
The University of Manchester Research

Further Development of the Predictive Models for Physical
Properties of Pure Ionic Liquids: Thermal Conductivity and
Heat Capacity
DOI:
10.1016/j.jct.2017.10.010

Document Version
Accepted author manuscript

Link to publication record in Manchester Research Explorer

Citation for published version (APA):
Oster, K., Jacquemin, J., Hardacre, C., Ribeiro, A. P. C., & .Elsinawi, A. (2017). Further Development of the
Predictive Models for Physical Properties of Pure Ionic Liquids: Thermal Conductivity and Heat Capacity. Journal
of Chemical Thermodynamics. https://doi.org/10.1016/j.jct.2017.10.010

Published in:
Journal of Chemical Thermodynamics

Citing this paper
Please note that where the full-text provided on Manchester Research Explorer is the Author Accepted Manuscript
or Proof version this may differ from the final Published version. If citing, it is advised that you check and use the
publisher's definitive version.

General rights
Copyright and moral rights for the publications made accessible in the Research Explorer are retained by the
authors and/or other copyright owners and it is a condition of accessing publications that users recognise and
abide by the legal requirements associated with these rights.

Takedown policy
If you believe that this document breaches copyright please refer to the University of Manchester’s Takedown
Procedures [http://man.ac.uk/04Y6Bo] or contact uml.scholarlycommunications@manchester.ac.uk providing
relevant details, so we can investigate your claim.

Download date:20. Apr. 2024

https://doi.org/10.1016/j.jct.2017.10.010
https://research.manchester.ac.uk/en/publications/8258a01c-cd15-4f62-8c71-b36d375c8778
https://doi.org/10.1016/j.jct.2017.10.010


Accepted Manuscript

Further Development of the Predictive Models for Physical Properties of Pure
Ionic Liquids: Thermal Conductivity and Heat Capacity

K. Oster, J. Jacquemin, C. Hardacre, A.P.C. Ribeiro, A. Elsinawi

PII: S0021-9614(17)30377-4
DOI: https://doi.org/10.1016/j.jct.2017.10.010
Reference: YJCHT 5244

To appear in: J. Chem. Thermodynamics

Received Date: 14 August 2017
Revised Date: 5 October 2017
Accepted Date: 17 October 2017

Please cite this article as: K. Oster, J. Jacquemin, C. Hardacre, A.P.C. Ribeiro, A. Elsinawi, Further Development
of the Predictive Models for Physical Properties of Pure Ionic Liquids: Thermal Conductivity and Heat Capacity,
J. Chem. Thermodynamics (2017), doi: https://doi.org/10.1016/j.jct.2017.10.010

This is a PDF file of an unedited manuscript that has been accepted for publication. As a service to our customers
we are providing this early version of the manuscript. The manuscript will undergo copyediting, typesetting, and
review of the resulting proof before it is published in its final form. Please note that during the production process
errors may be discovered which could affect the content, and all legal disclaimers that apply to the journal pertain.

https://doi.org/10.1016/j.jct.2017.10.010
https://doi.org/10.1016/j.jct.2017.10.010


  

Further Development of the Predictive Models for Physical Properties of Pure Ionic 

Liquids: Thermal Conductivity and Heat Capacity 

K. Oster
1,2*

, J. Jacquemin
2,3, C. Hardacre

1,2*, A. P. C. Ribeiro
4
, A. Elsinawi

5 

 

1 The University of Manchester, School of Chemical Engineering & Analytical Science, 

Sackville Street, M13 9PL, Manchester 

2 Queen’s University Belfast, School of Chemistry & Chemical Engineering, Stranmillis 

Road, BT9 5BW, Belfast 

3 Université François Rabelais, Laboratoire PCM2E, Parc de Grandmont 37200 Tours 

4 Universidade de Lisboa, Centro de Química Estrutural, Instituto Superior Técnico, Av. 

Rovisco Pais 1, 1049-001, Lisboa 

5 King Fasial University, Materials Engineering Department, College of Engineering, Al-

Hasa, 31982, Hofuf 

 

 Efficient, fast and accurate heat transfer units design is currently a ‘hot topic’ due to 

the demand for more approachable and high-performance-ability materials. This is usually 

performed by the prediction of physical properties coupled with sufficient structure searching 

(for example with genetic algorithm). Ionic liquids have been found to be prospective 

replacement materials in this case; however, the predictive capabilities of existing models 

still remain poor which affects their practical application significantly. It has also been 

observed that for some quaternary-phosphonium based carboxylate ILs, the models fail, 

particularly, for thermal conductivity and heat capacity predictions. The impact of electronic 

structure on the heat capacity was confirmed by DFT calculations, and this was also included 

in further refinement. The aim of this work is to assess the predictive capabilities of existing 

models for thermal conductivity and heat capacity, with further improvements based on more 

accurate investigated structure characterization (DFT) and reparameterization (group 

contribution methodology). The ILs chosen for the initial study are 

trihexyl(tetradecyl)phosphonium-based carboxylate derivatives.  

 



  

Keywords: Ionic Liquids, Physical Properties Prediction, Thermal Conductivity, Heat 

Capacity, Density Functional Theory. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



  

1. Introduction 

 

Heat transfer fluids (HTFs) are important in the process and energy industries where 

efficient usage and transfer of energy in the form of heat is critical in the overall process 

design of the system. There are increasingly high requirements being placed on HTFs which 

include their price, stability and performance. Ionic liquids (ILs) have been proposed as 

alternatives to the conventionally HTFs, such as water, ethylene glycol and silicone oil, due 

to their unique physical properties [1–3]. Briefly, ILs are task specific tunable compounds 

with unique properties, namely low freezing point, wide liquid range, non-flammability or 

very low vapor pressure [4], which are strongly dependent on the combination of selected 

anion and cation that determine, for example, their degree of ionicity and interactions in 

solution [5–7]. To date, their thermophysical properties have been extensively investigated to 

assess their real potential in a given process design [8,9]. However, to examine the viability 

of whether IL based-HTFs can be used in a specific application, their thermophysical 

properties, especially thermal conductivity, heat capacity, density and viscosity, must be 

accurately determined to allow a better understanding of their structure-properties 

relationships.  In the case of ILs, due to the large number of possible ion combinations and 

with a goal of reducing the compositional space to be studied experimentally, predictive 

models have been developed and tested against experimentally determined data [10–25]. 

Many of these models have been based on those originally applied to molecular solvents 

using group contribution methods or equation of state relationships [26–30]. 

Many models, based on group contribution methods, artificial neural networks, or 

genetic algorithm, have been proposed for the predictions of the ILs thermal conductivity, to 

date [10,11,13,15,16,18,20,25,31]. It is worth noting that the terms ‘correlative’ and 

‘predictive’ are often wrongly used in a interchangeably manner. The correlative models are 

thought to be fully based on experimental data (such as viscosity, density or melting point). 

Meanwhile, the predictive models are usually related to equation-of-state-like methodologies. 

The third group, evaluative methodologies, are usually assessed with group contribution 

methods [32]. As well as temperature and compositional effects, a number of studies have 

included pressure as an input parameter, however, the availability of those data is extremely 

limited so the errors are potentially large in predicting the IL properties [10,15,16,18]. 

