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Abstract

The most currently used ionic liquids (ILs) are protic ionic liquids (PILs), subject to extensive investigation regarding their
physical properties. These compounds along with their mixtures with other substances such as salts and solvents, serve as
electrolytes in next generation electrochemical smart devices, and emerge as viable candidates to replace conventional Heat
Transfer Fluids (HTFs) in various energy applications. Despite the extensive number of studies, important information about
this kind of compounds is still unknown, such as the effect of alkyl chain length on thermal and thermophysical properties,
as well as toxicity. This work, extending previous studies of our group, summarizes the liquid range, heat capacity and acute
toxicity level of six ammonium ILs: specifically, n-alkyl-ammonium nitrate ILs with increasing alkyl chain length (n=2, 3,
4,5, 6, 8). For this study, the synthesis of the three ILs with the longest alkyl chain was performed, along with DSC, TGA
and toxicity measurements. It was observed that an increase in alkyl chain length resulted in a decrease in short-term thermal
stability and an increase in melting temperature, indicating a reduction in the liquid range. A compensation effect between
enthalpy and entropy of melting was observed for the studied chain lengths. The isobaric specific and molar heat capaci-
ties increase with temperature for all the compounds studied here, and good correlations were obtained between molar heat
capacity and the number of carbon atoms in the alkyl chain for every temperature. Finally, most of the ILs are non-toxic,
although toxicity increases with alkyl chain length.
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Introduction

Although the field of ionic liquids (ILs) started began more
than a century ago, had long periods of insignificance during
the twentieth century, but in recent decades has taken great
importance [1]. ILs are widely defined as ionic materials, in
the sense that have been formed for cations and anions with
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low melting points, lower than 100°C, without any physi-
cal or chemical sense attached to this temperature. These
conformational characteristics lead that these compounds
have very interesting properties, such as their high chemical
stability and their high miscibility with other solvents [2].
But the most identifying properties are its low, almost zero,
vapour pressure and the possibility of modifying its proper-
ties by introducing functional groups into the most apolar
part of its structure, which is known as the ability of tunning
these compounds. For this reason, the applicability of the
ionic liquids has increased enormously in the last decades,
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being now used in various fields, such as solvents, catalysers,
electrolytes, heat transfer fluids (HTFs), lubricant bases and
absorbents in heating pumps [3-7]. However, this tunability
becomes a great challenge since the combinations of cations
and anions that can form an IL are almost unlimited [8].
Therefore, it is crucial to understand, for example, how the
alkyl chain length and different functional groups determine
the IL properties.

Two subcategories of ILs can be found, protic (PILs) and
aprotic (APILs) ILs. The key properties that distinguish PILs
from other ILs are the proton transfer from the acid to the
base, resulting in the presence of proton-donor and -acceptor
sites. These sites can be used to build up a hydrogen-bonded
network, leading to important properties such as low vis-
cosity and high-water solubility [9] and lower toxicity [10].
The synthesis of PILs requires a simple equimolar acid—base
reaction followed by drying, making PILs frequently the
simplest and most economical to synthesize. Alkylammo-
nium nitrates fall within this subcategory.

Despite the large number of papers investigating the prop-
erties and applications of the ILs, significant gaps remain for
understanding their behaviour specially for PILs [8] because
they have, in general, better transport properties and biodeg-
radability, as well as being simpler and less expensive to
synthesize [11, 12]. Among the knowledge gaps of PILs, it
is crucial to characterize the changes that occur in different
thermophysical properties based on the cation alkyl chain,
enabling the rational design of PILs for specific applications.

Furthermore, taking in mind that toxicity is also an
important parameter when selecting a material for industrial
applications. ILs have an inherent reputation as environmen-
tally friendly solvents due to their negligible vapour pres-
sure, although low volatility does not completely eliminate
the potential environmental hazards, and their water solubil-
ity could be a real concern. It has also been observed that an
increase in alkyl chain length, or lipophilicity, is associated
with higher degradation rates and increased toxicity [13].
Mutalib and Grahem [14] in their review, indicate that alkyl
chain length appears to be the dominant parameter control-
ling the toxicity of ILs towards different aquatic organisms,
including Aliivibrio Fischeri (A. Fischeri) and other trophic
organisms. These authors carried out a comprehensive study
of numerous families of ILs with different anions and cati-
ons, but PILs as common as alkylammonium nitrates were
not included in their research.

