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ABSTRACT

A new family of dicationic ionic liquids (DIL) have been synthesised by the mixing of either 4,7,10-trioxa-1,13-tridecanediamine or a low molecular weight Jef-

famine™

with organic acids such as formic acid, acetic acid, propionic acid, butyric acid, maleic acid, valeric, hexanoic acid, heptanoic acid, benzoic acid and

octanoic acid. The structure of the DILs was determined by 'H and 3C NMR and LC-MS. All ILs were soluble in protic polar solvents, especially DMSO, and mostly
insoluble in aprotic or non-polar solvents. Thermogravimetric analysis (TGA) and differential scanning calorimetry (DSC) were used to assess the thermal properties
of the DILs. Temperature-dependant viscosity and ionic conductivity values were measured at temperatures ranging from 25 to 45 °C. The electrochemical stability of
the library of ILs was determined using cyclic voltammetry (CV) with a working electrochemical window of 1.2 V (—0.6 V to 0.6 V).

1. Introduction

Solvents are important in nearly every efficient chemical reactions
across all aspects of chemistry [1-3]. Indeed, they are often essential to
carry out successful chemical reactions [1]. Volatile organic compounds
(VOCs) are commonly used in both laboratory and industrial processes
with many advantageous properties, such as the ability to be easily
separated from the reaction medium, removal or supply of heat, etc [2].
However, unless these are captured and recycled, the use of VOCs is
unsustainable in that they harm the environment due to intrinsic vola-
tility and often toxicity. VOCs can evaporate under ambient conditions
resulting in transfer to the environment and atmosphere, producing
undesirable photochemical ozone smog which can be carcinogenic and
harmful in different ways. Thus, non-volatile solvents are important
alternatives [4].

The use of non-volatile ionic liquids as solvents and reagents has
expanded in recent years, being reported as being more sustainable with
a significant reduction in waste and pollution at both laboratory and
industrial scales [5]. Solvents can typically make up to 70 to 80 percent
of a process medium [2]. Alternative non-volatile liquids used as sol-
vents are often considered as sustainable, with a reduced/low environ-
mental impact during their full life cycle helping to solve environmental
issues while also contributing to overall process optimisation [6,7]. ILs
are amongst the most promising candidates for resolving some of the
major challenges with regards to chemical pollution. They are often seen
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as a clean, efficient, and environmentally friendlier alternatives to VOCs,
and can offer other substantial benefits due to their excellent thermal,
physical and biological capabilities. ILs are sometimes called designer
solvents as their properties can be tuned by changing the combination of
cations and anions to fit a specific use and tune solubility [2,8]. They
have characteristics that adhere to some of the 12 principles of green
chemistry. The term environmental factor (E-factor) is a metric to assess
how “green” a particular reaction is in terms of waste. The closer to zero
the E-factor is, the better. In the case of ILs, E-factor values tend to be
near or equal to zero [2,9,10].

ILs are essentially “molten salts” that are typically liquid at tem-
peratures <100 °C and even at ambient temperature [2,11]. Common
ILs are a mixture of organic cations, quite often N derivatives or N’-
substituted imidazolium, with organic or inorganic anions (e.g. HSOz)
[8,12]. Strong electrostatic interactions between ions provide chemical
and thermal stability, solubility in organic and inorganic substances of
various polarities, as well as low flammability and insignificant vapour
pressure in temperatures below 400 °C [1,13]. They can provide highly
viscous solvents in specific chemical reactions [2]. However, in order to
generate reliable data for chemical and physical analyses, analytical
grade ILs are required [8,14]. Other sustainable advantages of ILs
include reduced waste production, facile solvent recovery and reduced
environmental emissions [15]. As a result, the use of ILs has expanded in
a variety of sectors, including battery technology [16], medicine [17]
and solar cells [18]. For example, tetraethylammonium
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tetrafluoroborate (Et4N"BFz) in acetonitrile (ACN) is widely utilised in
various applications, including in supercapacitors, as a background
electrolyte in cyclic voltammetry due to a low viscosity leading to high
conductivities. However, it is flammable, very volatile and non-
renewable, resulting in environmental pollution [19,20]. ILs have
shown excellent performance in clean energy generation reactions,
particularly as electrolytes for hydrogen synthesis via water electrolysis
[21,22]. They have grown in popularity due to their superior thermal
stability, low volatility, and fire-retardant properties when compared to
organic solvent-based electrolytes [1,23].