The predictive models of heat capacity can be divided into two groups: the Meccano 

and the Lego approaches. The Meccano approach uses large functional groups (usually whole 



  

ions) while the Lego approach divides the structure of compounds into smaller functional 

groups, similar to those in traditional group contribution methods. Most of them are based on 

group contribution methods [12,14,17,19,23,24,33]. 

In terms of predictive models, Valderrama’s critical parameters for ILs have been 

used to model their physical properties; however, the critical properties cannot be visualised 

experimentally as many ILs decompose before their evaporation (boiling point) [21,34,35], 

which is a major drawback in the validation of the properties. Although they have been 

applied to predict physiochemical properties of the ILs; moreover, as was shown by 

Valderrama et al. (2015), deviations for high molecular mass ILs are observed in comparison 

to simple hydrocarbons and their critical properties [22].  

Besides the critical properties and the lack of ability of the current models to 

introduce the contribution of the molecular mass in the prediction of properties, Wu et al. 

(2013) found another issue in the –CH2– group characterization of phosphonium- and 

ammonium-based ILs in the prediction of thermal conductivity [25]. This was related to 

different charge environment in these groups of compounds and in comparison to 

imidazolium-, pyridinium- or pyrrolidinium-based ILs, the group contribution parameters 

impact differs. Wu et al. (2013) overcame this problem by using three different –CH2– group 

parameters in term to type of compound: ammonium, phosphonium or others (imidazolium, 

pyrrolidinium, pyridinium, etc.) [25]. 

Based on these above-mentioned observations, the first part of this work is devoted on 

the truly assessment of the accuracy of existing theoretical models for the evaluation of the 

thermal conductivity and heat capacity of a range of selected tetraalkyl phosphonium based 

ILs as a function of temperature. The selected ILs for this study are based on the 

trihexyl(tetradecyl)phosphonium cation, [P14,6,6,6]
+, and carboxylate anions – acetate, [AcO]-, 

butanoate, [ButO]-, hexanoate, [HexO]-, octanoate, [OctO]-, and decanoate, [DecO]-, due to 

their potential for many applications [36–38]. In the light of such analysis, quantum chemical 

calculations (DFT) were then used to examine the charge distribution of classical ions used to 

design ILs to drive a more rigorous group contribution parameterisation to further improve 

the accuracy of such existing models. 

The models chosen for the further improvement are Wu et al. and Ge-Nancarrow in 

case of thermal conductivity and heat capacity, respectively. The choice was dictated by the 



  

fact of their simplicity to use and further development which means that the limitations 

related to them are minimized. 

 

2. Calculations 

To predict the thermal conductivity Wu model was used, defined by the following 

equation [25]:  
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where Tc is so-called critical temperature and Tb is the boiling temperature. In this case, 

Valerrama’s critical and boiling temperature are used; ∆Tb and ∆Tc are the contributions to 

the boiling and critical temperature, respectively [21,22,35]. 

 The prediction of heat capacity from the model of Ge et al. (2008) [14] and 

Nancarrow et al. (2015) [17] is done by the following equations: 
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where ω is the acentric factor and ACp, BCp, CCp, DCp are the group contribution parameters, R 

is the gas constant (8.314 J mol-1 K-1), and pc is the critical pressure, in this case 

Valderrama’s critical pressure [14,17]:  
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The quantum chemical calculations were performed in Gaussian 09W-A02 software. 

The structure optimization was carried out using ground state density functional theory (DFT) 

level of theory, B3LYP hybrid functional, DGTZVP basis set [39–41]. In the next step, the 

Mulliken charge distribution was determined to assess the charge distribution of each selected 

species [42,43]. 

To check how reliable the predicted values are, the relative deviation (RD) and 

average absolute relative deviation (AARD) were calculated as follows: 
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where k is the total number of data points, xcalc,i and xexp,i are the calculated and experimental 

data points (heat capacity or thermal conductivity), respectively. 

The group contribution coefficients re-optimization of models was performed in 

Microsoft Excel using the Solver add-in, and generalized reduced gradient (GRG) nonlinear 

optimization method (minimization of AARD as set objective up to 10 consistent iterations 

with central derivatives, constraints precision of 10-6, and convergence of 10-6).  

The structures of all the ILs used for initial access of models are shown in Figure 1. 
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Figure 1 Structures of ILs used for initial assessment. 

 

3. Results 

 

Quantumchemical calculations 

To fully reflect the group contribution methodology, the exact structure of 

investigated compounds must be known. In the case of simple organic compounds (i.e. 

carbohydrates, alcohols, organic acids, etc.), the charge can be successfully neglected as its 

impact is negligible [44–47], as a result of them acting as van der Waals liquids. However, 

ILs are known for the many types of interactions occurring between the constituents [48,49]. 

For this reason, the charge distribution is an important factor which must be considered when 

developing the group contribution methods. Wu et al. (2013) have already included this 

effect by dividing the parameters in term of cation type [25]. Furthermore, following the 

works of Benson and Buss (1958) [50], and Joback (1984) [51] in which the group 

contribution methodology was proposed to be used for heat capacity predictions of molecular 

solvents, Ge et al. (2008) used this model to predict the heat capacity of ionic liquids [14], 

Nancarrow et al. (2015) added reoptimized and new groups to the model [17]. As can be 

noted, none of the model included the charge localization on the molecule, nor the type of 

cation/anion. It seems to be essential to reconsider this model in order to introduce additional 

parameters describing the charge distribution on charged species like IL ions. 

For this purpose, the calculated Mulliken charges on each atom were used for all 

selected ions. The comparison of the ILs cations and anions with a van der Waals molecule, 

hexane, was undertaken due to its entire neutral charge character. It can be seen that hexane 

can be divided into two regions (Figure 2); the first consists of -CH3 groups with the 



  

Mulliken charge of ~-0.634 and ~0.206, for carbon and hydrogen, respectively. The other 

region consists of -CH2- groups with the charge of ~-0.381 and ~0.194, for carbon and 

hydrogen, respectively.  

 

 

Figure 2 The structure of hexane with calculated Mulliken charges. 

 

The structures of all the considered cations are shown in Figure 3. It can be observed 

that all nitrogen-based cations (imidazolium, pyridinium, tetraalkyl ammonium, 

pyrrolidinium and quinolinium) have similar charge distributions with a slightly negative N+ 

centre with charge of ca. -0.090. This can be explained as charge transfer to groups bonded to 

the positive N-centre, particularly the first one, which exhibits higher charge than in 

comparison to other groups. It can be also observed that the following 3 groups from N+ 

centre are affected, and their behaviour deviated from typically van der Waals-like behaviour, 

in particular the charge located on hydrogen atoms. It seems reasonable that these should be 

considered separately from the neutral chains (such as this in hexane). In case of 

phosphonium cation, the positive charge is located on P+ centre, as close to +0.928, in 

contrast to N-based. Moreover, the first 3 groups bonded to P+ centre are affected, similarly 

to those of N-based cations. 

 



  

 

Figure 3 The structures of considered cations with calculated Mulliken charges. 

