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Abstract—Ionic liquids (ILs) are a class of chemicals comprising cations and anions whose properties can be con-
trolled by modifying their chemical structure, which enables a wide range of applications. Among the attractive properties
of ILs, dielectric permittivity provides important information related to material solvation and capacitor characteristics.
Because there are several ILs and a need to understand the structural effect on their properties, prediction model(s)
should be developed. For this, we employed the linear free-energy relationship (LFER) equation to predict the dielec-
tric constant of ILs. In the modeling, we used in silico calculated molecular descriptors because the empirically LFER
estimated descriptors were limited. The results revealed that the developed model could predict the dielectric constant
with an R* of 0.882. From the developed model, it was observed that the dielectric constant was more affected by the
structure of cations compared to that of anions. In addition, the H-bonding acidity of the cation and basicity of the
anion contributed to the dielectric property of ILs, and the dipolarity/polarizability of cations and anions was also
important in the prediction. The predictive model is expected to be useful for designing IL structures considering the
dielectric constant.
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INTRODUCTION

Ionic liquids (ILs) are a class of chemical species composed of
cation(s) and anion(s), which usually have strong ionic bond(s). As
they have negligible volatility and flammability because of their ionic
bond(s), they can be used as an alternative to conventional volatile
organic solvents. Therefore, ILs are considered as greener solvents.
The application of ILs in industries includes separation, lubrica-
tion, pretreatment of biomass, electric devices, and battery produc-
tion [1,2]. For the appropriate application and design of ILs, their
fundamental properties should be investigated.

Among the properties of ILs, the dielectric constant or relative
permittivity (&), which is the ratio of permittivity of a material to that
of the free space, is very important. It is closely related to the polar-
ity of the molecules [3], which is highly correlated with its ability
to dissolve substances. A solvent with a high £has a good ability to
dissolve salts [4]. In addition, this property provides information
to the design of capacitors and circuits. Molecules with low & can
reduce electric power loss in high-frequency and high-power appli-
cations, whereas those with high & are recommended to be used as
small-sized capacitances [5]. Thus, ¢ is fundamental information
that should be provided. However, the number of ILs was theoret-
ically estimated to be 10'* [6]; thus, considerable experimental per-
formance with labor and material consumption is required, and a
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more efficient estimation method should be developed.
Theoretical modeling can be applied as a solution because it can
help predict or understand properties. There are several types of
modeling methods, such as machine learning, deep learning meth-
ods, principle component analysis, and quantitative structure-activ-
ity relationship (QSAR). Among them, machine learning and deep
learning methods are currently highly used in big data treatment,
and they can achieve high predictability. However, they are not effec-
tive to understand the chemical meanings related to how the molec-
ular structure affects the molecular properties. As another option,
the group contribution modeling method can be applied to predict
properties by considering the chemical structure as a numerical
value. Although this method can lead to high prediction and under-
standing of the chemical meaning, it does not sufficiently reflect
the electron movement in a molecule by inductive effect. As a com-
plementary method, the QSAR concept can be applied to the mod-
eling of a prediction model [7] and for understanding the chemi-
cal aspects, and has been applied in several case studies [8-11].
When applying QSAR modeling, parameter selection is the most
important, and the selected parameters should be easy. In addi-
tion, in silico methods are beneficial for the efficient application of
these parameters. From this viewpoint, linear free energy relation-
ship (LFER) modeling by Abraham et al. [12-14] is considered as
a suitable method because the model is comprised of well-defined
structural information as descriptors, and can be used to develop a
highly accurate prediction model [10,11,15,16]. However, it is lim-
ited to approximately 8000 chemicals available [17]. To solve this
problem, our group previously developed a computational method
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to calculate the descriptors [18], which enables the exploration of a
wide range of chemicals, even for theoretically existing substances.

