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KEYWORDS Abstract This study focused on the effects of methylation and different anions (Br~ and Cl7) on
Methylation; the physicochemical and thermal properties of [C;cMIM]X and [C;sMMIM]X, belonging to the
Imidazolium-based ionic lig- imidazolium-based ionic liquid (IL) family. The effect of methylation on the transmittance in the
uid; fingerprint region of the Fourier transform infrared (FT-IR) spectrum was observed as a blue shift,
Thermal properties; and a new peak associated with the C-N stretching bond was obtained. In contrast, in the functional
Thermal conductivity group region, the frequency shift was related to the change in the vibrational mode from C2-H-X to

C2-methyl-X. In general, methylation resulted in an increase in decomposition temperature, an
increase in melting temperature, and a decrease in melting enthalpy, leading to a reduction in
entropy. The trends observed for the decomposition temperature, melting temperature, and melting
enthalpy with different anions depended on the strength of the Bronsted acids and hydrogen bonds
of the Br~ and CI™ based anions. The thermal conductivity of the methylated ILs increased with an
increase in temperature. In contrast, for the non-methylated (protonated) ILs, the thermal conduc-
tivity of [C;sMIM]Br decreased with an increase in temperature, while the opposite trend was
observed for [C;MIM]CI. The data were compared with those of the short alkyl chain and weakly
coordinating anion of NTf,. The analysis was performed considering different phases, the promi-
nent role and different behaviour in the hydrogen bonding at the C2 position of the imidazolium
ring upon methylation, and the significant change in viscosity, which can influence the IL structure.
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Nomenclature
S entropy (J/(gsK)
T melting temperatures (K) Abbreviation
H, melting enthalpy (J/g) TES Thermal Energy Storage
k thermal conductivity (W/(msK)) HTF Heat Transfer Fluid
T temperature (K) PCM  Phase Change Material
t time (s) FT-IR Fourier Transform Infrared
q heat flux (W/m?) DSC Differential Scanning Calorimetry
p density (g/mL) TG Thermogravimetric
Ty decomposition temperature (K) IL Tonic Liquid
n viscosity (mPass) [C1sMIM] 1-hexadecyl-3-methylimidazolium
c electrical conductivity (mS/cm) [CisMMIM] 1-hexadecyl-2,3-dimethyl-imidazolium
v wavenumber (cm™") [C.MIM]

1 intensity (%)
{a, b, ¢} and {A, B, C} regression coefficients for each fit-
ting formula in Eq. (3),(4)

1-alkyl-3-methylimidazolium
[C,MMIM] 1-alkyl-2,3-dimethyl imidazolium

1. Introduction

Tonic liquids (ILs) possess several unique and superior physical
properties, such as the low flammability, very low vapour pres-
sure, wide liquidus range, high electrical conductivity and
mobility, wide electrochemical window, and high thermal
and chemical stabilities, all of which support their use in a wide
variety of applications. ILs have been used as green solvents in
organic chemistry (Kaur et al., 2022; Singh and Savoy, 2020),
azeotropic mixture separation (Bai et al., 2019; Wen et al.,
2017; Zhu et al., 2018), gas separation (Ren et al., 2018;
Sharma et al., 2012), and biomass pre-treatment (Socha
et al., 2014). They have been also used as reaction catalysts
(Vekariya, 2017), electrolytes in alternative energy genera-
tion/storage energy devices (Greer et al., 2020; Jonsson,
2020), and media for thermal energy storage (TES) (Kaur
et al., 2022). For TES application, ILs have been proposed
as suitable heat transfer fluids (HTFs) (Franca et al., 2018;
Minea, 2020; Wadekar, 2017; Wang et al., 2018) and phase
change materials (PCMs) that can store or release relatively
large amounts of latent heat via solid-liquid or liquid-solid
phase transitions (Bai et al., 2011; Das et al., 2021; Zhu
et al., 2009).

The anion and cation of ILs have a major influence on
their structures and physicochemical properties (Fumino
et al., 2014; Prykhodko et al., 2022; Zhu et al., 2009). In
imidazolium-based ILs, cations consist of alkyl chains
attached to imidazolium rings, while anion can be simple
inorganic ions, complex inorganic molecules, or organic
molecules (Sun and Armstrong, 2018). The intermolecular
interactions between cation and anion are determined by
the complex interplay between the hydrogen bonding, Cou-
lomb forces, and dispersion forces (Fumino et al., 2014).
The size (Hunt, 2007, Hunt et al., 2007; Ramya et al.,
2015) and charge density (Hunt et al.,, 2007; Hunt and
Gould, 2006) of anion are important factors that qualitatively
and quantitatively influence various ionic interactions. These
factors subsequently determine the various thermodynamic
and transport properties of ILs (Izgorodina et al., 2014,
2011; Sanchez-Badillo et al., 2019).

A common variation in this imidazolium-based cation is the
alkyl chain length of the imidazolium cation. The effect of the
alkyl chain length on the thermophysical properties is a non-
monotonous increase in the melting temperatures (Anggraini
et al., 2020; Murray et al., 2010; Serra et al., 2017) and thermal
conductivity (Anggraini et al., 2020; Chen et al., 2014), while
the glass temperature has an even-odd pattern (Anggraini
et al., 2020; Yang et al., 2014), with no clear pattern for the
melting enthalpy (Anggraini et al., 2020; Serra et al., 2017).
In particular, the long alkyl chains of the imidazolium cation
are of significant interest because they can form liquid crys-
talline phases (Wang et al., 2014; Xu et al., 2010) during the
solid-to-liquid phase transition. In addition to their applica-
tion as PCMs (Bai et al., 2011), the large thermal stability
range of this liquid crystal phase allows the use of linear and
long alkyl chain imidazolium-based ILs as solvents for chemi-
cal reactions as the ordered nature of the solvent might have a
catalytic role (Binnemans, 2005). From crystalline solid state at
low temperature, increasing the temperature leads to crystal to
liquid crystal transition at the melting temperature followed by
a liquid crystal to an isotropic liquid at the clearing point. The
latter is mainly caused by the van der Waals breakup between
the alkyl chains (Xu et al., 2010). Izgorodina et al. (2014)
reported that for ionic liquid melting temperatures, the
short-length alkyl chain is dominated by cation-anion interac-
tions. Increases in chain length, shifts the dominance toward
interactions between chains, with the exact alkyl length
depending on the particular combination of cation and anion.

