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a b s t r a c t 

Here we present the heat capacity (C p ) of a series of ten imidazolium based ionic liquids (ILs), mono- and di- 
cationic, with chemical formula C n MIMBr ( n = 2, 4, 6, 8, 10, 12, 14, and 16) and C n (MIM) 2 Br 2 , ( n = 4 and 
8), respectively. The heat capacity values of eight ILs were determined using modulated differential scanning 
calorimetry (MDSC) in the temperature range of (358.15 to 378.15) K and compared with the results obtained 
from theoretical models found in the literature and molecular modeling calculations. For this set of ILs the C p 
values were found to be in the range of (189.3 to 985.7) J mol − 1 K − 1 . A linear increase in heat capacity with 
temperature was observed for all ILs. The C p predicted by theoretical models and molecular modeling calcu- 
lations showed reasonable agreement with the experimental C p values for the majority of the studied ILs. The 
heat capacity increased with the addition of methylene groups in the side and spacer chains for both mono- and 
dicationic ILs. Consistent with the literature, it is observed that the additional methylene groups have a larger 
effect on the heat capacity at higher temperature. 
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. Introduction 

Ionic liquids (ILs) have drawn the attention of chemists due to their
nique properties, such as low vapor pressure, high chemical stabil-
ty and high polarity ( Welton, 1999 ; Wasserscheid and Welton, 2002 ;
paricio et al., 2010 ; Zeng et al., 2017 ). The main applications of these
ompounds are in chemical synthesis, catalysis, electrochemistry, sepa-
ations, and the synthesis of new materials ( Welton, 1999 ; Martins et al.,
014 ; Hapiot and Lagrost, 2008 ; MacFarlane et al., 2007 ; Han and Arm-
trong, 2007 ; Zhou and Antonietti, 2003 ). Some of these applications re-
uire information on the thermal properties of these compounds, such
s freezing, melting, cold crystallization and glass transition tempera-
ures and their heat capacities. Knowledge about heat capacity (C p ) is
ital in the design of physicochemical processes and therefore it is ex-
remely important to obtain C p values over a wide range of temperatures
 Calvar et al., 2013 ). 

There are many experimental techniques available to measure heat
apacity ( Paulechka, 2010 ), among which Modulated Differential Scan-
ing Calorimetry (MDSC) is one of the most used due to the pos-
ibility of measuring C p with only one experiment ( Diedrichs and
mehling, 2006 ). Several works report the heat capacity of ILs as
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emonstrated by Paulechka in his critical review on the subject
 Paulechka, 2010 ). The majority of these studies comprise monocationic
midazolium-based ILs with anions such as [NTf 2 − ], [BF 4 − ], [PF 6 − ],
OTf − ], and [Br − ]. Data on the heat capacity of long alkyl chain ILs,
owever, are less common in the literature. These ILs are known for
heir similarity to surfactants, being able to self-assemble in aqueous so-
utions forming structures like micelles ( Tan et al., 2016 ). Even scarcer
s the data on the heat capacity of dicationic ILs with only a few studies
eported in the literature ( Kuhn et al., 2020 ; Zhang, Li and Yang, 2018 ,
018 ; 2019 ). This emerging class of ILs is known for their higher thermal
tability ( Anderson et al., 2005 ; Shirota et al., 2011 ) and lower toxicity
 Steudte, 2014 ; Moosavi, 2017 ) than their monocationic analogs. 

The heat capacity of some ILs have either not been measured, or
re available at just a few temperatures. Besides, due to the tunable
roperties of ILs, numerous potential ILs can be obtained via different
ation/anion combinations. Thus, direct experimental determination of
he heat capacity of this incredibly high number of ILs over a wide range
f operating conditions is unrealistic and unworkable. Therefore, it is
ssential to explore ways and means of acquiring IL heat capacities in
 fast and reliable manner. Molecular modeling is a promising tool for
redicting the thermophysical properties of ILs such as heat capacity. As
bserved in the literature and in the current study, the heat capacity of
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Table 1 

Heat capacities of liquid water. 

Water 

Temperature (K) C p (J g − 1 K − 1 ) 
Lit a Exp 

303 4.1785 4.52 
308 4.1782 4.52 
313 4.1786 4.52 
323 4.1807 4.53 
328 4.1824 4.53 
333 4.1844 4.53 
AAD% 8.2 

a Ref [Osborne et al., 1934] . 
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Ls can be accurately estimated from the heat capacity of individual ions
 Paulechka, 2008 ). Hence, a wide range of IL combinations with differ-
nt cations/anion pairs can be tested easily with the molecular modeling
rotocol used in the current study, for example by varying the anions
or the same set of cations. However, at least some experimental data
s required to validate and tune the molecular modeling results. There-
ore, by combining experiments with computer modeling, researchers
an efficiently validate the properties of less studied ILs. 

In this work, the heat capacity of a series of ten imidazolium-based
Ls, with chemical formula C n MIMBr ( n = 2, 4, 6, 8, 10, 12, 14, and
6) and C n (MIM) 2 Br 2 ( n = 4 and 8), was determined in the temperature
ange of (358.15 to 378.15) K. As we are interested in observing the
nfluence of the ILs’ alkyl chain length on heat capacity, we chose the
nion [ − Br] because these ILs can be obtained through simple SN 2 re-
ctions, avoiding anion exchange and purifications. The C p values mea-
ured experimentally were compared with experimental values reported
n the literature, with proposed models that predict the heat capacity,
nd with molecular modeling using classical molecular dynamics simu-
ations for the intermolecular interactions combined with ab-initio fre-
uency calculations. 

. Experimental 

.1. Materials and methods 

.1.1. Ionic liquids 

The ILs were synthesized by our research group in accordance
ith procedures that have already been described in the literature
 Shirota et al., 2011 ; Frizzo et al., 2015 a). All of the ILs were analyzed
y 1 H NMR and 13 C NMR. Spectral data are presented in the SI and are
n accordance with the expected structure. The studied ILs are obtained
n an approximately 100 % atom economy synthesis with no impurities
n NMR spectra (see spectra in the SI). The amount of water in the IL
amples was determined using Karl Fischer titration (detailed informa-
ion available in the SI). 

.1.2. Equipment 

The measurements of heat capacity were performed using an MDSC
2000 (T-zero TM DSC technology, TA Instruments Inc., New Castle, DE,
SA). The cell constant and the temperature calibration were performed
y the measurement of the melting point and heat of fusion of an indium
ample and less than 1 % deviation from the standard values were ob-
erved. Dry high purity (99.999 %) nitrogen gas was used as the purge
as (50 mL min − 1 ). The temperature accuracy is ± 0.1 K, with temper-
ture precision ± 0.01 K, enthalpy precision ± 0.1 %, baseline repeata-
ility ± 10 𝜇W. 