There are two main types of ILs: aprotic ILs (APILs) and protic ILs
(PILs) [24]. Normally, proton transfer from a Brgnsted acid to a Brgnsted
base produces PILs [25]. These can be inexpensive and easy to synthe-
sise as their synthesis does not result in the formation of by-products
[26]. PILs containing a bis(trifluoromethane) sulfonamide anion
(TFSI) alongside a range of cations such as alkyl ammonium have been
found to be very thermally stable [24,27]. Viscosity and conductivity are
important for PILs in many other applications [25,28].

Dicationic ionic liquids (DILs) have received attention in recent years
thanks to their increased density of thermal storage, thereby improving
charge density and electrostatic energy [29-31]. They have also been
reported to be less toxic than monocationic equivalents [32,33]. Recent
research has been carried out on the use of anions produced from car-
boxylates, particularly carboxylic acids, as they can be derived from a
wide range of environmentally friendly biological sources [31,34]. For
example, a library of dicationic imidazolium-based dicarboxylate ILs
was reported by Kuhn et al. [31]. Although research on DILs has
increased, much of the work so far has focused on imidazolium-based
carboxylate ILs. This current work reports on the synthesis, solubility,
thermophysical, and electrochemical properties of a new family of
polyether-based carboxylate ILs. As these ILs are novel, understanding
their properties is essential for potential future applications [31].
Colaino et al. have written an in-depth review on poly(ethylene glycol)
(PEG)-based ionic liquids as alternative solvents [35]. Many of these
PEG-based ILs contain quaternary nitrogen cations, in the form of
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conventional imidazole units either in between two PEG chains or in the
centre of the molecules. We have only found one report of two imidazole
units at the two termini of the PEG chain [36], however, these IL are
prepared via a relatively complex reaction scheme involving three or
more steps, using organic solvents which include toluene and ethanol at
elevated temperatures, thus impacting the sustainability of the system in
its entirety. Indeed, it is often overlooked that the synthesis of ionic
liquids uses solvents and temperatures which are counter to the phi-
losophy of Green and Sustainable chemistry. No examples could be
found of simple, low molecular weight, PEG-type materials being used to
give simple ILs. Herein, we report a family of versatile ionic liquids made
from the diamino, short PEG, trioxa-1,13-tridecanediamine with mono
acids by either simple mixing, or mixing in water, at room temperature.

