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LOW FREQUENCY MECHANICAL SPECTROSCOPY STUDY OF THREE PYRROLIDINIUM BASED IONIC LIQUIDS

BADANIA TRZECH CIECZY JONOWYCH NA BAZIE PIROLIDYNY METODA NISKOCZESTOTLIWOSCIOWEJ

SPEKTROSKOPII MECHANICZNE]J

In this work we present our recent results on three ionic liquids (ILs), which share bis(trifluoromethanesulfonyl)imide
(TFSI) as anion and have different pyrrolidinium based cations. By means of a combination of mechanical spectroscopy
and thermal analysis, many of the physical processes occurring during cooling down from the liquid phase, can be studied.
Depending both on the diverse cation and the different thermal history, crystallization from the melt or glass transition,
cold-crystallization, solid-solid phase transitions and thermally activated processes are observed. In one of the ILs, which could
be easily undercooled, a prominent thermally activated peak could be observed above the glass transition. The temperature
dependence of the relaxation time is approximated by a Vogel-Fulcher-Tamman equation, as usual for fragile glass forming
liquids, and the apparent activation energy of W = 0.36 eV with a pre-exponential factor of the relaxation time 7y = 1.7-1073s
were derived supposing jumps between asymmetrical potential wells. The kinetics of the crystallization processes have been
studied in the framework of the Johnson-Mehl-Avrami-Kolmogorov theory and the Avrami parameters have been derived for
both the crystallization from the melt and for the cold crystallization observed on heating.
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W pracy przedstawiono najnowsze wyniki badai trzech cieczy jonowych (ILs), zbudowanych o anion bistriflimidowy
(TFSI) i rézne kationy pirolidyniowe. Za pomoca kombinacji spektroskopii mechanicznej i analizy termicznej mozna badaé
wiele proceséw fizycznych wystepujacych podczas schladzania z fazy cieklej. W zaleznosci od zréznicowania kationéw i
réznic historii termicznej, mozna obserwowaé krystalizacje cieczy lub zeszklenie, zimng krystalizacje, przemiany fazowe w
stanie stalym i procesy aktywowane termicznie. W jednej z ILs, ktéra mozna fatwo przechtodzi¢, obserwowano termicz-
nie aktywowany pik powyzej temperatury zeszklenia. Zalezno$¢ temperaturowa czasu relaksacji aproksymowano réwnaniem
Vogela-Fulchera-Tammana, co jest typowym podejsciem stosowanym dla cieczy tworzacych nietrwale szkta, uzyskujac pozorng
energie aktywacji W = 0,36 eV i czas relaksacji 7o = 1.7 - 107'3s przy zalozeniu przeskokéw pomiedzy asymetrycznymi stud-
niami potencjalu. Kinetyke procesu krystalizacji badano w ramach teorii Johnson-Mehla-Avramiego-Kotmogorowa a parametry
Avramiego zostaly uzyskane zaréwno dla krystalizacji z cieczy, jak i zimnej krystalizacji obserwowanej przy ogrzewaniu.

1. Introduction some ILs, in particular on those based on imidazolium cations,
has been studied, mainly by means of nuclear magnetic res-

Ionic liquids (ILs) are salts with melting points below
100°C. Due to their unique array of physico-chemical proper-
ties, such as negligible vapor pressure, high ionic conductivity,
thermal and electrochemical stability and the ability to dissolve
both organic and inorganic substances, they are being investi-
gated for a wide range of applications, becoming key materials
for environmentally friendly green chemistry [1,2]. ILs consist
of large organic cations and inorganic smaller anions, which
can be tuned for specific applications by making modest chem-
ical changes to the functional groups on the ions. Information
regarding the molecular dynamic behavior of each ion forming
an IL is especially important because several of the basic prop-
erties of ILs are determined by their behaviors on a molecular
level. The nature of the relaxation processes taking place in

onance and broadband dielectric spectroscopy [3-5]. Since a
low melting point is central in ILs, an understanding of the
crystallization phenomena is extremely important. A study of
the factors that influence the crystallization kinetics has been
carried out in some archetypal ILs [6].

Among all applications, the use of ILs in electrochem-
ical devices, such as Li-ion batteries, is one of the most
challenging [7] and pyrrolidinium based ILs are one of
the best choices as safe electrolytes for lithium cells [7].
The low-temperature phase transitions of some pyrrolidini-
um based ILs have been studied by means of differen-
tial scanning calorimetry (DSC) [8] and a glass transition
around 190 K was reported for (1-butyl-1-methylpyrrolidinium
bis(trifluoromethanesulfonyl)imide) (PYR4-TFSI).
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In this article we focus on three ionic liquids (ILs) which
share bis(trifluoromethanesulfonyl)imide (TFSI) as anion and
have different pyrrolidinium based cations, the only difference
being the length of the side alkyl chain. The present work
shows that is it possible, by means of a pocket which works
as a substrate, to use low frequency mechanical spectroscopy
to follow the main phase transitions occurring in ionic liquids
by cooling down from room temperature, even in their lig-
uid state. Moreover additional information with respect to the
common calorimetric measurements is obtained. Indeed, pre-
vious works on mechanical properties of ionic liquids provide
information either in their liquid or solid state.

