
 

Сорбционные и хроматографические процессы. 2022. Т. 22, № 5. С. 598-611. 
Sorbtsionnye i khromatograficheskie protsessy. 2022. Vol. 22, No 5. pp. 598-611. 
 
ISSN 1680-0613_____________________________________________________________ 

 

 

© Zaitceva E. A., Dolgonosov A. A., Dolgonosov A. M., 2022 
 

598 

 
ОРИГИНАЛЬНЫЕ СТАТЬИ 

 
Original article 
УДК 541.542 
doi: 10.17308/sorpchrom.2022.22/10681 
 
Theoretical characterization of ionic liquids 
as stationary phases for gas chromatography 
 
Elena A. Zaitceva1, Alexey A. Dolgonosov1✉, Anatoliy M. Dolgonosov1 
1Vernadsky Institute of Geochemistry and Analytical Chemistry of RAS, Moscow, Russian Federation, 
lex.dolgo@gmail.com✉ 
 
Abstract. The previously proposed method for the three-parameter characterization of stationary phases in gas 
chromatography, which proved to be accurate and informative in the description of well-studied mid-polar 
phases, has been adapted for ionic liquids. The three-parameter characteristic method is based on the theory of 
intermolecular interactions in the sorbate-sorbent system developed by the authors. It is shown that the param-
eters of dispersion, electrostatic and hydrogen bonds for calculating the interaction of an ionic liquid with a 
sorbate molecule are the sum of the corresponding characteristics of the cation and anion. Two methods of 
calculation are considered: according to the direct problem - the method of a priori calculation of the charac-
teristics of an ionic liquid according to the structural formula, and according to the inverse problem - the method 
of characterizing stationary phases from experimental data in the form of Kovacs indices, McReynolds con-
stants, etc. An analysis of the obtained results is carried out for mutual correspondence of the calculation results 
for direct and inverse problems. The possibility of classifying stationary phases based on ionic liquids accord-
ing to polarity and hydrophilicity characteristics by plotting them on the chromatographic phase selectivity 
map is demonstrated. 
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Теоретическое описание и расчет характеристик неподвижных фаз 
для газовой хроматографии на основе ионных жидкостей 
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Аннотация. Предложенный ранее метод трехпараметрической характеристики неподвижных фаз в га-
зовой хроматографии, который показал свою точность и информативность при описании хорошо изу-
ченных среднеполярных фаз, адаптирован для ионных жидкостей. Метод трехпараметрической харак-
теристики основан на развиваемой авторами теории межмолекулярных взаимодействий в системе сор-
бат-сорбент. Показано, что параметры дисперсионных, электростатических и водородных связей для 
расчета взаимодействия ионной жидкости с молекулой сорбата являются суммой соответствующих ха-
рактеристик катиона и аниона. Рассматриваются два способа расчета: по прямой задаче – способу апри-
орного расчета характеристик ионной жидкости по структурной формуле и по обратной задаче – спо-
собу характеристики неподвижных фаз по экспериментальным данным в виде индексов Ковача, кон-
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стант МакРейнольдса и т.п. Проводится анализ полученных результатов на взаимное соответствие ре-
зультатов расчета по прямой и обратной задачам. Демонстрируется возможность классификации непо-
движных фаз на основе ионных жидкостей по характеристикам полярности и гидрофильности путем 
их нанесения на карту селективности хроматографических фаз. 
Ключевые слова: газовая хроматография, межмолекулярные взаимодействия, неподвижная фаза, по-
лярность, гидрофильность, ионные жидкости. 
Для цитирования: Зайцева Е.А., Долгоносов А.А., Долгоносов А.М. Теоретическое описание и расчет 
характеристик неподвижных фаз для газовой хроматографии на основе ионных жидкостей // Сорбци-
онные и хроматографические процессы. 2022. Т. 22, № 5. С. 598-611. https://doi.org/10.17308/sorp-
chrom.2022.22/10681 