 

A similar approach was applied to the anions (Figure 4). Moreover, to distinguish the 

differences between cations and anions that are N- or P-based, 

bis[(trifluoromethyl)sulfonyl]imide and hexafluorophosphate anions were considered. It can 

be seen that the effect of the negative charged group pertains up to the third carbon in the 

alkyl chain length in the carboxylate anions as found for the cations. Moreover, the nitrogen 

atom in bis[(trifluoromethyl)sulfonyl]imide anion is highly negative, as expected. It can be 



  

also observed that the phosphorus atom in hexafluorophosphate anion is highly positive what 

is caused by the highly electronegative fluorine atoms attached to the central phosphorus. 

 

 

Figure 4 The structures of considered anions with calculated Mulliken charges. 

 

The above considerations allow new groups to be defined which include the charge 

distribution.  These can be characterised as (i) van der Waals-like, N-based, P-based and 

anion-based CH3 group; (ii) van der Waals-like, N-based, P-based and anion-based CH2 



  

group; (iii) neutral, cation-based and anion-based >N- group; (iv) cation-based and anion-

based -P group. The first 3 bound carbon groups to the charged centre (both positively and 

negatively) are divided in terms of N-based, P-based cations, and anions. 
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Figure 5 The examples of phosphonium-, ammonium- and imidazolium-based cations, and 

carboxylate anion, for heat capacity predictions. 

 

Following this approach, the examples can be given (for cations and anion in Figure 

5; red are affected by charge, and blue are not affected): (i) for ethyltrihexylphosphonium 

cation (upper left) – (red: 10 × –CH2–P-based + 1 × –CH3,P-based) + (blue: 6 × –CH2–neutral + 3 × 

–CH3,neutral); (ii) for butyltrimethylammonium cation (upper right) – (red: 6  × –CH2–N-based + 

3 × –CH3–N-based) + (blue: 1 × –CH3,neutral); (iii) for 1-butyl-3-methylimidazolium cation 

(lower left) – (red: 3 × –CH2–N-based + 1 × –CH3–N-based) + (blue: 1 × –CH3–neutral); (iv) for 

heptanoate anion (lower right) – (red: 3 × –CH2–anion-based) + (2 × –CH2–neutral + 1 × –CH3–

neutral).  

 

Thermal conductivity 

As an input to test the available models predictive capabilities, a series of 

trihexyl(tetredacyl)phosphonium acetate [P14,6,6,6][AcO], butanoate [P14,6,6,6][ButO], 



  

hexanoate [P14,6,6,6][HexO], octanoate [P14,6,6,6][OctO], and decanoate [P14,6,6,6][DecO] ILs 

were used.  This is since this class of ILs (tetraalkylphosphonium cation combined with 

carboxylate anions) has not been used to establish any of the existing models reported and 

tested, herein. It has been previously reported that the thermal conductivity coefficient was 

not dependent on the anion chain length for investigated [P14,6,6,6][RO] ILs, and similar 

relationships were found for 1-alkyl-3-methylimidazolium-based ILs with different alkyl 

chain lengths of cation [52]. Regarding the elementary relationship between molar mass of 

compounds and thermal conductivity [53], the discrepancy which can be found in ILs 

influences significantly the ability to predict the thermal conductivity coefficient. This error 

may be the result of strong cation-anion Coulombic interactions [25,42,48]. Moreover, the 

contribution of hydrogen bonding, as well as van der Waals interactions are not negligible as 

ILs can form a large variety of these interactions as reported by Hunt et al. (2015) [48]. On 

the other hand, it was shown in other reports devoted to the predictions that ILs with high 

molecular mass can deviate from theoretical properties and correction factors are necessary 

[22]. 

The predicted values of thermal conductivity for all the ionic liquids studied are 

summarised in Table S1.  Figure 6 shows the experimental data as well as the modelled data 

as a function of temperature, before and after the optimization. To assess the quality of 

predictions (in comparison to experimental data), relative deviation (RD) were calculated 

(Figure 7). Their values were collected in Table S1, and average absolute relative deviation 

(AARD) in Table 1. 

 

 



  

 

Figure 6 Thermal conductivity as a function of the temperature for:  

 – experimental data of [P14,6,6,6][AcO];  – experimental data of [P14,6,6,6][ButO];  

 – experimental data of [P14,6,6,6][HexO];  – experimental data of [P14,6,6,6][OctO];  

 – experimental data of [P14,6,6,6][DecO];  – Wu model before optimization;  

– Wu model after optimization. 

 



  

 

Figure 7 Relative deviations for thermal conductivity in case of:  – Wu model 

before optimization; – Wu model after optimization. 

 

Table 1 Average absolute relative deviation (AARD) values of investigated ionic liquids 

thermal conductivity predictions, T = (278 – 358) K, at atmospheric pressure. 

 AARD /% 

 
Wu model 

before optimization 

Wu model 

after optimization 

[P14,6,6,6][AcO] 11.11 0.47 

[P14,6,6,6][ButO] 11.20 1.31 

[P14,6,6,6][HexO] 12.39 1.05 

[P14,6,6,6][OctO] 14.52 1.80 

[P14,6,6,6][DecO] 15.52 2.78 

 

The deviations using the Wu model before optimization are negative values what may 

be caused by not insufficient anions with a range of carbon chain length being used to derive 

the model (Figure 7, Table S1). After the optimization, the deviations are close to 0%, 



  

ranging from positive to negative values. However, to compare the model, overall AARDs 

was calculated as 16.42 Wu model [10,16,25]. 

The uncertainty of the measurement determined by the calibration procedure, K ± δK, 

was 0.9932 ± 0.0075 (where K is the calibration constant), what remains 1.50 % deviation in 

case of the calibration constant, and mean 3.44% in case of measurement of [P14,6,6,6][RO] 

ILs. Nevertheless, the measurement uncertainty reported in the literature was observed to 

reach values up to 9% [52,54]. As can be seen, the AARDs are highly deviated when 

compared to the uncertainty of the measurement (before optimization). The maximum RD 

was found as -19.54 % for [P14,6,6,6][DecO] at 278.50 K (Table S1 and Figure 7). The 

smallest RD was found as -14.17 % for [P14,6,6,6][ButO] at 357.40 K for the Wu model. As 

can be seen, the maximum RD was found for the lowest temperature (~278 K), however, the 

model included no data at these temperatures. 

Another important relationship can be found for deviations between calculated and 

experimental results as a function of temperature (Figure 7) where for the Wu model before 

optimization the deviations for all ILs are similar. It may be caused by not accurate enough 

parametrization of –CH2– group model which is the only one factor changing in investigated 

ILs. It can be observed also in Figure 8 where the results of thermal conductivity coefficient 

as a function of anion chain length are presented. Experimental data and values calculated 

with Wu model exhibited similar gradients which indicates that the prediction can be reliable 

(in the meaning of anion chain length dependence) while the re-optimization may solve this 

problem. The slight shifts with consistent slope in the dependence of anion chain length were 

achieved due to previously mentioned characterization of different –CH2– group, in the 

meaning of ILs type (ammonium, phosphonium or others) [25]. 