The aim of this work was to complete the thermophysical
characterization of alkylammonium nitrate ILs, initiated in a
previous work with ethyl-, n-propyl and n-butyl-ammonium
nitrate (EAN, PAN and BAN, respectively) [15]. For this
purpose, the thermal behaviour and heat capacity of n-pen-
tyl, n-hexyl- and n-octylammonium nitrate, (PEAN, HEAN
and OAN), are reported and compared with those obtained
for EAN, PAN and BAN, aiming to properly establish the
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effect of the cation alkyl chain length on these physicochem-
ical properties.

Furthermore this study aims to also provide a complete
characterization of the acute toxicity, in terms of biolumi-
nescence variation of the marine bacterium A. Fischeri of
n-alkylammonium nitrate ILs (n=2, 3, 4, 5, 6, 8).

Materials and Methods
Chemicals

N-amylamine (Acros Organics, >99%), N-hexylamine
(Thermo Scientific Chemicals, 98%), N-octylamine (Sigma-
Aldrich, 99%), n-Hexane (>99%, Acros Organics) and
Nitric acid (65% solution in water, Acros Organics) were
used as received without any pre-treatment.

Synthesis

'H and '3C NMR spectra were recorded on a BRUKER ARX
4CO spectrometer at 400.1621 (1H) and 100.6314 30
MHz, respectively. CDCl; (ACROS Organics, 99.6 +atom %
D) was employed as deuterated solvent. Chemical shifts are
quoted in parts per million (ppm) relative to the signals cor-
responding to the residual non-deuterated solvent (CDCl;:
O0H=7.26 ppm, 6C=77.16 ppm). ESI Mass spectra were
recorded on a BRUKER FTMS APEXIII. The glass material
employed in the synthetic reactions was dried in an oven at
333 K for 24 h before use.

Synthesis of n-Pentylammonium nitrate (PEAN). N-amyl-
amine (45 mL, 0.3834 mol) and hexane (50 mL) were placed
in a round bottom flask over an acetone/dry ice bath. Nitric
acid (65% solution, 26.55 mL) was added drop wise. The
solution was stirred at room temperature, and the formation
of two layers was observed. Hexane was decanted, solvents
were removed heating under low pressure and the resulting
ionic liquid was dried heating at 50 °C under high vacuum
for 48 h. Pentylammonium nitrate (PEAN) was obtained as
a colourless semisolid (56.46 g, 98%). RMN-'H (CDCl, 6,
400 MHz): 7.44 (s, 3H, NH};), 3.04 (m, 2H, CH,NH;), 1.70
(m, 2H, CH,CH,NH,), 1.33 (m, 4H, CH,CH,CH,CH,NH,),
0.88 (t, 3H, J=7.0 Hz, CH;CH,CH,CH,CH,NH;). RMN-
BC (cDCl,, 8, 100.6 MHz): 40.4, 28.4, 27.1, 22.1, 13.7.
HRMS (ESI) m/z (%): found 88.1122 [A]* (100), calcd for
[CsH | ,NT*: 88.1126; found 238.2135 [A,B]* (40), calcd for
[C,oH,sN50,4]7: 238.2131.

Synthesis of n-Hexylammonium nitrate (HEAN). N-hex-
ylamine (89.40 mL, 0.67 mol) and hexane (100 mL) were
placed in a round bottom flask over an acetone/dry ice bath.
Nitric acid (65% solution, 46.40 mL) was added drop wise.
The solution was stirred at room temperature, and the for-
mation of two layers was observed. Hexane was decanted,
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solvents were removed heating under low pressure and the
resulting ionic liquid was dried heating at 50 °C under vac-
uum for 48 h. Hexylammonium nitrate was obtained as a
colourless semisolid (109.68 g, 99.7%). RMN-'H (CDCl;,
8, 400 MHz): 7.47 (s, 3H, NH;), 3.06 (m, 2H, CH,NH,),
1.73 (aquint, J=7.6, 2H, CH,CH,NH;), 1.32 (m, 6H,
(CH,);(CH,),NH,), 0.89 (t, 3H, J=6.8 Hz, CH;(CH,)sNH,).
RMN-!3C (CDCl,, 8, 100.6 MHz): 40.4, 31.2, 27.5, 26.1,
22.4,13.9. HRMS (ESI) m/z (%): found 102.1278 [M]* (40),
caled for [CgH,N]*: 102.1283; found 266.2440 [A,B]*
(100); caled for [C1,H;,N;05]*: 266.2444.

