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The thermophysical properties including density, heat capacity, thermal stability and phase behaviour of
protic ionic liquids based on the N-methyl-2-hydroxyethylammonium cation, [C2OHC1NH2]+, with the
carboxylate anions (propionate, [C2COO]�, butyrate, [C3COO]�, and pentanoate, [C4COO]�) are reported
and used to evaluate structure-property relationships. The density was measured over the temperature
and pressure ranges, T = (298.15 to 358.15) K and p = (0.1 to 25) MPa, respectively, with an estimated
uncertainty of ±0.5 kg �m�3. The pressure dependency of the density for these ionic liquids (ILs) is here
presented for the first time and was correlated using the Goharshadi–Morsali–Abbaspour (GMA) equa-
tion of state, from which the isothermal compressibility, thermal expansivity, thermal pressure, and
internal pressure were calculated. The experimental PVT data of the protic ILs were predicted by the
methods of Gardas and Coutinho (GC), and Paduszyńki and Domańska (PD). The thermal stability was
assessed by high resolution modulated thermogravimetric analysis within the range T = (303 to 873) K.
The heat capacity was measured in the temperature range T = (286.15 to 335.15) K by modulated differ-
ential scanning calorimetry with an uncertainty in the range (1 to 5) J � K�1 �mol�1. The Joback method
for the prediction of ideal gas heat capacities was extended to the ILs and the corresponding states prin-
ciple was employed to the subsequent calculation of liquid heat capacity based on critical properties pre-
dicted using the modified Lydersen–Joback–Reid method. The Valderrama’s mass connectivity index
method was also used for liquid heat capacity predictions. This series of N-methyl-2-hydroxyethylammo-
nium was used to establish the effect of the anion alkyl chain length on the ionic liquid properties.

� 2013 Elsevier Ltd. All rights reserved.
1. Introduction

Ionic liquids (ILs) are salts with melting points below 100 �C.
They are organized in three dimensional networks of ions (cations
and anions) that often possess hydrocarbon tails on their structure.
In contrast with organic solvents ILs have a very low vapour pres-
sure and can be designed as task-specific materials, for many or-
ganic reactions [1,2], liquid–liquid extractions [3,4], gas–liquid
separation [5,6], heat storage [7,8], membrane-based biosepara-
tions [9], tribologic applications [10,11] and as potential electro-
lytes [12]. The low vapour pressure of ILs [13] is an important
property making their industrial application less risky when com-
pared with classical solvents (e.g., volatile organic compounds or
VOCs). The ILs often possess low toxicities, are non-flammable
materials, and have tuneable physicochemical properties such as
density, viscosity, surface tension, thermal conductivity, and heat
capacity. They can be divided into two main families, viz. aprotic
ionic liquids (AILs) and protic ionic liquids (PILs). The PILs are pro-
duced by a proton transfer on stoichiometric acid-base Brønsted
reaction and their main difference, compared to AILs, is the pres-
ence of at least a proton which is/are able to promote extensive
hydrogen bonding [14]. To date, AILs have received greater atten-
tion than PILs, but recently there has been an increasing interest
in PILs. Their protic nature is determinant in a number of uses
including biological applications [15], organic synthesis [16–18],
chromatography [19], as electrolytes for polymer membrane fuel
cells [20], as reactants in biodiesel production [21], and as propel-
lant or explosives [22,23]. The first PIL was hydroxyethylammoni-
um nitrate [C2OHNH3][NO3] and was reported in 1888 [24] and one
of the most studied is ethylammonium nitrate [C2NH3][NO3] first
reported in 1914 [25] which has many similarities with water,
including high polarity and the ability to form a hydrogen bonded
network and promoting amphiphiles self-assembly [26–31].
Experimental studies for thermophysical properties of ILs have
been reported for imidazolium, pyridinium and for some
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ammonium based ILs which are based in primary ammine cations
of the form R4N. The alkanolammonium ILs are protic ionic liquids
with a huge potential in a variety of industrial fields. Alkanolam-
ines soaps, PILs formed by the reaction between an alkanolammo-
nium and fatty acids, are actually used in the formulation of
industrial and hand-cleaners, cosmetic creams, aerosols and shave
foams due to their emulsifier, and detergent ability in oil-in-water
emulsions [32–35]. The monoethanolamine oleate [36] is widely
used in the pharmaceutical industry as sclerosant agent [37–40].

Among other advantages, these PILs have low cost of prepara-
tion, simple synthesis and purification [41,42] as well as a very
low toxicity. The degradability of this kind of PILs has been verified
[43]. Despite the well recognized fundamental and practical signif-
icance of this PILs family, their fundamental thermophysical prop-
erties are either scarce or absent. A few studies made on the
structure-property binomial can be summarized as follows.
Greaves et al. [44] studied the phase behaviour of hydroxyethylam-
monium cation with carboxylates, nitrate and sulphate anions. Bel-
ieres and Angel [45] studied the phase transition temperatures,
thermogravimetric analysis (TGA), electric conductivity, density
and viscosity of hydroxyethylammonium formate, nitrate,
tetrafluoroborate and triflate. The density and the viscosity were
measured by Kurnia et al. [41] for hydroxyethylammonium and
bis-(hydroxyethyl)ammonium cations with acetate and lactate
anions. These properties plus the speed of sound and electrical
conductivity were measured by Iglesias et al. [42] for
2-hydroxyethylammonium, bis(2-hydroxyethyl)ammonium, and
tris(2-hydroxyethyl)ammonium cations with pentanoate anion.
Experimental data on density, viscosity, speed of sound and refrac-
tive index as well as IR and NMR spectra were reported by Àlvarez
et al. [46] for N-methyl-2-hydroxyethylammonium cation with var-
ious carboxylates (formate, acetate, propionate, butyrate, isobuty-
rate and pentanoate). Pinkert et al. [47], presented density,
viscosity and electrical conductivity data for 2-hydroxyethylammo-
nium, 3-hydroxypropylammonium, bis(2-hydroxyethyl)ammo-
nium, and tris(2-hydroxyethyl)ammonium cations combined with
formate, acetate and malonate anions. The data on thermal
properties are scarce. The heat capacity has been measured by Dom-
anska and Bogel-Lukasik [48] for N-alkyl-(2-hydroxyethyl)-dimeth-
ylammonium (N = 2, 3, 6) bromide and Mahrova et al. [49] who
made measurements for 2-hydroxyethyl-N,N,N-alkylammonium
with sulfonates and sulphates.

The aim of this study is to obtain significant data on fundamen-
tal thermophysical properties and information on thermal stability
of N-methyl 2-hydroxyethylammonium PILs with propionate,
butyrate and pentanoate anions. The thermophysical properties
are the density as a function of temperature, pressure and the heat
capacity. The density and its pressure-temperature dependency
(PVT behaviour) can be considered as fundamental data for devel-
oping equations of state, which are one of the main tools used for
thermophysical properties prediction for process design purposes,
and solution theories of ILs. Moreover the derived properties from
density as the thermomechanical coefficients (thermal expansivity,
isothermal compressibility, and internal pressure) provide useful
information on IL structure and molecular interactions. The volu-
metric behaviour of ILs are described here in terms of the Gohar-
shadi–Morsali–Abbaspour equation of state (GMA EoS) which has
been developed and found to be valid for polar, non-polar, and
H-bonded fluids [50]. The experimental PVT data of the PILs are de-
scribed by the predictive methods of Gardas and Coutinho (GC)
[51] and Paduszyńki and Domańska (PD) [52].