  

 

Figure 8 Thermal conductivity as a function of [P14,6,6,6][RO] anion chain length at 298.15 K 

for:   – experimental;  – Wu model before optimization;   – Wu model after 

optimization. 

 

The primary Wu model included only a few data points using quaternary 

phosphonium-based ILs (8 ILs with overall 54 data points). In general, the model showed a 

linear decrease in the thermal conductivity with increasing the chain length. As mentioned 

above, ILs with high molecular mass are very specific in the meaning of their critical 

properties due to their deviations from molecular solvents. As was shown by Valderrama et 

al. (2015) these properties exhibit deviations from linearity of critical parameters as function 

of molecular mass when compared to simple molecular solvents. This problem was solved by 

the introduction of mass connectivity index as a correction factor [22].  

Group contribution methods are known for their simplicity to improve them and 

implement more data [55,56]. The only model which was discussed and fully based on this 

approach is Wu model. All data used to improve the Wu model are summarized in Table 2. 

55 ILs were used including those based on imidazolium-, pyrrolidinium-, pyridinium-, 



  

phosphonium- and -ammonium cations. Overall 399 data points were used in the temperature 

range of (273.15 – 390) K. Moreover, 9 ILs with molecular mass higher than 500 g mol-1 

were used, and their critical parameters were calculated based on the methods proposed by 

Valderrama et al. (2015) [21]. As the thermal conductivity is a transport property, it seems to 

be reasonable to include the mass connectivity index and describe the connection between 

cation and anion. The availability of experimental data points for thermal conductivity is still 

very limited in the literature, thus, it affects the predictive models directly. Moreover, there is 

significant scatter for the values reported, e.g. for [C2C1Im][NTf2] the thermal conductivity 

has been reported as  0.130 W m-1 K-1 (298 K) [52] and 0.1202 W m-1 K-1 (298 K) [11]. 

Therefore, in order to select the data used for the model improvement/development a number 

of factors were considered including (i) the sample source, purification, purity and water 

content, treatment; (ii) the method used to determine the thermal conductivity (transient-hot 

wire vs parallel plate), and the associated uncertainties; (iii) the experimental data treatment 

and analysis including calibration, systematic errors reduction and statistical analysis. These 

three points are not negligible and must be always considered. For example, as was 

mentioned by Tomida et al. (2007) [57] and additionally highlighted by Wu et al. (2013) 

[25], the data in work of van Valkenburg et al. (2005) [2] cannot be reliable due to technique 

that was used which was a transient hot-wire measurement with a tantalum wire having a 

diameter of 0.052 mm and length of 25.3 mm and a heating rate of 30 K s-1. 

The optimization was performed (as explained in ‘Calculations’ section) and the 

AARD values of the model for investigated ILs can be found in Table 1. As can be seen, the 

values are below the measurement uncertainty (3.44 %), with maximum for [P14,6,6,6][DecO] 

2.78 %. The overall AARD for all data sets used is 1.66 %, with maximum AARD of 7.16 % 

for 1,3-dibutylimidazolium bis[(trifluoromethyl)sulfonyl]imide. Wu et al. (2013) reported the 

same value of overall AARD, 1.66 %, while the maximum AARD was 11.0 % [25]. The 

AARD of the model using the database from this work is 6.80 %. The results were also 

shown in Figure 9, including models before and after optimization. When the uncertainty of 

the method is taken into account, it can be assumed that the values produced by this method 

after optimization are satisfactory. Only eight points were out of this range which is only 2 % 

of all database. The new group contribution model coefficients are reported in Table 3. The 

database used together with the calculations applied is included as a Microsoft Excel file in 

the supplementary information. 

 



  
 

Figure 9 Linear relationship between experimental and calculated thermal conductivites for 

all sets of ionic liquids, a) – before and, b) – after optimization; black circles – training set, 

red circles – testing set (trihexyl(tetradecyl)phosphonium carboxylate ILs). 

 



  

Table 2 Summary of ILs data used for the thermal conductivity model improvement. 

Name T /K Amount of data M /g mol
-1

 AARD /% 

1,2-dimethyl-3-propylimidazolium bis[(trifluoromethyl)sulfonyl]imide [2] 300 – 390 10 419.36 2.22 
1,3-dibutyl-imidazolium bis[(trifluoromethyl)sulfonyl]imide [11] 293.15 –353.15 9 461.44 -7.16 
1-butyl-1-methylpyrrolidinium bis[(trifluoromethyl)sulfonyl]imide [52] 293 – 323 4 422.41 -0.69 
1-butyl-1-methylpyrrolidinium dicyanamide [58] 293.5 – 343.4 6 208.30 -0.79 
1-butyl-1-methylpyrrolidinium tris(pentafluoroethyl)trifluorophosphate [52] 293 – 353 7 587.27 -3.14 
1-butyl-3-methylimidazolium bis[(trifluoromethyl)sulfonyl]imide [52] 293 – 353 7 419.36 -0.79 
1-butyl-3-methylimidazolium dicyanamide [58] 293.6 – 344.2 6 205.26 -2.53 
1-butyl-3-methylimidazolium hexafluorophosphate [54] 293 – 353 7 284.18 1.47 
1-butyl-3-methylimidazolium tetracyanoborate [59] 283.15 – 353.15 8 254.10 -1.76 
1-butyl-3-methylimidazolium tetrafluoroborate [57] 294.2 – 334.3 3 226.02 1.97 
1-butyl-3-methylimidazolium tricyanomethane [59] 283.15 – 353.15 8 229.28 -3.17 
1-butyl-3-methylimidazolium trifluoromethanesulfonate [52] 293 – 353 7 288.29 0.51 
1-butylpyridinium tetrafluoroborate [60] 294.2 – 334.3 3 223.02 3.04 
1-decyl-3-methylimidazolium bis[(trifluoromethyl)sulfonyl]imide [52] 293 – 353 7 503.52 3.00 
1-decyl-3-methylimidazolium tetracyanoborate [59] 283.15 – 353.15 8 338.26 1.79 
1-ethyl-3-methylimidazolium acetate [11] 273.15 – 353.15 9 170.21 0.95 
1-ethyl-3-methylimidazolium bis[(trifluoromethyl)sulfonyl]imide [52] 293 – 353 7 391.31 1.04 
1-ethyl-3-methylimidazolium dicyanamide [58] 293.4 – 343.4 6 177.21 4.10 
1-ethyl-3-methylimidazolium ethylsulfate [52] 293 – 353 7 236.29 0.45 
1-ethyl-3-methylimidazolium methylphosphonate [11] 273.15 – 353.15 9 205.18 1.77 
1-ethyl-3-methylimidazolium octylsulfate [11] 273.15 – 353.15 9 320.45 0.67 
1-ethyl-3-methylimidazolium tricyanomethanide [11,59] 273.15 – 353.15 17 201.23 1.05 
1-hexyl-3-methylimidazolium bis[(trifluoromethyl)sulfonyl]imide [52] 293 – 353 7 447.42 0.41 
1-hexyl-3-methylimidazolium hexafluorophosphate [20,54] 293 – 353 13 312.24 1.80 
1-hexyl-3-methylimidazolium tetracyanoborate [59]  283.15 – 353.15 8 282.15 1.05 
1-hexyl-3-methylimidazolium tetrafluoroborate [61] 294.2 – 334.4 3 226.02 1.50 
1-hexyl-3-methylimidazolium tricyanomethanide [59] 283.15 – 353.15 8 257.33 1.38 
1-hexylpyridinium tetrafluoroborate [60] 294.2 – 334.3 3 251.07 1.80 
1-octyl-3-methylimidazolium bis[(trifluoromethyl)sulfonyl]imide [52] 293 – 353 7 475.47 0.46 
1-octyl-3-methylimidazolium hexafluorophosphate [20] 295.1 – 335.2 3 340.29 2.20 
1-octyl-3-methylimidazolium tetracyanoborate [59] 283.15 – 353.15 8 310.21 3.18 
1-octyl-3-methylimidazolium tetrafluoroborate [61] 294.2 – 334.3 3 282.13 0.86 
1-octyl-3-methylimidazolium tricyanomethanide [59] 283.15 – 353.15 8 285.39 3.01 
1-octylpyridinium tetrafluoroborate [60] 294.2 – 334.3 3 279.13 2.25 



