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Abstract: The physicochemical and thermal properties of tetrabutylammonium bromide (TBA-Br)
and tetrabutylammonium hexafluorophosphate (TBA-PFy), and their change with the addition of
AlyO3, were investigated using infrared (IR) spectroscopy and by simultaneously conducting thermal
thermogravimetric (TG) analysis and differential thermal analysis (DTA) to obtain the differential
scanning calorimetry (DSC) thermogram. The change in the IR data is characterized by the growth of
a large peak in the range of 3500 cm~! and the reduction of peaks below 1000 cm~! with the additive
concentration. The decomposition temperature determined from the peak in the DTG curve is nearly
constant for TBA-Br, and it decreases with the addition of Al,O3; for TBA-PFg, although it does not
depend on the concentration of the additives. The DTA curve of ionic salts with the addition of Al;O3
shows additional peaks, which indicates a change in the sample’s temperature at disorder or phase
transitions. The variation in the melting temperature with additive concentration is similar to that of
decomposition temperature. The maximum heat of fusion value was approximately 67 k] kg~! for
the doped TBA-Br and TBA-PF4 but was achieved at a different additive concentration. This is due to
the additional disorder in the system induced by the dissolution of Al,Os.

Keywords: tetrabutylamonium bromide; tetrabutylamonium hexafluorophosphate; aluminium oxide
additive; infrared (IR); decomposition and melting temperature; heat of fusion

1. Introduction

Ionic salts are composed of organic cations and inorganic anions with relatively low melting
points below approximately 100 °C. The liquid state of this material is commonly known as an ionic
liquid (IL). For the last several years, ILs have been extensively investigated in many areas, such as
catalysis, synthesis, extraction, and separation, owing to their common characteristics such as low
vapour pressure, high thermal stability, low viscosity, large liquidus range, and favorable solvation
behavior [1-3]. Additionally, the use of ILs in the field of thermal energy storage (TES) has also been
investigated, and ILs have promising applications as liquid thermal storage media, heat-transfer
fluids (HTFs) [4,5], and electrolytes in energy storage systems (supercapacitors, Li batteries, fuel cells,
and dye-sensitized solar cells) [6-8]. Some types of ILs with high latent heat and a proper melting point,
such as tetraalkylammonium [9] and alkylimidazolium [10,11] with relatively long-chain characteristics,
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are also suitable as phase change materials (PCMs). For TES media or HTFs in solar energy storage,
various basic investigations have been intensively conducted with regard to the thermodynamic
properties of ILs, which include density, heat capacity, thermal conductivity, and latent heat of fusion.

Similar to common HTF or PCM, the physical and chemical properties of ionic salts or ILs are
influenced by chemical additives. In 2007, Fukushima and Aida [12] conducted pioneering research by
mixing a high concentration of carbon nanotubes (CNT) into ILs at room temperature to form gels
known as bucky gels, which have potential applications in many engineering and chemical processes.
This was adopted by de Castro et al. in 2010 [13], who reported for the first time the enhancement
of thermal conductivity and heat capacity values for several ILs containing CNT. The behavior of
these ionanofluids, which is not explained by existing theories, suggests that nanocluster formation
and the preferred paths for heat and storage are present and likely responsible for the observed
phenomena. It was further suggested and experimentally proven that the possibility of using ILs
containing dispersed nanoparticles with specific functionalization, such as single-walled nanotubes,
multi-walled nanotubes, graphene, and fullerenes (Cgp and Cgg, for example), opens the door to many
potential applications [14-17].