Synthesis of n-Octylammonium nitrate (OAN). N-oct-
ylamine (96.45 mL, 0.58 mol) and hexane (100 mL) were
placed in a round bottom flask over an acetone/dry ice bath.
Nitric acid (65% solution, 40.0 mL) was added drop wise.
The solution was stirred at room temperature, and the for-
mation of two layers was observed. Hexane was decanted,
solvents were removed heating under low pressure and
the resulting ionic liquid was dried heating at 50 °C under
vacuum for 48 h. Octylammonium nitrate was obtained as
a colourless semisolid (110.7 g, 99%). RMN-'H (CDCl;,
9, 400 MHz): 7.46 (s, 3H, NH;), 3.03 (m, 2H, CH,NH,),
1.70 (m, 2H, CH,CH,NH;), 1.26 (m, 10H, (CH,)s(CH,
),NH;), 0.86 (t, 3H, J=6.9 Hz, CH;(CH,),NH;). RMN-'3C
(CDCl,, 8, 100.6 MHz): 40.4, 31.8, 29.2, 29.1, 27.6, 26.5
(CH,(CH,)sNH,), 22.6, 14.0. HRMS (ESI) m/z (%): found
130.1592 [A]* (100), calcd for [CgH, N]™: 130.1596.

Phase transition determination

A differential scanning calorimeter DSC Q1000 from TA-
Instruments was used to determine the different phase transi-
tions experimented by the selected ILs during heating and
cooling cycles. Samples, without further purification, were
placed in a 40 pL hermetically sealed aluminium pan with
a pinhole at the top of the cover. Each sample (3—5 mg) was
subjected to four ramps, two in cooling and two in heating
mode, with an isothermal step between them, following the
same schedule than as that used in previous works [16, 17],
which is essential for enabling comparison of the results
obtained in the present work with those of previous stud-
ies. A previous isothermal step at 120 °C for 45 min was
included to remove impurities (mainly water absorbed dur-
ing the sample preparation) and erase the thermal history of
the samples. Transitions temperatures were determined from
the DSC curves, as the onset points of the different peaks,
during the reheating and re-cooling steps. Temperature and
heat of melting of indium were used for calibration [6, 17].

Thermogravimetric analysis

To study the short-term thermal stability and determine
the higher temperature of the liquid range window, thermal

stability of the selected ILs was performed. Experiments
were carried out using a DSC/TGA1 instrument from
Mettler Toledo in dynamic mode, with a heating rate of
10 K min~! and a purge gas flow of 20 cm® min~!, from
(50 to 800) °C under a N, atmosphere. Samples of 3-5 mg
were placed in an open platinum pan [18, 19].

Heat capacity

Specific heat capacities were obtained using the isothermal
step method with a Micro DSCIII differential scanning
calorimeter from Setaram, France. Calibration was per-
formed using a Joule effect calibration vessel (Setaram)
and checked using n-decane and squalane (Sigma-Aldrich
99%) as heat capacity standards [20]. The background
noise of the Micro DSCIII was less than 3 uW. Dynamic
scans of samples of around 0.6 g were conducted at a heat-
ing rate of 0.25 K min~! within the temperature range of
(293.15-348.15) K. Squalene was used as the reference
fluid to determine the heat capacity values due to its simi-
lar values of heat flow and the high precision of the avail-
able literature data [20]. Experiments followed the experi-
mental technique and procedure previously described [21,
22]. The standard uncertainty in C, experimental values is
estimated to be 0.002 J.g ~".K~!.

Toxicity

The toxicity of the six ILs (C,NH;NO;; n=3, 4, 5, 6 and
8) was assessed using the Microtox® Toxicity Test kit
following the same procedure detailed elsewhere [23, 24].
The Microtox® Toxicity test evaluates the luminescence
inhibition of the Gram-negative marine bacteria Aliivi-
brio Fischeri (A. Fischeri) through a population-dependent
mechanism called quorum sensing sensitive. It considers
that exposure to a toxic substance disrupts the respiration
of the bacteria, being the with luminescence production
being directly proportional to the metabolic activity of
the bacterial population. The results here obtained were
completed with those previously obtained for the IL with
the shortest alkyl chain length, EAN [24].