  

3-decyl-1-methylimidazolium tricyanomethanide [59] 283.15 – 353.15 8 313.44 1.00 
butyltrimethylammonium bis[(trifluoromethyl)sulfonyl]imide [62] 296.69 – 332.21 3 396.38 1.52 
methyltrioctylammonium bis[(trifluoromethyl)sulfonyl]imide [11] 273.15 – 353.15 9 648.85 0.83 
tetrabutylphosphonium 2-aminoethanesulfonate [63] 298.15 – 353.15 7 383.57 4.43 
tetrabutylphosphonium L-cysteinate [63] 298.15 – 353.15 7 379.58 0.14 
tetrabutylphosphonium L-lysinate [63] 298.15 – 353.15 7 404.61 0.05 
tetrabutylphosphonium L-prolinate [63] 298.15 – 353.15 7 373.55 0.08 
tetrabutylphosphonium L-serinate [63] 298.15 – 353.15 7 363.52 1.31 
tetrabutylphosphonium L-threoninate [63] 298.15 – 353.15 7 377.54 0.25 
tetrabutylphosphonium L-valinate [63] 313.15 – 353.15 5 375.57 0.20 
tributylmethylammonium 2-aminoethanesulfonate [63] 298.15 – 353.15 7 324.52 0.28 
tributylmethylammonium L-lysinate [63]  298.15 – 353.15 7 345.56 1.89 
tributylmethylammonium L-serinate [63] 298.15 – 353.15 7 304.47 0.21 
tributylmethylammonium L-threoninate [63]  298.15 – 353.15 7 318.50 0.13 
tributylmethylphosphonium methyl sulfate [64] 283.34 – 353.51 9 328.45 1.84 
trihexyl(tetradecyl)phosphonium acetate 278.70 – 357.78 9 542.91 0.47 
trihexyl(tetradecyl)phosphonium bis[(trifluoromethyl)sulfonyl]imide [52,64] 285.65 – 353 14 764.00 2.36 
trihexyl(tetradecyl)phosphonium chloride [52] 293 – 353 7 519.31 0.15 
trihexyl(tetradecyl)phosphonium decanoate 278.65 – 357.70 9 655.13 2.78 
trihexyl(tetradecyl)phosphonium tris(pentafluoroethyl)trifluorophosphate [64] 282.19 – 355.07 9 928.87 4.72 
trihexyltetradecylphosphonium bis(2,4,4-trimethylpentyl)phosphinate [64] 282.47 – 353.62 9 773.27 1.85 
55 unique ILs 273.15 – 390 399 170.21 – 928.87 1.66 



  

Table 3 New parameters for equation (1) in the Wu model (thermal conductivity). 

Group 
∆λ0,j Amount of data points 

Without rings 

-CH3 0.5929 396 
-CH2- (ammonium-based) 0.101 40 
-CH2- (phosphonium-based) 0.407 113 
-CH2- (with others) 0.701 237 
>C< -0.467 165 
>CH- 1.927 63 
-CN 2.563 99 
-COO- 1.029 88 
>N-/>N<+/-N-- 5.28 130 
-NH2 0.929 63 
-SO2- 7.54 130 
-O-/[-O]- -0.208 64 
-OH 1.925 28 
=O 0.323 18 
-F 1.3166 145 
-Cl 0.841 7 
-B -1.04 50 
-P 3.2939 149 
-S- 5.37 7 
With rings   
=CH- -0.022 226 
-CH2- 1.5145 24 
>CH- 2.055 7 
-NH- 0.547 7 
-N= 1.835 226 
>N-/>N<+ 0.042 234 
Coefficients   
k0 372.98 · 10-2  
a0 646.97 · 10-4  
a1 -1871.59 · 10-6  
a2 25.85 · 10-6  

 

 

 Heat capacity 

As discussed above, the P+/N+ centres lead to significant differences in the charge 

distribution on the bound alkyl chain. For this reason, the charge effect was included in the 

structure characterization for heat capacity prediction to correctly reproduce the group 

contribution methodology. 

The results of heat capacity prediction are summarised in Table S2, and presented in 

Figure 10. The Ge-Nancarrow model does not include any information about connections but 

divides the structure into characteristic groups (as group contribution methods) for both 

cation and anion without distinction on the charge type or place on the molecule, as in Joback 

method. As can be seen, the predicted values have increasingly large deviations from the 

experimental data with increasing the anion chain length using the model. It is expected that 



  

the heat capacity increases with anion chain length which is observed in the experimental and 

predicted data. The calculated overall AARD is 2.14%. The maximum determined RD is -

5.66% for [P14,6,6,6][DecO] at 293.15 K. While the minimum RD is -0.05% for 

[P14,6,6,6][ButO] at 358.15 K, as shown in Figure 11. The AARD values are reported in Table 

4. As can be seen, the Ge-Nancarrow model estimated the AARD values of heat capacity 

below 5 % for all ILs. The uncertainty of the experimental measurements of heat capacity 

have been reported to be higher than 10 % in some works but [65–67], more commonly, are 

up to 3 % [68–70]. Thus, the capability of well-working model is assessed as the AARD 

below 3 %. 

 

 

Figure 10 Heat capacity as a function of the temperature for:  

 – experimental data of [P14,6,6,6][AcO];  – experimental data of [P14,6,6,6][ButO];  

 – experimental data of [P14,6,6,6][HexO];  – experimental data of [P14,6,6,6][OctO];  

 – experimental data of [P14,6,6,6][DecO];  – Ge-Nancarrow model before 

optimization;  – Ge-Nancarrow model after optimization.  



  

 

Figure 11 Relative deviations for thermal conductivity in case of: – Ge-

Nancarrow model before optimization; – Ge-Nancarrow model after 

optimization.  

 

 

 

 

 

 

 

 

 



  

Table 4 Average absolute relative deviation (AARD) values of investigated ionic liquids and 

models (heat capacity), T = (293 – 363) K, at atmospheric pressure. 