2. Materials and experimental

Figure 1 shows the chemical structure of the three hy-
drophobic ILs investigated: PYR3-TFSI (melting point at
T,, = 285 K), PYR4-TFSI (T,, = 267 K) and PYRs-TFSI
(T,, = 281 K). They were purchased from Solvionic (puri-
ty > 99.9%) and used as received.
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Fig. 1. Cations and anion chemical structures of the investigated ILs:
PYR3-TFSI, PYR4-TFSI and PYRs-TFSI

Dynamic mechanical analysis was carried out using a
PerkinElmer DMA 8000 instrument. The samples, which are
all in the liquid phase at room temperature, were spread into a
stainless steel material pocket, supplied by PerkinElmer, with
dimensions of 30 mm by 14 mm. The pocket, which is scored
in the mid-point, was then folded in half and crimped closed
to form a sandwich. Flexural vibration measurements were
performed in three-point bending configuration. The storage
modulus, M, and the elastic energy dissipation, tan &, were
measured in an inert argon atmosphere, at 1 Hz and 10 Hz,
during cooling/heating at 4 K/min, between 150 and 330 K.

Differential scanning calorimetry (DSC) measurements
were performed by a Mettler-Toledo DSC 821, under an inert
nitrogen flux, cooling from room temperature down to 150 K,
and then heating back to 300 K with a temperature rate of
4 K/min.

3. Results and discussion

Figures 2 and 3 show the DSC traces (upper part) and the
DMA spectra (lower part) of the three samples, measured on
cooling and heating respectively. The storage modulus is re-
ported as relative variation with respect to the value at 300 K
(M | M3y ¢ — 1), since it is not possible to separate the
contribution of the IL from that of the pocket. However, the
curves of both Mand tan § measured for the empty pock-
et are flat in the whole temperature range of the measure-
ments (background curves in Fig. 2). Both DSC and DMA
curves measured on cooling for PYR3-TFSI and PYR5-TFSI
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are consistent with the occurrence of samples crystallization
around 230-240 K and 250 K respectively (exothermic peaks
and stiffening jumps). The same samples melt, on heating,
around 270-280 K (endothermic peaks and softening). Indeed,
the melting processes for both samples occurs in at least two
steps. The melting behavior of similar ILs has already been
carefully investigated [9] and will not be discussed anymore
here. The curves relative to PYR4-TFSI are qualitatively dif-
ferent and reflect the well known dependence of the physic-
ochemical properties of many ILs from the side alkyl chain
length [10]. For our pyrrolidinium based ILs it appears that
a chain of intermediate length minimizes the melting point
and increases the tendency of the ionic liquid to form a glass
rather than crystallize on cooling. This behavior has been
observed also in other ILs and it is supposed to arise from
the competition between long-range electrostatic forces and
short-range chain-chain interaction [10]. On cooling, the DSC
curve of PYR4-TFSI shows only a small exothermic peak
around 190 K, corresponding to the glass transition, as al-
ready reported in Ref. [8]. The anelastic spectrum shows, at
the same temperature, a stiffening, with an increase of almost
eight times of the storage modulus, and an intense peak of
tan d. On heating, the DSC trace shows an endothermic peak
around 190 K, two exothermic peaks around 210 and 240 K
and an intense endothermic peak around 265 K. In correspon-
dence of all these peaks the DMA spectrum presents clear
features on both the real and imaginary part of the elastic
modulus. This phenomenology has been already interpreted
straightforward in a previous paper [11], where we studied the
temperature behavior of PYR4-TFSI swelling a polyvinyliden-
fluoride membrane, providing information about the interac-
tion of PYR4-TFSI with the polymeric membrane. In partic-
ular, the abrupt stiffening observed on heating at 7., ~210 K
corresponds to the cold crystallization of the sample and be-
low we will analyze the kinetic of this transformation. It is
noticeably, that here the anelastic spectra are measured on the
liquid and not on a composite system, thus avoiding any kind
of interaction.