Introduction 
Depending on the analytical task, the gas 

chromatography (GC) method uses capillary 
columns with stationary phases (SP) of low, 
medium, and high polarity. Ionic liquids 
(ILs) are promising high polarity phases. 
Ionic liquids are called salt melts, consisting 
of an organic cation paired with an organic 
or inorganic anion, with a melting point be-
low 100°C. ILs became widely known in the 
1980s due to their potential applications in 
organic synthesis, electrochemistry, and an-
alytical chemistry for separation and extrac-
tion processes. The use of ILs as highly polar 
chromatographic SPs has a number of ad-
vantages over other phases, in particular, due 
to high polarity and thermal stability [1-6]. 
Despite the large number of publications on 
the study of ionic liquids, there is no com-
prehensive description of their structural 
properties, there is no information even on 
dipole moments, which greatly complicates 
the characterization of ILs as chromato-
graphic phases; thus, the theoretical descrip-
tion of the properties of ionic liquids is ex-
tremely important. 

To solve the problems of increasing the 
selectivity of the GC method, various meth-
ods of classifying SPs according to a number 
of parameters are considered. Multiparamet-
ric methods of Rohrschneider, McReynolds 
[7-10] and Abraham [11-12] are known for 
classifying phases according to Kovacs indi-
ces obtained using special chromatographic 
experiments. There are also a number of 
one-dimensional schemes for characterizing 
SP, which include the method of hydropho-
bic–hydrophilic balance [13], which deter-
mines one parameter of SP in the experi-
mental system octanol - water. Statistical 

analysis of a large amount of data, carried 
out in [14], showed that two independent pa-
rameters are necessary and sufficient to 
compare the selectivity of polar phases, 
which indicates the redundancy of multipa-
rameter schemes and the insufficiency of 
one-dimensional classification schemes. The 
main disadvantages of these methods are 
their empiricism, laboriousness, and the im-
possibility of predicting phase characteris-
tics from their structural formula. These 
shortcomings can be avoided with the help 
of the theory of intermolecular interactions 
(IMI), in which dispersion, electrostatic and 
hydrogen bonds should be described. 

The approach of the authors is based on 
the theory of generalized charges (TGC) 
[15], which is a quantum-statistical theory of 
interatomic interactions; in particular, TGC 
has been successfully used to calculate the 
adsorption of non-polar substances [16, 17]. 
In works [18, 19] the quantum mechanical 
theory of hydrogen bond (H-bond) has been 
developed. A new theoretical approach to 
the description of a general type of intermo-
lecular interactions (IMI) was used as the ba-
sis for the method of three-parameter char-
acteristic of SP for GC [20-26]. This method 
has shown its effectiveness in describing 
phases based on polysiloxanes and polyeth-
ylene glycol [22, 23, 25]. 

The purpose of this work is to describe 
and classify ionic liquids as SP: extension of 
the three-parameter characteristic method to 
the case of IL; obtaining characteristics of 
polarity and hydrophilicity of IL from exper-
imental data; a priori calculation of IL char-
acteristics by their structure; classification of 
ILs compared to traditional SPs for GC. 
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Theoretical part 
Extension of the three-parameter charac-

teristic method to the case of ionic liquids. 
The method for describing the IMI in GC is 
based on a general expression for the total 
energy of sorption of a molecule on SP, 
which contains three independent energy 
contributions [15-18]: 
𝑈𝑈(𝑟𝑟) = 𝑈𝑈np(𝑄𝑄𝑖𝑖,𝑄𝑄sp, 𝑟𝑟) + 𝑈𝑈dp(𝜇𝜇𝑖𝑖2,μsp