Besides the variation in the length of the alkyl chain of the
cation, variations in the cation can be achieved through methy-
lation. A methylation is a form of modification of the imida-
zolium cation by replacing the hydrogen atom (H) in
position 2 (C2), with a methyl group (—-CHj3) (Endo et al.,
2010). Dong et al. (2016) stated that hydrogen atoms bound
to carbon at positions C2, C4, and C5 have a more positive
charge, whereas those bound to nitrogen atoms at N1 and
N3 have more negative charges because of the difference in
electronegativity of N and C. C2 is more acidic/positive com-
pared to C4 and C5 because there is a deficit in electrons within
the bond, such that any anion will be more strongly bound at
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C2 (Noack et al., 2010). Due to methylation, the presence of
the methyl group prevents any interaction between an anion
and the C2 carbon (Izgorodina et al., 2011). Consequently,
the anion tends to interact with the carbon at the C4/CS5 posi-
tion. The loss of hydrogen in C2 after methylation leads to a
drastic change in physicochemical properties. According to
the thermodynamic relation, the entropy (S) is related to the
melting temperatures (T,,) and melting enthalpy (H,,) accord-
ing to:

HlTl

S = T, (1)

Thermodynamically, the loss of this hydrogen bonding
interaction could be expected to lead to a reduction in the
melting temperatures and a decrease in viscosity; however,
the opposite is observed experimentally. Some models have
been proposed to explain the changes in thermophysical
parameters due to methylation. According to entropy theory
(Hunt, 2007; Koutsoukos et al., 2022), methylation reduces
the anion-cation interaction energy, thus reducing entropy
and contributing to the increased phase transition tempera-
tures. Izgorodina et al. (2011) as confirmed by Koutsoukos
et al. (2022) concluded that the relatively high potential energy
surface of methylated imidazolium ILs, which is far above
their thermal energy, is responsible for restricting ion transport
in the liquid state. Thus, ion movement is limited to only a
small oscillation, thereby inhibiting the overall ion transport.
The defect hypothesis of Fumino et al. (2014) assumed that
hydrogen bonds can be regarded as “defects’ within the Cou-
lomb network of ILs. These defects increase the dynamics of
the cation and anion, leading to lower melting temperatures
and viscosities. Thus, replacing protons with methyl groups
during methylation will reduce the number of hydrogen bonds,
and increase the melting temperatures and viscosity. Chen and
Lee (2014) proposed a free volume model that explains why the
decreased free volume of methylated imidazolium ILs reduces
the number of hole carriers for molecular transport, while
simultaneously causing a significant increase in viscosity has
previously been reported. Through the decrease in entropy
due to C2-methylation, this model succeeded in predicting
the increase in melting temperatures and correlated with prop-
erties such as surface tension, density, refractive index, and
electrical conductivity.

For optimum performance of ILs in particular applications
that concerning thermal aspect, the thermal conductivity
parameter which is related to the ability of a material to trans-
fer heat plays the most important role. In general, the mecha-
nism for the thermal conductivity of a liquid is related to
molecular diffusion or collisions between molecules (Kreith,
2011). Similar to the thermophysical parameters mentioned
above, as shown in Table 1, the thermal conductivity of
imidazolium-based ILs depends on the alkyl chain lengths of
the cation and the anion. As seen in Table 1, there is a weak
dependence of thermal conductivity on temperature, with a
tendency to decrease with increasing temperature. To the best
of our knowledge, no study has reported experimental thermal
conductivity values for simple anions, such as CI~ and Br.
For a specific type of ILs, besides the dependence on temper-
ature, thermal conductivity also depends on the chemical sub-
stance added to the IL to form a stable suspension (Oster et al.,
2019; Wang et al., 2011). Thus far, reports on thermal conduc-
tivity are limited, perhaps due to the complexity of the mea-

surement, particularly for ILs with a relatively high melting
temperature. From theoretical point of view, the development
of models to predict the thermal conductivity of ILs were
based on topological index method (Balaban, 1982; Chen
et al., 2014; Harry, 1947; Hosoya, 1971; Randi¢, 1975) and
reverse non-equilibrium molecular dynamics simulation
method (Liu et al., 2012; Sanchez-Badillo et al., 2019). How-
ever, the validity of the methods should be proved by the
agreement between experimental and calculated data for many
thermal conductivities of ILs for various types of cations and
anions.

In this paper, we describe an experimental study on the
effects of methylation and anion type on the physicochemical
and thermal parameters (decomposition and melting tempera-
tures, melting enthalpy, and thermal conductivity) of long-
chain imidazolium-based ILs, namely 1-hexadecyl-3-
methylimidazolium and 1-hexadecyl-2,3-dimethyl-imidazo
lium-based cations, with different anions of Br and Cl. To
the best of our knowledge, the effect of methylation on the
thermal conductivity of imidazolium-based ILs has never been
reported before, although a clear difference in thermal conduc-
tivity with temperature variation was observed for [C;{MIM]
NTf, (Ge et al., 2007; Liu et al., 2012) and [CsMMIM]NTTf,
(Liu et al., 2012). The experimental data were compared with
those obtained from previous studies, and the analyses were
performed based on the available models for ILs with the same
or different alkyl chains. A correlation study between the IL
structures obtained from previous studies and the thermal
property data obtained in this study was performed consider-
ing all fundamental interactions associated with the imida-
zolium IL.

2. Materials and methods

The ILs consisted of 1-hexadecyl-3-methylimidazolium bro-
mide or [C;gMIM]Br with chemical formula C,oH39BrN,
(molecular  weight, MW: 387.44), 1-hexadecyl-3-
methylimidazolium chloride or [C;sMIM]CI with chemical for-
mula CryH39CIN, (MW: 342.99), 1-hexadecyl-2,3-dimethyl-imi
dazolium bromide or [C;sMMIM]Br with chemical formula
C,Hy3BrN, (MW: 403.48), and 1-hexadecyl-2,3-dimethyl-imi
dazolium chloride or [C;cMMIM]CI with chemical formula
C, H43CIN, (MW: 359.03). The chemicals were purchased
from Wuhu Nuowei Chemistry and each sample had a purity
of 98%.