2. Results and discussion
2.1. Synthesis

Protic ionic liquids (PILs) were prepared via the stoichiometric
combination/mixing of either trioxa-1,13-tridecanediamine or a com-
mercial polyether diamine (Jeffamine D-230, both inexpensive and
readily available, with a simple Brgnsted acid (Scheme 1). The successful
synthesis of a series of ILs derived from trioxa-1,13-tridecanediamine
was assessed by monitoring the protonation of the diamine to a dia-
mmonium salt through the shift of the amine proton, as well as the
disappearance of the acid proton by 'H NMR, with additional evidence
provided by Fourier-transform infrared spectroscopy (FT-IR) and LC-MS
(p.15-63, ESI). The formation of diamide species following a conden-
sation reaction has been shown by NMR and FT-IR spectroscopy
(p77-92, ESI). For example, in the synthesis of [TTDDA][PA], the
disappearance of the proton signal (CH3-CH>-COOH) at 11.9 ppm of
propionic acid was monitored, thereby indicating the formation of the
propionate (CH3-CH3-COO ™) (Fig. S137, ESI). The peak shifting from
1.2 ppm to 6.8 ppm demonstrates that the diamine (HoN-(CH3)3-O-
(CHg2)2-0-(CH3)2-0-(CH3)3-NHy) was protonated to form a diammonium
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Scheme 1. Synthesis of dicationic polyether-based carboxylate ionic liquids.
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salt (H3N+-(CHz)3-0-(CHz)Z-O-(CHz)g-O-(CH2)3-N+H3). Water used in
the synthesis of ILs was removed in vacuo and the residual water content
determined by by Karl-Fisher titration. It was found to be easier to
remove water from ILs with saturated anions when the alkyl chain
length was increased (Table 1). Heating of 4,7,10-trioxa-1,13-tridecane-
diammonium propionate ([TTDDA][PA]) at 220 °C for 6 h led to the
intramolecular condensation of the PIL to form a diamide, as observed
by H NMR (Fig. S138, ESI). The peak from the diammonium salt (§ =
6.8 ppm) shifts with the formation of the diamide (6 = 7.8 ppm) on
reaction completion. FT-IR data supports successful synthesis of the
amide (Fig. S139, ESI). The vn.y of the amine is shown by the weak
broad band at 3410 cm™!. After heating, certain bands in the FT-IR
support amide formation, such as the medium sharp band and strong
sharp bands at 3208 cm™! and 1632 cm™!, assigned to amide A and
amide I, respectively. Four additional ILs were made using a commercial
polyether diamine (Jeffamine D-230) and various organic acids: acetic
acid, propionic acid, heptanoic acid and octanoic acid. Their thermal
phase-change behaviour was compared to that of ILs made with trioxa-
1,13-tridecanediamine. The successful synthesis of Jeffamine D-230-
based ILs was assessed by monitoring the shift of the diamine proton at
1.4 ppm to approximately 8 ppm, indicative of diammonium salt for-
mation. FT-IR and LC-MS analyses were also conducted (p64-76, ESI).

2.2. Solubility

The solubility of these ILs in commonly used solvents was evaluated.
Common representative organic solvents were selected with a range of
relative polarities. These include water: 1.00; TFE: 0.90; methanol: 0.76;
ethanol: 0.65; DMSO: 0.44; DMF: 0.39; Acetone: 0.35; DCM: 0.31;
Chloroform: 0.25; THF: 0.21; Toluene: 0.10 and Hexane: 0.01 [37]. Each
IL was dissolved in 0.1 g amounts and was given the following solubility
ratings: good when soluble in 1 mL of the solvent, medium when soluble
in 3 mL of the solvent, and poor when insoluble in 3 mL at 25 °C and
ambient pressure [31]. The ILs were generally more soluble in solvents
with higher relative polarity such as water and methanol (Table 2). Low

Table 1
Denomination, water content and physical appearance of the ILs.
Ionic liquid Abbreviation Physical Karl-Fisher
appearance Titration (%)

4,7,10-Trioxa-1,13- [TTDDA] Colourless 1.84
tridecanediammonium [FA] liquid
formate

4,7,10-Trioxa-1,13- [TTDDA] Viscous pale 1.83
tridecanediammonium [AA] yellow liquid
acetate

4,7,10-Trioxa-1,13- [TTDDA] Viscous pale 1.83
tridecanediammonium [PA] yellow liquid
propionate

4,7,10-Trioxa-1,13- [TTDDA] Viscous pale 1.83
tridecanediammonium [ButA] yellow liquid
butyrate

4,7,10-Trioxa-1,13- [TTDDA] Viscous 1.81
tridecanediammonium [MA] colourless
maleate liquid

4,7,10-Trioxa-1,13- [TTDDA] Viscous pale 1.44
tridecanediammonium [VA] yellow liquid
valerate

4,7,10-Trioxa-1,13- [TTDDA] Viscous pale 0.79
tridecanediammonium [HexA] yellow liquid
hexanoate