.1.3. Measurement of heat capacities 

For the determination of heat capacities (C p ), the samples were
rimped in hermetic aluminum pans (100 𝜇L) with lids and a pinhole at
he top. The sample mass was that which filled the pan to its maximum
apacity, falling in the range of (9 to 20) mg. This sample loading is nec-
ssary because the sample size is proportional to the signal. The sample
asses were weighed on a Sartorius M 500 P balance to an accuracy of
 0.001 mg. In this work, the heat capacities of the compounds were de-

ermined using modulated DSC. The calibration was performed using the
xtrapolated onset temperatures and heat of fusion of melting indium, at
 heating rate of 10 K min − 1 . The heating rate used for the samples was
 K min − 1 . The samples were subjected to heating in the temperature
ange (343.15 to 393.15) K. Since at the limits of the temperature range
he samples are not fully thermally conditioned, only heat capacities
rom (358.15 to 378.15) K are presented. Three replicates were carried
ut for each sample. The DSC curves are shown in the Supporting In-
ormation (SI). The accuracy of the DSC equipment in measuring heat
apacity was confirmed by determining the C p of pure water. The values
btained were compared with those from Osborne et al. (1934) . 
2 
The average absolute percentage deviation (AAD%), defined by Yu
nd co-workers Yu et al. (2009) , was calculated according to Eq. (1) ,
here C p, lit is the literature value, C p, exp the experimental value, and n

s the number of data points. 

𝐴𝐷 % = 

1 
𝑛 

𝑛 ∑
𝑖 

|||(𝐶 𝑝,𝑙 𝑖𝑡 − 𝐶 𝑝,𝑒𝑥𝑝 

)|||𝑖 
𝐶 𝑝,𝑙 𝑖𝑡 

× 100 (1)

The values of AAD% as well as C p values for water for a set of tem-
eratures are shown in Table 1 . The AAD% value calculated was 8.2
. Considering that the values used as reference ( Osborne et al., 1934 )
ere determined using adiabatic calorimetry, which has a much lower
ncertainty than DSC ( Paulechka, 2010 ), the AAD% value was consid-
red acceptable. 

.1.4. Computational details 

For the molecular modeling study the isobaric heat capacity (C p ) is
btained directly from its definition ( Eq. 2 ) because the heat capacity
stimated using the statistical mechanics fluctuation formula is reported
o cause large deviations ( Cadena et al., 2006 ), 

 𝑝 ( 𝑇 , 𝑃 ) = 

( 

𝜕⟨𝐻⟩
𝜕𝑇 

) 

𝑝 

(2) 

Namely, C p is determined from the slope of the enthalpy versus tem-
erature graph. As described in Cadena et al. (2006) and shown in sev-
ral other studies ( Kuhn et al., 2020 ; Liu et al., 2012 ; Sprenger et al.,
015 ) to obtain accurate values, C p is divided into two parts, namely the
esidual portion and the ideal gas portion ( Eq. (3 )). The residual portion
f the heat capacity considers all the intermolecular interactions while
he ideal gas portion takes into account the intramolecular interactions
 Cadena et al. 2006 ). 

 𝑝 ( 𝑇 , 𝑃 ) = 𝐶 

𝑅𝐸𝑆 
𝑝 

+ 𝐶 

𝐼𝐺 
𝑝 

= 

( 

𝜕⟨𝐻 𝑅𝐸𝑆 ⟩
𝜕𝑇 

) 

𝑝 

+ 

( 

𝜕⟨𝐻 𝐼𝐺 ⟩
𝜕𝑇 

) 

𝑝 

(3)

Where 𝐻 𝑅𝐸𝑆 = Φ𝑁𝐵 + 𝑃 𝑉 − 𝑁 𝑘 𝐵 𝑇 (where Φ𝑁𝐵 is the non-bonded
nergy, P is the pressure, V is the volume, N is the number of molecules,
 B is the Boltzmann constant and T is the temperature) and 𝐻 𝐼𝐺 =
𝐼 𝑁 𝑇 + 𝐾𝐸 + 𝑁 𝑘 𝐵 𝑇 (where Φ𝐼 𝑁 𝑇 is the bonded energy and KE is the
inetic energy) ( Cadena et al., 2006 ). 

In theory, classical molecular dynamics (MD) simulations at finite
emperatures can be used to obtain both of these contributions, and
re known to handle very large molecules with considerable accu-
acy ( Theodorakis et al., 2011 ; Frenkel and Smith, 1996 ). However,
or the size of molecules considered here, it is reported that classical
D simulation does not take into account the intramolecular interac-

ions correctly ( Fakhraee et al., 2014 ; Fakhraee and Gholami, 2015 ;
oherty et al., 2017 ). Therefore, only the residual contribution of the
eat capacity (Cp RES ) is determined using classical MD simulations. As
uggested in the literature, the ideal gas contribution (Cp IG ) is calcu-
ated from ab initio frequency analysis with appropriate vibrational
caling. Liu et al. (2012) , Sprenger et al. (2015) , Kuhn et al. (2020) In
he current study, Cp RES is calculated from the slope of the residual
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Fig. 1. Imidazolium-based mono- and dicationic ionic liquids with 
bromide anions (green) investigated in this study. For mono- 
cationic ILs n = 1, 3, 5, 7, 9, 11, 13, 15 and for dicationic ILs 
n = 4, 8 were studied. 
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(  
nthalpy versus temperature graphs obtained from classical MD simu-
ations and Cp IG is obtained from ab initio thermochemistry calcula-
ions following the above equations. The all atom MD computer sim-
lations were performed using the NAMD software package (v.2.13)
 Phillips et al., 2005 ). All the trajectories were visualized using the
MD software package ( Humphrey et al., 1996 ). The cation param-
ters were obtained from Gross et al. (2011) and the anion param-
ters were taken from other published works ( Doherty et al., 2017 ;
opes and Pádua, 2006 ; Kohagen et al., 2011 ; Kam et al., 2019 ). We
lso calculated the heat capacity of pure water using the TIP3P water
odel ( Kuhn et al., 2020 ; Vega and Abascal, 2011 ; Neverov and Ko-
olkin, 2010 ; Johnson III, 2020 ). Although the non-polarizable mod-

ls have provided important insights into molecular-level structure and
orrelations in ionic systems, they are also known to have some limita-
ions showing much slower dynamics and some disagreement with ex-
eriments at higher salt concentrations ( Bedrov et al. 2019 ; Ishii et al.,
022 , 2020 ; Hernández-Ríos et al., 2017 ). The use of polarizable force
elds in simulations generally shows better agreement with experi-
ents. However, considering the high computational cost of using po-

