a technology [7]. Latent heat storage (LHTES) is currently 
the most promising TES sub-category with rapidly increasing scientific output and recently 
reported industrial applications in solar energy and waste heat recovery. LHTES is based 
on the ability of a material, commonly referred to as the phase change material (PCM), 
to absorb/release heat isothermally during its transition from one state to another (most 
commonly solid to liquid). Among several PCMs, ionic liquids are promising candidates 
for LHTES applications owing to their small volume change during phase transition, flex-
ible design, high heat of fusion, good thermal stability, low flammability, and low toxicity 
[8]. Shi et al. recently propose a computer-aided molecular design (CAMD)-based method 
to systematically design IL PCMs for a practical TES process [9]. Zhang et al. fabricated 
tubular carbon fiber-ionic liquids/stearic acid (CF-ILs/SA) composite phase change materi-
als and reported good thermal conductivity and storage capacity. An extensive literature 
review on applications of ionic liquids in TES has been recently published by Piper et al. 
[10]. Among the possible PCM applications, a particular problem is the consideration 
of suitable materials for cooling and cold-chain transportation systems, for which a vari-
ety of materials with high latent heat cannot be used due to their high freezing/melting 
temperatures.

Sanchez et al. [11] investigated the physicochemical properties of 1-ethylpyridinium tri-
flate as well as its aqueous solutions, with a view to its use for absorption heat pumps. This 
type of study requires knowledge not only of the basic physicochemical quantities, but also 
a full characterization of the phase transitions that occur, together with determination of 
the liquidity range of potential ionic liquids as absorbents for refrigerants.

There is a quite limited set of experimental data obtained from direct measurements of 
thermodynamic properties of 1-ethylpyridinium triflate. The authors of the work, which 
discussed phase transitions in series of ionic liquids [12], by means of the DSC with the 
cooling rate 5 °C·min−1 and the heating rate 10 °C·min−1 determined two exothermic peaks 
(–16 and –10 °C) during cooling and two endothermic (– 7 and 32 °C) peaks during heat-
ing. In the work [11], the density and the viscosity of this IL were measured at atmospheric 
pressure in the temperature range (293.15–353.15) K. Although its lower limit is slightly 
below the largest melting temperature mentioned above, it exceeds the expected crystalli-
zation temperature. Therefore, when the IL was taken in the liquid state, it is not surprising 
that it kept this state while heated. This route is explicitly reported in the more comprehen-
sive work [13], where a variety of thermodynamic properties was studied within the range 
(293.15–338.15) K; it has been noted that the liquid was heated up to T = 323 K to obtain 
the liquid state. It should be pointed out that in contrast to the work [12], the DSC measure-
ments with the cooling/heating rates 10 °C·min−1 did not reveal an onset of crystallization 
down to 262.5 K, i.e., – 10.65 °C, which coincides with the lowest peak from the work 
[12]. But existence of the liquid state up to such low temperatures provided the reason 
why the Ionic Liquids Database—ILThermo (v2.0) (https://​ilthe​rmo.​bould​er.​nist.​gov/) sup-
plied all these data with the comment “Metastable liquid.” Surprisingly the melting was 
detected with the onset at 289 K and the peak at 300.4 K (15.85–27.25 °C). To the best of 
our knowledge, there are no other data reported in the literature. However, it also should be 
pointed out that the commercially available samples of 1-ethylpyridinium triflate exist in 
the solid state when kept at room temperature for a sufficiently long time that means that 
their crystallization temperature should be higher that the value reported in the literature.

It should be pointed out that the effect of the dependence of the crystallization and melt-
ing temperatures on the cooling/heating rate was previously detected for different kinds 
of pure ionic liquids [14–16] and, in particular, discussed as connected to multistep phase 

https://ilthermo.boulder.nist.gov/
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transitions [17] originated from a possible variety of microscopic structural ordering. The 
latter problem is directly in line with the modern fundamental interest to the complex inter-
play of chemical and physical properties of constituents of ionic liquids reflected in their 
phase transition properties [18].