4,7,10-Trioxa-1,13- [TTDDA] Viscous pale 0.41
tridecanediammonium [HepA] yellow liquid
heptanoate

4,7,10-Trioxa-1,13- [TTDDA] Viscous 1.83
tridecanediammonium [BenA] colourless
benzoate liquid

4,7,10-Trioxa-1,13- [TTDDA] Viscous pale 0.57
tridecanediammonium [OA] yellow liquid
octanoate

Journal of Molecular Liquids 387 (2023) 122524

Table 2
Solubility of ILs in common solvents.
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solubility was observed in aprotic polar solvents (acetone, chloroform)
and nonpolar solvents (toluene, hexane), whereas DMSO was miscible
with all ILs. The presence of the anionic carboxylate group of the ILs
facilitates their miscibility in polar protic solvents [31]. Additionally,
increasing the length of the alkyl group increased solubility, with
[TTDDA][HepA] and [TTDDA][OA] being soluble in the widest range of
solvents. The presence of double bonds ([TTDDA][MA]) or ring struc-
tures ([TTDDA][BenA]) in the ILs led to poorer solubility compared to
linear, saturated analogues ([TTDDA][ButA] and [TTDDA][HepA]).

2.3. Thermal stability

The thermal stability of an IL is an important parameter for many
applications [38,39]. Several factors can affect the thermal stability of
ILs including cation modification, as well as cation and anion types [40].
In the present case, the anion is a carboxylate with an alkyl chain length
ranging from one to eight carbons. The onset temperature (T,y), ob-
tained from thermogravimetric analysis (TGA), is taken as the thermal
decomposition temperature of the IL [31,38-40]. The TGA traces of the
ILs (Fig. 1, Table 3) show T,y across a range of 30 °C to 600 °C with more
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—— [TTDDA][ButA]
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o
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T
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Fig. 1. TGA graphs of ILs, under Ny, from 30 to 600 °C at 10 K/min in 90 ul
alumina pans.
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Table 3
Degradation steps data of the TGA graphs in Fig. 1.
Ionic liquid Mass loss Degradation temperature To, Weight
step [§9) (%)
[TTDDA][FA] 1 145 18
2 348 70
[TTDDA][AA] 1 172 29
2 329 65
[TTDDA][PA] 1 177 34
2 323 63
[TTDDA] 1 186 32
[ButA]
2 331 61
[TTDDA][MA] 1 132 18
2 381 62
[TTDDA][VA] 1 180 30
2 338 64
[TTDDA] 1 173 32
[HexA]
2 348 67
[TTDDA] 1 183 26
[HepA]
2 369 72
[TTDDA] 1 237 36
[BenA]
2 385 60
[TTDDA][OA] 1 180 23
2 377 76

than one apparent decomposition step. TGA-mass spectrometry analysis
suggests the first mass loss step is due to water evaporation arising from
the formation of the amide species, as well as the degradation of the acid
backbone resulting in the formation of alkyl fragments (Fig. S142, ESI).

Taking the second T,, as the main thermal degradation step,
following amide formation, it was observed that increasing the alkyl
chain of the anion resulted in a decrease in thermal stability from
[TTDDA][FA] to [TTDDA][PA]. On the other hand, increasing the alkyl
chain length, from [TTDDA][ButA] to [TTDDA][OA] led to higher IL
thermal stability thanks to the lower hydrophilicity of the anion, (Fig. 1,
Table 3). Based on their T, it is evident that the IL of a saturated anion
([ButAl]) is less thermally stable than its unsaturated analogue ([MA]).
Additionally, the thermostability of the IL can be enhanced by
substituting the linear anion ([HepA]) with one containing an aromatic
ring ([BenA]) (Fig. 1, Table 3).