Now we shall briefly concentrate on the thermally activat-
ed peak observed in the anelastic spectrum of PYR4-TFSI on
cooling when the sample is in its supercooled liquid state. This
process has a maximum around 230 K at 1 Hz and has never
been reported by others. Figure 4 shows the anelastic spec-
tra measured at two frequencies.On cooling, the DSC curve
of PYR4-TFSI shows only a small exothermic peak around
190 K, corresponding to the glass transition, as already report-
ed in Ref. [8]. The anelastic spectrum shows, at the same tem-
perature, a stiffening, with an increase of almost eight times of
the storage modulus, and an intense peak of tan §. On heating,
the DSC trace shows an endothermic peak around 190 K, two
exothermic peaks around 210 and 240 K and an intense en-
dothermic peak around 265 K. In correspondence of all these
peaks the DMA spectrum presents clear features on both the
real and imaginary part of the elastic modulus. This phenom-
enology has been already interpreted straightforward in a pre-
vious paper [11], where we studied the temperature behavior
of PYR4-TFSI swelling a polyvinylidenfluoride membrane,
providing information about the interaction of PYR;4-TFSI
with the polymeric membrane. In particular, the abrupt stift-
ening observed on heating at 7., ~210 K corresponds to the
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cold crystallization of the sample and below we will analyze
the kinetic of this transformation. It is noticeably, that here
the anelastic spectra are measured on the liquid and not on a
composite system, thus avoiding any kind of interaction.
Now we shall briefly concentrate on the thermally acti-
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vated peak observed in the anelastic spectrum of PYR4-TFSI
on cooling when the sample is in its supercooled liquid state.
This process has a maximum around 230 K at 1 Hz and has
never been reported by others. Figure 4 shows the anelastic
spectra measured at two frequencies.
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Fig. 2. DSC traces (upper part) and DMA spectra (lower part) of the three ILs, measured on cooling at 4 K/min
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Fig. 3. DSC traces (upper part) and DMA spectra (lower part) of the three ILs, measured on heating at 4 K/min
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Fig. 4. DMA spectra of the pocket containing PYR4-TFSI, measured at two frequencies
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Fig. 5. Thermally activated peak in supercooled PYR;4-TFSI. The

continuous line is a fit according to Eq. (1)

As showed in Fig. 5, we could achieve a reasonable fit
to the data of the peak (continuous line) using the following
expression, which is appropriated for jumps between asym-
metrical potential wells:

tano = A > ! g (D)
T cosh (%kBT) (wT)* + (w1T)

where 7 is the relaxation time between two sites with the
energy separation a, the constant A is proportional to the
concentration of the relaxing species, to the elastic mod-
ulus and to the change in the local distortion, and « is
the Fuoss—Kirkwood width parameter. In order to achieve
a reasonable fit we had to impose to the relaxation time
a Vogel-Fulcher-Tamman type dependence on temperature,
that is, 7 = 7oexp [W/kp (T — Ty)], with W = 0.36 eV,
90 = 17-10""3s, Ty = 80 K, ¢ = 26 meV and @ = 0.7.
The mechanism giving rise to this process is not clear, but
several models have been suggested [12], considering either
the existence of different conformers for the TFSI cation or
the recognized presence in many ILs of nano-scale structural
heterogeneities.

4. Crystallization and devetrification kinetics

In our previous study, on PYR4-TFSI swelling a
polyvinylidenfluoride membrane [11], we showed that the in-
teraction with the membrane causes the crystallization of the
ionic liquid either by cooling with a slow rate (0.5 K/min) or
by prolonged isothermal treatments around 235 K. In that ar-
ticle we analyzed the crystallization kinetics of the composed
system in terms of the Johnson-Mehl-Avrami-Kolmogorov
(JMAK) equation [13] and determined the Avrami index and
the activation energy for the crystallization. In what follows
we extend the investigation to both the cold crystallization,
observed on heating for pure PYR 4-TFSI, and the crystalliza-
tion from the melt for pure PYR;s-TFSI. Figures 6 demon-
strates the isothermal (7 = 200 K) variation of the storage
modulus during the cold crystallization of PYR4-TFSI. The
typical sigmoidal curve originates from the nucleation, which
predominate at very short times and is followed by a period
where growth dominates. At longer times the total growth rate
decreases as a result of nuclei coalescing.

' PYR,, - TFSI '

20+ E

T=200K |
10+ g
50 52 54 56 58 60 62 64
t (min)
Fig. 6. Isothermal variation of the elastic modulus, measured with
the DMA at 200 K, reached on heating, after cooling at 4 K/min
down to 150 K