On the other hand, the peculiar behavior of the freezing at the different temperature 
conditions can be related to the so-called Mpemba effect. The Mpemba effect was origi-
nally noted [19] as a phenomenon of faster freezing of hot water in comparison with the 
cool one. Despite numerous studies, its origin and conditions of emerging are still unclear 
and controversial topics in the case of water, see e.g., [20–22]. At the same time, this effect 
in the general sense of a faster occurrence of the solidification phase transition when a 
system was prepared in initially hotter state than in cooled one, gains an active recent atten-
tion within the context of non-equilibrium statistical physics and thermodynamics [23]. 
An existence of the Mpemba effect was confirmed in crystallization of quenched poly-
mer melts [24], colloids [25], granular fluids, and active particles [26, 27]. The theoreti-
cal understanding of these generality addresses metastability of such systems when initial 
heating may allow simplified transitions between multiple possible local minima in the 
energy landscape [28–30].

Thus, the principal goal of this work is to explore the phase transitions (freezing and 
melting) in 1-ethylpyridinium triflate by varying conditions leading to the phase change in 
a wide range and analyzing the respective response.

2 � Materials and Methods

The ionic liquid, 1-ethylpyridinium triflate (ethylpyridinium trifluoromethanesulfonate, 
[EtPy][OTf], the chemical formula C8H10F3NO3S), was purchased from the company 
IoLiTec GmbH (Germany). When purchased, at the room temperature, the substance was 
in the solid form. It was heated up until melted, and then the sample was kept at 90 °C at 
vacuum for about 24 h. The purity declared by manufacturer was 99%. Water content in 
the sample was determined by volumetric Karl–Fischer titration using Schott Instruments 
GmbH TitroLine KF Titrator. The maximum content of the water was determined not to 
exceed 0.00035 mass fraction units.

Within this investigation, two sets of approaches were used: (i) the quenching applied to 
relatively large volumes of the ionic liquid sample realized as the movement of the IL-filled 
vessel equilibrated in the temperature with a thermostat maintaining a high temperature to 
another thermostat with a low temperature and, after cooling, back; tracing the change of 
temperature indicating phase transitions are close as the experimental route to the original 
method for revealing the Mpemba effect [19] and (ii) more detailed quantitative investiga-
tion via the differential scanning calorimetry of small samples with the preciously con-
trolled temperature and heat flows.

2.1 � Quenching

Experiments for the quenched freezing and melting were carried out using the thermostat 
KRIOVIST-03 (Termex Russia) as a cooling reservoir and the thermostat VIS-T-02, (Ter-
mex Russia) as a heating reservoir. The experimental procedure was organized as follows: 
2.5 ml of the ionic liquid in a hot liquid state was added to a pycnometer having the total 
volume of 5 ml and the 1000 Ω platinum resistance thermometer was also placed inside of 
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the vessel. To avoid a current leakage due to ionic liquid’s conductivity, the platinum wire 
was covered by a thin layer of rosin insulation. The second sensor of the same kind was left 
outside the pycnometer to record accurately the temperature of the surrounding fluid filling 
the thermostat in the direct vicinity of the experimental vessel. Both thermometers were 
connected to a digital thermometer bridge (Terkon, Termex Russia) having the standard 
uncertainty u(T) = 0.01 K and the time step of recordings passed to a computer equal to 
0.8 s.

During the quenching procedure, the IL-filled vessel was placed into the hot thermostat 
and kept inside up to the stabilization of the temperature, then it was fast transferred to 
the cold thermostat and a thermogram of cooling was recorded. After reaching the low-
est temperature, the vessel was moved to the hot thermostat and thermogram of heating 
was recorded up to the complete melting of the IL and equilibration with the surrounding 
fluids in the thermostat. A typical example of the thermograms for such cycles is shown in 
Fig. 1. Five experiments with different values of temperature of hot and cold thermostats 
were performed. Values of the temperature of both hot and cold thermostats in experiments 
denoted as (I)–(V) are listed in Table 1. The procedure was repeated several times for each 
pair of high/low temperatures.