Apart from carbon-based additives, Au, CuO, SiO,, carbon-coated Ni, and Al,O3; nanoparticles
have also been added to some ILs, and their thermophysical properties have been investigated [18-25].
A review of relevant research has been presented in [26]. The effects of the Al;O3 additive on the
physical and chemical properties of ILs have been studied for ammonium [N*4111][NTf;], including
the enhancement of thermal conductivity, viscosity, heat capacity, and heat transfer coefficient for
0.5 wt % additive [22]. The experimental data for imidazolium-based ILs generally show the increase
in density, heat capacity and volumetric heat capacities, thermal conductivity, and viscosity with
an increase in Al;O3 concentration up to 10 wt % for [C4mmim][NTf,] [24] and up to 2.5 vol % for
[C4mim][NTf;] and [Campyrr]NTf,] [26]. The superiority of Al,O3 compared with carbon black is
also shown by a significant improvement in the thermal stability without the volatilization of IL [24]
and the enhancement of heat transfer coefficient [26], which is an important parameter for evaluating
the overall thermal performance. Bai et al. [25] reported that the supercooling of [C1MMIM]Br
shows a decreasing trend for copper and graphite powder additives up to 10 wt % concentration
and an increasing trend beyond that up to 25 wt % with a monotonous decrease of melting enthalpy.
The results of this study show that there is an optimum condition of the additive content for the
satisfactory performance of ionic salts in the TES system.

In this paper, we describe the role of the Al,O3 nanoparticle additive in the physicochemical
and thermal properties of tetrabutylammonium bromide (TBA-Br) and tetrabutylammonium
hexafluorophosphate (TBA-PFy) ionic salts. The investigated properties include the transmittance of
infrared spectra, melting and decomposition temperatures, and latent heat of fusion for the solid-liquid
phase transition. Recently, Bhatt and Gohil [27] reported the performance of several ionic salts based
on the tetrabutylammonium cation with varied inorganic anions as the TES material for a solar cooker
application. They found that relatively simple types of anions (iodate 103, nitrate NO3, bromide
Br, and tetrafluoroborate BF;) have higher efficiency than bulky anions (hexafluorophosphates PF,
bromate BrOj3, and thiocyanate SCN). Al,Os is an amphoteric oxide exhibiting strong adsorptive
properties [28] and is typically used as an adsorbent. Additionally, it has more ionic properties and the
intermolecular forces in the IL result in different IL features.

TBA-Br and TBA-PF¢ are quaternary ammonium salts consisting of positively charged (cation)
tetrabutylammonium, and negatively charged (anion) bromide and hexafluorophosphate. As shown
in Figure 1, they have similar structure: the ammonium cations form a tetrahedral structure and two
linear CgHjg organic chains are interconnected with each other through an inorganic N* ion. All bonds
between the C and H atoms have the characteristics of a single covalent bond [29].
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(a) (b)
Figure 1. Structure of (a) TBA-Br and (b) TBA-PF.

Amongst the homologous series of symmetric alkylammonium halides, the thermal
properties of this tetrabutylammonium are categorized as intermediate alkyl-chain lengths.
Specifically, this tetrabutylammonium undergoes a combination of orientational and conformational
disordering, which allows for both the possibility of plastic and conformationally disordered (condis)
crystals [30]. The assessment of disorder in this crystal structure is based on entropy investigations [30],
and the disorder is clearly observable as a change in the local structure [29]. Hence, any loss of
order is followed by the emergence of heat of fusion, and multiple step fusion is related to the
mesophases, which are distinct from both the perfect (rigid) crystal and the isotropic melt. In previously
reported studies, the melting temperatures of TBA-Br and TBA-PF4 were reported as approximately
120 °C [9,29,30] and 240-250 °C [30,31], respectively.

For this symmetric alkylammonium, the cation and anion interaction and its charge transfer
depend on the Coulomb interaction between the cation and anion by ionic bonding. Owing to the
carbon position difference in the alkyl chain, the carbon directly bound to the nitrogen is expected to
have the highest binding energy because it is closest to the electropositive nitrogen, followed by the next
carbon atom along the chain and the remaining carbons [32]. However, the charge transfer may also
depend on the type of anion. In this case, Br™ is classified as a halide anion with strong proton acceptors,
while PF¢~ is classified as a weakly coordinated molecular anion [31,33-35]. The intermolecular
interaction is dominated by the hydrogen bond owing to the existence of fluoride and nitrogen
ions [32,36] in the same manner as in the case of the imidazolium-based IL [11]. Considering the
larger negative charges of Br~ compared with PF¢~, it is assumed that TBA-Br has larger heat of fusion
values compared with TBA-PFg [11]. However, the phosphonium ion with six fluoride atoms would
also be bulky and cause steric hindrance to the ammonium ion in the TBA-PF4 rather than to the
bromium ion in the TBA-Br, which would in turn make the molecule vulnerable [31]. In the presence
of Al,O3, the ILs undergo new molecular interaction, which can be observed using IR spectroscopy
and thermogravimetry.