Experimental data for heat capacity of PILs are still scarce and
limited to alkanolammonium PILs. More data and better under-
standing of heat capacity are needed for the ‘‘design’’ of PILs for
specific applications. Moreover when experimentally measured
values are not available, the theoretical or empirical methods must
be used for their evaluation if the heat capacity is within accept-
able limiting values defined by design specifications. The predic-
tive methods are thus required and are an attractive way of
obtaining data to make faster progress on modelling, simulation
and design of process involving ILs. To date, some predictive mod-
els of heat capacity by group contribution methods (GCM) have
been reported for ILs [53]. Coutinho et al. [53,54] developed a
method to estimate the heat capacity of ILs based on experimental
data collected from the literature applicable to imidazolium, pyrid-
inium and pirrolidinium-based ILs. Another way to estimate the
heat capacity of ILs is the use the Joback method for perfect gas
heat capacity and the subsequent use of the principle of corre-
sponding states to calculate the liquid heat capacity. In this ap-
proach the modified Lydersen–Joback–Reid method developed by
Valderrama and Rojas [55] is used to predict the critical properties
of ILs. Recently a predictive method based on the mass connectiv-
ity index [56] was presented by Valderrama et al. [57]. In this work,
we report the results of heat capacity measurements using modu-
lated differential scanning calorimetry for the N-methyl 2-hydrox-
yethylammonium PILs with propionate, butyrate and pentanoate
anions. The experimental results of this work are used to test the
predictive models mentioned. By combining the results obtained
herein and reliable literature data, the molar heat capacity data
of N-alkyl-2-hydroxyethylammonium PILs was correlated with
the molar volume over wide temperature ranges.
2. Experimental

2.1. Preparation of the protic ionic liquids

The 2-methylaminoethanol was obtained from Aldrich at 0.99
mass fraction purity and the organic acid was obtained from Sigma
with mass fraction purity greater than 0.995. These components
were used as received. The PILs used in this work were prepared
from stoichiometric quantities of the 2-methylaminoethanol and
the organic acids (propionic, butyric and pentanoic) using the
methodology detailed in Alvarez et al. [46].

The amine was placed in a triple necked glass flask equipped
with a reflux condenser, a PT-100 temperature sensor for control-
ling temperature and a dropping funnel. The flask was mounted in
an ice bath. The organic acid was added drop wise to the flask
while stirring with a magnetic bar at a rate to maintain the reac-
tion temperature below 283.15 K, since the reaction is exothermic,
strong agitation (ca. 450 rpm) was applied in order to improve the
contact between the reactants allowing the reaction to be com-
pleted. Stirring was carried for 24 h at room temperature in order
to obtain a final viscous liquid. The reaction is a simple Brønsted
acid–base neutralization forming an ionic liquid.

Before each use, the ILs samples were washed several times
using suitable solvents to ensure removal of any remaining starting
materials. The ionic liquid was further dried under low vacuum
(1 Pa) and a small distilled portion of the IL, rich in water and vol-
atile compounds was discharged. Then, under high vacuum
(10�4 Pa) the IL was fully distilled and the distillate purity checked
by 1H NMR and 13C NMR. The final water content was determined
with a Metrohm 831 Karl Fisher coulometer indicating a water
mass fraction lower than 3 � 10�4. Table 1 summarizes relevant
information on sample material purities.
2.2. Experimental procedure

Experimental densities of the N-methyl-2-hydroxyethylammo-
nium ILs carboxylic acid anions were measured using an Anton
Paar DMA 60 digital vibrating tube densimeter, with a DMA 512P
measuring cell in the temperature and pressure ranges



TABLE 1
Provenance and purity of the synthesis materials and ionic liquids.

Chemical Supplier (CAS N) Sample puritya

Mass fraction as received Mass fraction water content

2-methylaminoethanol Sigma–Aldrich (109-83-1) 0.99
Propanoic acid Sigma–Aldrich (79-09-4) >0.995
Butanoic acid Sigma–Aldrich (107-92-6) >0.995
Pentanoic acid Sigma–Aldrich (109-52-4) >0.995
[C2OHC1NH2][C2COO] >0.99 3 � 10�4

[C2OHC1NH2][C3COO] >0.99 3 � 10�4

[C2OHC1NH2][C4COO] >0.99 3 � 10�4

a The ILs were fully distilled under high vacuum (10�4 Pa) and the distillate mass fraction purity checked by 1H NMR and 13C NMR is greater than 0.99. The final water content
was determined with a Metrohm 831 Karl Fisher coulometer.

FIGURE 1. Experimental setup for the measurement of liquid densities at high pressures: 1, Julabo FP-50 thermostatic bath; 2, DMA 60 (Anton Paar) device for measuring the
period of oscillation; 3, measuring cell DMA 512P (Anton Paar); 4, syringe for sample introduction; 5, pressure generator model HIP 50-6-15; 6, PT probe; 7, pressure
transducer WIKA, S-10; 8, NI PCI-8220 data acquisition board; 9, PC; 10, buffer.
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T = (293.15 to 343.15) K and p = (0.1 to 25.0) MPa, respectively. Fig-
ure 1 shows schematically the installation of the DMA 512P cell
and the peripheral equipment used. The temperature in the vibrat-
ing tube cell was measured with a platinum resistance probe
which has a temperature uncertainty of ±0.01 K. A Julabo F12-ED
thermostatic bath with ethylene glycol as circulating fluid was
used in the thermostat circuit of the measuring cell which was held
constant to ±0.01 K. The required pressure was generated and con-
trolled with a Pressure Generator model 50-6-15, High Pressure
Equipment Co., using acetone as hydraulic fluid. The diameter of
the metallic tube was 1.59 � 10�3 m, and the buffer is more than
1 m in length which guarantees the inexistence of diffusion of
the hydraulic liquid in the liquid contained in densimeter cell.
Pressures were measured with a pressure transducer (Wika Trans-
mitter S-10, WIKA Alexander Wiegand GmbH & Co.) with a maxi-
mum uncertainty of 0.03 MPa. An NI PCI-6220 data acquisition
board (DAQ) from National Instruments (NI) was used for the real
time registration of values of period, temperature, and pressure.
For this task, a Labview application was developed. Modules of
temperature (NI SCC-FT01) and pressure (NI SCC-CI20) were in-
stalled into a NI SC-2345 carrier and connected to the DAQ board.
The calibration of the vibrating tube densimeter was made by the
method proposed by Niesen et al. [58]. The calibration details for
this method can be found elsewhere [59]. The Niesen equation is

qðT; p; sÞ ¼ s2ðT;pÞðA1 þ A2T þ A3T2Þ
s2ðT0;p0 ¼ 0Þ

" #
þ A4 þ A5T þ A6p; ð1Þ
whereq(T, p) ands(T, p) are, respectively, the density and the vibration
period which are both function of temperature (T) and pressure (p). In
this work, the measured period at vacuum conditions s(T0 = 318.15 K,
p0 = 0.1 MPa) = 3886665 ls was used. Water and dichloromethane
were used as calibrating fluids. The standard values given by National
Institute of Science and Technology (NIST) in the range of temperature
293.15 K to 393.15 K and pressures from 0.1 MPa up to 35 MPa were
used. For water, the density data from NIST are specified with an
uncertainty of 0.001% at pressures up to 10 MPa rising at higher pres-
sures in the temperature range of this work but always less than 0.1%
[60]. For dichlorometane, the data obtained in our previous work [61]
were used. The uncertainty on density in these data is 0.06%. The fitting
of equation (1) to (pVT) data of water and dichloromethane gives A1

= 10120.04 kg �m�3, A2 = -3.3837 kg �m�3 � K�1, A3 = 2.22565 � 10�4

kg �m�3 � K�2, A4 = -9356.95 kg �m�3, A5 = 0.91099 kg �m�3 � K�1

and A6 = -1.0853 � 10�1 kg �m�3 �MPa�1 with a standard deviation of
the fitting r = ±0.8 kg �m�3. The overall accuracy of the vibrating den-
simeter, estimated taking into account the influence of uncertainties in
temperature, pressure, period of oscillations (six-digit frequency
counter), viscosity and density data of the calibrating fluids is of the or-
der (perhaps less than) ±1.0 kg �m�3. Taking into account at least four
values of the period of oscillation at a given (T, p) state the precision of
the measurements was of the order of ±0.1 kg �m�3.