A series of diluted aqueous solutions (from 0 to 81.9%)
of each IL was prepared for the acute toxicity test. Various
exposure times (5, 15 and 30 min) to the IL were analysed.
These data were used to estimate the effective concentra-
tions that promote 50%, 20% and 10% (ECs,, EC,, and
EC,, respectively) of luminescence inhibition, and the
corresponding 95% confidence intervals through a non-
linear regression, using the least-squares method to fit the
data to the logistic equation [23].
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Results and discussion
Synthesis

The synthesis of the selected ILs n-pentyl-, n-hexyl- and
n-octylammonium nitrate (PEAN, HEAN, OAN) was carried
out through a neutralization reaction of the precursor Br@n-
sted acid/base pair using stoichiometric ratios of the acid
(nitric acid) and the base (the corresponding n-alkylamine),
following a procedure previously described [25]. Their
structures were determined by'H and '*C NMR, as well as
High Resolution Mass Spectra, and in the case of PEAN,
confirmed by comparison with the NMR data previously
described [26]. Spectra are provided in the ESI (figures S1-
S3). From the NMR spectra a purity > 99 mass% was esti-
mated for the three synthesized ILs, determined using the
following equation, where I represents the relative area of
each signal: [27]

I ¢
Purity% = 2 fpc | 100
leotal

The ESI mass spectra of the synthesized n-alkylam-
monium nitrate ILs showed the formation of the typical
ILs cluster ions of the type [A,B]*, where A =cation and
B =anion. To our knowledge, no NMR or Mass spectra have
been previously published for HEAN and OAN. The chemi-
cal structures and purities of the synthesized ILs are shown
in Table 1.

Liquid range

The liquid range is the temperature interval between melting
and thermal degradation temperatures.

DSC phase transition analysis

In Fig. 1, the DSC curves obtained for the synthesized ILs,
PEAN (a), HEAN (b) and OAN (c), in heating and cooling
ramps are shown. Table 2 summarizes the thermal transi-
tions obtained from DSC curves of the three ILs in cooling
and heating ramps. Results for EAN [6], PAN and BAN [15]

Table 1 Structure, abbreviations, and purity of the selected ILs

o
o
d

Heating
—_—

. A

Cooling

o
=}
u

Exo «»Endo o
N

|
o
=}

T

|
-
o
=}

T

-150 |

Heat flow/W g

~20.0 L L N " s
-40 -20 0 20 40 60

—_
(=

) Temperature/°C
40

Heating

_

0.0 F

Exo < Endo
/

—
Cooling

40 |

Heat flow/W g~*

80 1 1 1 1 J
-40 -20 0 20 40 60

Temperature/°C
25 r

Heatlng

05 F

|
o
o

T

-
(9]
T

Coollng

|
n
wn

T

Heat flow/W g-! Exo<» Endo &
e
o

|
»
| o
I
o

-20 0 20 40 60
Temperature/°C

Fig.1 DSC curves on heating and cooling ramps for a PEAN,
b HEAN and ¢ OAN ILs

Name Abbreviation Chemical structure Molecular mass / Purity/

g-mol ™! mass%
n-Penthylammonium nitrate PEAN CsH4,N,0, “H.N 150.18 >99

* 3N NN TNNO ~
n-Hexylammonium nitrate HEAN C¢H (N,0; “H.N o 164.20 >99
3 \/\/\/N -
3

n-Octylammonium nitrate OAN CgH,(N,0; 192.25 >99

*HN N (¢ Ny
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Table 2 Onset temperature, enthalpy, and entropy of the main melt-
ing peak per gram and per mol of sample (7, A H and A_S), and
onset temperature and enthalpy of the main freezing peak per gram
of sample (t; and A¢H) obtained from DSC curves of the ILs. Onset

temperature, peak temperature, and Wooster temperature (Zonsep peakr
fwooster) Obtained from dynamic TG and DTG curves. Experiments
were performed under an atmospheric pressure of (1008 +10) hPa

and a relative humidity of (55+10)%

IL t°C t/°C AHITg'™ A H/Tg' A H/ kImol™!

A,SITg K

ALS/]

P
mol~! K™!

tonser/ °C teak/ °C

0o
tWoosler /

C [37]

13.2
8.6
17.1
6.3
6.7
11.4

EAN [6] =27 12 76 122
PAN[15] -28 5 61 71
BAN[15] -6 40 55 126
PEAN 24 33 45 42
HEAN 28 36 42 42

OAN 26 30 64 63

0.43
0.25
0.40
0.14
0.13
0.20

46 248
31 244
55 235
21 208
22 183
38 178

260
255
244
218
215
191

108
107
115
109
108
80

Expanded uncertainties are U(f)=6 °C and U (AH)=4% (0.95 level of confidence (k=2))

have been previously reported but, for a better comparison,
they are also included in Table 2. As it can be seen, melting
(endothermic peak in heating ramp) and freezing (exother-
mic peak in cooling ramp) transitions were found for the
three ILs within the studied temperature range. It must be
remarked that freezing temperatures are lower than melting,
reflecting the characteristic supercooling effect typical in
ILs [28, 29] However, the supercooled liquid region with
increasing cation alkyl chain length, and virtually disappears
for the longest chains studied. This supercooling effect tends
to diminish and practically vanish with increasing carbon
chain length.