2 , 𝑟𝑟) +
𝑛𝑛𝐻𝐻𝐸𝐸𝐻𝐻(𝑟𝑟),  (1) 

where 𝑈𝑈npis the non-polar interaction energy 
is a van der Waals potential of the Lennard-
Jones potential type derived using the TGC 
[15], 𝑈𝑈dp – polar interaction energy, which is 
expressed as the sum of the Reinganum-
Keesom orientational bond [27-28] and the 
Debye-Falkenhagen inductive bond; 𝑛𝑛𝐻𝐻 is 
the average number of H-bonds between the 
adsorbate and SP, 𝐸𝐸𝐻𝐻 is the H-bond energy 
(a value considered as a lower esti-
mate);𝑄𝑄𝑖𝑖,𝑄𝑄sp – generalized charges (CG) of 
the adsorbate (i) and SP (sp), respectively, 
𝜇𝜇𝑖𝑖,μsp are the dipole moments of the adsorb-
ate and SP, and is the intermolecular dis-
tance. 

The chromatographic and SP characteris-
tics are related through the reduced IMI 
equilibrium energy ui. The equation for the 
equilibrium distance is obtained by equating 
the derivative of function (1) to zero. By sub-
stituting the value of the equilibrium dis-
tance into the original expression, the equi-
librium energy is obtained 𝑈𝑈𝑚𝑚𝑖𝑖𝑚𝑚. The re-
duced energy ui is defined as the ratio 𝑈𝑈𝑚𝑚𝑖𝑖𝑚𝑚to 
the contribution of the non-polar interaction 
𝑈𝑈np to the equilibrium energy [20-23]: 

𝑢𝑢𝑖𝑖 = 𝑈𝑈𝑚𝑚𝑚𝑚𝑚𝑚

𝑈𝑈np
𝑈𝑈dp
𝑈𝑈np

𝐸𝐸𝐻𝐻
𝑈𝑈np

21 3�
    (2) 

where the notation 𝐴𝐴 = 21.88 ⋅ 𝑚𝑚Hisp

𝑄𝑄𝑚𝑚⋅𝑄𝑄sp
, 𝐵𝐵 =

1 + 𝑐𝑐 �𝜇𝜇𝑚𝑚
2

𝑄𝑄𝑚𝑚
+ 𝜇𝜇sp

2

𝑄𝑄sp
+ 𝑐𝑐𝑇𝑇

𝜇𝜇𝑚𝑚
2

𝑄𝑄𝑚𝑚

𝜇𝜇sp
2

𝑄𝑄sp
�, 𝑐𝑐 = 0.9676

𝑒𝑒2𝑎𝑎02
, 

𝑐𝑐𝑇𝑇 = 0.1347
𝑎𝑎0
3𝑘𝑘𝐵𝐵𝑇𝑇

, 𝑒𝑒is the elementary charge, 𝑎𝑎0is 

the Bohr radius, 𝑘𝑘𝐵𝐵is the Boltzmann con-
stant, and T is the temperature. 

The expressions for quantities A and B in-
clude the characteristics of the stationary 
phase in the form of the following relations: 

polarity of the SP - the ratio of the square 
of the dipole moment of the SP to its GC: 

𝑣𝑣sp = 𝜇𝜇sp
2

𝑄𝑄sp
,    (3) 

hydrophilicity of SP – the ratio of the av-
erage number of H-bonds that SP can form 
with an adsorbate to its GC: 

𝑤𝑤sp = 𝑚𝑚Hsp

𝑄𝑄sp
,    (4) 

Polarity and hydrophilicity are responsi-
ble for different properties of the SP, expres-
sions (3) and (4) are mathematical defini-
tions of the desired characteristics of the SP 
[19]. Methods for determining the parame-
ters of molecules (Q, µ, nH) from the struc-
tural formula [22-25] are well known. It is 
obvious that the characteristics of polarity 
and hydrophilicity can also be found directly 
from the structure of the molecules. For 
brevity, the polarity and hydrophilicity char-
acteristics are hereinafter referred to as the 
selectivity characteristics. 