2.4. Thermal phase-change behaviour

Glass transition temperatures (Tg) were determined by differential
scanning calorimetry (DSC) [31]. All of the ILs synthesized in this work
experienced solid-liquid and liquid-solid transitions (Table 4), sug-
gesting these ILs displayed both an amorphous and crystalline phase
(p.15-76, ESI, for DSC curves). In the case of [TTDDA][HexA] (Fig. 2),
the first heating cycle revealed a Ty at —70 °C (heating rate of 10 °K/
min) with a water loss step between 120 and 220 °C indicating the
condensation reaction of [TTDDA][HexA] to the diamide. The phase
change to the diamide is seen through the shift of the T; —73 °C on the
second heating cycle, as well as the observation of both crystallisation
and melting point peaks.

All ILs (Table 4) showed a Tg during the first heating cycle only,
which suggests that the material is amorphous [41]. Since diamides
produced as a result of the second heating cycle do not reflect the
properties of the ILs, only the Ty obtained during the first heating cycle
was used to compare the thermal phase-change behaviour of the
different ILs [TTDDA][FA] exhibited the lowest Ty (—75 °C), whereas
[TTDDA][AA] showed the highest T (—55 °C) of all the ILs with linear
saturated anions. The T of the ILs can be increased either by substitu-
tion of ([ButA]) with an unsaturated anion ([MA]) or by using one with
an aromatic ([BenA]) rather than linear ([HepA]) structure (Table 4). A
lower Ty is expected to lead to favourable physicochemical features such
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Table 4
DSC data for the ILs, under N,, from —100 to 220 °C at 10 K/min in an
aluminium pan.

Ionic liquid 1st heating 2nd heating cycle

cycle
Tg (°C) Tg Te AH. Tm AHp,
[§9) [§9)] /8 [§9) (672:9]
[TTDDA][FA] -75 —66 N/A N/A N/A N/A
[TTDDA][AA] —-55 —64 N/A N/A N/A N/A
[TTDDA][PA] —69 —65 N/A N/A N/A N/A
[TTDDA][ButA] -70 -75 N/A N/A N/A N/A
[TTDDA][MA] —66 -8 N/A N/A N/A N/A
[TTDDA][VA] -70 —69 9 26 51 25
[TTDDA][HexA] -70 -73 -19 140 56 188
[TTDDA][HepA] —62 -76 -27 14 63 43
[TTDDA][BenA] —54 —-23 N/A N/A N/A N/A
[TTDDA][OA] —62 N/A N/A N/A 7,72 9; 33
[JEFFAMINE] -37 —52 N/A N/A N/A N/A
[AA]
[JEFFAMINE] -36 —63 N/A N/A N/A N/A
[PA]
[JEFFAMINE] —64 —51 N/A N/A N/A N/A
[HepA]
[JEFFAMINE] -57 —56 N/A N/A N/A N/A
[OA]
0.5 - Heatingat ]
10°C/min e \
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: N
= 0.0 | ‘ \¥—
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Fig. 2. DSC of [TTDDA][HexA], under Ny, from —100 to 220 °C at 10 K/min in
an aluminium pan.

as low viscosity and increased ionic conductivity [41]. Following the
removal of water produced by the condensation reaction and formation
of the diamide species, two behaviours were observed in the second
heating cycle. Firstly, ILs exhibiting a glass transition showed that the
diamide remained amorphous. This behaviour corresponds to ILs
[TTDDA][FA] through [TTDDA][MA] as well as [TTDDA][BenA]. The
second behaviour, exhibited in diamides formed by [TTDDA][VA],
[TTDDA][HexA] and [TTDDA][HepAl, displayed a glass transition,
crystallisation, and subsequent melting temperature. The family of ILs
synthesized with Jeffamine D-230, exhibited thermal properties similar
to ILs made with trioxa-1,13-tridecanediamine. It was noted that there
are many different, commercially available, polyether amines which
should show similar behaviour (Table 4).