2. Results and Discussion

2.1. IR Spectra

The IR spectra of the TBA-Br+Al,O5 (Figure 2) and TBA-PF4+Al,O3 additive (Figure 3) ionic salts
are presented (a) in the range of 400 to 2000 cm~! and (b) 2000 to 4000 cm~!. The figures also show the
IR spectra for the Al,O3 additive.

For the pure TBA-Br and TBA-PFg samples, the peaks from 2850 to 3000 cm™~! originated from the
asymmetric/symmetric stretching vibration of the C-H, -CH,—, and —CHj3 groups, while the peaks
from 1300 to 1470 cm™! originated from the CH, and CH; asymmetric/symmetric bending vibration.
The (CHy)rocking for n > 3 is indicated by the peaks in the range of 750~720 cm~!. The C-N bonding
is revealed by the peaks at approximately 1000~1350 cm™!. The region between 600 and 1400 cm ™! is
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the fingerprint of the molecule, and is dominated by the C-C and C-N bonding in this case [37]. For the
TBA-PFg sample, the symmetric stretching of the highly symmetric PF anion is indicated by the peak
at approximately 841 and 740 cm~!, while the bending is indicated by the peak at 558 cm™~! [38].
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Figure 2. IR spectra obtained for TBA-Br+Al,O3 additive in range of (a) 400-2000 cm™! and
(b) 2000-4000 cm™!, and the Al,O5 additive.

Upon addition with Al,Oj3, the overall peaks in the range of 1000 to 3250 cm™! did not change
with the increase of Al,O3 additive. This indicates that the alkyl groups, and both types of tetrabutyl
groups, remained unchanged because all -C-H and -C—-C- covalent bonds were sufficiently strong to
maintain the molecules while Al,O3; was introduced. Two types of changes are clearly observable in
the infrared spectra of both compounds: (i) the appearance of a broad peak at a high wavenumber of
approximately 3500 cm™! (asterisk in Figures 2b and 3b) and (i) the disappearance of some peaks at a
lower wavenumber below 1000 cm™! (shaded region in Figures 2a and 3a).

There are some possibilities related to the growth of a broad peak at approximately 3500 cm ™
with the increase of transmittance intensity upon increasing the additive concentration. The first
possibility is that water adsorbed on a metal oxide solid (OH stretching) [39]. This possibility is also
shown by the peak at around 1630 cm~! (OH bending) of TBA-Br salt with Al,O5 additive (asterisk in
Figure 2a). The second possibility is the remaining Al,O3 nanoparticle [40], which raised the intensity
according to the increased fraction in the composition.

The disappearance of the peaks below 1000 cm~! becomes more pronounced with the increase of
additive concentration, and is more pronounced for the TBA-Br sample compared with the TBA-PFg4
sample. Various explanations have been proposed for this phenomenon. The Lewis acid Al,O3
is assumed to dissolve in ionic salts [41], and its acidity weakens or disrupts the cation and anion
interaction of the ionic salts [42]. Compared with its phosphonium counterpart, the steric effect is



Inorganics 2020, 8, 51 50f12

more pronounced in this ammonium ionic salt, and, thus, the anion cannot approach the centre of the
positive charge cation [43], likely resulting in weak cation—anion interactions [38].
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Figure 3. IR spectra obtained for TBA-PF¢+Al,O3 additive in range of (a) 400-2000 cm~! and
(b) 2000-4000 cm™!, and the Al,O5 additive.