Peculiarities of describing the potential of 
an ionic liquid. The cationic and anionic 
parts of the IL are interconnected by a non-
rigid ionic bond, so expression (1) is the sum 
of two parts: one for the interaction of the 
adsorbate with cations, the other with ani-
ons. The common terms of the summands of 
this expression are the adsorbate parameters. 
In this regard, the IL parameters are ex-
pressed through the parameters of the cati-
onic and anionic parts as follows: 

𝑄𝑄sp = 𝑄𝑄sp+ + 𝑄𝑄sp-,  (5.1) 
𝜇𝜇sp
2 = 𝜇𝜇sp+

2 + 𝜇𝜇sp-
2 ;   (5.2)  

𝑛𝑛Hsp = 2�𝑛𝑛Hsp+ + 𝑛𝑛Hsp-�; (5.3) 
where the indices “+” and “–” refer to the 
cation and anion of the IL, respectively. 

The parameter 𝑛𝑛𝐻𝐻in certain cases is ex-
pressed by the product [22]: 

𝑛𝑛𝐻𝐻 = 𝑛𝑛Hi ⋅ 𝑛𝑛Hsp, 
where 𝑛𝑛Hirefers to the adsorbate molecule, 
and 𝑛𝑛Hspis the SP parameter. In the case of 
homogeneous phases, for example based on 
polyethylene glycol, the parameter 𝑛𝑛Hiis 1 
for hydrophilic adsorbates such as small 
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molecules of alcohols. The formula for cal-
culating the parameter 𝑛𝑛𝐻𝐻is given in [19], it 
has a coefficient of 1

2
 due to the fact that the 

adsorbate molecules in the gas phase ap-
proach the SP surface on one side. In the case 
of IL, we have a mixture of two equal 
amounts of different molecules. Due to the 
narrow orientation of H-bonds, the adsorbate 
most likely interacts with either the cation or 
anion of the IL, so the adsorbate parameter 
𝑛𝑛Hiwill be equal to 1

2
instead of 1. From this it 

follows that, in order to calculate 𝑛𝑛Hspin the 
case of binary mixtures, to obtain a real 
value 𝑛𝑛𝐻𝐻, the total phase parameter should 
be doubled, as shown in formula (5.3). Due 
to the doubling of the phase parameter, the 
coefficient 1

2
in formula (18) is removed (see 

below). 
Obtaining polarity and hydrophilicity 

characteristics of IL from experimental data 
(inverse modeling method). The characteris-
tics of polarity and hydrophilicity can be cal-
culated from the reduced sorption energy 
(2), which is determined from a chromato-
graphic experiment on the retention indices 
of molecules on the stationary phase under 
study. The reduced energy is inversely pro-
portional to the generalized charge of the 
molecule and is equal to 1 for non-polar ob-
jects. The connection of GC with the Kovacs 
index In for n-alkane (𝑄𝑄𝑚𝑚 = (6𝑛𝑛 + 2)3 4⁄ ≡
(0.06𝐼𝐼𝑚𝑚 + 2)3 4⁄ , where n is the carbon num-
ber) leads to the identity for non-polar 
phases: 𝑢𝑢𝑖𝑖 = 𝑄𝑄𝑖𝑖−1(0.06𝐼𝐼𝑖𝑖 + 2)3 4⁄ ≡ 1. As 
shown in [31], this dependence of the re-
duced energy on the Kovacs index can be ap-
proximately generalized to the case of sorp-
tion of an arbitrary molecule: 

𝑢𝑢𝑖𝑖 ≈ 𝑄𝑄𝑖𝑖−1(0.06𝐼𝐼𝑖𝑖 + 2)3 4⁄ ,  (6) 
where Ii is the Kovacs index of the adsorbate 
molecule on the studied SP. 