From Fig. 1a, PEAN exhibits several small peaks in heat-
ing and cooling ramps, with a main endothermic peak in
heating and an exothermic peak in cooling. These could all
be associated with the melting of different crystalline forms,
with the predominant form having an onset temperature of
33 °C. As observed, there is concordance between the peaks
in the cooling and heating curves, all of them exhibiting
the aforementioned supercooling effect. Nevertheless, in
the case of the peak observed at 40-50 °C during heat-
ing, it splits into two peaks on the cooling scan. In order
to check the dependence of the supercooling effect, values
corresponding to the hysteresis for the six ILs are presented
in the ESI file in Table S1. For HEAN (Fig. 1b), a similar
behaviour is observed, with the peak onset at 36 °C corre-
sponding to the main melting process. PEAN and HEAN are
polymorphic ILs [30], but OAN (Fig. 1c), with a single peak
upon heating and a single peak upon cooling, does not pre-
sent this behaviour. To the best of our knowledge, no similar
previous results for these ILs have been reported. Figure 2a
shows the melting temperature of n-alkyl-ammonium nitrate
ILs in terms of the number of carbon atoms in the cation
alkyl chain length (n=2, 3, 4, 5, 6, 8). PAN exhibits the low-
est melting temperature, while BAN the highest, indicating
that the odd and even numbers of alkyl chain groups present
different behaviour, as previously pointed out by Rodrigues
& Santos [31] who attributed it to the contribution of the
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Fig.2 Cation chain length (n) dependence of a onset degradation and
onset melting temperatures obtained from TGA and DSC experi-
ments, respectively, and b enthalpy and entropy of fusion

alkyl chain to the stability of crystal packing. As seen in
Table 2, the melting point does notdirectly correlate with the
alkyl chain length, as previously observed for pyrrolidinium-
based ILs [32]. Greaves & Drummond [33] noted in their
interesting review that most of the alkylammonium nitrate
compounds are considered as high temperature molten salts,
given that their melting points exceed 100 °C. However, all
six alkylammonium nitrate ILs studied here exhibit melt-
ing temperatures below that temperature threshold. This
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contradiction could be explained by the fact that Greaves
& Drummond analysed the melting temperature of twelve
ammonium nitrates with different alkyl groups (aromatic,
ester, and ramified groups), whereas in the present work,
the ammonium compounds differ only in the length of the
cation alkyl chain. The use of different alkyl groups results
in varying cation—anion intermolecular forces in the PIL,
which affect the melting point [34].

The melting point of ILs is strongly related to the strength
of the crystal lattice, which, in turn, is determined by inter-
molecular forces, molecular symmetry, and conformational
degrees of freedom, that is by the packing efficiency. Bagno
et al. [35] have suggested that in the case of ILs packing
inefficiency, low melting points are observed [31]. In our
case, although the melting points are lower than 100 °C, only
EAN and PAN are really room temperature ionic liquids
(RTILs). Then, the highest packing efficiency corresponds
to BAN, and increasing the alkyl chain length from it results
in a decrease in the packing efficiency and a decrease in
the H-bond fraction. Additionally, PEAN, HEAN and OAN
show lower values of melting enthalpy and entropy com-
pared to EAN, PAN and BAN, despite their high molecular
mass. This, coupled with the numerous additional transitions
observed in their DSC profiles, confirms the difficulty to of
finding a stable crystal form and behaviour closer to a plastic
crystal, as indicated by Timmermans’ criterium [6, 36].

Figure 2b shows a similar trend for molar enthalpy and
for molar entropy with respect to the carbon number of the
alkyl chain.