The influence of the viscosity on the density uncertainty (damp-
ing effects on the vibrating tube) was evaluated by us before in a
study conducted on phosphonium–based ILs [62]. We have con-
cluded that the uncertainties expected for density due to viscosity
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of the ionic liquids falls in the interval 0.3 kg �m�3 to 0.5 kg �m�3

within the range T = (273.15 to 328.15) K. For temperatures higher
than 328.15 K, we expect that uncertainties do not vary from these
values.

Heat capacity measurements were carried out using a modu-
lated differential scanning calorimeter (MDSC) equipment from
TA Instruments (Q100 model). The heat flow and heat capacity
were calibrated at 2 K �min�1 using, respectively, indium and sap-
phire standards. A modulation period of �120 s, and a temperature
amplitude of ±0.53 K were employed. A dry nitrogen purge flow of
50 mL �min�1 was applied in the calibration and measurements. It
should be mentioned that great care was taken to avoid the contact
of the sample with moisture during transportation. The tempera-
ture and relative humidity in the room where the experiments
were carried out were under tight control. The samples were ana-
lyzed in aluminium pans with an ordinary pressed aluminium lid,
in which a small hole (ca. <0.5 mm) was made, were submitted to a
program in the TGA apparatus to contribute for the elimination of
possible traces of moisture. The procedure consisted in heating the
set pan/lid/sample up to T = (313-323) K (see TGA results below),
an isothermal for 15 min, and an equilibration at 298 K. The sample
mass observed at this stage was then used as input in the subse-
quent MDSC run for measuring the heat capacity. Sample masses
of ca. 9 to 11 mg were used in the measurements.

The thermal stability of the ILs was studied by Hi-Res-MTGA,
by using a TA Instruments Q500 thermogravimetric analyzer
(thermobalance sensitivity: 0.1 lg). The temperature calibration
was performed over the temperature range (298–1273) K by mea-
suring the Curie point of the nickel standard, and using open plat-
inum crucibles and a dry nitrogen purge flow of 100 cm3 �min�1.
This procedure was performed at the heating rate used through-
out the experimental work (/ ¼ 2 K �min�1). A dynamic rate
mode was used under a (maximum) heating rate of 2 K �min�1,
a modulation period of 200 s, and temperature amplitude of
±5 K. Sample masses of ca. (50–55) mg were used in the
measurements.
3. Results and discussion

3.1. Density

Figure 2 shows the density as function of pressure for isother-
mal conditions (the experimental density data for the three ILs
are reported in table S1, as supplementary information). A compar-
ison of our values with the data measured by Àlvarez et al. [46] at
temperatures in the range T = (278.15 to 338.15) K and atmo-
spheric pressure is presented in figure 3. Theses authors have used
a DSA-5000 digital vibrating tube densimeter (Anton Parr, Austria)
with an uncertainty of ±0.1 kg �m�3. It can be seen that our mea-
sured values presents a systematic deviation towards lower values.
The deviations between the two sets of values can be summarized
as follows: for the [C2OHC1NH2][C2COO] the deviations are in the
range �0.5% to �0.4% at temperature limits (338.15 K, 298.15 K),
for [C2OHC1NH2][C3COO], the deviations range from �0.4% to
�0.3% and for the [C2OHC1NH2][C4COO] the deviations are in the
range �0.7% to �0.5%.

3.1.1. Modelling and prediction
In the present work, we have used the GMA EoS to correlate the

density at various temperatures and pressures. The GMA EoS is gi-
ven as [50]:

ð2z� 1ÞV3
m ¼ AðTÞ þ BðTÞqm; ð2Þ

where z, Vm, and qm are the compressibility factor, molar volume, and
mass density, respectively. Under isothermal conditions, the quan-
tity ð2z� 1ÞV3
m as a function of molar density gives a straight line

with intercept A(T) and the slope B(T). The temperature dependen-
cies of the parameters A(T) and B(T) are given by the equations [50]:

AðTÞ ¼ A0 �
2A1

RT
þ 2A2 ln T

R
; ð3Þ

BðTÞ ¼ B0 �
2B1

RT
þ 2B2 ln T

R
; ð4Þ

where A0–A2 and B0–B2 are the fitting parameters, and R is the gas
constant. They were estimated by fitting equation (2) to data
through the Lavenberg-Marquardt method. Table 2 summarizes
the molar mass, M, the temperature and pressure range of density
measurements, the coefficients A0–A2 and B0–B2, the standard devi-
ation, , correlation coefficient, R2, and number of data points, Np

used in the fitting. Figure 4 shows the results for the PILs clearly
showing that the linearity holds at different temperatures. The den-
sity of the liquid at different temperatures and pressures was calcu-
lated using GMA EoS in the following form:

BðTÞq5
m þ AðTÞq4

m þ qm � 2p=RT ¼ 0: ð5Þ

The straight lines calculated from equations (2) to (4) with the
parameters given in table 2 are plotted in figure 4. It can be con-
cluded that equation (2) is quite adequate for the analytical repre-
sentation of (p, q, T) data. The ability of GMA EoS to reproduce the
density data at different temperatures and pressures may be quan-
titatively evaluated from the absolute average deviation (AAD%)
which is defined as

AAD% ¼ 100
XNp

i¼1

j1� qcalc=qexpji=Np: ð6Þ

Using equation (5) for the calculation of the density we have ob-
tained AAD% values less than 0.004% confirming that the GMA EoS
correlates the experimental density data with a high degree of
accuracy. The comparison of the experimental data and the calcu-
lated values of density from equation (5) as a function of the tem-
perature and of the pressure is made graphically in figure 5 for
[C2OHC1NH2][C2COO]. It can be observed that the GMA EoS corre-
lates the data of this work with deviations in the range 0.005%, i.e.,
less than 0.1 kg �m�3. Equivalent comparisons were made for
[C2OHC1NH2][C3COO] and [C2OHC1NH2][C4COO] with similar
results.

Some important thermomechanical properties can be derived
from GMA equation of state such as the isobaric expansivity,
ap = - (1/q)(oq/oT)p, the isothermal compressibility, kT = (1/q)
(oq/op)T, and the internal pressure pi = (oU/oV)T, where U is the
internal energy. The following equations are obtained [50]:

ap ¼
ð2B1 þ 2B2TÞq5

m þ ð2A1 þ 2A2TÞq4
m þ 2p

5q5
mðRT2B0 � 2B1T þ 2B2T2 ln TÞ þ 4q4

mðRT2A0 � 2A1T þ 2A2T2 ln TÞ þ RT2qm

; ð7Þ

kT ¼
2

qmRT þ 5q5
mðRTB0 � 2B1 þ 2B2T ln TÞ þ 4q4

mðRTA0 � 2A1 þ 2A2T ln TÞ ; ð8Þ

pi ¼ ðB1 þ B2TÞq5
m þ ðA1 þ A2TÞq4

m: ð9Þ

The thermal pressure coefficient, cV, may be calculated as cV =
aP/kT. On the basis of the thermomechanical coefficients, the inter-
nal pressure pi can be calculated according to the relationship