The polarity and hydrophilicity character-
istics of SPs are calculated from experi-
mental data separately for polar adsorbate 
molecules belonging to different hydro-
philicity classes. Molecules with 𝑛𝑛𝐻𝐻𝑖𝑖 = 0 
belong to the class 𝑀𝑀0and participate only in 

the calculation of the SP polarity. And hy-
drophilic molecules with 𝑛𝑛𝐻𝐻𝑖𝑖 > 0 belong to 
the class 𝑀𝑀1and are involved in the calcula-
tion of the SP hydrophilicity. Our studies 
have shown that data for two polar mole-
cules belonging to different hydrophilicity 
classes are sufficient to calculate polarity 
and hydrophilicity. 

The stages of obtaining the polarity and 
hydrophilicity characteristics of ILs from ex-
perimental data are described in [32-33]. Let 
us consider this problem for phases based on 
IL. 

1. Obtaining experimental data on the re-
tention of adsorbates on the studied SP. It is 
convenient to use data from the literature on 
testing SP by traditional methods. The work 
uses McReynolds constants for standards 
from different classes given in [34]. 

2. Determination of polarity and hydro-
philicity of test adsorbates according to their 
structural formula. Table 1 gives the charac-
teristics of two standards of the McReynolds 
method – butanol-1 and pentanone-2 - be-
longing to the classes M1 and M0, respec-
tively (subscripts are adopted below: “y” for 
butanol-1 and “z” for pentanone-2). The ad-
sorbate parameters were obtained as follows. 
Generalized charges are calculated from the 
structure of adsorbate molecules according 
to the formula for an individual molecule 
[24-26, 33]:  

𝑄𝑄 = (𝑁𝑁𝜎𝜎 + 𝑁𝑁𝜋𝜋√2 − 𝑠𝑠)3 4� ,  (7) 
where N are the numbers of σ- and π-elec-
trons, respectively, s is the number of 
screened electrons. The experimental values 
of the dipole moments are given in reference 
books (e.g., [35]). The average number of H-
bonds – in this case, the probability of the 
formation of one bond is calculated by the 
formula, derived in [19] for alcohols: 

𝑛𝑛𝐻𝐻 = �𝑄𝑄𝑑𝑑/𝑄𝑄mol,   (8) 
where 𝑄𝑄𝑑𝑑is the GC of the donor group, i.e. 
in this case, the hydroxyl group (𝑄𝑄𝑑𝑑 = 2.80); 
𝑄𝑄mol– GC of the butanol-1 molecule (𝑄𝑄mol =
12.17).     

3. Calculation of the dimensionless sorp-
tion energy ue of the standard is carried out 
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according to formula (6), transformed for 
calculation by the McReynolds constant [23, 
3233]: 

𝑢𝑢𝑒𝑒 ≈ � 1 + 0.06𝑥𝑥𝑒𝑒𝑄𝑄𝑒𝑒
−4 3⁄ �

3 4⁄
 (9) 

where 𝑥𝑥𝑒𝑒is the McReynolds constant corre-
sponding to the retention of the reference on 
the phase under study, Qe is the reference 
GC. 

4. Calculation of the polarity of the SP ac-
cording to the formula: 

𝑣𝑣sp = √𝑢𝑢𝑧𝑧−1−𝑐𝑐𝑣𝑣𝑧𝑧
𝑐𝑐(1+𝑐𝑐𝑇𝑇𝑣𝑣𝑧𝑧)   (10) 

5. Calculation of the hydrophilicity of SP 
according to the formula: 

𝑤𝑤sp = 7.62 ×

10−3 𝑢𝑢𝑦𝑦−�1+𝑐𝑐�𝑣𝑣𝑦𝑦+𝑣𝑣sp+𝑐𝑐𝑇𝑇𝑣𝑣𝑦𝑦𝑣𝑣sp��
2

𝑤𝑤𝑦𝑦�1+𝑐𝑐�𝑣𝑣𝑦𝑦+𝑣𝑣sp+𝑐𝑐𝑇𝑇𝑣𝑣𝑦𝑦𝑣𝑣sp��
1 3⁄  (11) 

Table 2 presents the McReynolds con-
stants for test analytes, 1-butanol (y) and 2-
pentanone (z), and the results of inverse 
problem calculations for some IL-based SPs. 
It should be noted that the calculation of the 
characteristics and polarity from the 
McReynolds constants includes a systematic 
error (a decrease in the polarity value by 

0.025 D2), as evidenced by the results ob-
tained in [22-23, 25]. 

Figure 1 shows the structural formulas of 
the ILs considered in the work (the phase 
numbering corresponds to Table 2). 