Prediction studies on the dielectric constants of ILs have been
performed. Zhou et al. [19] used a group contribution method to
predict the dielectric constant of ILs. The model had good predict-
ability with average absolute relative deviation of 7.41-37.47%, but
the structural effect on the property was not sufficiently discussed.
Rybinska-Fryca [20] developed models using in silico calculated
two-dimensional (2D) or three-dimensional (3D) related parame-
ters. The developed models achieved high predictability, with R*
values of 0.87 and 0.90 when applying 2D and 3D descriptors,
respectively. Eiden et al. [21] also developed a prediction model
using in silico parameters calculated by RI-BP86/def-TZVP/COSMO
[21]. The model is comprised of simple parameters, that is, molec-
ular volume and Gibbs energy, and can predict the temperature-
dependent & value. However, more diverse prediction models are
needed for cross-validation and to improve understanding to the
effect of molecular structures on the property:

Therefore, the purpose of this study was to predict the dielectric
constants of ILs using the LFER concept with more collected data-
sets and in silico calculated descriptors and to understand which
molecular factors contribute to dielectric constants. First, we obtained
sub-parameters to calculate LFER descriptors [18], which were used
to correlate with the log dielectric constant of ILs. Finally, based on
the theoretically developed model, the most important molecular
factors for the properties were identified and discussed.

MATERIALS AND METHODS

1. Nomenclature of ILs

Cations: (2-hydroxyethyl)Jammonium [Nhhh2OH]; 1-(2-hydroxy-
ethyl)-3-methylimidazolium [IM120H]; 1,3-dimethylimidazolium
[IM11]; 1-ethyl-2-hydroxyethylpyridinum [Py2-20H]; 1-butyl-1-
methylpyrrolidinium [Pyr14]; 1-butyl-2,3,4,5-tetramethylimidaz-
olium [IM14-2Me-4Me-5Me]; 1-butyl-2,3-dimethylimidazolium
[IM11-2Me]; 1-butyl-3-methylimidazolium [IM14]; 1-butylpyridin-
ium [Py4]; 1-butyl-3-methylpyridinium [Py4-3Me]; 1-butyl-4-meth-
ylpyridinium [Py4-4Me]; 1-ethyl-1-methylpyrrolidinium [Pyr12];
1-pentyl-1-methylpyrrolidinium [Pyr15]; 1-methyl-1-propylpyrro-
lidinium [Pyr13]; 1-ethyl-2,3-dimethylimidazolium [IM12-2Me];
1-ethyl-3-methylimidazolium [IM12]; 1-hexyl-3-methylimidazolium
[IM16]; 1-methyl-3-octylimidazolium [IM18]; 1-methyl-3-pro-
pylimidazolium [IM13]; 1-methylpyrrolidinium [Pyr1h]; 1-pentyl-
3-methylimidazolium [IM15]; butylammonium [Nhhh5]; ethylam-
monium [Nhhh2]; N-butyl-N,N,N-trimethylammonium [N2224];
triethylsulfonium [S222]; tris(2-hydroxyethyl)ammonium [Nh(20H)
(20H)(20H)].

Anions: bis(trifluoromethylsulfonyl)amide [(CF,SO,),NJ; dimethyl
phosphate [(CHS,),PO,]; diethyl phosphate [(CH;CH,),PO,]; ace-
tate [1COO]; lactate [Lac]; ethyl sulfate [20SO;]; methyl sulfate
[1OSO;]; butyl sulfate [40SO;]; tetrafluoroborate [BF,]; trifluoro-
methanesulfonate [CF,SO;]; formate [HCOO]; hydrogen sulfate
[HSO,J; nitrate [NO;]; hexafluorophosphate [PF]; thiocyanate [SCN;
chloride Cl; bromide Br; dicyanamide [N(CN),]

2. Dataset
The dielectric constant (&) values of ILs were obtained from sev-
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eral studies [3,22-30]. Some ILs have several & values. In these cases,
the average value was used as the dependent variable. The dataset
had a total of 60 points. In addition, & of ILs is temperature-depen-
dent; therefore, in this study, only the values measured at 298.15K
were collected and used.
3. Amendment of Original LFER Model

The version of the original LFER model, which can cover ionic
and nonionic chemicals, is as follows:

log e=e-E+s-S+a-A+b-B+v-V+j -] +j"J +c (1)

where log ¢ is the dependent variable and is the dielectric constant
in log units. Capital letters represent the inherent molecular prop-
erties of a substance [31,32], as follows: E is the excess molar refrac-
tion (cm’ mol '/100); S is the dipolarity/polarizability; A and B are
the H bonding acidity and basicity, respectively; V is the molecu-
lar volume (cm’® mol /100); J* and J~ are Coulombic interactions
of cations and anions, respectively; and small letters and italics (e,
s,a, b, v, j, and j") represent system-dependent parameters that
can be determined by multiple linear regressions.