pi ¼ ð@U=@VÞT ¼ Tð@p=@TÞV � p ¼ T � cV � p: ð10Þ

The thermomechanical coefficients for [C2OHC1NH2] ILs are
plotted in figure 6 and their values at the temperature and pressure
ranges of the measurements are given as supplementary material
(see tables S2 to S4). Figure 6(a) shows that the (p, T) behaviour
of ap here given for [C2OHC1NH2][C2COO] is consistent with the ob-
served, i. e. p increases with the temperature at a fixed pressure.
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FIGURE 2. Isotherms of the density for the N-methyl-2-hydroxyethylammonium carboxylic ILs: (a) [C2OHC1NH2][C2COO]; (b) [C2OHC1NH2][C3COO]; (c) [C2OHC1NH2]
[C4COO]. Legend: experimental data of this work: D, T = 298.15 K; , 303.15 K; s, 308.15 K; h, 313.15 K; }, 318.15 K; q, 323.15 K; N, 328.15 K; ., 333.15 K; d, 338.15 K; j,
343.15 K; �, 348.15 K; w, 353.15 K; +, 358.15 K. Full curves calculated from GMA EoS equation.
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FIGURE 3. Comparison of the densities of this work at atmospheric pressure as
functions of temperature with the data from Álvarez et al. [46]. Legend: N,
[C2OHC1NH2][C2COO]; ., [C2OHC1NH2][C3COO]; d, [C2OHC1NH2][C4COO]. The
corresponding open symbols refer to the data due to Àlvarez et al., and the
continuous lines correspond to 241 experimental values presented by the authors
for the tree PILs. The qthis and qAlv correspond to the density measured in this study
and by Alvarez et al., respectively.
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This behaviour is contrary to that which has been observed for
some other ILs. From figure 6(a), it can be seen that ap decreases
with the increase of the pressure for all the isotherms as expected.
Some small deviations from the expected behaviour is observed for
[C2OHC1NH2][C3COO] and [C2OHC1NH2][C4COO]. For the former ap

is almost constant with temperature for a given pressure, whereas
for the later a small decrease with temperature is observed. As a
whole, the PILs studied show values of ap in the interval (5.5 to
6.6) 10�4 K�1 over the (T,p) ranges investigated. With respect to
kT, the observed behaviour on the (p,T) variables is the expected
(see figure 6(b)), i.e., kT increases with the temperature for isobaric
conditions and the values decrease with pressure for isothermal
conditions. The minimum values are of the order 0.4 MPa�1, while
TABLE 2
Fitting parameters of GMA EoS correlation applied to the experimental (P, q, T) data of N-me
(Tmin, Tmax,pmin, pmax), standard deviation (r), correlation coefficient (R2), and number of d

GMA Eos, equation (3)

[C2OHC1NH2][C2COO]

M/(g �mol�1) 149.188
A0/(dm9 �mol�3) 3.91453 ± 0.6815
A1/(MPa � dm12 �mol�2) 2.23699 ± 0.1377
A2/(MPa � dm12 �mol�2) �2.1177 � 10�3 ± 4.1665 � 10�4

B0/(dm12 �mol�4) �0.46281 ± 0.0964
B1/(MPa � dm15 �mol�3) �0.27710 ± 0.01944
B2/(MPa � dm15 �mol�3) 2.5524 � 10�4 ± 5.8926 � 10�5

Tmin/K 298.15
Tmax/K 358.15
pmin/ MPa 0.10
pmax/MPa 25.0
r/(dm9 �mol�3) 1.5 � 10�5

R2 1.000
Np 104
AAD/% 0.0018
the maximum values are in the range (0.5 to 0.6) MPa�1, and kT in-
creases in the order [C2OHC1NH2][C2COO] < [C2OHC1NH2]
[C3COO] < [C2OHC1NH2][C4COO].

Although rarely used in investigations of ILs, the internal pres-
sure pi provides a useful basis for understanding the nature of
molecular interactions in the liquid state. As the internal pressure
is related to the isothermal change of entropy per unit volume it is
a macroscopic property used for estimating the cohesion of liquids
reflecting molecular ordering. On the other hand, the internal pres-
sure is a measure of the change in internal energy of a liquid as it
experiences a small isothermal expansion. For each of the PILs
studied here, pi is little sensitive to the variation with pressure
and temperature. An isothermal decrease with pressure is always
observed but with the temperature the behavior is variable
depending on the nature of PIL. This situation is due to the small
range of variation of cV with temperature and pressure. The
internal pressure reaches its minimum value (pi = 340 MPa) for
[C2OHC1NH2][C4COO] (at T = 358 K, p = 25 MPa) and the maximum
(pi = 451 MPa) for [C2OHC1NH2][C2COO] (at T = 343 K, p = 0.1 MPa).
Despite the small changes in pi, this property increases in the
following the order, [C2OHC1NH2][C2COO] > [C2OHC1NH2]
[C3COO] > [C2OHC1NH2][C4COO]. The values of the internal
pressure of [C2OHC1NH2][C2COO] are given as function of pressure
in graphic form in figure 6(d) for several isotherms, T = (298.15 to
358.15) K at 10 K increments.

We have selected two widely applied models to predict (p V T)
data: The Gardas and Coutinho [51] and Paduszynki and Domanska
[52] models. In the first, the volumes of ions at the reference tem-
perature (298.15 K) and pressure (0.1 MPa) are used. These vol-
umes are calculated by means of the Ye and Shreeve procedure
[63] or, if available, taken directly from the literature. The influence
of temperature and pressure on the molar volume is accounted for
by three universal (i.e., independent of IL) coefficients found by fit-
ting the model equation to experimental values. The authors as-
sumed linear dependence of molar volume on temperature and
pressure. The database used to obtain the coefficients included
about 1500 experimental density data points for 23 ILs covering
the temperature and pressure ranges of T = (293-393) K and
p = (0.1 to 100) MPa. The average absolute relative deviation
(AAD%) between calculated and experimental densities ranges
from 0.45% to 1.57% depending on the cation of IL (imidazolium,
pyridinium, pyrrolidinium, or phosphonium). The pure component
density is estimated according to equation [51]

q ¼ M
NVðaþ bT þ cpÞ ; ð11Þ
thyl-2-hydroxyethylammonium carboxylic PILs. The temperature and pressure ranges
ata points (Np) are given.

[C2OHC1NH2][C3COO] [C2OHC1NH2][C4COO]

163.215 177.241
3.8250 ± 1.5642 2.96614 ± 3.7300
2.92287 ± 0.3154 3.60261 ± 0.7509
�1.9189 � 10�3±0.001 �1.2243 � 10�3 ± 0.0023
�0.32108 ± 0.2491 �7.3483 � 10�3 ± 0.6615
�0.37153 ± 0.0501 �0.47982 ± 0.1329
1.4891 � 10�4 ± 0.0002 �7.04341 � 10�5 ± 0.0004
298.15 298.15
358.15 358.15
0.10 0.10
25.0 25.0
2.6 � 10�5 6.3 � 10�5

1.000 1.000
42 42
0.0027 0.0037
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lammonium carboxylic ILs: (a) [C2OHC1NH2][C2COO]; (b) [C2OHC1NH2][C3COO]; (c)
[C2OHC1NH2][C4COO]. Legend as in figure 2.
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where q is the density in kg �m�3, M is the IL molar mass in kg �mol�1,
N is the Avogadro number, V is the molecular volume in m3, T is the
temperature in K, and p is the pressure in MPa. The coefficients a, b
and c were previously proposed [51]: a = 0.8005, b = 6.652 � 10�4 -
K�1 and c = -5.919 � 10�4 MPa�1. The molecular volumes of the prot-
ic ILs obtained by the fitting of equation (11) to the experimental
density data are listed in table 3 where the AAD% between fitted
and experimental densities is also presented. It can be seen that
the differences in the molecular volumes in adjacent ILs are
2.97 nm3 and this value can be mostly attributed to the inclusion
of (–CH2–) group by assuming that V = V++V–. In this way,
V(–CH2–) = 2.97 nm3 which is in good agreement with the value
of V(–CH2–) = 2.80 nm3 given by Costa et al. [64]. Gardas and Cout-
inho obtained a molecular volume of V(CH3COO�) = 8.55 nm3 for
the acetate anion by structural considerations [51]. Considering
V(–CH2–) = 2.97 nm3 the ionic molecular volumes listed in table 3
were obtained. A constant value of V [C2OHC1NH2]+ = 11.75 nm3

was obtained for the common cation. On the other hand Neves
et al. [65] obtained V [C9COO�] = 2.90 nm3 for the decanoate anion.
By considering V(C1COO �) = 8.55 nm3 for the acetate anion and that