 AARD /% 

 

Ge-Nancarrow model 

before optimization 

Ge-Nancarrow model 

after optimization 

[P14,6,6,6][AcO] 2.07 1.26 

[P14,6,6,6][ButO] 1.55 1.64 

[P14,6,6,6][HexO] 1.96 1.31 

[P14,6,6,6][OctO] 2.22 1.46 

[P14,6,6,6][DecO] 2.91 1.70 

 

The deviations for the Ge-Nancarrow model remain similar what may indicate the 

propagation of the same error, e.g. the -CH2- group characterization, with [P14,6,6,6][DecO] as 

an exception. The heat capacity as a function of anion chain length is presented in Figure 12. 

The heat capacity depends almost linearly with the anion chain length and a similar 

dependence was found for the model before and after optimization. Otherwise, a deviation 

can be easily observed and may be originated from small amount of data for carboxylate 

anions used to establish the parameters.  

 



  

 

Figure 12 Heat capacity as a function of [P14,6,6,6][RO] anion chain length at 298.15 K for:  

 – experimental;  – Ge-Nancarrow model before optimization;   – Ge-Nancarrow 

model. 

 

The summary of data sets used for the improvement are reported in Table 5. 3646 

data points from 103 ILs were used in the temperature range of (190 – 520) K, including 

those based on imidazolium, pyrrolidinium, pyridinium, phosphonium, ammonium cations. 

While in the original Ge-Nancarrow model 2642 data points from 96 ILs were used. The 

described method including the charge distribution was applied in the present work. The 

availability of heat capacity data in the literature is well-developed, however, different 

qualities can be observed with very distinctive deviations. The purity (particularly the water 

content), purity assessment, measurement methodology or measurement uncertainty were 

taken into account. Similar approach was used as in Nancarrow et al. (2015) to reduce the 

impact of one IL’s data into the modelling [17]. For example, a large number of data points 

for [C4C1Im][PF6] originated from one source [71]. Thus, the data sets were selected to 

consist of no more than 5 % of the total number of  data points utilised. Similar data 



  

discrimination process was used as for the thermal conductivity model optimisation, herein, 

and in the study by Nancarrow et al. (2015). 

AARD values of the model after optimization are reported in Table 4. It was possible 

to achieve AARD lower than 2 %, with a maximum of 1.70 % for [P14,6,6,6][DecO]. The 

overall AARD including all data points is 4.28 % which indicates a high prediction ability, in 

comparison to the measurement uncertainty. Ge-Nancarrow et al. (2015) reported an overall 

AARD of 6.27 % (using the original database) or 12.57 % using the database in this work. 

Significantly high deviations were observed for 1-ethyl-3-methylimidazolium thiocyanate 

[72], 1-methyl-3-propylpyrrolidinium bis[(trifluoromethyl)sulfonyl]imide [73], 1-butyl-3-

methylimidazolium thiocyanate [72], 1-hexylquinolinium bis[(trifluoromethyl)sulfonyl]imide 

[74], tributylmethylammonium L-lysinate [63]. This may be caused by the measurement 

error. The results from the Ge-Nancarrow model before (using the dataset in this work) and 

after optimization are shown in Figure 13. The original and new model parameters are 

reported in Table 6. Nevertheless, the prediction for [P14,6,6,6][RO] is better after re-

optimization (Figure 12), it is still out of the uncertainty range. However, the general 

prediction capability is better for all data. 

 

 

Figure 13 Linear relationship between experimental and calculated heat capacity for all sets 

of ionic liquids, a) – before and, b) – after optimization; black circles – training set, red 

circles – testing set (trihexyl(tetradecyl)phosphonium carboxylate ILs). 

 



  

Table 5 Summary of ILs data used for the heat capacity model improvement. 

Name T /K Amount of data M /g mol
-1

 AARD /% 

2-hydroxy-N-methylethanaminium propionate [75] 287.15 - 326.15 111 148.2 0.35 

1-(2-hydroxyethyl)-3-methylimidazolium 2,2,2-trifluoroacetate [76] 283.15 – 343.15 7 240.2 11.24 

1,3-dimethylimidazolium methylsulfate [77] 318.15 – 368.15 6 208.2 5.68 

1-butyl-1-methylpyrrolidinium bis[(trifluoromethyl)sulfonyl]imide [14,78] 237.44 – 368.4 85 422.4 2.55 

1-butyl-1-methylpyrrolidinium trifluoromethanesulfonate [79] 288.15 – 308.15 3 277.3 9.95 

1-butyl-1-methylpyrrolidinium tris(pentafluoroethyl)trifluorophosphate [14] 293 – 358 14 573.3 12.63 

1-butyl-2,3-dimethylimidazolium tetrafluoroborate [80,81] 313.2 – 383.2 17 240.1 5.54 

1-butyl-2-methylpyridinium tetrafluoroborate [82] 288.15 – 338.15 21 237.1 1.01 

1-butyl-3-cyanopyridinium bis[(trifluoromethyl)sulfonyl]imide [83] 298.15 – 353.15 3 441.4 7.22 

1-butyl-3-methylimidazolium acetate [84,85] 210 – 413.15 32 198.3 5.43 

1-butyl-3-methylimidazolium bis(oxalato)borate [86] 244.30 – 292.74 50 326.1 9.87 

1-butyl-3-methylimidazolium bis[(trifluoromethyl)sulfonyl]imide [80,87,88] 190 – 328.15 32 419.4 0.65 

1-butyl-3-methylimidazolium bromide [80,81,89–91] 225.62 – 403.2 57 219.1 5.56 

1-butyl-3-methylimidazolium dicyanamide [65,78,80,92,93] 235.8 – 372.2 156 205.3 4.40 

1-butyl-3-methylimidazolium hexafluorophosphate [80,88] 283.15 – 323.15 10 284.2 8.55 

1-butyl-3-methylimidazolium iodide [94,95] 209.86 – 370 134 266.1 1.56 

1-butyl-3-methylimidazolium methylsulfate [69,96,97] 293.15 – 318.15 18 250.3 0.57 

1-butyl-3-methylimidazolium octylsulfate [98] 298.15 – 343.15 46 348.5 2.06 

1-butyl-3-methylimidazolium phenolate [99] 303.15 – 353.15 11 220.3 6.38 



  

1-butyl-3-methylimidazolium tetrafluoroborate [73,80,90,100] 278.15 – 358.15 40 226.0 2.44 

1-butyl-3-methylimidazolium thiocyanate [72] 296.2 – 372.2 20 197.3 24.19 

1-butyl-3-methylimidazolium trifluoroacetate [85] 190 – 370 21 252.2 1.00 

1-butyl-3-methylimidazolium trifluoromethanesulfonate [14,65,69,78,80,96,97,101] 292.86 – 425.15 162 288.3 2.18 

1-butyl-3-methylpyridinium bis[(trifluoromethyl)sulfonyl]imide [65] 293.1 – 333.1 41 430.4 7.12 

1-butyl-3-methylpyridinium trifluoromethanesulfonate [102]  323.1 – 353.1 31 299.3 1.06 