Because ILs are comprised of two parts, that is, cations and anions,
Eq. (1) may not be used to predict salt-type chemicals. To address
this limitation, Eq. (1) can be split into cationic and anionic parts,
as follows:

log & [Farad/meter]=e -E{+s.-S{+a,A+b B4V, V+j"]"°
+e,Eots,-So+a, Ap+b, Bo+v, - Vo+j ] +c, )

where, the subscripts € and @ mean cation and anion, respectively;
and the superscript ‘0 means that the descriptor was the calculated
value.
4. Computational Details

The descriptors were calculated based on density functional the-
ory (DFT) [33] and conductor-like screening model (COSMO) in
TmoleX software (COSMOlogic, 1989-2020). Briefly, we first draw
the molecular structure as an input and transformed it into 3D
information. Then, the structures were optimized using DFT [33]
and refined using the def-TZVP beasis set [34] to calculate the struc-
tures with the lowest energy levels. The calculation flowchart is
given in Scheme 1 and the actual figure, describing the calculation
steps, is given in supplementary information (Scheme S1). After
the calculations, TmoleX generated a cosmo. file for the structure,
and the file was sent to be read in the COSMOtherm software
[35]. COSMOtherm provided sub-parameters describing surface-
charge related terms, that is, sigma moments, H-bonding moments,
and dielectric energy values. The meanings of the sub-parameters
are given in Table 1. In addition, Open Babel [36] was applied to
obtain the refractivity and polar surface area value of a molecule
or atom. Moreover, the number of H atoms connected to O or N
atoms and the number of rings in the molecule were counted. Previ-
ously; using the calculated and counted sub-parameters, Cho et al.
(18) presented several equations for each LFER descriptor, that is,
Egs. (3)-(8).

VO [(cm’mol ")/100]=0.639-V,,,,, [nm’]—0.0046 (3)

E° [em’mol '/10]=0.341-N,+0.007-PSA
+0.057-MR~1.762-V,,,,,,/100~0.113-E,;,
+0.275-MW+0.135-6;+0.015-5;— 0.037 @



Scheme 1. Flowchart of the computational procedure.

Table 1. Sub-parameters used and corresponding meanings
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Draw chemical structure, get
its smile code and then
change it to 3D

!

Select def-TZVP basis set for

all atoms

)

Insert the number of
molecular charge and
generate molecular orbitals
to perform extended Huekel
calculation

)

Select DFT calculation, use
RI, and activate COSMO
calculation

!

Calculation start

Calculated

sub-parameter

Meaning

PSA
Vaosmo
Eo
MR
Oy
HBD,
HBA,
Nng
Now
Npy

Polar surface area

Molecular volume calculated by COSMO

van der Waals force
Molar refraction

Sigma moments meaning surface area
H-bond donor moments
H-bond acceptor moments

Number of rings

Number of H attached to O
Number of H attached to N

A° [dimensionless]=171-HBD;—0.047-HBD3+0.032-HBD;
+73.511-HBD, +0.654-HBD,+0.208-HBD;+0.203-Ny

+0.080-N,;—0.019-E, ;,—0.132

B° [dimensionless]=0.391-0;+1.00-5;+0.421-0;

—0.117- 05— 0.055-0;+0.112- 67— 0.149- 55

—0.070-HBA,/V.,,,+0.074-HBA,/V.,,.,+0.032
J*© [dimensionless]=—0.124—0.106-E,;,+0.421-6;+0.292- 5,
+64.928-HBD, +0.661-HBD,—0.049-HBA,/V .—0.092- 5;*/100

€ [dimensionless|=1.331+4.712- 6,—2.770- &,

—0.832-65+0.300- 07— 0.012- ;- 0.155-HBA,

+0.238-HBA;—0.292-Ny;+0.183-Ny

®)

(6)

@)

®

S° [dimensionless]=—1.441- 5;+0.206- 5;°— 0.009- 0}
—0.122-HBA,+0.511-Calc. E+1.524-Calc. B
+0.856-Calc. J*+3.308. (o0;-Calc. J7)/Calc. B—0.099 )

5. Statistical Analysis
A statistical analysis to determine the system coefficients in Eq.
(3) was performed using SPSS software (12.0 K Windows version).