V ½C9COO� ¼ 2:90 nm3� ¼ V ½C1COO� ¼ 8:55 nm3� þ 8Vð�CH2�Þ;

we obtain V(–CH2–) = 2.56 nm3 a value that is in good agreement
with the value given by Ye and Shreeve [63]. With this contribution
for the methylene group, the ionic molecular volumes listed in
parenthesis in table 3 were found. In table 3, the ionic molecular
volumes calculated from equation (11) for N-methyl-2 hydroxye-
thylammonium formate ([C2OHC1NH2][HCOO]) and for N-methyl-
2 hydroxyethylammonium acetate ([C2OHC1NH2][C1COO]) are also
given using the experimental density data from Àlvarez et al. [46]
in the range T = (278.15 to 335.16) K at atmospheric pressure. It is
observed that the value V ([C2OHC1NH2][C1COO] = 20.31 nm3) =
V ([C2OHC1NH2][C2COO]) = 23.28 nm3) � 2.97 nm3 is similar to
the one obtained directly from equation (11). On the other hand V
[C1COO]� = V ([C2OHC1NH2][C1COO] = 20.40) � 11.75] = 8.65 nm3

is obtained in close agreement with the value found by Gardas
and Coutinho from structural considerations. From the value
V[C2OHC1 NH2][HCOO] = 17.83 nm3 no values of molecular volumes
for the formate anion for purpose of comparison were found in
the open literature. We estimate V[HCOO]� = V([C2OHC1NH2]
[HCOO] = 17.83) � 11.75] = 6.08 nm3.

The method of Paduszyńki and Domańska [52] has been re-
cently proposed and is a group contribution method based in the
Tait equation, in which the molar volume at reference temperature
(298.15 K) and pressure (0.1 MPa) was assumed to be additive with
respect to a defined set of both cationic and anionic functional
groups. It was developed based on a database containing over
18,500 data points for a variety of 1028 ILs. The collected data cov-
er temperature and pressure ranges of T = (253 to 473) K and
p = (0.1 to 300) MPa, respectively. The model parameters, including
contributions to molar volume for 177 functional groups, as well as
universal coefficients describing the PVT surface, were fitted to
experimental data for 828 ILs with AAD% = 0.53%. The model was
applied to 200 ILs not included in the correlation set with a result-
ing AAD% = 0.45%. The density of the IL at reference temperature



TABLE 3
Values of molecular volumes of ionic species of N-methyl-2-hydroxyethylammonium carboxylic PILs.

Ionic liquid V/nm V+/nm V�/nm r/kg �m�3 AAD/%b

[C2OHC1NH2][HCOO] 17.83 11.75 6.08 3.6 0.27
[C2OHC1NH2][C1COO] 20.40 11.75 8.55a 2.3 0.18
[C2OHC1NH2][C2COO] 23.28 11.76 (12.17) 11.52 (11.11) 1.8 0.13
[C2OHC1NH2][C3COO] 26.24 11.75 (12.58) 14.49 (13.66) 1.2 0.10
[C2OHC1NH2][C4COO] 29.21 11.75 (12.99) 17.46 (16.22) 1.1 0.09

a value taken as starting point for calculations.
b AAD % between fitted equation (11) to the experimental densities.
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FIGURE 6. Thermal expansivity, ap, isothermal compressibility, kT; thermal pressure cV and internal pressure pi for the N-methyl-2-hydroxyethylammonium carboxylic ILs
calculated from GMA EoS equation as a function of the pressure and the temperature: (a) [C2OHC1NH2][C2COO]; (b) [C2OHC1NH2][C3COO]; (c) [C2OHC1NH2][C4COO]; (d)
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and pressure conditions q0 = q (T0 = 298.15 K, p0 = 0.1 MPa) is gi-
ven by the following formula

q0 ¼ qðT0;p0Þ ¼
M

V0;m
; ð12Þ

where M is the molar mass of the IL and V0,m denotes molar volume
at (T0, p0) which is calculated based on the GCM additivity principle:

V0;m ¼
X

i

ni v0
i : ð13Þ

Symbols ni and v0
i correspond to the number of occurrences of

functional group of type i and the contribution of that group to mo-
lar volume at (T0,p0). By adopting equation (13), the ‘‘ideal’’ behav-
iour of the ILs reported by Rebelo et al. [66] and also observed by
Canongia Lopes et al. [67] is assumed. This means that both cation
and anion effective volumes of a given ion are independent of any
counter ions composing the IL system. In this model, a linear rela-
tionship between molar volume and temperature at reference
pressure, namely

qðT;p0Þ ¼
M

V0;m½1þ 6:439 � 10�4ðT � T0Þ�

¼ q0

1þ 6:439 � 10�4ðT � T0Þ
; ð14Þ

is combined with the a Tait-type equation for compressed fluid:

qðT;pÞ ¼ qðT; p0Þ
1� 0:081 ln½1þ BðTÞðp� p0Þ�

; ð15Þ



TABLE 4
Group assignments and the results of calculations for (PD) model for PVT of the N-methyl-2-hydroxyethylammonium carboxylic PILs. The numbers of occurrences of groups in
each PIL (ni) and assigned groups are as given by Paduszyńki and Domańska [52]. (AAD %) is the Average Absolute Deviation for estimated density.

Ionic liquid Group assignment 106P
iniv0

i /cm3 �mol�1b AAD/%

[C2OHC1NH2][HCOO]a n41 = 1; n106 = 1; n117 = 1;n125 = 1; n159 = 1; n160 = 1 110.30 2.7
[C2OHC1NH2][C1COO]a n41 = 1; n103 = 1; n117 = 1;n125 = 1; n159 = 1; n160 = 1 123.14 0.3
[C2OHC1NH2][C2COO] n41 = 1; n104 = 1; n116 = 1; n117 = 1;n125 = 1; n159 = 1;n160 = 1 143.63 2.7
[C2OHC1NH2][C3COO] n41 = 1; n104 = 1; n116 = 1; n117 = 2;n125 = 1; n159 = 1;n160 = 1 160.36 1.9
[C2OHC1NH2][C4COO] n41 = 1; n104 = 1; n116 = 1; n117 = 3;n125 = 1; n159 = 1;n160 = 1 177.09 1.1

List of functional groups present in the PILsb

41. [NH2]+ vi
0 = 23.04 117. CH2 vi

0 = 16.73

103. [CH3COO]� vi
0 = 52.00 125. OH vi

0 = 9.077

104. [CH2COO]� vi
0 = 46.33 159. N–CH3 vi

0 = 15.79

106. [HCOO]� vi
0 = 39.20 160. N–CH2 vi

0 = 6.5

116. CH3 vi
0 = 26.16

a Comparison with data from Álvarez et al. [46] at T = 298.15 K and p = 0.1 MPa.
b vi

0/m3 �mol�1.