1-butyl-4-methylpyridinium bis[(trifluoromethyl)sulfonyl]imide [65] 296.2 – 372.2 20 430.4 8.04 

1-butylpyridinium bis[(trifluoromethyl)sulfonyl]imide [101] 323.18 – 423.15 21 416.4 3.19 

1-butylpyridinium tetrafluoroborate [103] 284.33 41 223 8.63 

1-butylpyridinium trifluoromethanesulfonate [82] 298.15 – 338.15 17 285.3 9.02 

1-decyl-3-methylimidazolium phenolate [99] 303.15 – 353.15 11 304.5 1.78 

1-ethyl-2,3-dimethylimidazolium bis[(trifluoromethyl)sulfonyl]imide [80] 309.15 – 323.15 4 405.4 12.53 

1-ethyl-3-methylimidazolium acetate [104] 298.15 1 170.2 6.22 

1-ethyl-3-methylimidazolium bis[(trifluoromethyl)sulfonyl]imide [67,73,80,91,105] 256.91 – 463.15 72 391.3 1.68 

1-ethyl-3-methylimidazolium bromide [91] 347.66 – 367.5 16 191.1 4.37 

1-ethyl-3-methylimidazolium dicyanamide [104,106] 298.15 – 358.2 13 177.2 1.65 

1-ethyl-3-methylimidazolium ethylsulfate [69,96,97,107] 190 – 389.95 208 236.3 1.79 

1-ethyl-3-methylimidazolium methylsulfate [76,104,108] 288.15 – 343.15 11 222.3 6.05 

1-ethyl-3-methylimidazolium tetrafluoroborate [73,109–111] 283.15 – 358.15 28 198.0 1.09 

1-ethyl-3-methylimidazolium thiocyanate [72] 296.2 – 372.2 20 169.3 32.42 

1-ethyl-3-methylimidazolium trifluoromethanesulfonate [69,76,97,101] 283.15 – 425.15 77 260.2 1.19 

1-ethyl-3-methylpyridinium bis[(trifluoromethyl)sulfonyl]imide [65] 293.1 – 333.1 82 402.3 6.99 



  

1-ethyl-3-methylpyridinium ethylsulfate [102]  298 – 323 2 247.3 4.74 

1-ethylpyridinium bis[(trifluoromethyl)sulfonyl]imide [112] 288.15 – 338.15 21 388.3 6.77 

1-ethylpyridinium bromide [113] 397.31 – 409.65 5 188.1 12.68 

1-heptyl-3-methylimidazolium bis[(trifluoromethyl)sulfonyl]imide [114] 298.15 1 461.5 2.65 

1-hexyl-2,3-dimethylimidazolium bis[(trifluoromethyl)sulfonyl]imide [102] 298 – 323 2 461.5 0.32 

1-hexyl-3,5-dimethylpyridinium bis[(trifluoromethyl)sulfonyl]imide [102]  298 – 323 2 472.5 13.71 

1-hexyl-3-methylimidazolium bis(oxalato)borate [86]  239.33 – 397.44 80 354.1 10.55 

1-hexyl-3-methylimidazolium bis[(trifluoromethyl)sulfonyl]imide [101,102,115,116] 190 – 425.15 250 447.4 1.46 

1-hexyl-3-methylimidazolium bromide [102] 298 – 323 2 247.2 5.81 

1-hexyl-3-methylimidazolium hexafluorophosphate [117] 293.15 – 343.15 51 312.2 1.86 

1-hexyl-3-methylimidazolium phenolate [99] 303.15 – 353.15 11 248.4 4.96 

1-hexyl-3-methylimidazolium tetrafluoroborate [69,96,97,102,118] 283.15 – 323.15 24 254.1 0.71 

1-hexyl-3-methylimidazolium trifluoromethanesulfonate [101] 313.14 – 425.15 64 330.4 1.03 

1-hexyl-3-methylimidazolium tris(pentafluoroethyl)trifluorophosphate [117] 293.15 – 343.15 51 612.3 2.31 

1-hexyl-3-methylpyridinium bis[(trifluoromethyl)sulfonyl]imide [102,119] 298 – 323 2 458.5 6.37 

1-hexyl-4-cyanopyridinium bis[(trifluoromethyl)sulfonyl]imide [83] 298.15 – 353.15 3 469.4 11.26 

1-hexylpyridinium bis[(trifluoromethyl)sulfonyl]imide [102] 298 – 323 2 444.4 1.42 

1-hexylquinolinium bis[(trifluoromethyl)sulfonyl]imide [74] 321.52 – 370.13 79 494.5 25.58 

1-methyl-1-octylpyrrolidinium bis[(trifluoromethyl)sulfonyl]imide [66] 265.06 – 385.14 13 478.5 11.75 

1-methyl-1-propylpiperidinium bis[(trifluoromethyl)sulfonyl]imide [120] 298 – 520 24 422.4 1.84 

1-methyl-3-octylimidazolium phenolate [99] 303.15 – 353.15 11 276.4 5.86 

1-methyl-3-octylimidazolium tetrafluoroborate [102,107,118,121] 192.85 – 370 132 282.1 0.22 



  

1-methyl-3-pentylimidazolium bis[(trifluoromethyl)sulfonyl]imide [114] 298.15 1 433.4 1.39 

1-methyl-3-propylimidazolium bis[(trifluoromethyl)sulfonyl]imide [122] 283.15 – 358.15 41 405.4 7.29 

1-methyl-3-propylimidazolium bromide [95] 218.48 – 367.18 39 205.1 5.13 

1-octyl-3-methylimidazolium bis[(trifluoromethyl)sulfonyl]imide [102] 298 – 323 2 475.5 8.54 

1-octyl-3-methylimidazolium trifluoromethanesulfonate [101]  313.17 – 425.15 64 344.4 1.59 

1-octyl-3-methylpydridinium bis[(trifluoromethyl)sulfonyl]imide [102] 298 – 323 2 486.5 9.98 

1-octylpyridinium bis[(trifluoromethyl)sulfonyl]imide [66] 265.04 – 385.13 13 472.5 7.63 

1-pentylpyridinium hexafluorophosphate [123] 330.91 – 400  50 295.2 1.02 

1-propylpyridinium bromide [113] 351.39 – 397.71 16 202.1 9.91 

1-propylpyridinium tetrafluoroborate [124] 278.15 – 338.15 25 209 11.54 

2-hydroxy-N,N,N-trimethyl-ethanaminium 1-butylsulfate [125] 360.15 – 400.15 9 241.4 1.33 

2-hydroxy-N-methylethanaminium butanoate [75] 286.15 – 336.15 92 162.2 3.26 

2-hydroxy-N-methylethanaminium pentanoate [75] 283.15 – 333.15 107 176.2 0.34 

2-methyl-1-propylpyridinium bis[(trifluoromethyl)sulfonyl]imide [126] 278.15 – 338.15 25 416.4 1.00 

2-octylisoquinolinium thiocyanate [127] 278.15 – 343.15 14 300.5 1.15 

3-cyano-1-octylpyridinium bis[(trifluoromethyl)sulfonyl]imide [83] 298.15 – 353.15 3 469.4 0.74 