A priori calculation of IL characteristics 
from their structure (method of direct mod-
eling problem). The characteristics of polar-
ity and hydrophilicity are determined by for-
mulas (3) and (4) from the structural formu-
las of molecules by calculating the GC, di-
pole moments, and the average number of H-
bonds between the SP and the adsorbate 
(conditional probabilities of participation in 
the formation of the H-bond). Such a priori 
calculation solves the direct problem of 
modeling. 

The solution of the direct problem for IL 
is considered below. According to expres-
sion (5) in paragraph 1 of the GC, the dipole 
moments and the parameter nH of the cation 
and anion are calculated separately as char-
acteristics of rigid fragments, and then 
summed for the entire IL [24]. 

 
Fig. 1. Structural formulas of the ionic liquids studied in the work 
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1. GC calculation. 
The generalized charge of an IL is deter-

mined by its structural formula according to 
the following expression [36]: 

𝑄𝑄𝑠𝑠𝑠𝑠 = 𝛼𝛼
3
⋅ � 𝑒𝑒2

2𝑎𝑎0𝐸𝐸1
�
3
2�
,  (12) 

where the coefficient 𝛼𝛼 = �𝑄𝑄4 3⁄ +𝑠𝑠�
3 4⁄

𝑄𝑄
≈ 1, 

E1 – the average energy of the electron. 
The expression for the average energy of 

a valence electron follows from the condi-
tion for the average density of electrons that 
create GC [19]: 

𝑛𝑛 ∝ 𝑁𝑁𝑟𝑟𝑠𝑠−3 ∝ 𝑁𝑁𝐸𝐸1
3 2⁄ =

∑ 𝑧𝑧𝑖𝑖(𝐸𝐸𝑏𝑏𝑖𝑖 𝑧𝑧𝑖𝑖⁄ )3 2⁄𝑁𝑁𝑏𝑏
𝑖𝑖=1 , 

from where 
𝐸𝐸1
3 2⁄ = 𝑁𝑁−1 ∑ 𝑧𝑧𝑖𝑖(𝐸𝐸𝑏𝑏𝑖𝑖 𝑧𝑧𝑖𝑖⁄ )3 2⁄𝑁𝑁𝑏𝑏

𝑖𝑖=1  (13) 
where 𝑁𝑁𝑏𝑏 = 𝑁𝑁𝜎𝜎 2⁄  is the number of covalent 
bonds in the molecule falling within the 
shielding sphere; 𝐸𝐸𝑏𝑏𝑖𝑖and 𝑧𝑧𝑖𝑖 – energy and 
doubled multiplicity of the i-th covalent 
bond; 𝑁𝑁 = 𝑁𝑁𝜎𝜎 + 𝑁𝑁𝜋𝜋 = ∑ 𝑧𝑧𝑖𝑖

𝑁𝑁𝑏𝑏
𝑖𝑖=1 . 