2.2 � Differential Scanning Calorimetry

To investigate the phase behavior of the 1-ethylpyridinium triflate at different temperature 
conditions, Setaram (France) micro-DSC III differential scanning calorimeter was used. 
A “batch”-type cell with volume of about 1  cm3 was used. In all experiments, a similar 

Fig. 1   An example of thermo-
grams recorded from the plati-
num thermometer immersed in 
1-ethylpyridinium triflate filling 
the vessel, which was periodi-
cally moved between thermostats 
with different temperatures, and 
from the thermometer placed 
outside the vessel in the fluid 
filling these thermostats. During 
the depicted experiment, the 
sample was initially placed in the 
thermostat kept at 44 °C and then 
transferred to thermostat set to 
10 °C. Experiment was repeated 
twice

Table 1   Data of the temperatures 
of two, hot and cold, thermostats 
used for the quenching 
experiments (the numbers 
correspond to the same in 
Figs. 2 and 3) and the respective 
temperatures of phase transitions

Experiment Tmax (°C) Tmin (°C) Tf (°C) Tm (°C)

(I) 49 − 19 31 33
(II) 49 − 7.2 8.2 33
(III) 44 2.2 27 33
(IV) 44 5.6 17 23
(V) 42 7.1 14 23
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empty cell was used as reference. The mass of the samples was around 10 mg. The calo-
rimeter was factory heat calibrated with the Joule effect, and temperature calibration was 
performed using two different substances (water, naphthalene) at a few different heating 
rates as recommended by the manufacturer. Standard uncertainty of the absolute tempera-
ture determination was estimated at 0.05 K. Enthalpy accuracy was estimated to be 1%. To 
preheat the samples, lab oven SLN 53 ECO by POL-EKO was used.

3 � Results and Discussion

The results of the macroscopic quenching procedure are illustrated as thermograms shown 
in Fig. 2. The respective temperatures of freezing (crystallization) and melting are deter-
mined from the location of the onsets typical temperature changes in the temperature 
curves indicating the presence of a phase transition. The freezing phase transition tem-
perature is identified by the point at which the fast temperature elevating jump starts. The 
melting phase transition is indicated by the kink in the temperature dependence on time. 
The respective numerical values for all listed experiments are given in Table 1. Despite 
high irregularity in the freezing points, one can note some trend showing that faster cooling 
results in faster freezing, i.e., elevation of the freezing temperature, which is in all cases 
significantly larger than in the DSC-based experiments with slow cooling. Interestingly 
that the highest detected freezing temperature (31 °C) is not much different from the high-
est meting temperature (33 °C). This case corresponds with the maximal contrast of tem-
peratures between the hot and cold thermostats (68 °C, experiment (I)). We can hypothe-
size that this coincidence originates from the absence of de-jamming of particles arranging 
in the solid state due to the heat to the heat released during crystallization. Figure 3 explic-
itly illustrates both the onset time of freezing after the placing the vessel with the heated 
IL into the cold thermostat and the time which takes to freeze the sample as a function of 
difference in temperature between two thermostats. As it is seen in Fig. 3, the respective 

Fig. 2   Thermograms for quenching experiments with different heat exchange rates. The experimental 
conditions denoted in the legend by Roman numerals are listed under the same numbers in Table 1. The 
subpanel (A) illustrates the full one cooling/heating cycle for each condition, and the subpanel (B) is an 
enlarged part of the plot around the freezing phase transition
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temperature jump for the curve (I) is quite small in comparison to other curves. This means 
that the extremely cold surrounding draws heat away from the IL sample, and the emer-
gence of the crystallization microscopic germs immediately leads to the full solidification 
practically not disturbed by the exothermic effects of the phase transition destroying the 
seeds. The same effect is qualitatively visible for the pair of experiments (III) and (IV).

Melting temperatures determined in these experiments are more stable with respect to 
the temperature difference between thermostats, only two different values were detected, 
(33 °C) and (23 °C). Notably that the later value is detected for two [experiments (III) and 
(V)] highest starting temperatures of the solid state (note also that freezing temperatures 
were not greatly higher than melting ones in these cases). This effect can also be consid-
ered as arguing in favor of high metastability of 1-ethylpyridinium triflate on the boundary 
of the first-order phase transition: the microscopic ordering is can be destroyed more easily 
when it is formed at temperatures nearer to the surrounding ones.