2.2. Thermal Properties

The thermal stability of a material is typically measured by the decomposition temperature (Tgq).
In the case of the TBA-Br and TBA-PF; ionic salts, their structure consists of a complex functional
group instead of a simple alkyl chain. Thus, it is expected that the thermal stability will improve as the
strength of the intermolecular interaction increases because there is more energy in the chemical bond.
In other words, more energy will be absorbed when the chemical bonds are broken, which increases
the T4 [44]. However, compared with the covalent bond, the ionic interaction can be spontaneously
broken because of intermolecular forces. The addition of additive will make easy changes to the IL,
as has already been observed in the IR spectra.

The thermal analysis curves of the functionalised ionic salts are presented in Figure 4 for the
TBA-Br sample and in Figure 5 for the TBA-PFg sample. The graphs from (a) to (d) represent the curves
for a pure sample with 2.5, 5, and 10 wt % of Al,O3 additive. Each graph shows the TG, differential TG
(DTG), and DTA curve.

Overall, the TG curves of TBA-Br+Al,Os ionic salts have a relatively constant value before
suddenly decreasing owing to the change of the sample’s mass. This sudden decrease in the TG curves
is also reflected by the large and broad peak of the DTG curves. The DTA curves exhibit various
peaks at low temperatures and an additional valley near the peak of the DTG curves for additive

samples (red arrows in Figure 4), which indicates the change in the sample’s temperature at disorder
or phase transition.
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Figure 4. TG, DTG, and DTA curves of (a) TBA-Br with Al,O3 additive at concentration of (b) 2.5, (c) 5,

and (d) 10 wt %.
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Figure 5. TG, DTG, and DTA curves of (a) TBA-PF4 with Al,O3 additive at concentration of (b) 2.5,

(c) 5, and (d) 10 wt %.
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A closer look at the TG curves in Figure 5 reveals a difference near the sudden drop; namely,
a shoulder for the TBA-PF¢ sample (black arrows in Figure 5), which becomes more pronounced
as the Al,Oj3 additive concentration increases. The DTG curve of TBA-PFg with Al,O3 additive
showed a double peak, where the low temperature peak is related to the shoulder in the TG curves
and high-temperature peak is related to a sharp drop in the TG curves. The sample with 5 wt %
additive concentration exhibited double peaks in close proximity with each other in the DTG curve,
as indicated by the dotted line in Figure 5c. This behavior indicates that TBA-PF4 sample and its
additive compound decompose with an intermediate step, presumably owing to the bulky PFg anion.
The shift to lower temperature of the high-temperature DTA peak near the large DTG peak might be
due to the reaction between dissolved Al,O3 and the decomposition product of TBA-PF4. According to
Zhuravlev et al. [31], the decomposition of TBA-PFg is mainly determined by the decomposition of
the cation, which may involve the formation of hydrofluoric acid gas and phosphorus pentafluoride.
This might be related to the DTA data for the samples with high additive content (5 wt % and 10 wt %)
that show an additional peak at a high temperature above the large peak of the DTG curve (red arrows
in Figure 5).

The results for the variation in the decomposition temperature with the additive concentration,
which were obtained using the peak in the DTG curve, are shown in Figure 6. For TBA-Br,
the decomposition temperature was nearly constant, whereas for TBA-PFg, the high-temperature
decomposition temperature decreased with Al,O3; addition, although it did not depend on the
concentration of the additives.
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Figure 6. Decomposition temperature of (a) TBA-Br and (b) TBA-PF¢ with Al,O3 additive concentration.

The DSC thermograms of the TBA-Br and TBA-PF4 samples shown in Figure 7a,b generally exhibit
additional endothermic peaks prior to the melting point (T), owing to the disorder transition that
occurs in the samples before melting [9,30,45]. Then, the melting endotherms are used to calculate the
total heats of fusion (AHp,), as presented in Table 1. Notably, the peaks in these thermograms should
be related to the DTA curves. However, indirect measurement has a hindering effect on the accuracy of
the DSC data.
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Table 1.

8of 12

Phase transition temperatures and melting enthalpy of TBA-Br+Al,Os additive and
TBA-PFg+Al,O3 additive from DSC thermogram.