arizable force fields in ionic liquid systems ( Yan et al., 2004 ) and their
navailability for some of the ions considered in the current study,
on-polarizable force fields were used with scaled atomic charges. The
tomic charge scaling method with non-polarizable force fields is a well-
nown method in MD simulations to account for charge transfer and
olarization effects, with the goal of reducing computational cost and
uaranteeing the stability of numerical integration ( Yan et al., 2004 ;
asrabadi and Gelb, 2017 ; Dommert et al. 2012 ). Furthermore, this

escaling of ionic charge in non-polarizable classical MD simulations has
een shown to improve the prediction of heat capacity and provide a
atisfactory molecular description ( Chaban et al., 2011 ; Sprenger et al.,
015 ; Bedrov et al. 2019 ; Ren et al. 2004 ; Dommert et al. 2012 ). A
harge scaling factor of 0.8 is used to scale the atomic partial charges,
hich was reported in several previous MD studies to accurately pre-
ict the known experimental heat capacity of imidazolium-based ionic
iquids ( Yan et al., 2004 ; Nasrabadi and Gelb, 2017 ; Zhong et al., 2011 ;
ondal and Balasubramanian, 2014 ; Chaban et al., 2011 ; Youngs and
ardacre, 2008 ). To prepare the initial configurations a (50 × 50 × 50)
3 unit cell ( Fig. 1 ) with 250 randomly placed ion pairs was gener-
ted using Packmol ( Martínez et al., 2009 ) for each system and periodic
oundary conditions were applied in all three directions. For the dica-
ionic systems (Di-C n MIMBr 2 ) 250 cations and 500 anions were used.
hese systems were relaxed by conjugate gradient energy minimiza-
ion followed by a canonical (NVT) simulation for 10 ns at 300 K. To
quilibrate the system density and overcome energy traps due to the
low dynamics of ionic liquids, annealing simulations were carried out
y heating the system up to 700 K ( Kuhn et al., 2020 ; Nasrabadi and
elb, 2017 ; Zhong et al., 2011 ; Mondal and Balasubramanian, 2014 ;
haban et al., 2011 ; Youngs and Hardacre, 2008 ; Tenney et al., 2014 )
nd cooling step by step in 2 K decrements to the target tempera-
ure over 10 ns under isobaric − isothermal conditions (NPT) at a pres-
ure of 1 atm. After this procedure twelve independent NPT simula-
ions were performed each for 50 ns at different target temperatures
or each system. The ionic liquid systems were simulated at temper-
tures ranging from (358 to 380) K, and the water simulations were
3 
arried out at temperatures ranging from (302 to 344) K, by consid-
ring the temperatures used in the experiments. A 12 Å cutoff was
sed for the van der Waals and short-ranged electrostatics interactions,
hile the long-range electrostatics were treated with the Particle Mesh
wald technique. The last 30 ns of the trajectory is used to calculate
he average enthalpy for each system. A graph of the residual enthalpy
 𝐻 𝑅𝐸𝑆 = Φ𝑁𝐵 + 𝑃 𝑉 − 𝑁 𝑘 𝐵 𝑇 ) versus temperature is plotted (Figs. S33
nd S34), and the residual portion of the heat capacity was obtained
rom its slope. Following Liu et al. (2012) , it is assumed that the resid-
al contribution to the heat capacity is constant within the selected tem-
erature range. To obtain the ideal gas contribution to the heat capac-
ty, ab initio thermochemistry calculations were performed using the
aussian 16 package ( Frisch et al., 2016 ). Since the CPU time increases

apidly with the increase in the size of molecule, for larger molecules
 suitable algorithm that gives a balance between the computational
ime and accuracy is needed. Following Hennemann et al. (2018) and
ieira et al. (2020) we studied several ab initio methods for the
onsidered set of molecules and found the closest agreement be-
ween theory and experiment for B3LYP/aug-cc-pVDZ with suitable
caling factors. Paulechka et al. (2008) , Hennemann et al. (2018) ,
ieira et al. (2020) , Curtiss et al. (1998) Therefore, considering the com-
utational cost, time and accuracy we decided to use the B3LYP/aug-
c-pVDZ ( Paulechka et al., 2008 ; Hennemann et al., 2018 ; Vieira et al.,
020 ) level of theory for both ion pairs ( Paulechka et al., 2008 ;
cDaniel et al., 2016 ) and for isolated ions ( C p = C p, cation + C p, anion )

 Paulechka et al., 2008 ) to perform geometry optimization followed by
requency analysis. To start these calculations, we placed the bromide
on(s) above the plane of the imidazolium ring(s) following the most
table configurations reported in Turner et al. (2003) . Optimized struc-
ures are shown in Fig. S35. The ideal gas heat capacities at different
emperatures were analyzed from the thermochemistry output using a
erl script ( Hernández-Ríos et al., 2017 ; Irikura, 2002 ) (for ideal gases,
 p = C v + R ). Typically, ab-initio vibrational frequencies show some
isagreement with experimental data due to anharmonicity, basis set
runcation, and incomplete incorporation of electron correlation. Fre-
uency scaling is one of the often-applied methods in the literature to
ompensate for the deviation between the calculated and the experimen-
al observed results ( Červinka and Beran, 2017 ; Paulechka et al., 2007 ;
rosthwaite et al., 2005 ). Small molecules with a number of atoms < 40
how good agreement to experiments with no requirement for frequency
caling. However, for large molecules with a number of atoms > 40, we
dentify the optimal scaling value for each system to align the calcu-
ated heat capacity with the linear trend observed for the ILs with < 40
toms (n ≤ 8) in Fig. 4 b over the considered temperature range (see Fig.
36). ( Červinka and Beran, 2017 ). All the scaling factors used and the
deal gas and residual heat capacities obtained are given in Tables S3
nd S4. 

. Results and discussion 

.1. Experimental heat capacity 

Heat capacities of eight imidazolium-based ILs were measured from
343.15 to 393.15) K. However, only data from (358.15 to 378.15) K are
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Table 2 

Molar heat capacities (C p,m ) of the studied ionic liquids from (358.15 to 378.15) K. 