The Fourier transform infrared (FT-IR) spectra of the ILs
were obtained using a Bruker Tensor-27 FT-IR spectropho-
tometer at a scanning number of 30, using the KBr sampling
method. The thermal analysis is based on thermogravimetric
(TG) and differential scanning calorimetry (DSC) measure-
ments. TG measurement was performed using a TG 209 F1
Libra instrument, while DSC measurement was carried out
using PerkinElmer DSC 4000 Series instrument, both under
a nitrogen atmosphere (20 mL/min). For TG, samples between
5 and 7 mg were heated from room temperature to 700 K,
while for DSC, samples between 3 and 5 mg were heated from
250 K to 470 K, both at a constant heating rate of 5 K/min.

The thermal conductivity measurement was performed
using a KS-1 sensor from KD2Pro thermal analyser from
Decagon that provides an accuracy value of £ 5%. The device
works based on the transient hot-wire method (Healy et al.,
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Table 1 Experimental temperature-dependent thermal conductivity of ionic liquid from previous studies.

ILs, the length of  Anion (X)

alkyl chain NTE, BF, " PF, ™
k (W/ T (K) Ref. k (W/ T Ref. k (W/ T Ref.
(msK)) (msK)) (msK))
[CMIM] 0.130 293 (Ge et al., 2007)
0.130 303
0.129 313
0.129 323
0.129 333
0.129 343
0.128 353
0.1208 273.15 (Froba et al., 2010)
0.1206  283.15
0.1202  293.15
0.1215 303.15
0.1195 313.15
0.1184  323.15
0.1190  333.15
0.1194  343.15
0.1191 353.15
[CsMIM] 0.128 293 (Ge et al., 2007) 0.169 294.7 (Tomidaetal., 0.145 293 (de Castro et al., 2010)
0.127 303 0.169 314.8 2007b) 0.145 303
0.127 313 0.168 3349 0.145 313
0.126 323 0.144 323
0.125 333 0.143 333
0.124 343 0.143 343
0.124 353 0.143 353
0.1264 296.24 (Liu et al., 2012) 0.145 294.9 (Tomida et al., 2007a)
0.1256  312.77 0.145 315.0
0.1232  332.36 0.144 335.1
[CeMIM] 0.127 293 (Ge et al., 2007) 0.158 293 (de Castro 0.142 293 (de Castro et al., 2010)
0.127 303 0.157 303 et al., 2010) 0.141 303
0.127 313 0.156 313 0.141 313
0.126 323 0.155 323 0.139 323
0.125 333 0.153 333 0.139 333
0.125 343 0.152 343 0.138 343
0.125 353 0.151 353 0.138 353
0.1238 273.15 (Froba et al., 2010)  0.166 294.2 (Tomidaetal.,, 0.145 294.1 (Tomida et al., 2007a)
0.1224  283.15 0.165 3143 2012) 0.145 315.1
0.1219  293.15 0.164 334.4 0.144 335.2
0.1237  303.15
0.1220  313.15
0.1201 323.15
0.1208 333.15
0.1212  343.15
0.1209  353.15
[CsMIM] 0.128 293 (Ge et al., 2007) 0.164 294.2 (Tomidaetal., 0.145 295.1 (Tomida et al., 2007a)
0.128 303 0.163 3143 2012) 0.145 315.1
0.128 313 0.160 334.4 0.144 335.2
0.126 323
0.126 333
0.125 343
0.126 353

® NTf,: bis(trifluoromethylsulfonyl)imide; ©* BF,: tetrafluoroborate; " PFy: hexafluorophosphate.

1976) to determine the fluid’s thermal properties. The sensor
simultaneously acts both as the heating element and the tem-
perature sensor. During the measurement, the temperature
(T) vs. time (t) was recorded, and using the heat flux (q), the
thermal conductivity could be calculated as (Healy et al.,

1976):

_ 4 (dint
k74n(dT>

(2)

In this study, the thermal conductivity (k) of the liquid ILs
was measured at a temperature of 3-5 K above the melting
transition peak from the DSC curves to ensure the perfect
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melting of the ILs. Details of the heating system for the present
thermal conductivity measurements are described in our previ-
ous publication (Anggraini et al., 2021). The thermal conduc-
tivity measurements were repeated three times for all samples
to ensure the repeatability of the data.

3. Results and discussion

The structures of the ILs used in this study are shown in Fig. 1
(a) for non-methylated (protonated) and Fig. | (b) for methy-
lated ILs. The structure was generated using MolView (Smith,
1995).

3.1. FT-IR spectra

The resulting FT-IR spectra are presented in Fig. 2 for spectra
in the ranges of (a) 400-4000 cm ™!, (b) 3000-4000 cm ™', (c)
1500-3000 cm ™', and (d) 400-1500 cm™", while Table 2 pre-
sents the IR peak values.

From Fig. 2, one can see that the transmittance measured
within the fingerprint region (Fig. 2(d)) is marked by the gen-
eration of a new peak at 1042 cm™' for methylated ILs (B, D),
associated with the CH»(N) and CH;3(N)CN stretching bond as
a characteristic of the alkyl chain of cation (Noack et al.,
2010). Fig. 2(c) highlights the CH;, CH,, and C-H stretching
rings (Bai et al., 2011); one can see the similarity between the
transmittance peaks of methylated and protonated ILs. In this
case, the peaks at about 1574 cm™" for protonated ILs (A, C)
underwent a blue shift to 1587 cm™" after methylation (B, D),
due to CH,(N) and CH;3(N) CN stretching (Noack et al.,
2010). The broad peak at 2927 cm™! is associated with CH;,
CH,, and C-H stretching (Bai et al., 2011).