TBA-Br? + Al,O3

TBA-PFs P + AL O3

Al O3/(wt %) € Phase Transition Temps. (°C) d AHp,/ . Phase Transition Temps. (°C) d AHp/
-1 m
IstPeak®  2ndPeak  3rdPeak 87" igpeak  o2ndPeak  3rd Peak (K kgh)f
0 58 93 119 45 ~20°¢ 91 248 35
2.5 66 92 120 67 21 73 214 22
5 67 94 120 43 35 87 213 68
10 58 93 120 44 34 88 213 27

2 Tetrabutylammonium bromide. P Tetrabutylammonium hexafluorophosphate. ¢ additive concentration. ¢ From
the peaks in DSC thermogram. ¢ From the DTA curve. f Total heats of fusion from DSC thermogram.
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Figure 7. DSC thermogram of (a) TBA-Br+Al,O3 and (b) TBA-PF4+Al,O5 at various Al;O3 concentration.

For the pure TBA-Br sample, the results revealed that the melting temperature is approximately
120 °C, which is in good agreement with the results reported by previous studies [9,29,30]. With regard
to the intermediate alkyl-chain lengths, the low temperature transition (first peak, not clearly observed
in Figure 7a) and the temperature of 93 °C are related to the crystal readjustment and conformational
disorder of the crystal, while the high-temperature transition is related to the final isotropization [30].
The total heat of fusion was approximately 45 k] kg~!, which is in good agreement with the results
reported by Burns and Verrall [9], but lower than that reported by Xenopoulos [30]. The T, and
AHp, results are largely different from those reported by Bhatt and Gohil [27]. Upon Al,O3 addition,
the melting temperature was approximately constant. An additional peak at a temperature of
approximately 80 °C (66 °C from the DTA curve) was clearly observable for an Al,Os additive
concentration of 2.5 wt % and resulted in the highest heat of fusion value, which was approximately
67 k] kg~!. The other samples may also have additional peaks at low temperatures (see the DTA curves
in Figure 4), but these peaks are not obvious in this thermogram.

The results revealed that the melting temperature for pure TBA-PFg was approximately 248 °C,
with a total heat of fusion of approximately 35 k] kg~!. These values are in fairly good agreement
with those reported by previous studies [30,31], but are largely different from those reported by Bhatt
and Gohil [27]. Upon Al,O3 addition, the melting temperature of TBA-PF decreased and remained
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relatively stable with an additive concentration of up to 10 wt %. The total heat of fusion had the
highest value of approximately 68 k] kg™ for an Al,O; additive concentration of 5 wt %.

The variation in melting temperatures for TBA-PFs; and TBA-Br agrees with other
imidazolium-based ILs [46] and quaternary ammonium ILs [31], which shows that the melting
temperature decreases with the increase of the anion radius except for PFg. This is attributed to the
fact that ILs with PFg anions have stronger hydrogen bonds, owing to the F atom, and comparatively
higher melting points. In the case of ammonium cations, the higher melting and decomposition
temperatures may also be associated with the tetrahedral structure of ammonium cations and with the
lack of any hydrogen bonds with the anion, which leads to the enhancement of Coulomb interaction
and formation of ordered structures by the ions [31]. It has been suggested that the high thermal
stability of hexafluorophosphates can be attributed to the fact that the decomposition of the salts is
primarily determined by the decomposition of the cation [31]. However, the heat of fusion becomes
larger when the ILs contain anions with larger negative charges [11]. Although the data presented
in Table 1 lack the ultimate precision and accuracy achieved through calorimetry, they suggest that
up to 2.5 wt % of the Al,O3 additive for TBA-Br and 5 wt % of the Al,O3 additive for TBA-PF4 can
potentially increase the heat of fusion, which is an important parameter in TES technology. At 10 wt %
of the Al,O5 additive, the melting enthalpy values are lower than the corresponding values for pure
ionic salts or other additive concentrations. This is in clear contrast to the results published by Bai
et al. [25], who reported a very small variation for Ty, and a monotonous decrease for AH, with an
additive concentration for an imidazolium-based IL and various copper and graphite additives that
were separately added to an IL at a concentration of up to 25 wt %.