T (K) C p,m for ILs CnMIMBr and Di-CnMIMBr 2 (J mol − 1 K − 1 ) 

n = 2 n = 4 n = 6 n = 8 n = 12 n = 16 Di n = 4 Di n = 8 

358.15 189.3 ± 2.9 a 294.1 ± 29 400.5 ± 1.4 540.2 ± 8.5 706.8 ± 0.9 924.4 ± 16 645.9 ± 0.6 773.5 ± 6.2 
359.15 189.5 ± 2.2 295.0 ± 30 401.3 ± 1.3 541.8 ± 8.3 707.6 ± 0.3 929.1 ± 17 647.5 ± 0.8 775.6 ± 6.3 
360.15 189.7 ± 2.0 295.5 ± 31 402.1 ± 1.6 543.2 ± 8.2 710.1 ± 1.8 932.1 ± 17 649.6 ± 1.2 777.8 ± 6.2 
361.15 189.8 ± 1.5 296.4 ± 32 402.7 ± 1.3 544.1 ± 8.1 711.7 ± 0.6 935.1 ± 16 651.3 ± 0.7 779.2 ± 6.3 
362.15 190.1 ± 1.1 297.1 ± 33 403.5 ± 1.6 545.2 ± 8.4 712.8 ± 0.6 938.5 ± 17 653.0 ± 0.6 780.8 ± 6.6 
363.15 190.1 ± 1.1 297.7 ± 34 404.2 ± 1.7 546.9 ± 8.1 714.6 ± 0.9 941.2 ± 17 654.5 ± 0.8 782.6 ± 6.6 
364.15 190.3 ± 0.9 298.5 ± 35 404.5 ± 1.7 547.9 ± 8.3 715.6 ± 0.5 944.4 ± 18 655.8 ± 0.8 784.3 ± 6.7 
365.15 190.5 ± 0.8 299.1 ± 36 405.2 ± 1.8 549.7 ± 8.1 716.8 ± 0.8 946.6 ± 17 657.3 ± 0.6 785.6 ± 6.4 
366.15 190.5 ± 0.4 299.8 ± 38 405.8 ± 1.7 550.8 ± 8.3 718.1 ± 0.6 949.6 ± 18 658.6 ± 1.0 787.3 ± 6.5 
367.15 190.7 ± 0.5 300.7 ± 39 406.2 ± 1.6 551.4 ± 8.1 719.5 ± 0.7 952.7 ± 18 659.8 ± 0.9 788.5 ± 6.5 
368.15 190.7 ± 0.5 301.4 ± 41 406.6 ± 1.8 553.4 ± 8.0 721.4 ± 0.5 955.1 ± 18 661.1 ± 0.8 790.4 ± 6.2 
369.15 190.8 ± 0.4 302.1 ± 42 407.4 ± 2.0 554.4 ± 7.8 722.5 ± 0.7 958.6 ± 19 662.1 ± 0.8 791.7 ± 6.6 
370.15 191.0 ± 0.5 302.8 ± 44 407.6 ± 1.6 556.0 ± 8.2 724.1 ± 0.5 961.7 ± 19 663.9 ± 0.8 793.3 ± 6.2 
371.15 191.0 ± 0.7 303.8 ± 45 407.8 ± 2.1 557.7 ± 7.8 725.0 ± 0.4 964.6 ± 19 665.1 ± 0.9 795.4 ± 6.0 
372.15 191.2 ± 0.6 304.6 ± 47 408.4 ± 1.6 559.0 ± 7.9 726.5 ± 0.5 967.3 ± 19 666.3 ± 0.9 797.0 ± 6.5 
373.15 191.3 ± 0.6 305.7 ± 49 408.7 ± 2.1 560.3 ± 8.0 728.0 ± 0.5 970.6 ± 19 667.5 ± 1.0 798.3 ± 5.5 
374.15 191.5 ± 0.7 306.6 ± 50 409.3 ± 2.2 562.0 ± 8.4 729.3 ± 0.3 973.2 ± 19 669.1 ± 0.9 800.7 ± 5.7 
375.15 191.4 ± 0.8 307.8 ± 52 409.6 ± 2.5 564.2 ± 8.1 730.9 ± 0.6 976.5 ± 19 670.4 ± 1.2 802.4 ± 5.4 
376.15 191.5 ± 0.7 309.1 ± 54 409.9 ± 2.2 565.3 ± 7.8 732.2 ± 0.3 979.8 ± 20 671.2 ± 1.3 804.1 ± 5.6 
377.15 191.8 ± 0.9 310.5 ± 56 410.5 ± 2.1 567.5 ± 8.2 733.4 ± 0.4 982.9 ± 20 672.8 ± 1.1 806.3 ± 5.9 
378.15 191.6 ± 1.0 311.9 ± 58 410.7 ± 2.2 569.0 ± 8.0 734.8 ± 0.3 985.7 ± 20 674.1 ± 1.2 808.7 ± 5.5 

a Uncertainty expressed as standard uncertainty of the mean in J mol − 1 K − 1 . 
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resented since at the outer limits of the temperature range the samples
re not fully thermally conditioned. To measure the heat capacities of
he ILs, it is important to ensure that these compounds do not show first
rder phase transitions in the temperature range of the reported C p data,
ince the C p at first order phase transitions goes to infinity. None of the
tudied ILs exhibit first order phase transitions from (358.15 to 378.15)
. The ILs C 2 MIMBr and C 4 MIMBr have melting points at 350 K and
51 K, respectively ( Paulechka et al., 2007 ), so these ILs are in the liquid
tate at the reported temperature range. The ILs C 6 MIMBr and C 8 MIMBr
o not show phase transitions except for a glass transition at very low
emperature ( Crosthwaite et al., 2005 ; Bender, 2014 ). The IL C 12 MIMBr
as a well-studied thermal behavior and does not show phase transitions
rom (358.15 to 378.15) K ( Bender et al., 2019 ; Inoue et al., 2007 ). The
L C 16 MIMBr also does not show phase transitions in this temperature
ange ( Zhu et al., 2009 ). The dicationic IL Di-C 4 MIMBr 2 has a melting
oint at 388.15 K ( Zhang, Li and Yang, 2018 ), being solid in the temper-
ture range used in this study. Finally, the dicationic IL Di-C 8 MIMBr 2 
as a melting point at 343.15 K ( Gindri et al., 2014 ; Frizzo et al., 2015b ).
he influence of the physical state of the IL samples in C p is that liquids
end to have much higher C p than solids, that is because liquids have
ore freedom of movement and, consequently, more energy is neces-

ary to raise the temperature of a liquid sample compare to a solid one
 Bendová et al., 2020 ). Regarding the ILs C 10 MIMBr and C 14 MIMBr, we
ould not obtain reproducible MDSC measurements for the determina-
ion of C p in the temperature interval (343.15 to 393.15) K. The results
f the C p measurements are summarized in Table 2 in terms of the molar
eat capacity, C p,m 

. 
An important aspect of heat capacity measurements is the pres-

nce of impurities in the sample, which can affect the measured val-
es. The most prominent impurity that can shift the C p values is wa-
er ( Paulechka, 2010 ; Paulechka et al., 2010 ). In the present study, the
emperature range of the reported C p includes a water phase transition
emperature (373.15 K) yet no anomalous behavior is observed close to
his temperature. Thus, it is reasonable to assume that the IL samples
o not present an amount of bulk water detectable by DSC analysis,
hich does not mean that the samples are completely free of water. In

act, the amount of water detected by Karl Fischer titration was, in the
ange of 1.4 ± 0.3 - 6.32 ± 0.01% (see Table S6 for the values for each
L). The amounts of water detected were considered to be acceptable
or practical uses of these ILs, since the absorption of water is inevitable
nd drying the materials consumes a lot of time and resources. The value
4 
ound here is close to the 4.5 % of water content for the IL [C 16 MIM][Cl]
sed in C p measurements by Bendová et al. (2020) . 