The basic assumption underlying the JMAK equation is
that crystallization is a thermal or mass diffusion-controlled
process, which involves nucleation and growth. In that frame-



work, for isothermal processes, the fraction y of the sample
transformed into the second phase is given by:

x =1 —exp(—kt"), 2)
where n is the constant Avrami exponent. If the nucleation
is random, the rate constant £ has an Arrhenius dependence
on temperature, k = koexp[E,/RT], E, and kq being the
activation energy and the frequency factor of the crystalliza-
tion process, respectively. The applicability of Eq. (2) can be
verified by checking the linearity of a plot of In[—1In (1 — y)]
vs. In (). Supposing a diffusion controlled growth, the slope
of the line, the Avrami exponent, should have the following
values: n = 1.5, in the limit of zero nucleation rate; n < 2.5 for
a decreasing nucleation rate; n = 2.5 in the case of constant
nucleation rate; n > 2.5 for an increasing nucleation rate [6].
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Fig. 7. Isothermal Avrami plot for the cold crystallization process,
obtained from an isothermal DMA measurement at 7 = 200 K
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Fig. 8. Non-isothermal Avrami plot for the cold crystallization
process. The continuous line shows the best linear fit curve

In[-In(1-x)]

Figure 7 shows the plot of In[—1In (1 — y)] vs. In(¢) ob-
tained from an isothermal measurement carried out with the
DMA at 200 K (reached on heating, after cooling the sample at
4 K/min down to 150 K). The fraction of sample transformed
in the solid phase can be obtained as follows:

_ M(t) - Mmin

X (t) B Mmax - Mmin ’ (3)

where M, and M. are the values of the elastic modulus
before the beginning and after the end of the crystallization.
In Fig. 7 the applicability of Eq. (2) is proven, as explained
above, and the Avrami index n = 2.13 £ 0.02 is obtained. The
fraction of sample transformed can be obtained also from an
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isothermal DSC measurement by the ratio between of heat
exchanged at a given time, S (¢), and the total heat exchanged
in the cold crystallization process, i.e. y (£) = S (¢)/So, where
the integrals S (7) and Sy are calculated between the onset time
and time ¢ and between the onset and the ending time of the
peak, respectively. By the same plot of Fig. 7 (not reported
here) we obtained n = 2.12+0.01, which coincides, within the
experimental errors, with the value obtained from the DMA
measurements and therefore increases the confidence in this
analysis.

Taking into account the form of k(7T), differentiating
Eq. (2) with respect to time and then integrating with
non-isothermal conditions, leads to [6]:

E,
In[-In(1 - y)] = —Y;T 4

where C (T) is a term which contains the temperature rate
and an approximation of the temperature integral of the Ar-
rhenius factor, which cannot be integrated analytically. For
some archetypal ILs it has been shown [6] that is reasonable
to assume C (T') = constant, as proved from the fairly linearity
of a plot like that reported in Fig. 8. With this hypothesis, the
slope of the line gives nE,/R and then, taking into account the
value of n calculated before, one obtains the activation energy.

The same analysis has been also carried out for the
crystallization from the melt observed in PYRs-TFSI around
250 K. Both isothermal (7" = 255 K) and non-isothermal DSC
and DMA data have been elaborated as above and the estimat-
ed Avrami parameters are reported in Table 1.

-C(T),

TABLE 1
Avrami parameters for the crystallization from the melt of
PYR,5-TFSI and from the cold crystallization of PYR4-TFSI

Sample n E,
PYR,-TFSI|2.13 + 0.02|231 + 4 kJ-mol™!
PYR;5-TFSI|1.85 + 0.05[161 + 5 kJ-mol™!

To conclude, providing that the assumption of diffusion
controlled growth is correct and JMAK theory is applicable,
the values of the Avrami index suggest that for both the ionic
liquids studied growth occurs with a decreasing nucleation
rate. This is probably due to the heat released at the interface,
which causes a temperature rise in the surrounding liquid and
therefore a decrease in the nucleation rate in those regions of
the liquid.

5. Summary

We reported the results of a study, carried out by means
of DMA and DSC, of the phase transitions of three pure ion-
ic liquids, which share TFSI as anion and have pyrrolidini-
um based cations, differing only for the length of the side
alkyl chain. We found that PYR4-TFSI, with the intermediate
chain length, can be easily undercooled down to the glass
transition observed around 190 K. A prominent thermally ac-
tivated peak can be observed around 230 K at 1 Hz, when
the sample is in the supercooled liquid state. An acceptable
fit has been obtained by supposing that the relaxing entity
jumps between asymmetric wells, separated by an activation
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energy of the order of 0.36 eV and with a relaxation time
which follows a Vogel-Fulcher-Tamman law (7o = 1.7-107 '3,
Ty = 80 K). The sample of PYR4-TFSI crystallizes around
200 K on heating from the glassy state. An analysis of
the crystallization kinetics for both the cold-crystallization
process of PYR4-TFSI and the crystallization from the melt
of PYR;5-TFSI, has been carried out on the basis of the
Johnson-Mehl-Avrami-Kolmogorov equation. The values of
the activation energy and the Avrami index have been derived
and the latter suggest that for both the ionic liquids studied
growth occurs with a decreasing nucleation rate.
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