2.5. Shear viscosity dependence on temperature

Viscosity was measured between 25 °C and 45 °C (Table 5) [41].
Each IL showed Newtonian behaviour within this temperature range
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Table 5

Average viscosity (1) of ILs at 25 °C, 35 °C and 45 °C at a shear rate of 25 s 1.
Temperature 25°C 35°C 45 °C
Ionic liquid Average viscosity (mPa-s)
[TTDDA][FA] 360.2 + 27.2 235.3 + 3.9 171.1 + 3.8
[TTDDA][AA] 3800.7 + 245.8 1929.8 + 22.7 1227.3 £ 40.4
[TTDDA][PA] 1599.7 + 69.9 993.1 + 20.2 629.5 + 35.9
[TTDDA][ButA] 1139.9 + 26.4 780.3 + 25.2 523.6 + 39.3
[TTDDA][MA] 6132.4 + 898.2 2785.5 + 295.7 1448.2 + 200.4
[TTDDA][VA] 5448.3 + 564.8 2522.0 £+ 80.5 1683.3 £ 40.0
[TTDDA][HexA] 6162.1 + 521.6 3321.5 + 211.9 1853.2 + 84.6
[TTDDA][HepA] 6227.4 + 633.2 3262.2 + 259.6 1858.9 + 38.1
[TTDDA][BenA] 15945.7 + 3013.1 8013.4 + 2316.4 3120.7 £+ 550.5
[TTDDA][OA] 6569.5 + 754.3 3070.0 £+ 309.4 1814.7 £ 69.2

(Figures S140, S141, ESI). The decrease in viscosity with increasing
temperature is in agreement with Khan et al. [41]. Fig. 3. The viscosities
for [TTDDA][ButA], [TTDDA][MA], [TTDDA][HepA], [TTDDA][BenA]
were 1140, 6132, 6227, and 15940 mPa-s at 25 °C respectively
(Table 5). Analogues with linear monoanions, [TTDDA][MA] and
[TTDDA][BenA] displayed higher viscosities. An increase in the alkyl
chain length did not directly correlate with a specific trend in viscosity
[42].

The activation energy (E;) of the ILs was determined using a plot of
In n vs. 1/T (Fig. 4 and Table S145, ESI) [TTDDA][MA] and [TTDDA]
[BenA] showed higher E, values, presumably due to stronger electro-
static interactions between their anions and cations [43]. The estimated
E, values for the ILs synthesized in this work ranged from 12 to 28
KJ-mol™!, which was relatively lower than those of dicationic
imidazolium-based ILs obtained in previous research (43 to 78
KJ-mol™) [41].

2.6. Conductivity dependence on temperature

Ionic conductivity is determined by viscosity, the degree of ion
dissociation, ionic charge, and ion mobility. This property is of major
importance for many applications [44]. The ionic conductivity of trioxa-
1,13-tridecanediamine-based ILs was measured at 25 °C, 35 °C and
45 °C, where values between 6.64 x 107> to 2.98 mS.cm™! were
measured (Fig. 5, Table 6). It was observed that conductivity values
increased slightly as temperature increased. Varying the chain length of
the anion did not significantly affect conductivity, however, it varied
considerably when rigidity was introduced into the anion structure. For
example, when the anion was changed from [ButA] to [MA], the
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Fig. 3. Average viscosity (n) of ILs at 25 °C, 35 °C and 45 °C at a shear rate of
2587
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Fig. 4. Viscosity () as a function of temperature for the ILs studied in
this work.
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Fig. 5. Average conductivity of ILs at 25 °C, 35 °C and 45 °C.

conductivity decreased from 0.18 to 5.31 x 1072 mS.cm™?, at 25 °C.
Conductivity followed the Arrhenius equation in logarithmic form, Ini
=Ing + E,/RT, with E, and X the activation energy of conductivity and
limiting conductivity, respectively, in the temperature range of 25 to
45 °C (Fig. 6 and Table S146, ESI). Ionic conductivity in ILs showed a
weaker dependence on the alkyl length of the anion whilst exhibiting
stronger dependency on structural changes such as the presence of un-
saturated double bonds or aromatic rings [TTDDA][FA] displayed the
highest ionic conductivity, with 1.25 mS.cm™! at 25 °C (Table 6). In
general, the series of ILs with the lowest viscosity hadthe highest ionic
conductivity, which is consistent with earlier studies by Greaves et al.
[45].