There are a few reports of C p.m 

of ILs at high temperatures such as
bove 350 K. Paulechka et al., 2007 reported the C p,m 

of the ILs C 2 MIMBr
nd C 4 MIMBr at 360 K as equal to 269 J mol − 1 K 

− 1 and 336 J mol − 1 

 

− 1 , respectively. These values are 42 % and 14 % higher than the val-
es reported here, however, different techniques were used to measure
he C p,m 

, which could explain this considerable difference. Besides, we
ave obtained a considerable uncertainty in the results for C 4 MIMBr, so
ifferences between this work and literature may be expected. The same
ifference in C p,m 

for C 4 MIMBr (14 %) was observed comparing with the
ork of Hu et al. (2011) . These differences in C p.m 

may also arise from
he different amounts of water in the samples, which are higher in the
resent work. The presence of water is known to elevate the measured
alues of C p. m 

( Paulechka et al., 2007 ), however, it can be seen that the
alues obtained here are lower than those reported with lower amounts
f water, which indicates that this is not the major factor influencing
he differences. Considering the IL C 16 MIMBr, the C p,m 

values at 358
 were reported by Zhu et al. (2009) and deviate from the values re-
orted here by only 2.5 %, despite the IL C 16 MIMBr used in the present
ork presenting an amount of water of 4.6 % in comparison with less

han 0.05 % in the cited reference. The heat capacity of the dicationic
L Di-C 4 MIMBr 2 has been reported in the literature ( Zhang et al., 2019 ),
ut the authors did not specified the temperature corresponding to the
ublished value, making it hard to compare with the present work. 

Generally speaking, the heat capacity of ILs is related to their molec-
lar mass where the larger the mass, the greater the heat capacity. Typ-
cally, the increase of heat capacity with increasing temperature is fit to
 polynomial function. However, in this work, a linear relation between
olar heat capacity and temperature (C p,m 

= aT + b) was used because
he values of the correlation coefficient (r) are all higher than 0.99. A
lot of C p,m 

versus temperature is shown in Fig. 2 . The fitting parame-
ers can be seen in Table 3 along with the predicted values of C p,m 

at
98.15 K extrapolated from the linear fit. 

The C p,m 

at 298.15 K predicted using the linear equation from
able 3 can be compared to the C p,m 

literature values reported at 298.15
 ( Crosthwaite et al., 2005 ) for the ILs C 6 MIMBr and C 8 MIMBr. Our re-
ults of 372 J mol − 1 K 

− 1 and 455 J mol − 1 K 

− 1 for the ILs C 6 MIMBr
nd C 8 MIMBr, respectively, are 7.8 % higher than the literature for the
L C 6 MIMBr and 16 % higher for the IL C 8 MIMBr. Considering the IL
 4 MIMBr, the calculated C p,m 

of 243 J mol − 1 K 

− 1 at 298.15 K was found
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Fig. 2. Experimental molar heat capacities (J mol − 1 K − 1 ) as a function of tem- 
perature (K) for the studied ionic liquids C n MIMBr and Di-C n MIMBr 2 . 

Table 3 

Fitting parameters for the linear fit of the C p,m dependence 
on temperature, correlation coefficients (r), and the extrap- 
olated C p,m value at 298.15 K. 

IL C p,m = aT + b C p,m at 298.15 K 

a b r (J mol − 1 K − 1 ) 

C 2 MIMBr 0.118 147.07 0.990 182 
C 4 MIMBr 0.844 -8.6123 0.993 243 
C 6 MIMBr 0.493 224.71 0.992 372 
C 8 MIMBr 1.412 34.119 0.998 455 
C 12 MIMBr 1.394 207.75 0.999 623 
C 16 MIMBr 2.986 -143.65 0.999 747 
Di-C 4 MIMBr 2 1.373 155.32 0.998 565 
Di-C 8 MIMBr 2 1.683 171.16 0.999 673 
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Table 4 

Deviation of the experimental values from the prediction for the 
monocationic ILs C n MIMBr. 

n Deviation (%) 

358.15 K 363.15 K 368.15 K 373.15 K 378.15 K 

Gardas and Coutinho 

2 -29.5 -29.8 -30.2 -30.6 -31.1 
4 -13.4 -13.1 -12.7 -12.2 -11.2 
6 -2.6 -2.5 -2.7 -2.9 -3.3 
8 + 11.9 + 12.5 + 12.9 + 13.5 + 14.3 
12 + 13.0 + 13.4 + 13.6 + 13.9 + 14.1 
16 + 20.3 + 21.6 + 22.5 + 23.6 + 24.7 

Farahani 

2 -23.7 -24.1 -24.6 -25.0 -25.5 
4 -9.6 -9.1 -8.6 -8.0 -6.7 
6 -0.4 -0.1 -0.1 -0.1 -0.2 
8 + 12.7 + 13.6 + 14.4 + 15.3 + 16.5 
12 + 11.6 + 12.4 + 13.1 + 13.7 + 14.4 
16 + 30.1 + 32.1 + 33.6 + 35.3 + 37.0 

Ahmadi 

2 -42.4 -42.6 -42.8 -43.0 -43.3 
4 -24.9 -24.4 -23.9 -23.2 -22.1 
6 -11.9 -11.5 -11.4 -11.4 -11.4 
8 + 3.7 + 4.5 + 5.3 + 6.1 + 7.3 
12 + 9.6 + 10.4 + 11.1 + 11.7 + 12.3 
16 + 19.6 + 21.4 + 22.8 + 24.4 + 26.0 

Table 5 

Deviation of the experimental values from the prediction for the 
dicationic ILs Di-C n MIMBr 2 . 

n Deviation (%) 

358.15 K 363.15 K 368.15 K 373.15 K 378.15 K 

Gardas and Coutinho 

4 + 6.2 + 6.7 + 6.9 + 7.0 + 7.1 
8 + 3.0 + 3.4 + 3.6 + 3.8 + 4.2 

Farahani 

4 + 23.4 + 24.5 + 25.2 + 25.9 + 26.6 
8 + 14.2 + 15.1 + 15.9 + 16.7 + 17.8 

Ahmadi 

4 + 3.2 + 4.2 + 4.9 + 5.5 + 6.2 
8 + 2.5 + 3.4 + 4.1 + 4.8 + 5.9 
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o be very similar to the 241.8 J mol − 1 K 

− 1 reported in the work of
aulechka et al., 2007 at the same temperature. However, the calcu-
ated value was 23 % lower than reported by Kim et al., 2004a, 2004b )
nd 30 % lower than C p,m 

reported by Fredlake et al. (2004) . These dif-
erences in C p,m 

may be caused by the greater amount of water in the
amples studied here, although the C p,m 

at 298.15 K for C 4 MIMBr is very
lose to the reported in the literature ( Paulechka et al., 2007 ) despite
he later having a much lower water content (0.14 %). 