3-methyl-1-propylimidazolium (S)-2-amino-4-carboxybutanoate [128] 244.24 – 357.68 58 271.3 16.94 

3-methyl-1-propylpyridinium bis[(trifluoromethyl)sulfonyl]imide [65] 293.1 – 333.1 41 416.4 6.61 

4-(dimethylamino)-1-hexyl-pyridinium bis[(trifluoromethyl)sulfonyl]imide [101] 315.15 – 425.15 23 487.5 0.69 

4,6-dimethyl-N-phenylpyrimidin-2-amine dodecanoate [129] 323.46 – 339.26 10 398.6 7.28 

butylethyldimethylammonium ethylsulfate [125] 360.15 – 390.15 7 255.4 2.21 

butyltrimethylammonium bis[(trifluoromethyl)sulfonyl]imide [78] 278.32 – 367.93 48 396.4 3.68 



  

N-(2-hydroxyethyl)-N,N-dimethylbutanaminium bromide [68] 409.71 – 438.26 19 226.2 7.33 

N-(2-hydroxyethyl)-N,N-dimethylhexan-1-aminium bromide [68] 386.41 – 403.35 13 254.2 1.86 

N-(2-hydroxyethyl)-N,N-dimethylpropanaminium bromide [68] 382.50 – 429.98 48 212.1 0.80 

n-butyl-4-(n',n'-dimethylammonium)pyridinium bis[(trifluoromethyl)sulfonyl]imide [101] 313.13 – 425.15 64 459.4 4.02 

N-ethyl-2-hydroxy-N,N-dimethylethanaminium octylsulfate [125] 355.15 – 395.15 9 311.5 2.83 

n-ethyl-4-(n',n'-dimethylammonium)pyridinium bis[(trifluoromethyl)sulfonyl]imide [101] 313.12 – 423.17 23 431.4 1.54 

N-ethyl-N-(2-hydroxyethyl)-N,N-dimethylammonium ethylsulfate [125] 300.15 – 375.15 16 243.3 3.03 

N-octyl-3-methylpyridinium tetrafluoroborate [82] 278.15 – 328.15 21 293.2 14.50 

tetrabutylphosphonium L-serinate [63] 293.15 – 363.15 9 363.5 7.64 

tetrabutylphosphonium L-valinate [63] 293.15 – 363.15 9 375.6 9.22 

tributylmethylammonium L-lysinate [63] 293.15 – 363.15 9 345.6 10.94 

tributylmethylammonium L-serinate [63] 293.15 – 363.15 9 304.5 0.16 

tributylmethylammonium L-threoninate [63] 293.15 – 363.15 9 318.5 7.21 

tributylmethylphosphonium methylsulfate [67] 343.15 – 463.15 50 328.5 0.47 

triethylhexylammonium bis[(trifluoromethyl)sulfonyl]imide [130] 298.15 – 305.15 8 466.5 2.08 

triethyloctylammonium bis[(trifluoromethyl)sulfonyl]imide [130] 298.15 – 305.15 8 494.6 1.35 

trihexyl(tetradecyl)phosphonium acetate 293.15 – 363.15 15 519.3 1.26 

trihexyl(tetradecyl)phosphonium decanoate 293.15 – 363.15 15 655.1 1.70 

103 unique ILs 190 – 520 3646 148.18 – 655.12 4.28 



  

Table 6 Original and new parameters for equation (14) in the Ge-Nancarrow model for heat 

capacity. 

Group 

Acp,i 

/J mol
-1

 K
-1

 

Bcp,i · 10
-3

 

/J mol
-1

 K
-2

 

Ccp,i · 10
-5

 

/J mol
-1

 K
-3

 

Dcp,i · 10
-8

 

/J mol
-1

 K
-4

 
Amount of data points 

Without rings      

-CH3,neutral 42.22 -57.25 15.22 -9.67 2676 

-CH3,P-based 16.25 -74.10 15.24 -9.67 50 

-CH3,N-based 16.84 6.18 15.22 -9.67 3217 

-CH3,anion-based 11.51 -29.01 15.40 -9.67 583 

-CH2-neutral 1.62 92.40 -5.54 1.19 1385 

-CH2-P-based -6.86 58.95 -5.47 1.19 98 

-CH2-N-based -9.15 111.90 -5.28 1.19 3534 

-CH2-anion-based -28.24 163.54 -5.41 1.19 622 

>CH- -23.00 204.00 -26.50 12.00 124 

>C< -66.20 427.00 -64.10 30.10 1638 

-OH 25.70 -69.10 17.70 -9.88 465 

-O- 25.50 -63.20 11.10 -5.48 794 

-COOH 24.10 42.70 8.04 -6.87 58 

-COO- 24.50 40.20 4.02 -4.52 665 

-NH2 26.90 -41.20 16.40 -9.76 124 

-NH- -1.21 76.20 -4.86 1.05 310 

>N-cation-based -132.83 419.70 -32.03 14.60 639 

>N-anion-based -9.42 143.76 -31.84 14.60 1034 

>N-neutral 11.86 160.74 -32.44 14.60 46 

-CN 36.50 -73.30 18.40 -10.30 275 

-F 26.50 -91.30 19.10 -10.30 2053 

-Br 28.60 -64.90 13.60 -7.45 215 

-I 32.10 -64.10 12.60 -6.87 134 

-Pcation-based 22.58 596.68 0.52  98 

-Panion-based 51.30 -253.86 0.01  176 

-B -71.24 211.46   481 

-S- -38.23 59.90   54 

-SO2 90.18 7.53   1880 



  

With rings      

=CH- -2.14 57.40 -0.16 -1.59 2953 

=C< -8.25 101.00 -14.20 6.78 541 

-O- 12.20 -12.60 6.03 -3.86 50 

=N- 8.83 -3.84 4.35 -2.60 2953 

  

4. Conclusions 

 

The prediction of thermophysical properties may lead to a significant reduction in the 

time and efficiency for designing heat transfer processes using ionic liquids as HTFs. 

However, robust models must be developed, in the meaning of accurate prediction in case of 

all type of ILs. Together with the development of these models, they should be checked with 

experimental data not included in the original model formulation. As presented, herein, very 

low deviations reported by the authors of models do not necessarily lead to good prediction 

for ionic liquids. This may be due to the range of interactions which are present in the ionic 

liquids.  Unfortunately, it was found in this study that there is no reliable existing models for 

thermal conductivity and heat capacity which are able to predict these values with high 

accuracy or in good correlation to the experimental data for a range of tetraalkyl 

phosphonium carboxylate ionic liquids. Thus, the models for heat capacity and thermal 

conductivity were improved and the achieved results provide a better predictive capability for 

ILs. This model development included a novel approach to include the impact of cation core 

atom on the structure and physical properties of the ionic liquids and was included in the 

model with proper corrections.  
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Highlights 

 

• The thermal conductivity and heat capacity prediction of pure ionic liquids was 

performed and revised; 

• The models for thermal conductivity and heat capacity prediction were improved; 

• The density functional theory was used to investigate the Mulliken charge distribution 

to include it in the prediction of heat capacity. 

 

 