FIGURE 7. Thermogravimetric curves (left) and respective time derivatives (right) of the N-methyl-2-hydroxyethylammonium IL samples by HRMTGA (amplitude of
modulation: ±5 K; period of modulation 200 s) at 2 K �min�1.
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where

BðTÞ ¼ 1
195

½1þ 4:97 � 10�3ðT � T0Þ�: ð16Þ

The results of application of the PD model to the PILs of this
work are presented in table 4. The group assignments for all ILs
(i.e., the values of ni) and the group contributions are also
tabulated. Some ILs with 2-hydroxyethylammonium cation with
various carboxylic acid anions were considered in the model. The
densities of ammonium cations collected in the database by
Paduszyńki and Domańska containing the hydroxyethyl group
(–C2OH) and at the same time paired with carboxylic anions,
include 2-hydroxyethylammonium (or [C2OHNH3]+), bis(2-hydroxy-
ethyl)ammonium (or [(C2OH)2NH2]+), and tris(2-hydroxyethyl)ammo-
nium (or [(C2OH)3NH]+) and formate, acetate, and pentanoate anions.
The only cation with methyl group included in the large database
of the authors was bis(2-hydroxyethyl)(methyl)ammonium (or
[(C2OH)2C1NH]+) coupled with acetate anion. The densities of these
ILs were studied over a 60 K range near the ambient temperature
and at p = 0.1 MPa and they are predicted by the PD model with
average absolute relative deviations ranging from 0.2% to 2.5%,
i.e., the density deviations are similar to those found for the
N-methyl-2-hydroxyethylammonium ILs studied in this work in
the given ranges of pressure and temperature.

3.2. Thermal stability

An evaluation of the thermal stability of the PILs prior to the
study of their thermophysical properties is highly desirable, if
not mandatory. The thermal stability study was investigated by
HiResMTGA. Figure 7 includes both the TGA curves and their deriv-
ative counterparts, and table 5 summarizes data selected from the
thermoanalytical curves. The main features demonstrated by these
results can be summarized as follow.

The overall thermal degradation profiles of the analyzed ILs are
similar. They are characterized by a slow mass loss rate at the
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TABLE 5
Characteristic quantities obtained from HRMTGA curves (2 K �min�1; amplitude of
modulation: ±5 K; period of modulation 200 s). Ton: extrapolated onset temperature;
Tn%: temperature at n% mass loss; Tp: peak temperature(s) (DTG curves).

IL Ton/K T2%/K T5%/K T10%/K Tp1/K Tp2/K

[C2OHC1NH2][C2COO] 342.5 334.4 335.0 344.9 350.7 361.2
[C2OHC1NH2][C3COO] 343.5 340.8 342.8 351.6 353.5 362.3
[C2OHC1NH2][C4COO] 353.6 345.3 347.7 355.1 360.0 391.3
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beginning of the decomposition process, which starts at T1% (tem-
perature at 1% mass loss) of ca. (327, 326 and 337) K, respectively
for [C2OHC1NH2][C2COO], [C2OHC1NH2][C3COO], and [C2OHC1-

NH2][C4COO], followed by a sharp mass loss stage (more evident
in propionate and butyrate), the latter corresponding to ca. 80%
of the total decomposition. Both propionate and butyrate are
essentially completely decomposed along with that abrupt mass
loss stage, whereas pentanoate exhibits a residual mass (ca. 3.4%
at T = 373 K) whose decomposition is essentially completed at ca.
403 K.

The thermal stability of the ILs (based on the indexes Ton, T2%,
T5%, T10%, and Tp1; see figure 7 and table 5) increases in the order
[C2OHC1NH2][C2COO] < [C2OHC1NH2][C3COO] << [C2OHC1NH2]
[C4COO]. This trend appears to be a manifestation of the role of the
carboxylic acid anions in the thermal stability, suggesting an en-
hanced thermal stability as the size of that moiety increases.

Finally, it is of interest to notice that the thermal stability of the
N-methyl-2-hydroxyethylammonium based ionic liquids reported
here is significantly lower than those of a series of quaternary
phosphonium-based ILs liquids recently studied [68] under similar
experimental conditions. The thermal stability of N-methyl-2-
hydroxyethylammonium ILs of this study are also lower than the
values found in the literature for 2-hydroxyethylammonium ILs
with carboxylic anions [41,69]. For 2-hydroxyethylammonium for-
mate, [C2OHNH3][HCOO], Bicak [69] found that TGA curve shows a
sharp decline around T = 423 K and an inflection at about 463 K,
and that 100% mass losses occur at 550 K. The analysis was made
in a Shimadzu TG-50 at 10 K �min�1 heating rate, under nitrogen
flow, 23 cm3 �min�1. For 2-hydroxyethylammonium acetate
[C2OHNH3][CCOO], Kurnia et al. [41] gives Td = 558.52 K,
T10% � 433 K, and at ca. 573 K, 100% mass losses occur. These
authors used a different thermogravimetric analyzer (TGA, Perkin
Elmer, Pyris V-3.81) with different operating conditions (Platinum
pan under N2 atmosphere, at a heating rate of 10 K �min�1).
Although the comparisons made before involve cations which dif-
fer by one methyl group and anions with small different alkyl chain
extension it remains valid. The differences can be attributed in part
to the different heating and flow rates. Higher heating rates shift
TGA curves to the right giving higher decomposition temperatures.

3.3. Heat capacity

In a recent paper, we have presented heat capacities for pho-
phonium based ILs measured by modulated differential scanning
calorimetry (MDSC) [68]. Differential scanning calorimeters (DSCs)
and modulated DSC (MDSC) have an uncertainty of at least 5% but
the uncertainties of the data obtained with calorimeters of the
same model in different laboratories may vary considerably. The
experimental results obtained in this work are reported in tables
S5 to S8 (supplementary material) and are plotted in figure 8. For
each IL, several series of measurements were made and it is ob-
served that for each IL all the series are consistent with each other
in the measured ranges of temperature. For [C2OHC1NH2][C3COO],
there is a difference between the two series by about 2% (ca.
9 J � K�1 �mol�1) at the higher temperatures. The heat capacity
increases in the order [C2OHC1NH2][C2COO] < [C2OHC1NH2]
[C3COO] < [C2OHC1NH2][C4COO]. The experimental values of heat
capacity are arranged in almost parallel lines which result from
the methylene group (–CH2–) contribution in the anion (ca. 37
J � K�1 �mol�1 at T = 298.15 K). This value is the same as that found
in our previous study with phosphonium ILs [68] and is rather
higher than the value given in the group contribution method
developed by Rùzicka and Domalski for calculation of molecular li-
quid heat capacities [70]. Gardas and Coutinho [54] propose a va-
lue of 31.98 J � K�1 �mol�1 while Valderrama et al. [57] give an
increment of 31.51 J � K�1 �mol�1, in good agreement with that
experimentally reported by Rocha et al. [71], to be used in their
group contribution method for aprotic ionic liquids.

To describe the dependency of heat capacity on temperature,
the function
Cp;m ¼ c0 þ c1T ð17Þ
was used, where c0 and c1 are correlation coefficients to be ob-
tained by least square fitting to the molar heat capacity data. Ta-
ble 6 summarizes the temperature range of heat capacity
measurements, T = (Tmin to Tmax), the coefficients c0 and c1, the
standard deviation, r, correlation coefficient, R, the AAD%, and
the number of data points, Np, used in the fittings. The AAD% is de-
fined as in equation (6) using here the molar heat capacity as the
property under comparison. The experimental heat capacity ob-
tained at T = 298.15 K, Cp,298 is also given in table 6. The relative
deviations between the calculated heat capacity by equation (17)
and experimental for the different series of measurements are pre-
sented in figure 9. The relative deviations are usually in ±0.5% cor-
responding to ±2 J � K�1 �mol�1 at the higher heat capacity
measured.
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TABLE 6
Fitting parameters of equation (17), temperature range of experimental data (Tmin,Tmax), molar heat capacity at T = 298.15 K, statistical characteristics of individual data sets for
the fit (Standard deviation, r, absolute average deviation, AAD%, correlation coefficient, R), and number of points used in the fit, Np.