.2. Predictive models of heat capacity 

The heat capacities of the IL studied here have been predicted using
he models available in the literature. There are various proposed mod-
ls to predict heat capacities, such as the recent hybrid group method of
ata handling developed by Rostami et al. ( Rostami et al., 2019 ), how-
ver, this method requires a great number of calculations and, therefore,
 considerable amount of computational time. Other methods, although
lder, are simpler and give fairly good results. One of these methods
as developed by Gardas and Coutinho (2008) . This method consists

n a second order group additivity technique applied to 19 ILs com-
osed of several cations and anions, including imidazolium and bro-
ide, with a total of 2400 data points. Another method was developed

y Farahani et al. (2013) , consisting of a 5-term temperature dependent
orrelation utilizing molecular parameters for a total of 56 ILs and 2490
ata points. The method developed by Ahmadi et al. (2015) is based
n a dataset of 128 ILs, consisting of 4822 data points, and utilizes as
nput temperature, molecular mass and the number of atoms in the IL.
hese models are developed and validated considering a great number
f experimental values, thus the results are considered to be in fairly
5 
ood agreement with reality. Considering the viability of the last three
ethods, the heat capacities of the C n MIMBr and Di-C n MIMBr 2 were
redicted using these models and compared with heat capacity values
easured in this work. Percentage deviations of the experimental values

rom the predictions for monocationic ILs are given in Table 4 . Consider-
ng the three methods, the deviation observed in the experimental value
as negative for the ILs with shorter side chains, i.e., the predicted value

s higher than the experimental value. The experimental heat capacities
f C 6 MIMBr, at different temperatures, have a small deviation from that
redicted by the Gardas and Coutinho, and Farahani, methods. The val-
es of the heat capacity obtained for C 8 MIMBr from the Ahmadi method
greed well with the experimental values. On the other hand, for ILs
ith larger side alkyl chains, the deviation observed was positive, i.e.,

he experimental value is higher than the predicted value. For the di-
ationic ILs, a good fit between the experimental and predicted values
or the Gardas and Coutinho, and Ahmadi, methods was observed, as
hown in Table 5 . The values obtained from Faharani’s method, how-
ver, deviate considerably from the experimental ones. Although there
re some considerable deviations between predicted and experimental
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Table 6 

Simulated molar heat capacities of the ionic liquids. 

Simulated C p,m for ILs C n MIMBr and Di-C n MIMBr 2 (J mol − 1 K − 1 ) 

T (K) n = 2 n = 4 n = 6 n = 8 n = 10 n = 12 n = 14 n = 16 Di n = 4 Di n = 8 

358 213.84 308.12 400.53 503.82 604.43 709.07 814.54 931.72 634.34 779.56 
360 214.71 309.23 402.03 505.63 606.77 711.82 817.60 935.12 636.25 782.12 
362 215.58 310.34 403.53 507.43 609.09 714.56 820.65 938.50 638.15 784.67 
364 216.45 311.46 405.02 509.23 611.41 717.28 823.68 941.86 640.05 787.20 
366 217.33 312.57 406.52 511.03 613.72 720.00 826.70 945.21 641.93 789.73 
368 218.20 313.68 408.01 512.83 616.02 722.70 829.70 948.54 643.81 792.24 
370 219.08 314.80 409.50 514.62 618.32 725.38 832.69 951.86 645.67 794.73 
372 219.95 315.91 410.99 516.42 620.60 728.06 835.66 955.16 647.53 797.22 
374 220.82 317.02 412.48 518.21 622.88 730.72 838.62 958.44 649.37 799.69 
376 221.70 318.14 413.96 520.00 625.14 733.37 841.57 961.71 651.21 802.15 
378 222.57 319.25 415.45 521.78 627.40 736.00 844.50 964.96 653.03 804.59 
380 223.45 320.37 416.93 523.57 629.65 738.63 847.41 968.20 654.85 807.03 
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 p , the coefficient of determination (R 

2 ) of the curves of predicted value
s a function of the experimental one (not shown), at the temperatures
hown in Tables 4 and 5 , are all ≥ 0.975 (see Table S5), showing that
here is a good linear correlation between predicted and experimental
alues as temperature increases. 

.3. Molecular modeling calculation of heat capacity 

To further investigate the reliability of the measured heat capaci-
ies in this work, a molecular modeling analysis was performed and the
omputational data was compared with those measured using MDSC.
irst, to validate the computational method, the C p of TIP3P water
as measured at temperatures ranging from (302.0 to 344.0) K and

he results are listed in Table S1. The data shows a good agreement
ith the literature ( Sprenger et al., 2015 ; Neverov and Komolkin, 2010 ;

ohnson III, 2020 ); we therefore conclude that the computational
ethodology yields accurate results. The constant pressure heat capaci-

ies of all ionic liquids were calculated following the same procedure at
emperatures ranging from (358.0 to 380.0) K. 

It is known that ab-initio vibrational frequencies typically show some
isagreement with experiments. Frequency scaling is one of the meth-
ds commonly applied to compensate these deviations ( Červinka and
eran, 2017 ; Sinha et al., 2004 ; Roy and Gerber, 2013 ). For the small-
st molecule tested (C 2 MIMBr), it was observed that the B3LYP/aug-
c-pVDZ method overestimates the C p,m 

, showing a negative deviation
rom the experiments (Table S4). For large molecules with a number
f atoms > 40, B3LYP/aug-cc-pVDZ underestimates the C p,m 

by about
0 % (unscaled data in Table S4), suggesting that the calculated vi-
rational frequencies are overestimated. The precalculated scale fac-
or of 0.974 ( Irikura, 2002 ) consistent with the B3LYP/aug-cc-pVDZ
evel of theory was observed to show < 15 % deviation from the ex-
eriments. Therefore, following Červinka and Beran (2017) linear fre-
uency scaling corrections were applied ( Červinka and Beran, 2017 ;
aulechka et al., 2007 ; Roy and Gerber, 2013 ; Scott and Radom, 1996 ).
ig. S36 shows the sensitivity of the C p,m 

to the scaling of the vibrational
requencies. 