2.7. Electrochemical stability

The electrochemical stability of the ILs was investigated by cyclic
voltammetry (CV) [46] with a working electrochemical window of 1.2 V
(—0.6 Vto 0.6 V, vs. Ag/AgCl) in the presence of potassium ferricyanide
(K3Fe(CN)g) [47]. Water as a solvent was used as reference. In order to
counteract the high viscosity and hygroscopic nature of the ILs, the
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Table 6
Average conductivity of ILs at 25 °C, 35 °C and 45 °C.
Temperature 25°C 35°C 45°C
Ionic liquid Average conductivity (mS/cm)
[TTDDA][FA] 1.25 £ 1.06 x 2.33 + 4.03 x 2.98 + 8.16 x
1072 1072 1073
[TTDDA][AA] 7.71 x 1072 + 0.18 + 5.44 x 0.35 + 8.16 x
5.25 x 107* 1074 107*
[TTDDA][PA] 0.14 + 1.79 x 0.27 + 4.47 x 0.48 + 8.16 x
1073 107 107*
[TTDDA] 0.18 + 7.79 x 0.31 + 1.10 x 0.52 + 8.16 x
[ButA] 1074 1074 1074
[TTDDA][MA]  5.31 x 1072 + 0.13 + 4.71 x 0.29 + 1.25 x
4,97 x 1074 10°° 1072
[TTDDA][VA] 1.74 x 1072 + 3.61 x 1072 + 7.24 x 1072 +
1.15 x 1074 8.16 x 107° 471 x 107°
[TTDDA] 1.09 x 1072 + 2.29 x 1072 + 455 x 1072 +
[HexA] 8.16 x 107° 4.71 x 107° 1.25 x 1074
[TTDDA] 7.66 x 1072 + 1.67 x 1072 + 334 x 1072+
[HepA] 1.70 x 107° 2.94 x 107° 1.25 x 1074
[TTDDA] 119 x 1072 + 3.82x 1072+ 9.29 x 1072 +
[BenA] 1.44107* 4.71 x 107° 9.20 x 107*
[TTDDA][OA] 6.64 x 1073 + 1.14 x 1072 + 2.74 x 1072 +
2.16 x 107> 3.09 x 107° 4.71 x 107°
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Fig. 6. Conductivity as a function of temperature for the ILs studied in
this work.

electrochemical cell was kept at 358 K during the experiment (Fig. 7 and
p. 15-63, ESI). In the case of [TTDDA][MA], as the scan rate was
increased from 0.05 to 0.4 V/s (—0.6 V to 0.6 V, vs. Ag/AgCl), the
reduction peak (E,.) became more negative and the cathodic peak
current rose (Fig. 7). Peak separation (AE = E;, , — E;, ) was found to be
0.090 V at 0.05 V/s, with the value increasing with higher scan rates. On
the other hand, the average peak potential (Ei;2 = (Epc + Epa)/2)
remained constant at all scan rates (Fig. 7, Table 7). Overall, when
compared to water as a solvent, ILs showed relatively lower AE over four
different scan rates (Fig. S143, Table S147, ESI).

In all cases, as the scan rate was increased, the reduction and
oxidation peak potentials moved increasingly apart, with (E, ) shifting
to a more negative potential and (Ep,) increasing. These results
demonstrate that the Fe(III)/Fe(II) reduction in an IL medium at a GC
electrode is quasi-reversible and governed by both charge transfer and
diffusion processes [47]. The Randles-Sevcik equation (1) can be used to
calculate the diffusion coefficient for electrochemically reversible elec-
tron transfer processes that involve freely diffusing redox species such as
Fe(III)/Fe(Il) when applied to a quasi-reversible system [46-48]
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Fig. 7. Cyclic voltammograms of 50 mM Fe(III) in [TTDDA][MA] at a glassy
carbon electrode at various scan rates at 358 K.