RESULTS AND DISCUSSION

The number of data obtained was 60 and ranged from 0.85 to
1.97 log units, which is rather narrow. The IL cations studied were
imidazolium, pyridinium, ammonium, and pyrrolidinium, with dif-
ferent alkyl chain lengths, substituents, and/or functional groups.
The tested anions were of 18 types. The collected data were not nor-
mally distributed, as if the estimated p-value in the Kolmogorov-
Smirnov and Shapiro-Wilk tests were zero. In fact, the data were
biased within 1.0-1.2 log units of dielectric constant. Nevertheless,
a part of the data was evenly distributed in the remainder of the
range, that is, 1.2-2.1.

In modeling, the obtained dataset was not divided into a train-
ing set and a test set because of its small size, which can cause less
comprehensive structural viewpoints and biased predictability. There-
fore, in this study; all data values were used as the modeling set. To
develop a prediction model for the dielectric constant based on
Eq. (2), the LFER descriptors calculated using Egs. (3)-(9) were
inserted into the datasheet in SPSS, and multiple linear regression
was performed. Note that we considered structures of cations and
anions separately, which is useful for understanding the effect of
cations or anions on the properties and for studying a wide range
of ILs. Indeed, using the descriptors of 26 cations and 18 anions,
about 460 combinations of ILs can be studied. The studied molec-
ular structures are given in Table S1 in supplementary information.
Then, descriptors that contributed more to the dielectric constant
of ILs were selected. When selecting a descriptor, the estimated p-
value was considered as a criterion. If it was higher than 0.05, mean-
ing that the descriptor was out of 95% of the confidential level, it
was excluded. If it was lower, it was considered at an acceptable
confidence level. In modeling, several descriptors with p-values
higher than 0.05 (ie, E, B, J"°, E;, A;, and V;) were excluded.
After exclusion, the following equation was developed:

Log £=—0.093(0.019)-5{+0.292(0.025)- A%+0.065(0.012)-S;
+0.127(0.023)-B2—0.229(0.041)-J°+1.10(0.082) (10)
R’=0.882, R,;,=0.871, SE=0.084 log units, F=79.1 N=59

where, R* of Eq. (9) was 0.882 and the standard error was 0.084
log units, which indicates high predictability. The adjusted R* (R’,;,)
value revealed that the descriptor selection was reasonable, as the
value was close to the R? value (0.871 vs. 0.882). The fitting is shown
in Fig. 1(a), and the calculated log ¢ is given in Table 2. The esti-
mated variance inflation factor values of the descriptors used ranged
from 1.35 to 3.27, which is lower than 10 according to the crite-
rion, indicating multicollinearity among the descriptors, but it was
a slight multicollinearity. By applying Eq. (3) for ¢ prediction, there
was one outlier, [IM12] [(CH,CH,),PO,]. Eq. (10) slightly overes-
timated the & value, providing a result of 1.53 log units, whereas
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Fig. 1. Correlation between experimental and calculated log dielectric constant (¢) (a) by Eq. (10) and (b) by leave-many-out cross validation.
Here, x means an outlier i.e., [IM12] [(CH,CH,),PO,].

Table 2. Descriptors of ILs calculated by Eqs. (3)-(9), and measured (at 298.15 K) and predicted & values

Average log  Calc.log ¢
of & &  byEq.(10)

Cation Anion S, A, S, B, T° Exp. €

[Nhhh20OH] [1CO0] 105 214 151 282 191 583[22] 583 1.77 1.64
[Nhhh20OH] [NO;] 1.05 214 295 163 131 609 [22] 60.9 1.78 1.72

7.0 [30], 14.7 [22], 11.9 [24],

[Pyr14] [(CE,S0,),N] 261 060 524 138 186 )0 113 105 1.12
Pyl INCN) 261 060 347 184 150 18p2] 180 126 LI5S
(IM11] (1080, 218 062 342 220 183 17.2[30] 172 107 1.16
((MI12Me]  [(CESO)N] 266 044 524 138 186 116 14[2L 114505 124 109 L7
(IM11-2Me]  [PF] 266 044 743 124 260 94 [22] 94 097 1.02
(IMU2Me]  [BE] 266 044 406 106 126 133(22) 133 112 109
E&ﬁ;ﬁe [(CF,S0,),N] 243 026 524 138 186 15[22] 150 118 1.04
Bl [ e em o wn kb mE) o g
(IM14] a 253 059 220 231 205 15[30] 150 108 1.00
Do e 2w e e s RIS e
(IM14] (1080, 253 059 342 220 183 148[30] 148 117 1.12