It is expected that the molar heat capacity increases linearly in pro-
ortion both to the number of –CH2– functional groups and the molec-
lar mass. This linear correlation between C p,m 

with chain length and
olecular mass was clearly observed when the number of atoms in the

ation is ≤ 40 ( Figs. 4 b and 5 b, results will be discussed in detail in
ection 3.4 ). At the same time, a good agreement was found between
he calculated heat capacities of these ILs (with a number of atoms in the
ation ≤ 40) and the experiments. (Table S4) ( Roy and Gerber, 2013 ).
herefore, unscaled (scaling factor 1) vibrational frequencies were used
or the C 2 MIMBr, C 4 MIMBr, C 6 MIMBr and C 8 MIMBr systems. Although
 scaling factor of 0.974 shows the best fit to the experimental anomaly
n the C p,m 

of the C 8 MIMBr system (Fig. S36), the unscaled data yields
he best linearity between C p,m 

with chain length and molecular mass.
6 
or the IL C 10 MIMBr (number of atoms in the cation is 46) which lacks
xperimental data, a best fit to the linear trend was achieved by a scal-
ng of 0.8 (Table S3). To be consistent with the linear trend of C p,m 

ith chain length and molecular weight, appropriate scaling factors
Table S3) were used for ILs with number of atoms > 46 (C 10 MIMBr,
 12 MIMBr, C 14 MIMBr, C 16 MIMBr, Di-C 4 MIMBr 2 and Di-C 8 MIMBr 2 ). A
ystematic investigation yielded an optimal scaling value of 0.70, re-
ulting in a linear trend of heat capacity, with < 3% deviation from the
xperiment for ILs with number of atoms in the cation > 46 over the
elected temperature range (Table S4). The final heat capacities calcu-
ated through molecular modeling are in Table 6 and show good agree-
ent with the experimental results. Altogether, with appropriate quan-

um corrections, the experimental heat capacities were well-reproduced
 < 3.5 % deviation) through molecular modeling (Table S4). Specifically,
nscaled vibrational frequencies are used for ILs with a small number
f atoms (number of atoms ≤ 40), while appropriate vibrational fre-
uency scaling factors are used for ILs with a large number of atoms
number of atoms > 40). To be clear, the vibrational frequency scal-
ng factors were selected to achieve a linear trend in C p,m 

with chain
ength and molecular mass and not to fit the experimental data. This
olecular modeling technique can be used to predict the heat capaci-

ies of other ILs lacking experimental results (as tested for C 10 MIMBr,
 14 MIMBr). 

Fig. 3 shows the final calculated heat capacities of all ILs modeled,
long with the experimental values. The residual portion of the C p,m 

ob-
ained from the enthalpy vs temperature graphs (Fig. S33) are reported
n Table S2 and the ideal gas C p,m 

of the ion-pairs and individual ions
erived from ab initio calculations are presented in Table S3. Similar to
aulechka et al. (2008) we did not observe a significant change between
he ideal gas C p,m 

values obtained for the ion pairs vs the individual ions
see Fig. 3 ). The highest percentage deviation observed is 4.4 % for the
i-C 8 MIMBr 2 system (see Fig. 3 ). One possible reason for observing the

argest deviation in the dicationic system could be that when ion pairs
re used, the imidazolium cation could be affected by the asymmetric
lectric field caused by the neighboring bromide single point charges.
he ion pairs predict heat capacities closer to the experiments than the

ndividual ion results ( Fig. 3 ). 
When the deviations in Tables 4 and 5 (experimental data vs. pre-

ictive models) are compared with the deviations in Table S4 (exper-
mental data vs. computational results) it is clear that the computa-
ional procedure is an improvement over the predictive models. In real-
ty the heat capacity comes predominantly from the vibrational modes
f the molecules. The vibrational modes span a wide frequency range
rom fully thermalized (thus contributing R to heat capacity) to un-
hermalized (contributing nothing), which would be difficult to predict.
ince these modes are directly computed with an ab initio method, and
oreover the intermolecular contribution to the heat capacity is directly

omputed from MD simulation, we could improve upon the predictive
odels albeit at a higher computational cost. 
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Fig. 3. Comparison of isobaric molar heat capacities (J 
mol − 1 K − 1 ) as a function of temperature (K) calculated 
by computer simulations with experiments for the 
studied ILs C 2 MIMBr (a), C 4 MIMBr (b), C 6 MIMBr (c), 
C 8 MIMBr (d), C 10 MIMBr (e), C 12 MIMBr (f), C 14 MIMBr 
(g) C 16 MIMBr (h), Di-C 4 MIMBr 2 (i) and Di-C 8 MIMBr 2 
(j). Coloring is as follows: experimental C p (black, ■), 
simulated C p of ion pairs (red, ▴) and simulated C p of 
individual ions (blue, ►). 

Fig. 4. (a) Experimental molar heat capacities 
(J mol − 1 K − 1 ) as a function of molecular mass 
(g mol − 1 ) for the studied ILs C n MIMBr and Di- 
C n MIMBr 2 at 358.15 K, 368.15 K and 378.15 
K. (b) Molecular modeling molar heat capaci- 
ties (J mol − 1 K − 1 ) as a function of molar mass 
(g mol − 1 ) for the studied ILs C n MIMBr and Di- 
C n MIMBr 2 at 358 K, 368 K, and 380 K. 
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.4. Heat capacity as a function of molecular mass and chain length 

To study how the C p,m 

changes with molecular mass and length of
he alkyl chain at different temperatures we construct the graphs of C p,m 

s molar mass and C p,m 

as a function of the number of –CH 2 – groups us-
ng both experimental and computational results. We observed a good
greement between the experimental and computational results with
oth following the same trend. Here only the computational heat ca-
acities obtained for ion pairs were plotted to reduce clutter. 