Table 7
Data obtained from the cyclic voltammograms of Fe(III)/Fe(II) reversible couple
in [TTDDA][MA] at a glassy carbon electrode at 358 K.

v (V/5) Epe (V) Epa (V) E1/2 (V) AE (V)
0.05 0.161 0.251 0.206 0.090
0.1 0.155 0.255 0.205 0.100
0.2 0.151 0.257 0.204 0.106
0.4 0.139 0.267 0.203 0.128
FoD,\}
nrv. -
ipe = 0.446nFAC° (W) e8]

where i (A) is the cathodic peak current, n is the number of elec-
trons transferred in the redox event, F (C/mol) is the Faraday constant, A
(cm?) is the electrode surface area, €Y is the concentration of Fe(III) ion
(mol/cm3), v (V/s) is the scan rate, D, (crnz/s) is the diffusion coeffi-
cient, R (J/K/mol) is the gas constant and T (K) is the absolute tem-
perature. The diffusion coefficient at 358 K of each IL can be found in
Table S148 (ESI). Cathodic peak current (i, ) increased with increasing
scan rate (v). Faster scan rates caused a reduction in the size of the
diffusion layer, resulting in higher currents [46]. The Randles-Sevcik

0.016

+ [TTDDAJ[MA]
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0.012

0.010
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0.008 >
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0.004 T T T T T
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V1/2 ((v/s)1 12)

Fig. 8. Plot of i, versus v*/? of [TTDDA][MA].
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equation also illustrates how cathodic peak current (i,) increases lin-
early with the square root of the scan rate (vl/ 2). Fig. 8 shows the plot of
ip,c against v1/2, which is linear. The anodic and cathodic limits were
measured at a scan rate of 0.1 V/s in order to investigate the stability of
these ILs for electrochemical applications. Increasing the alkyl chain
length of linear saturated anions gradually increased the electro-
chemical window (Fig. S144, Table S149, ESI). The IL [TTDDA][OA],
having the anion with the longest chain length, provided the widest
electrochemical window, ranging from —2.49 V to 2.00 V (vs. Ag/AgCl).

3. Conclusions

We report a family of ten new dicationic ionic liquids (DILs) with
protonated trioxa-1,13-tridecanediamine as dication, in addition to four
DILs with a poly(ether amine) of nominal molecular weight 270 g.mol !
with different simple anions. They were synthesised through simple
mixing of inexpensive reagents and were analysed using 'H and '°C
NMR as well as LC-MS. The DILs showed a large temperature window
where they remained as free flowing ionic liquids, however, upon
heating in excess of approximately 120 °C they underwent a conden-
sation reaction to form diamides, with further thermal degradation at
higher temperatures. Replacing a linear chain anion with one with an
aromatic ring or one with an unsaturated double bond such as maleate
enhanced both the thermostability and glass transition temperature of
the IL. The solubility of ILs in common organic solvents has been eval-
uated, with low solubility observed in aprotic polar solvents (acetone,
chloroform) and nonpolar solvents (toluene, hexane) but good solubility
in polar solvents such as DMSO thanks to the anionic carboxylate group.
It was also established that whilst viscosity decreased with increasing
temperature, ionic conductivity increased as well. Cyclic voltammo-
grams showed that the reduction of Fe(III)/Fe(II) in IL electrolytes was
quasi-reversible and regulated by both charge transfer and diffusion
processes. Furthermore, it was verified that the cathodic peak current
(ip,c) increased linearly with the square root of the scan rate (v'/?). These
simple to prepare and low-cost ionic liquids show potential to be
introduced in place of existing materials in diverse applications.
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