Parameter [C2OHC1NH2][C2COO] [C2OHC1NH2][C3COO] [C2OHC1NH2][C4COO]

c0/(J � K�1 �mol�1) 235.31 ± 2.09 211.74 ± 6.27 292.46 ± 3.56, 181.36 ± 2.93a

c1/(J � K�2 �mol�1) 0.3091 ± 0.0069 0.5037 ± 0.0200 0.3607 ± 0.0118, 0.7161 ± 0.095a

Tmin/K 287.15 286.15 287.15, 283.15a

Tmax/K 326.15 336.15 325.15, 333.15a

Cp,298 /(J � K�1 �mol�1) 327.7 ± 0.6 361.4 ± 1.8 400.5 ± 1.0, 394.9a

r/(J � K�1 �mol�1) 0.7 2.6 1.1, 0.5a

R 0.974 0.936 0.953, 0.999a

AAD/% 0.17 0.65 0.22, 0.10a

Np 111 92 96, 11a

a Values found for sample 2.
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The heat capacities of several N-alkyl-(2-hydroxyethyl)-ammo-
nium ILs are compared in figure 10 where measurements for alkyl-
(2-hydroxyethyl)-dimethylammonium bromide [48], for alkyl-(2-
hydroxyethyl)-ammonium sulphonates and sulphates [49], and
the PILs studied here are presented. The values for alkyl-(2-
hydroxyethyl)-dimethylammonium bromides measured by Dom-
anska and Bogel-Lucasik [48] are somewhat unexpected because
the heat capacity of propyl-(2-hydroxyethyl)-dimethylammonium
bromide is almost the same as for butyl-(2-hydroxyethyl)-dimeth-
ylammonium bromide. However the values for hexyl-(2-hydroxy-
ethyl)-dimethylammonium bromide are close to the expected
considering the methylene group increment. The values of molar
heat capacity measured by Maharova et al. [49] for N-ethyl-N-(2-
hydroxyethyl)-N,N-dimethylammonium methylsulphonate, are of
the same order of magnitude as our measured values for N-(2-
hydroxyethyl)-N-methylammonium butyrate and pentanoate
extrapolated to higher temperatures. The heat capacity of N-
ethyl-N-(2-hydroxyethyl)-N,N-dimethylammonium octanesulfo-
nate is high compared to methylsulfonate mainly because to the
seven methylene groups in the alkyl chain attached to the sulfo-
nate anion. For N-(2-hydroxyethyl)-N,N,N-trymethylammonium
bis(trifluoromethylsulfonyl)imide, [C2OH(C1)3N][NTf2], Nocke-
mann et al. [72] obtained Cp,m = 417.4 J � K�1 �mol�1 at
T = 303.15 K, by an indirect method. This value is not far from
the Cp,m here reported for 2-hydroxyethyl-N-methylammonium
pentanoate which contains cationic and anionic structures differ-
ent from [C2OH(C1)3N][NTf2].

Two predictive methods for the estimation of molar heat capac-
ities of liquids were applied. The Joback method for ideal gas heat
capacity with subsequent use of the principle of corresponding
states to calculate the liquid heat capacity was used. In this calcu-
lation, the modified Lydersen–Joback–Reid method developed by
Valderrama and Rojas [55] is applied to calculate the critical prop-
erties of ILs. The complete procedure is described in detail by Ge
et al. [73]. The Valderrama et al. [57] mass connectivity index
method was also applied. In this the method the molar heat capac-
ity as a function of the temperature is calculated by

Cp;mðTÞ ¼
X

i

gi Gi þ 9:0045� 100:70kþ k ð0:3918T � 1:952

� 10�4T2Þ; ð18Þ

where gi and Gi are the number frequency and the contribution va-
lue of group i, respectively. The mass connectivity index k is defined
as

k ¼
X 1

ðmi mjÞ1=2

 !
ij

; ð19Þ

where mi and mj are the mass of neighbouring groups i and j in a
molecule. In summing up the connections, mimj is considered differ-
ent of mjmi so that a ‘‘bond’’ between groups i and j is considered
twice in the calculation of k. In table 7, the relevant parameters
for the application of the methods of prediction are given. The heat
capacity found in this work for N-methyl-2-hydroxyethylammoni-
um propionate, butyrate and pentanoate is compared with the
predicted heat capacities by the predictive methods in figure 8.
The predictions can be considered as acceptable, although the
experimental temperature dependency of the heat capacities is
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FIGURE 10. Molar heat capacity of alkyl-(2-hydroxyethyl)-ammonium ILs as a
function of temperature. Experimental data: - This work, s, [C2OHC1NH2][C2COO];
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significantly higher than the predicted. In figure 10 the experimen-
tal and the predicted (T, Cp,m) behaviour from the Ge et al. method is
compared for the several N-alkyl-(2-hydroxyethyl)-ammonium
PILs. As observed previously for our data, the predictions are consis-
TABLE 7
Parameters for the prediction methods of heat capacity for N-methyl-2-hydroxyethylamm

Ionic liquid Tb
a (K) Tc

a (K) Pc
a (MPa) Vc

a (cm3 �mol�1)

[C2OHC1NH2][C2COO] 499.7 676.5 3.41 453.6

[C2OHC1NH2][C3COO] 522.6 698.8 3.06 510.7

[C2OHC1NH2][C4COO] 545.5 721.1 2.78 567.8

[C2OHC3(C1)2N][Br] 531.9 710.1 2.74 569.3
[C2OHC6(C1)2N][Br] 600.6 776.6 2.16 740.7

[C2OH(C1)3N][C4SO3] 499.7 677.0 1.38 1113.8

[C2OHC2(C1)2N][C1SO3] 870.5 1212.0 1.53 999.6

[C2OHC2(C1)2N][C8SO3] 1030.6 1322.9 1.13 1399.3

[C2OHC2(C1)2N][C2SO4] 499.7 683.0 1.46 1072.3

[C2OH(C1)3N][NTf2] 761.7 1073.8 3.08 862.0

a Calculated with the modified Lydersen–Joback–Reid method developed by Valderram
b The experimental values Cp,exp were calculated from the linear equation (17). For the N
Lucasik [48] and the ones by Maharova et al. [49] the coefficients are given as supplem
c As the studies made by Domanska and Bogel-Lucasik [48] and by Maharova et al. [49]
Domańska model. The molar volume V0,m = V (T0 = 298.15 K, p0 = 101.325 kPa) is given i
tent with the measured values with the exceptions of the data for
N-hexyl-(2-hydroxyethyl)-dimethylammonium bromide and N-
ethyl-(2-hydroxyethyl)-dimethylammonium methanesulfonate. In
table 7, a detailed quantitative comparison between predicted and
experimental values is presented for all the alkyl-(2-hydroxy-
ethyl)-ammonium PILs. In figure 9, the relative deviations between
predicted and experimental heat capacities are presented for the
PILs considered in this work. The experimental values were repre-
sented by equation (17). We conclude that for the PILs studied here,
the heat capacity values predicted from both methods are similar
and are in agreement with the experimental values. For alkyl-(2-
hydroxyethyl)-ammonium other than those of this work, the results
from Valderrama et al. method were not presented in figure 10 and
in table 7 because the predicted values of heat capacity are very low
when compared to the experimental ones. This discrepancy is
mainly due to the (very) low heat capacity contribution given in
the methodology for the quaternary ammonium group with
substitution in all the four positions. It should be noted at this point
that the mothod of Valderrama et al. was developed using 469 data
points for 32 ILs and 126 data for 126 organic compounds and that
the only ammonium considered was the tetrabutylammonium doc-
usate [57]. Concerning the discrepancies between measured and
predicted heat capacity for N-hexyl-(2-hydroxyethyl)-dimethylam-
monium bromide and N-ethyl-(2-hydroxyethyl)-dimethylammo-
nium methanesulfonate, two aspects must be mentioned. Firstly,
considering the –CH2- increments (�37 J � K�1 �mol�1) and the
experimental heat capacity values given for N-propyl-(2-hydroxy-
ethyl)-dimethylammonium bromide [48], one can obtain
values close to those predicted with the method of Ge et al. for
N-hexyl-(2-hydroxyethyl)-dimethylammonium bromide. Second,
taking the experimental data for N-ethyl-(2-hydroxyethyl)-
dimethylammonium octanesulfonate [49] and subtracting the
methylene contribution, values close to those predicted with
the method of Ge et al. are obtained for N-ethyl-(2-hydroxyethyl)-
dimethylammonium methanesulfonate. These results suggest
that the measurements for those ILs are probably not very
accurate.
onium carboxylic PILs of this work and other from the literature.