14 [30], 14 [22], 11.4 [27],
[IM14] [PE(] 253 059 743 124 2.60 161 [26], 14.1 [26], 114 [24] 13.2 1.12 1.08

[IM14] [SCN] 253 059 366 152 142 13.7[22] 13.7 1.14 1.14
[Py4-3Me] [BF,] 268 049 406 106 126 15][30] 15.0 1.18 1.10
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Table 2. Continued

Average log  Calc.log &

Cation Anion s A, S, B, T Exp. ¢ of & c by Eq. (10)

9.4 [30], 15.3 [22], 11.5 [24],

[Py4] [(CF;SO,),N] 270 066 524 138 1.86 11.9 1.07 1.13
11.3 [23]
[Pyr12] [N(CN),] 207 055 347 184 150 14 [26] 14.0 1.15 1.18
[IM12-2Me] [PE(] 235 055 743 124 26 147 [30] 14.7 117 1.08
[IM12] [40S0;] 235 055 498 272 140 17.5[24],30 [22] 23.8 1.37 1.39
[IM12] [(CH,CH,),PO,] 235 055 677 390 193 169 [22] 16.9 1.23 1.53
[IM12] [HSO,] 235 055 441 191 1.82 184[22] 18.4 1.26 1.15
14.8 [30], 12.9 [24], 12.8 [27],
[IM12] [BE,] 235 055 406 1.06 1.26 145 [26], 13.6 [26], 147 [29] 13.9 1.14 1.15
[Nh(20H)
(20H)(20H)] [Lac] 334 277 253 295 153 59.7[22] 59.7 1.78 1.78
[IM16] [(CF;SO,),N] 269 062 524 138 186 7.0[30],12.7 [26], 16 [26] 11.9 1.08 1.12
[IM16] [BE,] 269 062 406 1.06 1.26 113 [30], 12 [26], 159 [261, 12.3 1.09 1.14
10.1 [38]
[IM18] [PE(] 284 064 743 124 260 9.7[30],15.2 [26] 12.5 1.10 1.06
[IM18] Cl 284 064 220 231 205 7.0][30] 7.0 0.85 0.99
[Pyr1h] [HCOO] 190 1.10 153 258 1.57 23.1[22],22 3] 22.6 1.35 1.31
[Pyr15] [(CF;SO,),N] 270 058 524 138 1.86 11.1[24], 125 [22] 11.8 1.07 1.11
[IM11] [(CH,),PO,] 218 062 651 373 185 29.6[22] 29.6 1.47 1.55
[Nhhh2] [HCOO] 045 149 153 258 157 31.5][22],30.3 [3] 30.9 1.49 1.56
[Nhhh1] [HCOO] 031 1.68 153 258 1.57 41 [22],40.3 [3] 40.7 1.61 1.63
[N2225] [(CF;SO,),N] 227 043 524 138 186 10.2[24], 125 [22] 11.4 1.05 1.10
[Nh(20H)
(20H)(20H)] [1CO0] 334 277 151 282 191 31[22] 31.0 1.49 1.61
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the experimental value was 1.23 log units. Also, the &values between
1.0 and 1.2, forming a cluster in the correlation (Fig. 1), were not
clearly predictable. This might be due to limitations of the selected
parameters. Thus, for more accurate prediction, further studies are
needed.

To validate Eq. (10), a leave-many-out cross-validation study was
performed. In the validation study, we randomly mixed the data-
set, excluded three to four data points, and then developed each
model using the remaining data points and the same descriptors
selected for Eq. (10). Subsequently; each developed model was ap-
plied to predict the log & value of the excluded ILs, and the calcu-
lated values were compared with experimental values. The results
revealed that the R” value of the leave-many-out cross validation
(Qiyocy) was 0.84 (Fig. 1(b)), which meets the criterion of Q} ¢y
higher than 0.5.