The wavenumber range from 3000 — 4000 cm ' (Fig. 2(b))
shows the shift in peak that occurred due to methylation and
cation—anion interaction. The peak at approximately

) — _
(@) - ®
(( Cy6Hss3 X_.
o pe
® [ e T ®
C
Ci6H33 X~ .
o

Fig. 1 Chemical structure of: (a)[C;(sMIM]" and (b)
[CieMMIM]* cations and the anions (X~) consists of Br~ or
CI". The blue circle in cation ring indicates the nitrogen atom.

3082 cm~! for protonated ILs (A, C) undergoes a red shift
to 3053 cm~! and 3046 cm ™! for methylated ILs (B and D,
respectively). The difference between the spectra before and
after methylation, is the broadening in the absorption peak
at approximately 3468 cm~! for protonated ILs (A, C). For
the Br anion, a red shift from 3426 to 3385 cm ™! and a blue
shift from 3575 to 3582 cm™! occurred, while slightly greater
shifts were observed for the Cl anion; that is, 3412 to
3371 em™! and 3569 to 3589 cm™!. It is worth mentioning that
methylation eliminated hydrogen bonding at the predominant
interaction site at C2 (Haddad et al., 2018). A red shift occurs
because of the rearrangement and relocation of the cation-nion
interaction at the C4/C5 positions which is related to the elec-
tron distribution in the imidazolium ring. An increase in elec-
tron density at C4/CS5 is evident due to the upfield shift in both
the "H NMR (Haddad et al., 2018; Noack et al., 2010) and '*C
NMR spectra (Noack et al., 2010), leading to the inductive
effect of the added methyl group and charge transfer via the
new hydrogen bond. Nitrogen atoms have higher electronega-
tivity than carbon or hydrogen atoms and therefore withdraw
electrons from this system. The blue shift is attributed to a
nitrogen atom drawing electrons to itself, which causes an
increase in the partial negative charges on the nitrogen atoms,
leading to stronger attraction of their bonding partners as indi-
cated by C-N stretching (Noack et al., 2010). Clearly, the red
shift indicates the formation of a hydrogen bond, while the
blue shift is a result of the charge redistribution along the
non-hydrogen-bonded C-H bonds.

3.2. Thermal properties

3.2.1. Decomposition and phase transition behaviour

Fig. 3 shows the characteristic decomposition curves, while
Fig. 4 shows the characteristic phase transition behaviour of
ILs [C;sMIM]Br (A), [C;sMMIM]Br (B), [C;MIM]CI (C),
and [C;sMMIM]CI (D).

The results of decomposition temperature (Tq4), melting
temperatures (T,,), and melting enthalpies (H,,) and entropy
(S) that calculated using Eq. (1) are tabulated in Table 3 that
also presents a compilation of the thermophysical parameters
of protonated ([C,MIM]X) and methylated ((C,MMIM]X)
imidazolium-based-ILs.

Compared to previous studies, T4 of [C;cMIM]Br and
[CisMIM]CI from the present study are in good agreement
with the data of previous studies (Li and Chen, 2011; Maja
et al., 2019). The melting temperatures of [C;sMIM]Br and
[CisMMIM]Br are in agreement with those reported by Bai
et al. (2011), Bradley et al. (2002), and Zhu et al. (2009),
although the melting enthalpies are slightly higher. For
[C16MIM]CI, the melting temperature was in accordance with
Bradley et al. (2002), Li et al. (2005), Maja et al. (2019), and
Zhao et al. (2009), although the melting enthalpy in the present
work was higher than Bradley et al. (2002) and Maja et al.
(2019). As shown in Fig. 4, the DSC thermogram of [C¢-
MMIM]Br shows two endothermic peaks at 367 K (with a
large enthalpy) and 270 K (with a small enthalpy), each of
which corresponds to the melting enthalpy and solid—solid
phase transition. The same phenomenon was not observed in
previous studies of the same ILs (Bai et al., 2011; Zhu et al.,
2009), but was clearly observed in [C;sMIM]PF¢ and
[CisMIM]PF¢ ILs (Xu et al., 2012). According to Zhu et al.
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1200 900 600 300
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=
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C-H-CI ! | =
3569 3412

3082

C-methyl-Cl
3468 3371 3046
C-H str
3900 3600 3300 3000
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Fig. 2 The FT-IR spectra of [C;{MIM]Br (A), [C;cMMIM]Br (B), [C;sMIM]CI (C), and [C;sMMIM]CI (D) ILs in the ranges: (a) 400—
4000 cm™", (b) 3000-4000 cm ™!, (c) 1500-3000 cm ™', and (d) 4001500 cm ™.

(2009), the phase transitions of [C;sMIM]Br and [C;sMMIM]
Br are rather simple; they readily crystallise and do not form
glasses. On the other hand, [C;sMIM]CI appears to show a
more complex phase behaviour than simple melting/crystallisa-
tion, with a phase transition that depends on the initial state
and cooling rate (Li et al., 2005; Maja et al., 2019). Moreover,
a transition from smectic to isotropic liquid phase has already
been reported by Bowlas et al. (1996), Bradley et al. (2002),
and Zhao et al. (2009) at approximately 220 °C, 222.2 °C,
and 185 °C, respectively. We note that our present data do
not show any sign for this transition.

The methylation process resulted in several changes in the
physicochemical properties, mainly an increase in the melting
temperature, decomposition temperature, and viscosity, while
decreasing the density, entropy, and electrical conductivity
(Table 3). The thermal stability depends on the Bronsted acid
strength and decreases with an increase in coordination, nucle-
ophilicity, and hydrophilicity of the anion (Cao and Mu, 2014;
Kiitt et al., 2011). In addition, the effect of the anion on the

melting temperature, enthalpy, viscosity, and electrical con-
ductivity is clear. For example, at 293 K, the viscosity of
[C4sMIM]X with C1™ was higher than that in the case wherein
other anions are used. In addition, as the alkyl chain length
increased, the decomposition temperature tended to decrease,
while the trend of the density variation was not as clear as that
of viscosity. With an increase in temperature, the viscosity and
thermal conductivity decreased (Table 1), unlike the electrical
conductivity (Izgorodina et al., 2011).