Thermal stability

The thermal stability of the new three synthesized ILs has
been analysed through thermogravimetry, in dynamic mode
at a heating rate of 10 K min~!, and under N, atmosphere.
The thermal stability of EAN [6], PAN and BAN [15] has
also been previously studied and reported, and it was con-
sidered for better comparison. All ILs show a unique step in
thermogravimetric curve. Onset temperatures, 7, .., percen-
tual remaining mass, W, .., temperature at 90% of remain-
ing mass tyq and temperature of the minimum of DTG,
Toeak» Were determined following the criterion indicated in
previous works [6, 16]. Table 2 also shows the onset and
peak temperatures, while the other parameters can be found
in Supplementary material (Table S2). In the ESI file a com-
parison of the TG curves obtained for the six ammonium ILs
has been included (Fig S6). A clear dependence on the alkyl
chain length is observed in the three temperatures, onset (see
Fig. 2a) and peak temperatures, and temperature at 10% of
mass loss, all of which decrease with the number of carbon
atoms. Considering these temperatures, the following trend
can be stated related to thermal stability:
EAN>PAN>BAN >PEAN >HEAN > OAN.

@ Springer

In the same way as for temperature of the thermal tran-
sitions, to our knowledge, no references can be found
in the literature for these parameters for the ILs PEAN,
HEAN and OAN.

As it is well known, the criterion based on the onset
degradation temperature is a useful for comparative analy-
sis between different materials, but it tends to overestimate
long-term thermal stability. For this reason, many authors
use the method proposed by Wooster et al. [37] which
is more rigorous. They suggested that the temperature at
which 1% degradation occurs in 10 h (t; o;,10 ) is a reliable
indicator of thermal stability. Furthermore, Wooster et al.
[37] established a method to estimate Ty, o> €Xpressed in
Kelvin, from dynamic scans using the equation:

TWooster = 0'82T(dW/dt#())

being 74w qiz0) the temperature in Kelvin at which the first
appreciable mass loss occurs. The results of this calculation
are also shown in Table 2. As expected, the values obtained
are much lower than the onset temperature. This seemingly
contradictory difference needs to be clarified: Wooster crite-
rion is related to isothermal study conditions, while the onset
temperature is determined under dynamic conditions. This
implies that, for long-term exposure, the Wooster criterion
is mandatory, whereas for short-term exposure, the stability
limit can be extendedup to the onset temperature.

Finally, the liquid range of these ILs, calculated as the
difference between the onset degradation temperature (if
the IL is exposed to high temperatures for a short time)
or Wooster temperature (for applications requiring pro-
longed high temperatures) and the main melting tempera-
tures, was determined and presented in Table 3. The liquid
range decreases with the alkyl chain length, although it
appears to exhibit an asymptotic tendency for the highest
carbon numbers. This observation is in agreement with
the assumption proposed by Serra et al. [38] which sug-
gests the existence of a critical alkyl size (CAS). Beyond
this point, further increase in the alkyl chain length does
not significantly change the interaction within the polar

Table 3 Liquid range of the selected PILs

1L Short-term Long term
tonsctflmclting r°C lWoostcr—[mclting 1°C

EAN 236 96

PAN 242 102

BAN 195 75

PEAN 175 76

HEAN 147 72

OAN 148 50
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network (anion-cation) or the structural organization of
the ILs in the crystal.

Heat capacity analysis

The specific (¢,) and molar (C;) heat capacities in the lig-
uid phase, between (310.15 and 348.15) K, for PEAN,
HEAN and OAN ILs are available as supporting informa-
tion (Table S3). For a complete comparison, the specific
heat capacity of the six ammonium ILs (EAN, PAN, BAN,
PEAN, HEAN and OAN) is presented in Fig. S4. For all six
ILs, ¢, increases with temperature as expected, and with the
alkyl chain length, although a clear tendency with n cannot
be found.

The isobaric molar heat capacity values, C,, for these
ILs are plotted against temperature in their liquid range
(310.15- 348.15) K in Fig. 3. C,, often correlates with molar
mass since the degrees of freedom of the molecule strongly
increase with its size [39]. As stated Fredlake et al.[40], the
greater the molar mass, the greater the molar heat capacity.

A second-degree polynomial equation has been used to
fit the molar heat capacity against temperature. The fitting
parameters, along with the values of the absolute average
percentage deviation (AAD%), the maximum percentage

430 -

- u]

T ooooaool®D oo

~ 380 |

©

€

3 830 A A A A A

‘S

@

[oN

@

O 280 " s B B B

s m m g g 8 H

< A

Ezso_AAAAAAAAAA A

°

= e 0606 00 00 0 0 o 0
180 1 1 1 1 1 J
290 300 310 320 330 340 350

Temperature/K

Fig.3 Comparisons of isobaric molar heat capacity for the six ILs:
were performed at (978 ig) hPa of atmospheric pressure. Values for
EAN, PAN and BAN are reproduced from ref [15]

deviation (DMAX%), and the average percentage deviation
(Bias%) [41] are displayed in Table 4.