When we study the trend of C p,m 

in relation to molecular mass, we
an see that the dicationic IL Di-C 4 MIMBr 2 has a greater molecular mass
nd lower C p,m 

than C 12 MIMBr. The same is true for the IL Di-C 8 MIMBr 2 
n relation to C 16 MIMBr (see Fig. 4 a,b). Based on this, it would be rea-
onable to assume that there are other aspects besides molecular mass af-
ecting the heat capacities of the ionic liquids, particularly for dicationic
Ls. In the case of the class of ILs studied here, the higher values of C p,m 

or the dicationic in relation to the corresponding monocationic ILs is a
rend already reported in the literature ( Zhang et al. (2018 , 2019 ). This
esults from the fact that the heat capacity depends on the number of
7 
ibrational, translational, and rotational modes for energy storage in the
olecules ( Zhang et al., 2018 , 2019 ). Thus, molecules with more modes

hould have higher heat capacities, as is the case for dicationic ILs com-
ared to their monocationic counterparts. This trend can be clearly seen
n the results of this work comparing the values of C p,m 

of the dicationic
Ls Di-C 4 MIMBr 2 and Di-C 8 MIMBr 2 with those of the monocationic ILs
 4 MIMBr and C 8 MIMBr. This effect also helps to explain the lower C p,m 

f dicationic ILs in relation to C 12 MIMBr and C 16 MIMBr. Since bromide
nions only have translational modes, they do not contribute to C p,m 

s much as the cations. The molecular mass of C 12 MIM 

+ and C 16 MIM 

+ 

ations are higher than those of dications Di-C 4 MIM 

2 + and Di-C 8 MIM 

2 + ,
o there is a correspondence between the molecular mass of the cation
nd C p,m 

. 
The effect of the addition of –CH 2 – groups on the side chain of the

Ls was determined by plotting the C p,m 

values of ILs with n = 2 to
 = 16 as a function of n , where n is the number of methylene groups
n the side chain ( Fig. 5 a,b). The data shows that the C p,m 

values in-
rease linearly with increasing n in the temperature range studied. The
xperimental and computational increments were compared in Fig. S37.



C.P. Frizzo, J.C.B. Vieira, D.T.S. Ranathunga et al. Journal of Ionic Liquids 2 (2022) 100048 

Fig. 5. (a) Experimental molar heat capacities 
(J mol − 1 K − 1 ) as a function of the number of 
–CH 2 – groups ( n ) in the side chain for the stud- 
ied ILs C n MIMBr (solid lines) and Di-C n MIMBr 2 
(dotted lines). (b) Simulated molar heat capaci- 
ties (J mol − 1 K − 1 ) as a function of the number of 
–CH 2 – groups ( n ) in the side chain for the stud- 
ied ILs C n MIMBr (solid lines) and Di-C n MIMBr 2 
(dotted lines). 
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Data will be made available on request. 
or each additional –CH 2 – group we found an increment of approxi-
ately 56 J mol − 1 K 

− 1 ± 2 J mol − 1 K 

− 1 over the temperature range
rom experiments and an increment of approximately 52 J mol − 1 K 

− 1 ±
 J mol − 1 K 

− 1 from molecular modeling ( Fig. 5 ). Similar analysis was
erformed by Gómez et al. (2013) for the IL C n MimNTf 2 at 298.15 K
nd the increment per additional –CH 2 – group was 35 J mol − 1 K 

− 1 .
he authors observed that this increment increases with temperature
 Paulechka et al., 2007 ; Ge et al., 2008 ). Considering that the temper-
ture range in this study is at least 1.5 times higher than in the work
f Gómez et al. (2013) , and the increment value per methylene group
eported here was 1.6 greater, these C p,m 

values seem reasonable. The
ncrement in C p,m 

was calculated at different temperatures and the val-
es observed were approximately (54, 55, 56, 57, 59) J mol − 1 K 

− 1 at
358.15, 363.15, 368.15, 373.15, 378.15) K, respectively (from Fig. 5 a).
imilar to Gómez et al. (2013) , the influence on the heat capacity by
he additional methylene groups is higher at greater temperatures and
ollows a linear trend (r = 0.999). When considering the dicationic ILs
Di-C n MIMBr 2 ) with n = 4 to n = 8, the increment observed in the exper-
mental heat capacity from additional methylene groups in the spacer
hain is approximately 33 J mol − 1 K 

− 1 ± 0.7 J mol − 1 K 

− 1 per –CH 2 –
roup and the increment observed in the molecular modeling heat ca-
acity is 37 J mol − 1 K 

− 1 ± 0.9 J mol − 1 K 

− 1 per –CH 2 – group. This in-
rement also increases with temperature, but with a smaller magnitude
han for monocationic ILs - when considering the same temperatures,
he increment to the dicationic ILs was approximately (32, 32, 32, 33,
4) J mol − 1 K 

− 1 , respectively (from Fig. 5 ). Since our scope of dica-
ionic ILs was limited, it is hard to say that this is the general trend,
ut it can be said that the increment is apparently lower than for the
onocationic ILs. The overall trend we observed is consistent with the

iterature showing that the longer the length of the alkyl chain or the
igher the molecular mass, the higher the heat capacity. Also, the in-
uence on the heat capacity of additional methylene groups is greater
t higher temperatures for both mono- and dicationic ILs ( Kim et al.,
004 b; Cadena et al., 2006 ). 

. Conclusions 

In this work, the molar heat capacities of a series of ionic liquids
 n MIMBr ( n = 2, 4, 6, 8, 12, 16) and Di-C n MIMBr 2 ( n = 4, 8) was mea-
ured by Modulated Differential Scanning Calorimetry (MDSC) over the
emperature range (358.15 to 378.15) K. The increase in heat capac-
ty with temperature was linear for all ILs (r = 0.999). The increase in
eat capacity with the number of methylene groups in the side chain
8 
f monocationic ILs was 56 J mol − 1 K 

− 1 ± 2 J mol − 1 K 

− 1 . For the di-
ationic ILs the increase was 33 J mol − 1 K 

− 1 ± 0.7 J mol − 1 K 

− 1 per
CH 2 – group. The experimental values were compared with those ob-
ained from predictive models and molecular modeling analysis. Results
rom the predictive models were mixed, with reasonable agreement for
onocationic ILs with alkyl side chain lengths from n = 4 to 12, showing

he limitations of this heat capacity prediction approach. The dicationic
Ls had values of C p,m 

in good accordance with the predictive models.
he molecular modeling analysis of C n MIMBr ( n = 2, 4, 6, 8, 10, 12,
4, 16) and Di-C n MIMBr 2 ( n = 4, 8) showed good agreement with the
xperimental heat capacities, where the observed experimental trends
f the increase in heat capacity with molecular mass and chain length
ere precisely captured by molecular modeling. This molecular mod-
ling technique can be used to predict the heat capacity of other ILs
uch as ILs with the same anion with different C n MIM 

+ or Di-C n MIM 

2 + 

ype cations, or other IL systems that show a linear trend of increasing
eat capacity with chain length or molecular weight. The samples used
or the C p measurements presented a water content greater than the val-
es in the majority of published works, however, good agreements were
ound with literature and, when that was not the case, the water con-
ent did not seem to be the major factor influencing the differences. The
esults reported here may be useful for the development of new applica-
ions of long alkyl chain imidazolium-based ILs in processes operating at
elatively high temperatures such as the temperatures used in this study
nd when completely drying the ILs is too laborious. 
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