An increase in the decomposition temperature owing to
methylation was recorded for all alkyl chain lengths and for
different types of anions, which clearly indicated the higher
thermal stability of methylated ILs. The decrease in entropy
with methylation is consistent with Hunt’s entropy theory
(Hunt, 2007) and Fumino’s defect hypothesis (Fumino et al.,
2014). From a physical point of view, methylation alters the
electron density distribution and, consequently, changes the
positions of the interionic interactions, resulting in a more
stable and packed molecular network with increased Coulomb
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Table 2 The IR analysis of [C;sMIM]Br (A), [C;sMMIM]Br (B), [C;sMIM]CI (C), and [C;MMIM]CI (D). Wavenumber (v) in cm ™"
and relative intensity (I) in %. Identification of IR peaks with reference to previous studies (Bai et al., 2011; Coates, 2006; Haddad

et al., 2018; Noack et al., 2010; Paschoal et al., 2017).

[C16MIM]Br (A) [C;sMMIM]Br [C16MIM]CI (C) [C;sMMIM]CI Type of vibration ~’
(B) (D)
viem™) 1(%) vem ) T(%) vem ) I(%) vem ') I(%)
3575 85 3585 97 3569 85 3589 72 Ring C2-H-Br/ C2-methyl-Br/ C2-H-Cl/ C2-methyl-Cl str
3468 52 3468 56 3468 53 3468 46
3426 53 3385 73 3412 56 3371 50
3149 72 3110 58 3149 75 3107 49 Ring CH str
3082 46 3053 42 3082 48 3046 38
2927 40 2927 33 2927 40 2927 30 Ring CH;, CH,, CH str
2855 44 2851 36 2855 46 2852 33
1770 100 1785 100 1789 100 1795 100 Ring CH bend
1630 59 1589 58 1638 62 1594 52 Ring CH»(N) and CH3(N) CN str
1574 54 1587 49 1574 54 1587 45
1543 53 1543 53 Ring NC(CH;3)N CC str
1471 52 1470 41 1471 52 1470 39 Ring ip asymmetry str, CH3(N)CN str
1171 52 1140 58 1178 53 1146 59 Ring CH,(N) and CH3(N) CN str, CC str
1042 61 1042 63 Ring CH,(N) and CH;3(N)CN str
863 61 859 60 Ring NC(H)N CH bend, CCH bend, hexadecyl chain bend
790 60 800 50 802 63 806 54 Ring HCCH asymmetry bend, CH»(N) and CH3(N) CN bend
718 59 723 50 715 59 718 49
) bend: bending; str: stretching.
100 __4Td=523K A lo 100 {Td=512K c lo
\ 14
1-4
50 — 50+ -8 ©
__8 .E —_~ —
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Fig. 3 TG-Differential TG (DTG) curve of [C,sMIM]Br (A), [C;sMMIM]Br (B), [C;¢MIMICI (C), and [C;¢MMIMICI (D) ILs.

interactions and decreased van der Waals interactions (Noack
et al., 2010). According to Zahn et al. (2008) based on static
quantum chemical and molecular dynamics simulations,
strong hydrogen bonding at the C2 position of protonated
samples limited the mobility of the anion and results in a lower
melting temperature compared to the methylated sample.
For protonated and methylated ILs, the obtained experi-
mental data revealed a higher thermal stability of ILs with
Br anion as compared to those with Cl anion, which can be
explained considering the strength of the Bronsted acids used
and the associated pKa values. Considering HBr and HCI as
the Bronsted acids of Br~ and CI, respectively, HBr is a stron-
ger acid than HCI in various solvents, such as water and
dimethyl sulfoxide (Kiitt et al., 2011; Trummal et al., 2016).
For example, the average values of pKa (water) for HBr and
HCI are —8.8 and —5.9, respectively (Trummal et al., 2016).

The variation of melting temperatures and enthalpy melting
with anions of protonated ILs are also consistent with avail-
able models. Generally, the ionic radius of CI (2.70 A) is smal-
ler than that of Br (3.12 A) (Zhang et al., 2006), and the
electronegativity of Cl™ anion is larger than that of Br™ anion
(Sanchora et al., 2019). Hence, the hydrogen bonds of ILs con-
taining Cl anion were stronger than those of ILs with Br anion
(Sanchora et al., 2019). This implies that ILs with Cl anion
have a higher melting temperature than ILs with Br anion.
According to Khudozhitkov (2022), stronger hydrogen bonds
between the cation and anion lead to a lower heat of fusion.
This hypothesis is in accordance with the results of the present
study on protonated ILs. The opposite trends for methylated
ILs suggest different mechanisms, owing to the replacement
of hydrogen with methyl groups, as explained in the previous
paragraph.
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Fig. 4 DSC thermograms of [C;{MIM]Br (A), [C;cMMIM]Br
(B), [C1cMIM]CI (C), and [C;sMMIM]CI (D) ILs. The arrows
show the temperature range for thermal conductivity
measurement.

3.2.2. Thermal conductivity

Fig. 5 show the temperature-dependent thermal conductivities
of [Ci{gMIM]Br, [C;cMMIM]Br, [C;cMIM]CI, and [Ci4-
MMIM]C], respectively. In addition, for comparison purposes,
the temperature-dependent thermal conductivities of [C;MIM]
NTf, and [C4MMIMINTS, from previous studies (Ge et al.,
2007; Liu et al., 2012) are also presented here, as shown in
Fig. 6.

From Figs. 5 and 6, the temperature-dependent thermal
conductivities of [C;gMIM]Br and [C4MIM]INTS, revealed a
decrease in k with an increase in T, unlike the trend demon-
strated by [C;sMIM]CI, [C;cMMIM]Br, [C;cMMIM]CI, and
[C4MMIM]NTT,. Using the available fitting formula proposed
by Coker (2007), the temperature-dependent thermal conduc-
tivities of [C;gMIM]Br and [C;MIM]INTT, were fitted using
(3), which is commonly used to fit the data for liquid and solid
organic compounds that show a decrease in k with an increase
in T. The remaining data were fitted using (4), which is used for
many inorganic liquids, including water, which show an
increase in k with an increase in T.

k(T) = a + b(l —%)% 3)

k(T)= A + BT + CT® (4)

where {a, b, ¢} and {A, B, C} are regression coefficients for
each fitting formula, and T is the absolute temperature. Tables
4 and 5 list the fitting results.