A good linear correlation between molar heat capacity
and the carbons number (n) of the alkyl chain for all the tem-
peratures was found, as can be observed in Fig. 4 and Figure
S5, which show the molar heat capacity versus n for two
temperatures (313.15 K, and 343.15 K) and for the rest of
temperatures studied, respectively. The fitting parameters are
shown in Table 5. This linear tendency agrees with the find-
ings of Serra et al. [38], observed in a family of [C,C,im]
[PF¢] ILs and Rocha et al. [42] in the [C,C,im][NTf,] IL
series. For the ammonium ILs studied in the present work,
a slope value of (32.3+0.7) J mol! K ~! was obtained for the
linear relationship between molar heat capacity and the num-
ber of carbons, at 313.15 K. This value at each temperature
represents the contribution of the CH, group to C,, at this
temperature [43]. The obtained values range between 32.2
and 33.7 J mol ~! K~', show good concordance with those
obtained by Serra et al. [38] for [C,C,im][PF,] at 298.15 K,
with n=2-10, 12, (32.1+0.5) J mol ~! K~!, using a Setaram
puDSC III microcalorimeter.

With the aim to compare the slope of the fitting and the
CH, contribution each temperature, the group contribution
method introduced by Gardas & Coutinho [43] was used to
estimate the role of this functional group in the molar heat
capacity, obtaining the following equation:
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Fig.4 Molar heat capacity, C,,, of a function of the number of carbon
atoms in the alkyl side chain of the cation, n at 313 K and 343 K

Table4 Parameters obtained L almol K" bAmol” K2 c/mol 'K AAD% DMAX%  Bias %

from a fitting of experimental

molar heat capacity values to EAN 368.13 -1.16 0.002 03013 0.0104 0.0082

a second-degree polynomial PAN 571.02 ~2.33 0.004 02471 0.0051 ~0.0023

equation. C,=a+bT+cT" and

AAD%. DMAX% and Bias% BAN 906.72 —4.40 0.008 0.6016  0.0291 ~0.3583
PEAN  450.01 -115 0.002 03901  0.0061 0.0157
HEAN  959.15 —4.12 0.007 03898  0.0068 0.0681
OAN 92.78 1.61 —0.0020 03790  0.0083 ~0.0562
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Table 5 Parameters and correlation coefficients obtained from the lin-
ear fitting Cp=a+ b-n, between molar heat capacity and carbon num-
bers at each temperature (Fig S5) and estimated values of molar heat
capacity corresponding to the CH, group, Cp ¢y, using the group
contribution method of Gardas and Coutinho [43]

T/K axs(a)J b+s(b)/J R? Cocm
mol™! K™! mol™! K™! mol~! K™!
313.15 139.6+34 32.3+0.7 0.997 33.07
318.15 139.5+2.7 32.8+0.5 0.998 33.40
323.15 142.3+2.8 329+0.5 0.999 33.73
328.15 144.2+4.0 322+0.8 0.997 34.04
333.15 142.6+34 33.1+0.7 0.998 34.35
338.15 141.5+3.2 33.7+0.6 0.998 34.64
343.15 146.9+2.8 32.6+0.6 0.998 34.92

T T \?
=R|-1.133 + 2.44 —)— 2 —)
Cen, [ 33+ 3(100 0 59(100 ]

where R is the gas constant and 7 the absolute temperature.

Results for each temperature are included in Table 5,
showing a very good agreement between them and the
slopes obtained.

As seen in Fig. 4 and Table S3, the highest molar
heat capacity value for all the PILs analysed here was
412 J-mol~"-K~!, corresponds to the ammonium IL with the
longest cation alkyl chain (OAN). This value is not particu-
larly high compared to other ILs, and it is in agreement with
the observation of Liaqat et al. [44], who states that ammo-
nium ILs are those with the lowest average heat capacity
among all cation types present in the NIST ILThermo data
base [45], 375 J-mol™"-K~! versus 315 J-mol~'.K~!, calcu-
lated here as the average value for the PILs analysed at the
highest temperature [36].