The effectiveness of the Al,O3 additive in TBA-Br and TBA-PFg ILs can be qualitatively explained
as follows. Al,Oj3 is expected to dissolve in the larger IL component, i.e., undergoing strong interactions.
At a certain amount of additive concentration, the dissolution of the additive may induce additional
disorder in the system, as measured by the increase in entropy. From a thermodynamic perspective,
it is related to the increase in the melting enthalpy at the same phase transition temperature. In the case
of TBA-PF;, a more complex mechanism may occur owing to the possibility for the decomposition
scheme of TBA-PFg¢ [31].

3. Materials and Methods

Tetrabutylammonium bromide (TBA-Br) also known as [N* 4444][Br~] with the chemical formula
C16Hz6BrN (molecular weight, MW: 322 gr mol~!) and tetrabutylammonium hexafluorophosphate
(TBA-PFy) also known as [N* 4444][PF¢~] with the chemical formula C1H3cPFgN (MW: 387 gr mol™1)
were acquired from Sigma Aldrich (2 Science Park Drive, Singapore) with a purity of 98%.
Al,O3 nanoparticles (particle size < 50 nm) were also acquired from Sigma Aldrich. To investigate the
additive effect on the physicochemical properties, Al,O3 was separately added to the TBA-PFs and
TBA-Br ionic salts at various weight concentrations (2.5, 5, and 10 wt %), and the overall data were
compared with pure TBA-Br and TBA-PFg samples. The mixed samples were obtained by thoroughly
mixing an agate mortar for 5 min.

The Fourier transform infrared (IR) spectra of the samples were obtained by the IRPrestige21
spectrophotometer (Malang, East Java, Indonesia) from Shimadzu at a scanning number of 30 using
the KBr sampling method. Simultaneous thermogravimetric analysis (TG) and differential thermal
analysis (DTA) were performed using the LINSEIS STA PT1600 Platinum Series instrument (Malang,
East Java, Indonesia) under an argon atmosphere (0.5 L min~1). Samples between 5 and 15 mg were
heated from 2 °C to 375 °C at a constant heating rate of 5 K min~!. The data were further analyzed to
obtain the differential scanning calorimetry (DSC) thermogram. We note that the low-temperature TG
and DTA data of TBA-Br+Al,Oj3 ionic salts were eliminated owing to the water contribution, and the
normalization was performed at 20 °C.
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4. Conclusions

This paper describes the physical and thermal properties of TBA-Br and TBA-PFg added with
Al,O3 concentrations of 0, 2.5, 5, and 10 wt % based on IR spectroscopy data and simultaneous TG,
DTA, and DSC measurements. The IR spectra reveal the asymmetric/symmetric stretching and bending
vibrations of the C-H, -CH,—, and -CHj groups, which do not change with the addition of additive.
The spectra also reveal the role of additive to the disappearance of the peaks at a lower wave number
below 1000 cm™! and the growth of a broad peak at 3500 cm~!. The decomposition temperatures analyses
show that TBA-Br remains stable with the addition of Al,O3. For TBA-PFg, the dissolution of Al,O3
reduces the stability of the salt. In addition, the shift to a lower temperature of the high-temperature
DTA peak signifies a chemical reaction between the additive and decomposition product of the salt.
The melting temperatures of TBA-Br+Al,O; salts are approximately constant (120 °C), whereas for
TBA-PF¢+Al, O3, the melting temperature decreases from 248 to 213 °C and is relatively unchanged
with increasing additive concentration. The total heat of fusion values strongly varied with the additive
concentration, and the highest value was approximately 67 k] kg~! for the TBA-Br added with 2.5 wt %
additive and the TBA-PF; added with 5 wt % additive. Compared to imidazolium-based ionic salts,
certain concentrations of aluminium addition to these two ammonium-based ionic salts are more
promising for TES.
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