The relatively small chi-square (y%) and R? parameter val-
ues which are close to 1 (Tables 4 and 5), show that the data
fitted well, despite the possibility that [C;cMIM]CI and [Cs-
MMIM]CI might be in the liquid crystalline phase at the
selected temperature range for the thermal conductivity
measurement.

The thermal conductivity data presented in Figs. 5 and 6
indicated the following: i) the increase in the thermal conduc-

tivity of methylated ILs with temperature; ii) the influence of
anion on the magnitude and temperature dependence of the
thermal conductivity of protonated ILs. Further analysis is
provided using the existing simulation or theoretical model
for short alkyl chains of imidazolium ILs, considering the
cation and anion interactions that contributed to the hydrogen
bond, Coulomb interaction, and dispersion force. Previous
experimental data have shown that anions contribute more sig-
nificantly to the cation-anion interaction and the physical and
electronic properties of imidazolium ILs (Cao and Mu, 2014;
Panja, 2020), which is also supported by the fact that the vibra-
tional modes of these imidazolium-based ILs do not vary sub-
stantially with the variation in the alkyl chain length, and it
can be concluded that the interaction energies between cation
and anion may be approximately similar for these ILs (Panja,
2020).

As shown in Fig. 5, at approximately the same temperature,
the thermal conductivity values of [C;¢MIM]Br and [C;sMIM]
Cl were higher than those of [C;sMMIM]Br and [C;sMMIM]
Cl. Additionally, the effect of methylation showed an increase
in thermal conductivity with temperature. The strong and
directional hydrogen bonds at C2 of the protonated ILs stim-
ulate a dominant cation-anion interaction at this position,
which might result in a tighter and stronger structure that
causes reduced ion mobility, which favours the heat transfer
process. The superior role of H2 as the most acidic hydrogen
for hydrogen bonding with C2 might be disturbed by its faster
dynamics than the hydrogen bonds at other positions of C4
and C5 (Thar et al., 2009). The strong dynamics of the hydro-
gen bond at C2 influence the ion pair and ion cage dynamics,
which in turn affect the diffusion coefficient and transport
properties of the ILs (Kohagen et al., 2011). This phenomenon
might explain the decrease in thermal conductivity with an
increase in temperature of common protonated ILs (Table 1),
except for ILs with strongly coordinated anion such as Cl. In
methylated ILs, the addition of methyl at the C2 position
increases the dispersion force that shields cation-anion interac-
tions at this position (Fumino et al., 2014). With strong hydro-
gen bonds formed by C4,5-H (Noack et al., 2010) and high
transition barriers for ion-pair conformations (Izgorodina
et al., 2011), the high viscosity (Table 3) might be responsible
for the increase in thermal conductivity with temperature for
[CisMMIM]Br, [C;cMMIMICI, and [C4MMIM]NTf,. The
increase in the thermal conductivity with an increase in viscos-
ity is in good agreement with the model proposed by Mohanty
(1951), which combines the viscosity theory of a liquid from
the solid-state perspective (Andrade, 1934) and the liquid’s
thermal conductivity (Osida, 1939). Hence, the ratio between
thermal conductivity and viscosity is a constant depending
on the molecular weight of the liquid (Prado et al., 2022).

Considering the smaller radius (Sanchora et al., 2019;
Vieira et al., 2020; Zhang et al., 2006) and stronger ligand field
(Margaryan, 1999) of the Cl anion than those of the Br anion,
one might expect the hydrogen bond of C2-H-ClI to be stronger
than that of C2-H-Br. This is confirmed by the atomic distance
calculation, which shows a smaller H-Cl distance than that of
H-Br for protonated ILs (Dong et al., 2016). Additionally, a
comparison between [C4;MIM]CI, [C4,MIMINTS,, and
[C4MIM]BF,4 shows that the symmetry and charge density of
the anion play an important role in forming a regular network
(Hunt et al., 2007; Hunt and Gould, 2006). Neutron diffrac-
tion studies indicate that Cl anion prefer to remain in a ring



Table 3 Thermophysical properties of protonated ([C,MIM]X) and methylated ((C,MMIM]X) imidazolium-based-ILs from previous studies.