xa k Cp,m
b/(J � K�1 �mol�1) Cp,m,/Vm

c (J � K�1 � cm�3)

Exp Ge Vald

0.86 0.828 328(298) 330 331 2.34
351(350) 339 343 2.38
359 (400) 350 353 2.41

0.90 0.970 361 (298) 361 363 2.30
388 (350) 372 376 2.38
413 (400) 385 388 2.46

0.93 1.113 401(298) 393 394 2.34
419 (350) 406 409 2.38
437 (400) 421 423 2.41

0.85 376 (400) 390 1.96
0.96 444 (350) 479 1.93

473 (400) 500
0.38 514 (350) 505 2.40

529 (400) 534 2.39
0.29 404 (350) 463 2.05

439 (400) 484 2.16
0.59 706 (350) 718 2.22

754 (400) 751 2.30
0.36 491 (350) 491 2.21

516 (400) 517 2.30
0.56 417 (303) 596 1.70

a and Rojas [55].
-alkyl-(2-hydroxyethyl)-dimethylammonium ILs studied by Domanska and Bogel-

entary material in table S9.
do not provide the density, the molar volume was calculated from Paduszyńki and

n table S9.
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Simple linear correlations of the molar heat capacity with the
molar volume have been proposed for ILs at T = 298.15 K
[54,74,75]. From experimental heat capacity and molar volumes gi-
ven in table 7 at temperatures T = (298, 350, and 400) K, we obtain
good linear (Cp,m, Vm) correlations at isothermal conditions for the
alkyl-(2-hydroxyethyl)-ammoniums ILs, as displayed in Figure 11.
The exceptions are the N-ethyl-N-(2-hydroxyethyl)-N,N-dimethyl-
ammonium methanesulfonate at T = (350 and 400) K and the N-
ethyl-N-(2-hydroxyethyl)-N,N-dimethylammonium ethylsulfate
at 298.15 K. The equation

Cp;m=ðJ � K�1 �mol�1Þ ¼ �31:11þ 0:1985 ðT=KÞ

þ 2:1201 ðVm =cm3 �mol�1Þ; ð20Þ

describes the experimental values of all the N-alkyl-(2-hydroxy-
ethyl)ammonium ILs within a standard error r = ±12 J �mol�1 � K�1,
AAD% = 1.7%, and the maximum relative deviation of -4.0%.

The heat capacity to molar volume ratio (Cp,m/Vm) is an impor-
tant parameter in the evaluation of effective application of ILs as
heat accumulators. From a set of 19 aprotic ILs, Gardas and Coutin-
ho [54] first suggested this value to be (1.95 ± 0.01) J � K�1 � cm�3 at
T = 298.15 K. Later Paulechka et al. [75] showed that this ratio
(Cp,m/Vm) varied with temperature between values of
(1.95 ± 0.02) J � K�1 � cm�3 at 298.15 K and (2.00 ± 0.02) J � K�1

� cm�3 at 350 K. The data set used by these authors included only
one ammonium IL [C3 (C1)3N][NTf2]. From table 7, it is observed
that while for the alkyl-(2-hydroxyethyl)-ammoniums ILs consid-
ered in this study, the (Cp,m/Vm) values are significantly higher than
the values found for aprotic ionic liquids this quotient is neverthe-
less very similar for the PILs studied on this work. The very high
molar heat capacity to molar volume quotient of alkyl-(2-hydroxy-
ethyl)-ammoniums ILs (2.0 to 2.4) make this family of ILs interest-
ing for several thermal applications including heat capacity
storage. Therefore in a future work the determination of transport
properties such as, thermal conductivity, and viscosity will be ob-
ject of study.

4. Conclusions

Experimental density data for N-methyl-2-hydroxyethylammo-
nium cation with propionate, butyrate and pentanoate anions are
presented over the ranges of temperature and pressure, respec-
tively T = (298.15 to 358.15) K and p = (0.1 to 25) MPa, with an esti-
mated uncertainty of ±0.5 kg �m�3. The GMA EoS reproduces
accurately the experimental (p T) values of the PILs studied with
deviations in the range 0.005% which means less than 0.1 kg �m�3.
The (p, T) behaviour of kT calculated from the GMA EoS are in gen-
eral consistent with those experimentally observed. The minimum
values are of the order 0.4 MPa�1, the maximum values are in the
range (0.5 to 0.6) MPa�1. The values of kT increase in the order
[C2OHC1NH2][C2COO] < [C2OHC1NH2][C3COO] < [C2OHC1NH2][C4COO].
The behaviour of ap is somewhat erratic in the sense that it behaves
accordingly to the observed behaviour for [C2OHC1NH2][C2COO]
but shows little variation for [C2OHC1NH2][C3COO] and [C2OHC1

NH2][C4COO]. The minimum values of ap are of the order (5.5 to
6) � 10�4 K�1, being the maximum ca. 6.6 � 10�4 K�1. The internal
pressure shows small changes for each PIL and it increases in the or-
der [C2OHC1NH2][C2COO] > [C2OHC1NH2][C3COO] > [C2OHC1NH2]
[C4COO], reaching its minimum value of pi = 340 MPa for [C2OHC1

NH2][C4COO] (at T = 358 K, p = 25 MPa) while at the same (p,T)
conditions pi = 436 MPa for [C2OHC1NH2][C2COO]. The isothermal
decrease with pressure is always observed and the temperature is
variable with the nature of PIL. This situation is due to the small
range of variation of cV with temperature and pressure.

High resolution modulated thermogravimetric analysis indi-
cated the following relative stabilities for the studied PILs:
[C2OHC1NH2][C2COO] < [C2OHC1NH2][C3COO] << [C2OHC1NH2]
[C4COO]. This trend appears to be controlled by the carboxylic acid
anions being thermal stability enhanced as the size of that moiety
increases. The thermal stability of N-methyl-2-hydroxyethylam-
monium ILs of this study is lower compared with what is reported
in the literature for 2-hydroxyethylammonium ILs with carboxylic
anions. This issue deserves further investigation because the ther-
mal stability depends on the operating conditions used during the
TGA analysis.

Modulated differential scanning calorimetry (MDSC) allowed
the measurement of the heat capacities of the ILs within a temper-
ature interval T = (286 to 336) K, with a mean uncertainty of
5 J � K�1 �mol�1. The heat capacity increases in the order [C2OHC1-

NH2][C2COO] < [C2OHC1NH2][C3COO] < [C2OHC1NH2][C4COO], and
the (T, Cp,m) are arranged in almost parallel lines due to the methy-
lene group (–CH2–) contribution in the anion (ca. 37 J � K�1 �mol�1

at 298.15 K). The (T, Cp,m) for the PILs studied are well correlated
by linear functions. Taking the experimental values of (T, Vm, Cp,m)
for ten alkyl-(2-hydroxyethyl)-ammonium PILs, a new correlation
linear in the temperature and in the molar volume is proposed
allowing the prediction of heat capacity of alkyl-(2-hydroxy-
ethyl)-ammoniums ILs with uncertainties of the order of 12 J � K�1 �
mol�1. This uncertainty is lower than differences sometimes found
in measured heat capacities for a given IL by different authors.
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