Toxicity

Effective concentration value (ECs,) and the respective 95%
confidence intervals at the three selected times are exposed
in Table 6 for all the studied compounds; in the case of
ethylammonium nitrate, previously published results were

used [24]. EC,, and EC, values for the six ILs are shown
in supplementary information (Table S4 and Table S5,
respectively).

As previously reported [46], the toxicity of the IL
increases with length of the alkyl chain. This behaviour is
related to the higher lipophilicity of long alkyl chain length,
probably facilitating the entrance of the IL through the cell
membrane. It also can be seen that the “cut-off” effect [47]
does not appeared; this phenomenon suggests that toxicity
reaches a maximum level at a certain chain length. In the
case of the studied alkyl chain lengths, this maximum tox-
icity level has not been reached. To visualize this tendency
with respect to carbon number, a bar graphic of ECs,, EC,
and EC,; at 5, 15 and 30 min is shown in Fig. 5.

Considering the EC and TU values of the studied com-
pounds, most of the ILs studied exhibit a lower toxicity
compared to those previously reported. The EC, at 15 min
of C,C,pyrr TFSI is less than 1000 mg L~!, C,C,C,im
TFSI is very close to 100 mg L~! [48, 49], or even cho-
line- and betaine-based ILs, usually associated with more
environmentally friendly ILs, present values between 10
and 1000 mg L=! [23, 50]. In the present study, the toxicity
values are higher than 1000 mg L~! (considered non-toxic)
from C, to Cs alkyl chain length, and only the case of Cg can
be considered toxic.

The increase in toxicity with increasing alkyl chain
length, as reported by other authors [51, 52] can be seen
in Fig. 5 [51, 52]. Although different studies suggest that
the anion is the main key parameter in toxicity [53, 54], our
findings indicate that the influence of the cationic structure
must be taken into consideration, as previously pointed out
other authors [47, 55].

Conclusions

Three nitrate ILs derived from n-alkylammonium cations
of long alkyl chain length (n=35, 6, 8) were synthesized and
their thermophysical properties were compared to those of
the three others ILs of the same family with shorter alkyl

Table 6 ECj; effective concentration values in mg-L~! and the respective 95% confidence intervals, for the three exposure times of the marine

bacteria A. Fischeri

Compound ECs,(5 min)/mg L™

ECs,(15 min)/mg L™

ECs(,(30 min)/mg L™

EAN [24] 12,582.07 (8186.64; 16,977.50)
PAN 8314.99 (7268.61; 9361.37)

BAN 1491.986 (636.69; 2347.04)
PEAN 1116.93 (945.07; 1222.79)
HEAN 85.69 (77.71; 93.68)

OAN 9.70 (6.37; 13.03)

10,665.47 (6650.14; 14,680.80)
5932.88 (5043.45; 6822.30)
1066.71 (551.52; 1581.90)
1073.63 (836.26; 1311.00)
57.54 (52.98; 62.09)
7.33(5.23;9.43)

9711.63 (6561.46; 12,860.79)
5827.78 (4998.72; 6656.84)
1017.14 (478.49; 1555.78)
1029.81 (792.52; 1267.11)
50.11 (44.85; 55.39)
7.38(5.51;9.25)
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Fig.5 Bar graphic of ECy,,
EC,, and EC,, after 5, 15 and
30 min of exposure in terms of
carbon number, n
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chain length (n=2, 3, 4) that were previously studied. The
main conclusions are as follows:

e The akyl chain length decreases the short-term thermal
stability, with this change being more significant for
longer chain ILs.

e The melting temperature changes with the alkyl chain
length, but there is not a clear tendency with the carbon
number. It can be inferred that there are two different
trends for even or odd carbon atoms, as observed by other
authors in other ILs families.

e Because of the above results, the liquid range of these ILs
decreases with the alkyl chain length.

e Isobaric specific and molar heat capacities of the six PILs
increase with temperature as expected. Second-degree
polynomial equations were found to correlate molar heat
capacities and temperature.

e Isobaric specific and molar heat capacities increase with
the number of carbon atoms in the cation alkyl chain.
Good correlations were obtained between the molar heat
capacity and the number of carbon atoms in the cation
alkyl chain for each temperature, with the slope of the
linear fitting representing the contribution of CH, group
to the C, at each temperature.

e The general trend indicates that IL toxicity increases with
alkyl chain length, as reported by other authors for vari-
ous families of ILs. This is likely due to the increase in
cation lipophilicity caused by longer alkyl chains, which
facilitates IL penetration through the cell membrane.
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