ILs p’ Ty’ H,,° s¢ T4 n' Ioh T (K) Ref.
[C>MIM]NTE, i1.52 258.3 587 21.0 193; 1298 (Noack et al., 2010)
11.520 i34 iig 8 1295; 193 (Bonhte et al., 1996)
[CMMIMINTSE, 11,49 295.0 639 ii74.0 193; 1298 (Noack et al., 2010)
11.495 igg 32 195, 1293 (Bonhte et al., 1996)
[CsMIM]I 11.49; '1.49 i35; 1130 112.6; 114.6 1358; 1363 (Izgorodina et al., 2011)
[CsMMIM]I 11.45; 11.44 1195; 11148 11.95; 1 48 1358; 1363 (Izgorodina et al., 2011)
[CsMIM]BE, 1.24 256 708 103 5.9 298 (Nishida et al., 2003)
[CsMMIMIBF, 1.13 256 715 330 1.7 Room Temp. (Min et al., 2007)
[C,MIM]T 270 (Nakakoshi et al., 2006)
1.44 201 538 1110 298 (Huddleston et al., 2001)
47 298 (Okoturo and VanderNoot, 2004)
[CsMMIMIT 370.8 77.1% 0.208" (Endo et al., 2010)
[CsMIM]NTE, 1.43 186.8 595 i27.9 193; 1298 (Noack et al., 2010)
44 298 (Hyun et al., 2002)
51.5 298 (McLean et al., 2002)
11.4334 ii40.6 1302.80; 1302.93 (Jacquemin et al., 2006)
1.43 712 69 298 (Huddleston et al., 2001)
[CAMMIMINTE,  '1.42 271 632 ii95.0 1293; D98 (Noack et al., 2010)
[C4MIM]BF, 1.17 233 1.7 293 (Carda—Broch et al., 2003)
11.206; 11.202; 111.198 1136.2; 199.6; 1175.3 D.8;13.6; 14,5  1293; 129g; 1303 (Tokuda et al., 2006)
11.1975 754 1302.77; 303.22 (Jacquemin et al., 2006)
1.12 676 219 298 (Huddleston et al., 2001)
92 298 (Okoturo and VanderNoot, 2004)
1.14 293 (Zhao et al., 2004)
[CsMMIM]BF, 313.1 72.5% 0.232" (Endo et al., 2010)
1.03 294 674 372 0.7 Room Temp. (Min et al., 2007)
267.1 41.7 (Fox et al., 2003)
[CsMIM]PF 285.3 46.8* 0.164" (Endo et al., 2010)
1.36 312 1.4 293 (Carda—Broch et al., 2003)
11.36 283 622 1450 1298 (Huddleston et al., 2001)
280.8 46.3 (Fox et al., 2003)
280.03 70.1* (Troncoso et al., 2006)
11.373; 111.368; 11.365 1354.0; 1249.6; 1182.4  12.8; 13.6; 4.5 1293; 11298; 11303 (Tokuda et al., 2006)
282 42% (Jin et al., 2008)
276.43 32.4* (Doman and Marciniak, 2003)
11,3620 209.1 1302.61; 1302.73 (Jacquemin et al., 2006)
283.51 68.97* (Kabo et al., 2004)
0.32 298.15—327.17 (Fredlake et al., 2004)
[C,MMIM]PF 293.6 30.2% 0.103" (Endo et al., 2010)
0.55 298.15-327.21 (Fredlake et al., 2004)
289 2312 296 (Strehmel et al., 2006)
311.8 57.31% (Henderson et al., 2006)
[C4MIM]Br 57 7.34 373 (Izgorodina et al., 2011)
353 121.9% 0.345" (Endo et al., 2010)
107.7* (Nishikawa et al., 2007)

(continued on next page)
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Table 3 (continued)

ILs p’ T Hp,© s¢ Ty n' ot T (K) Ref.
351.35 104.42% 0297 (Paulechka, 2007)
[CsMMIM]Br 163 1.75 373 (Izgorodina et al., 2011)
349.66 66.977 (Zhu et al., 2009)
369.8 117.9% 0.319°" (Endo et al., 2010)
365.7 86.8 (Fox et al., 2003)
[CsMIMICL 342.3 120.2% 0.351" (Endo et al., 2010)
i1.08 314 527 1298 (Huddleston et al., 2001)
326.57 59.004 (Zhu et al., 2009)
330 83.0% (Nishikawa et al., 2007)
341.95 80.48* (Doman, 2003)
341 148.05%  0.4417 (Yamamuro et al., 2006)
398.1 (Muhammad, 2016)
140890; 111000; 1105 1293.0; 1303.0; 11363.0 (Seddon et al., 2002)
11.0575; 11.0548; 111.0465 1256.7; 1189.4; 1185.65 1343.15; 1348.15; 363.15  (Vieira et al., 2019)
[C.MMIM]CI 372.5 97.5% 0.262" (Endo et al., 2010)
365.89 76.384 (Zhu et al., 2009)
369.8 97.9 (Fox et al., 2003)
369.0 77.00* (Henderson et al., 2006)
540 (Muhammad, 2016)
[CeMIMICL 118000; f6416; 1114 1293.0; 1303.0; 11363.0 (Seddon et al., 2002)
[CsMIMICL 133070; 110770; 172 1293.0; 1303.0; 11363.0 (Seddon et al., 2002)
[C¢MIM]Br 337.06 152.563 (Zhu et al., 2009)
336.46 144.37 (Bai et al., 2011)
339.0 169.3* (Bradley et al., 2002)
447 (Li and Chen, 2011)
337.82°  243.17 0.74 523 p.W
[C1¢MMIM]Br 371.7 126.616 (Zhu et al., 2009)
370.68 121.12 (Bai et al., 2011)
37286 145.20 0.40 534 p.w
[C16MIM]CI 336.44 159 535.7 (Maja et al., 2019)
338 (Li et al., 2005)
339.7 174.1% (Bradley et al., 2002)
341 (Zhao et al., 2009)
34038 235.54 0.71 512 p.w
[C16MMIM]CI 370.60°  187.16 0.52 521 p.W

? p: density (g/mL).

® T, melting temperatures (K).

¢ H,,: melting enthalpy (J/g).

4°S: entropy (J/(g K)).

¢ T4: decomposition temperature (K).
' 1: viscosity (mPa s).

¢ o: electrical conductivity (mS/cm).

* H,, was originally value in units of kJ/mol.
** 'S was originally value in units of J/(mol K).

" Ty from onset peak.
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square referred to (Liu et al., 2012)) and (b) [C4MMIM]NTS, (Liu et al., 2012). The dash red lines represent the result of fitting the data

using Eq. (3) and Eq. (4).

around the H atom, with a decreased affinity for lying above
and below the centre of the imidazolium because of its small
size and stronger hydrogen bond (Hardacre et al., 2003). This
is supported by the relationship between the molecular struc-
tures and viscosity, which revealed a strong correlation
between the two parameters. In particular, the local aggrega-

tion of anion at certain cation sites prevents the movement
of ion pairs, which increases the viscosities of the ILs (Jiang
et al., 2019). Thus, ILs with strongly coordinated Cl anion
are expected to form highly connected liquids with relatively
strong interactions compared to those of ILs with weakly coor-
dinated Br anion (Izgorodina et al., 2011). As shown in Fig. 5
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Table 4 Parameter values of fitted of thermal conductivities of [C;sMIM]Br, [C;sMMIM]Br, [C;cMIM]CI and [C;cMMIM]CI by

using Eq. (3) and Eq. (4).