To represent the obtained data in the form allowing the discussion of the Mpemba 
effect, i.e., a dependence between the temperature contrast and the time interval required 
for freezing, we plotted this dependence explicitly in Fig. 3 determining the time moments 
corresponding to the points of local minimum and maximum in the temperature curves 
and plotting them as a function of the mentioned temperature differences in thermal baths. 
One can clearly see a qualitative exhibition of the Mpemba effect: the situations of larger 
temperature contrast between initial state of the ionic liquid and the cold thermostat leads 
as a rule to the faster freezing. Note that this acceleration cannot be associated only with 
the faster cooling due to the heat flow gradient because the larger temperature difference 
results also in the elevated freezing point as seen in Fig. 2 and Table 1. Rather, it looks 
as a confirmation of the theoretical ideas mentioned above about a metastable character 
of 1-ethylpyridinium triflate in the vicinity of its solidification. As an additional support 
of this conclusion, we draw attention to curves (IV) and (V) in Fig. 2 where one can see 

Fig. 3   The dependence of time left from the start of quenched cooling (zero time in Fig. 2A) to the freezing 
for different temperature differences of the sample and the thermostat. Each lower circle denotes the start-
ing point of the phase transition (the time moment corresponding to the local minimum extreme point in 
Fig. 2B) and the upper one marks the time of reaching local exothermic maximum in the temperature curve 
in Fig. 2B. Roman numerals in the legend correspond to the experiments listed under the same numbers in 
Table 1
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non-smooth temperature growth between the transition initiation and the maximal tempera-
ture value originated from the exothermic heat release during the freezing. It is in line with 
the interpretation of metastability as non-equilibrium transitions between multiple local 
equilibria [30, 31]. These transitions require longer time that is also visible from respective 
intervals in Fig. 3.

As the next, more quantitative exploration of the revealed effect, the technique of the 
differential scanning calorimetry was applied.

As the first step, the IL-filled cell preheated in lab oven at 200 °C was introduced to the 
calorimeter, which was set to isotherm at 0 °C, and then observed under isothermal condi-
tion. The main purpose of this experiment was to check whether this ionic liquid can be 
in a metastable state after fast quenching that may be considered as one of premises of the 
Mpemba effect. After about 1000 s, the exothermic peak was observed, see Fig. 4, where 
the initial interval of drastic changes in the heat flows originated from the highly contrast 
temperature change is omitted and the interval around the phase transition at the stabi-
lized temperature condition is highlighted. The enthalpy of the exothermic effect is equal to 
− 50.5 J·g−1. Thus, we can conclude that metastability is already present in the system and 
its existence may affect the occurrence of the phase transition when the heat flow is vari-
able but with different rates.

Further, the experimental conditions were changed directly to reproduce Mpemba’s 
experiment but with the precisely controlled change of the heat flow. The controlled slow 
cooling with different cooling rates was carried out, see Fig. 5. These experiments did not 
reveal any peaks indicating freezing of 1-ethylpyridinium triflate at 0  °C in contrast to 
the quenching procedure. However, the scanning from 0 °C down to – 15 °C revealed the 
freezing phase transitions at lower temperatures, which strongly depend on the rate of the 
temperature’s decrease. The exothermic peaks in this case are much sharper than in the 
case of quenching and the onset temperature changes from − 3.59 °C down to − 7.30 °C 
with a decrease of the scanning rate. At the same time, this shift of the freezing tempera-
ture is the main difference between two cases, the enthalpy of freezing does not differ sig-
nificantly (− 61.4 J·g−1 and − 62.4 J·g−1, respectively).