Based on the developed model, the contributions of the molec-
ular properties to the dielectric constant were analyzed. First, to
verify the more significant moiety between the cation and anion,
the selected terms for each part were used to predict the value. When
applying a combination of the cationic descriptors selected in Eq.
(10), that is, S; and A, the two terms had a higher correlation than
the combination of anionic descriptors selected in Eq. (10), that is,
%, BY, and J7°. The R? value of the former was 0.776, whereas that
of the latter was 0.471. Therefore, using the given data, it was esti-
mated that the dielectric permittivity of ILs was mainly contrib-
uted by the cation. Second, the most important descriptor was
identified. Among the descriptors used in Eq. (10), the H-bond-
ing acidity term of the cation (A7) had the highest correlation with
log & (R°=0.713), implying that an increase in the H-bonding
acidity of the cation leads to a higher log & value as the sign of the
system parameter a, is positive. Indeed, in the list of ILs, protic am-
monium-based cations have higher values because they have higher
H-bonding acidity values. Then, the addition of B; to A{ led to an
increased R’ value of 0.759. As estimated, the system parameter of
b, also had a positive sign, which means that the H-bonding basic-
ity of the cation affected log & Further addition of the S; term
helped to increase the predictability to an R” of 0.802. The addi-
tion of ]’ and S; to the combination of the three terms, that is,
AJ, By, and S, could help to further increase predictability. Note
that the dipolarity/polarizability of the cation and anion, that is, S
and S;, negatively affected log & as a single correlation of each term
with log & had a negative sign. However, the sign of S; was posi-
tive. This may be because the complementary role of the descrip-
tor caused the system parameters to be auto-scaled by multiple
linear regression. Overall, the terms related to H-bonding led to a
high contribution, followed by the dipolarity/polarizability effect of
the ILs. This is reasonable as it has been reported that the number
of H-bonding groups is highly correlated with log & of IL [39] and
the H percentage of the molecule and the presence of C-O groups
could be used to predict log £[20].

This study presents an LFER-based prediction model in an in
silico environment and finds that only five descriptors need to be
used to correlate with log & values of ILs, which helps to under-
stand it more easily on a molecular basis. Its predictability is simi-
lar to that based on 2D or 3D parameters by Rybinska-Fryca et al.
[20]. As Eq. (10) was developed using a larger dataset than in a
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previous study [20,21], it is expected that Eq. (10) can be applied
to diverse IL structures. However, further experimental and valida-
tion studies of the model of Eq. (10) should be performed because
the dataset used was limited to only 26 cations and 18 anions. More-
over, it is advisable to develop a temperature-dependent predictive
model because ILs can be used in processes where the tempera-
ture can vary.

CONCLUSIONS

To investigate the structural effect of ILs on the dielectric con-
stant and derive a more efficient method to estimate it, we devel-
oped an LFER model using in silico calculated descriptors. The
developed model has reasonable predictability, with an R* of 0.882
and a standard error of 0.084 log units. The results show that the
cationic part has a higher contribution to the dielectric constant
than the anionic part. Among the described molecular moments
in the developed model, the H-bonding acidity of the cation and
H-bonding basicity of the anion considerably increased the dielectric
constant of ILs, followed by the dipolarity/polarizability moments
of the IL cations and anions. In addition, ionic interactions by anions
slightly contributed to the dielectric constant. Therefore, to design
ILs, H-bonding and dipolarity/polarizability moments should be
considered. These results and discussion are expected to assist in
the development of a fast screening method to estimate the dielec-
tric constant of ILs and for efficiently designing the molecular struc-
ture of ILs.
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Table S1. The studied molecular structures of ionic liquids
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Table S1. Continued
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Scheme S1. Calculation steps of ionic liquid cation or anion.
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Step 3. After getting the smile code, click ‘Smiles to 3D’ to change the smile code to 3D structure.
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Step 5. Click the ‘Continue’ in red.
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Step 6. Select def-TZVP’ in blue box and then click the ‘continu€’ in red.
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Step 7. add the number of molecular charge in blue box. e.g. monovalent cation=1, monovalent anion=—1, and neutral compound=0.
Then, click ‘Generate MOs' in green square and click ‘Continue’ in red square.
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Step 8. Click ‘Continue in red square.
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Step 9. Select ‘DFT;, ‘USE RT in red and Activate’ for COSMO file. Then, click the continue.
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