Regression Coeff. [CisMIM]Br Regression Coeff. [C;cMMIM]Br [CisMIM]CI [C1sMMIM]CI
a 0.27 A 0.21 3.48 x 1073 —7.98

b —3.15x 107* B — 732 x 107* 7.38 x 10°* 0.04

c —3.39 x 1077 C —1.49 x 10~° —7.57 x 1077 — 527 x 107°
r2 1.28 x 10°° 21 3.51 x 107° 1.95 x 1077 6.85 x 1077
R2 0.99 R> 0.99 0.97 0.99

Table 5 Parameter values of fitted of thermal conductivities of [C;MIM]NTT, (Ge et al., 2007; Liu et al., 2012) and [C4MMIM]INTT(,

(Liu et al., 2012) by using Eq. (3) and Eq. (4).

Regression Coeff. [C,MIMINTT, (Ge et al., 2007)

[C4AMIMINTS, (Liu et al., 2012)  Regression Coeff.

[C4MMIMINTS, (Liu et al., 2012)

a 0.22 0.22
b —2.87 x 107* —2.84 x 107
c — 429 x 1077 — 4.56 x 1077
12 1.77x 1077 2.00 x 1077
R? 0.90 0.89

A 0.26
B — 926 x 107*
C 1.55 x 107°
X 0

R2 1.00

(a) and 6 (a), the thermal conductivity of [C;sMIM]Br exhib-
ited a trend similar to that of [C4MIM]NTT, (Ge et al., 2007;
Liu et al., 2012). The difference in the local structure and coor-
dination strength explains the higher thermal conductivity of
[C16MIM]CI compared with those of [C;sMIM]Br, and the dif-
ferent trends in the thermal conductivity of the two molecules.
The thermal conductivity of [C;sMIM]Cl increases whereas the
thermal conductivity of [C;gMIM]Br and [C4MIM]NTf,
decreases with an increase in temperature.

Understanding the correlation between the structure and
physicochemical properties of ILs is important for their appli-
cations. The effects of the structure are mainly influenced by
the anion type, which determines the thermal stability of the
ILs (Cao and Mu, 2014; Fadeeva et al., 2020). In addition,
the thermal stability of ILs increases with a decrease in chain
lengths (Cao and Mu, 2014; Koutsoukos et al., 2022) and after
the replacement of C2-H with a methyl group (Huddleston
et al., 2001; Koutsoukos et al., 2022; Muhammad, 2016;
Noack et al., 2010). The molecular interaction between cation
and anion as the main constituent components of ILs are
described by a subtle balance of Coulomb forces, hydrogen
bonds, and dispersion forces (Fumino et al, 2014;
Izgorodina et al., 2014). The results presented in this study
demonstrate the relationship between the structural modifica-
tion of ILs through methylation and the anion type, on the
physicochemical and thermal properties, including the thermal
conductivity of the long alkyl chain of imidazolium-based ILs.
However, these findings do not directly explain the trend of
thermal conductivity with temperature. Therefore, advanced
computational studies are required because liquid thermal con-
ductivity generally involves complex phenomena. In addition,
further experimental studies are needed to investigate the role
of anion coordination strength with those of thermophysical
parameters, including the thermal conductivity of hydrated
ILs. This is because the simulation study showed that the
Coulombic network of the ILs with Cl anion is more disturbed
by water than that of ILs with BF4 anion (Macchieraldo et al.,
2018).

4. Conclusion

The effect of methylation and anion type on physicochemical
and thermal properties (decomposition temperature, melting
temperature, enthalpy, and thermal conductivity) was charac-
terised for long alkyl chains of imidazolium-based ILs of
[CieMIM]X and [C;sMMIM]X, for X = Br and CI. Chemical
structure analysis was based on the transmittance of FT-IR
spectra. In the fingerprint region (5001750 cm™"), methyla-
tion caused a blue shift from 1574 cm ™! (in protonated ILs)
to 1587 cm™! due to CH,(N) and CH5(N) CN stretching and
produced a new peak at a wavelength of 1042 cm ™' associated
with the CH,(N) and CH3(N)CN stretching bond. In the func-
tional group region (17504000 cm™ '), methylation caused a
frequency shift at approximately 3468 cm~' which is related
to the change in vibrational type from C2-H-X to C2-
methyl-X for both Br and Cl anions due to formation of a
hydrogen bond and charge redistribution along the non-
hydrogen-bonded C-H bonds.

Methylation resulted in a higher thermal stability, as indi-
cated by the increase in T4, an increase in T, and a decrease
in H,,, resulting in a reduction in entropy. This reduction
revealed that the methylation altered the electron density dis-
tribution and consequently changed the positions of the interi-
onic interactions, resulting in a more stable and packed
molecular network with increased Coulomb interactions and
decreased van der Waals interactions. The variation of T4 with
the change in anion was attributed to the smaller pKa value of
Br-based acids than that of the Cl-based acids according to the
Bronsted acid model. The variation in T, and H,, of proto-
nated ILs was attributed to the stronger hydrogen bond of
ILs containing C1~ owing to the smaller ionic radius and larger
electronegativity of Cl~ as compared to Br™.

Thermal conductivity measurements show some important
characteristics: i) an increase in the thermal conductivity of
methylated ILs with temperature, and ii) the value and temper-
ature dependence of thermal conductivity strongly depend on
the anion. The strong hydrogen bond at C2 of the protonated
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ILs limits anion mobility and favours the heat conduction pro-
cess. However, the strong dynamics of the hydrogen bond at
C2 disturb the ion-pair interaction, resulting in a decrease in
thermal conductivity with increasing temperature of common
protonated ILs, including [C;cMIM]Br and [C4MIM]NTH.
However, in methylated ILs, the loss of hydrogen bonding at
the C2 position of the imidazolium ring increases the disper-
sion force. In addition to the strong hydrogen bonds formed
by C4,5-H, high viscosity might be directly responsible for
the increase in thermal conductivity with the increase in tem-
perature in [C;sMMIM]Br, [C;sMMIM]CI, and [C4MMIM]
NTf,. In addition to the liquid crystalline phase, stronger
hydrogen bonding and a higher viscosity in the more compact
molecular structure of ILs with Cl anion explained the higher
thermal conductivity of [C;,MIM]CI than that of [C;,MIM]Br
and the increase in its thermal conductivity with temperature.
The results of the present study should be confirmed using
advanced computational methods by considering the funda-
mental interactions occurring in the IL.
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