The subsequent heating of the frozen samples is shown in Fig.  6. During heating on 
both curves (I) and (II), an endothermic peak, corresponding to the melting process, was 
observed. With the increase of the scanning rate from 0.3° C·min−1. to 0.5 °C·min−1, the 
onset temperature shifts from 16.33 to 15.83 °C. The peak point temperatures are 19.7 °C 

Fig. 4   An example of the heat 
flow registered with a calorim-
eter in the long-term isothermal 
regime (as indicated by the plot 
of the furnace temperature) 
observed after from the initial 
fast precooling of 1-ethylpyridin-
ium triflate sample from 200 °C 
down to 0 °C. Only the time 
interval after the furnace tem-
perature stabilization is shown, 
during of which a spontaneous 
freezing occurred
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and 20.0 °C, respectively. The melting enthalpies are close to each other, 58.9 J·g−1 and 
60.6  J·g−1. Note that areas of all exo- and endothermic peaks are similar with absolute 
value around 60 J·g−1. The values obtained in those experiments are close to onset tem-
perature 16 °C and enthalpy of melting 44.71 J·g−1 presented by García-Andreu et al. [13] 
and area of the peak during the quenching in the calorimeter depicted in Fig. 4.

Taking into account the distributed range of the first-order phase transition in this ionic 
liquid, it is interestingly to compare it to predictive methods, which are under an active 
development last years. Such methods include usage of descriptors of chemical structure 
and properties of ions as well as more simple group contributions (GC).

Calculations using the quantitative structure–property relationships (QRST) according 
to the model, chemical descriptors and software provided in Ref. [32], resulted in the pre-
dicted melting point TQRST = 8.55 °C. However, this value corresponds not to the experi-
mentally detected melting temperature but rather a vicinity of the lower limit of freezing 
temperatures experimentally revealed by the macroscopic quenching procedure.

Another set of approaches addresses contributions of groups consisting ions, separate 
atoms, and some their typical combinations conventionally used in organic chemistry. 

Fig. 5   Heat flows during cooling 
1-ethylpyridinium triflate from 
30 to − 15 °C at the 0.5 °C·min−1 
(I) and 0.3 °C·min−1 (II) scan-
ning rates, which are explic-
itly illustrated by the plots of 
temperature in the furnace 
implementing this cooling at the 
same time scale

Fig. 6   Heat flows during heat-
ing frozen 1-ethylpyridinium 
triflate from − 15 to 30 °C 
at the 0.5 °C·min−1 (I) and 
0.3 °C·min−1 (II) scanning rates, 
which are explicitly illustrated 
by the plots of temperature in the 
furnace implementing this heat-
ing at the same time scale
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Among the group contribution-based values provided in Refs. [33, 34] for the melting tem-
peratures, TGCM1 = 48.47 °C, TGCM2 = 65.59 °C, TGCM1−R = 39.98 °C, ThybridGCM = 33.51 °C 
only two last versions of the GC approaches give the values quite close to the melting 
temperatures obtained by the during the annealing procedure (the largest of two versions 
obtained in different runs, see Table 1), respectively.

Thus, these experiments confirms that the character of the phase transitions themselves 
as reflected in the absolute values of enthalpies is universal and specific for intermolecular 
interactions and structural features of liquid and crystal phases of this ionic liquid. At the 
same time, the explicit variation of the temperatures of the phase transitions, representing 
the Mpemba effect, argues in favor of the hypothesis that the path of the phase transitions 
is in general complicated and may go via jamming in some states, which either lead to 
simplified continuing of being in another phase state or continuing of slow heat-supported 
restructuring shifting the final-phase transition temperature.

4 � Conclusion

The present work was an attempt to investigate the nature of a non-trivial character of 
the first-order phase transition in the ionic liquid 1-ethylpyridinium triflate. Since this 
substance can be observed either in liquid or in solid state at the room range of tempera-
tures, two types of calorimetric experiments we carried out. The first experiment regard-
ing quenching/annealing was carried out under conditions far from thermodynamic equi-
librium, while the other was differential scanning calorimetry under conditions close to 
thermodynamic equilibrium. The results of both types of experiments indicate the clear 
dependence of the freezing temperature and time required for hot/cool liquid to freeze 
on the temperature contrast or, equivalently, the cooling rate. Such a behavior can be ref-
erenced as an exhibition of the Mpemba effect. Its occurrence in this ionic liquid most 
probably originates from the high metastability of 1-ethylpyridinium triflate in the vicin-
ity of phase transition. Thus, finally, we can conclude that this further exploration of this 
substance, e.g., at the level of the microscopic energy landscape, oscillation spectral prop-
erties, etc. can provide physicochemical insights into the origin of the Mpemba effect in 
general.
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