In a particular case, for the boundary of 
the electron cloud of organic molecules, we 

find from (13) that the average electron en-
ergy is 𝐸𝐸1 calculated from the structural for-
mula of SP molecules according to the for-
mula for alkanes taken from [36] and 
adapted for nitrogen-containing compounds: 

𝐸𝐸1(𝑛𝑛,𝑚𝑚3,𝑚𝑚4, 𝑠𝑠) =

𝑎𝑎 �6𝑚𝑚3+12𝑚𝑚4+14−𝑠𝑠+2−3 2⁄ (6𝑚𝑚−12𝑚𝑚3−18𝑚𝑚4−12)
6𝑚𝑚+2

�
2 3⁄

(14) 
where n is the number of carbon (C) and ni-
trogen (N) atoms, m3 is the number of three-
substituted C atoms, m4 is the number of 
four-substituted C atoms, 𝑎𝑎 =
𝐸𝐸1,𝐶𝐶− 2⁄ =228.1 kJ/mol. To calculate the num-
ber of screened electrons s in the case of 
small molecules, you can use a simple count-
ing rule: 1) if there are no three- and four-
substituted carbon atoms in the molecule, the 
number of screened electrons s is equal to 0; 
2) in the presence of three- and / or four-sub-
stituted C atoms, s is equal to 1 and 3, re-
spectively, for each three- and four-substi-
tuted C atom. For nitrogen-containing com-
pounds, the value of s increases by the num-
ber of N atoms. 

Table 1. Characteristics of reference adsorbates (standards of the McReynolds method) 
Reference adsorbate Q  2μ , D 2 Hn  v , D 2 w  

butanol-1 12.17 2.32 0.43 0.1 9 0.036 
pentanone-2 13.08 7.73 0 0.59 0 

Table 2. Results of calculation of polarity and hydrophilicity for IL  

No Ionic liquid McReynolds constants uy uz vsp, D2  
wsp y z 

1 n-Butylammonium 
Thiocyanate 1070 805 2.445 2.028 0.205 0.226 

2 Iso-Butylammonium 
Thiocyanate 1086 830 2.464 2.057 0.211 0.227 

3 Sec-Butylammonium 
Thiocyanate 1106 870 2.488 2.103 0.221 0.229 

4 Di-n-butylammonium 
Thiocyanate 711 485 2.002 1.647 0.119 0.163 

5 Cyclohexylammonium 
Thiocyanate 694 491 1.981 1.654 0.121 0.158 

6 Diallylammonium 
4-Toluenesulfonates 902 574 2.241 1.755 0.145 0.204 

7 Di-n-ethylammonium 
4-Toluenesulfonates 1077 691 2.453 1.895 0.176 0.237 

8 Ethylammonium 
4-Toluenesulfonate 1259 797 2.667 2.019 0.203 0.272 
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If there is a cycle compound in the struc-
ture (IL No. 5), expression (14) takes the fol-
lowing form: 

𝐸𝐸1(𝑛𝑛,𝑚𝑚3,𝑚𝑚4, 𝑠𝑠) =

𝑎𝑎 �2√2(6𝑚𝑚3+12𝑚𝑚4−𝑠𝑠)+(6(𝑚𝑚−1)−12𝑚𝑚3−18𝑚𝑚4)
6𝑚𝑚−1

�
2 3⁄

 (15) 
For the case of a thiocyanate anion in IL, 

we write the expression (13) in the following 
form: 

𝐸𝐸1 = �1
2
⋅ 6𝐸𝐸𝐶𝐶≡𝑁𝑁

3 2⁄ +7𝐸𝐸SC
3 2⁄

13
�
2 3⁄

 (16) 
where 𝐸𝐸𝐶𝐶≡𝑁𝑁is the binding energy of C≡N di-
vided by 3 𝐸𝐸CSis the binding energy of S-C. 

For the toluenesulfonate anion, expres-
sion (13) is derived in the following form: 

𝐸𝐸1 = �1
2
⋅
7𝐸𝐸𝐶𝐶−

3 2⁄ +20𝐸𝐸𝐶𝐶|
3 2⁄ +12𝐸𝐸𝑆𝑆=𝑂𝑂

3 2⁄

47
�
2 3⁄

(17) 

where 𝐸𝐸𝐶𝐶−is the C-C methyl bond energy, 
𝐸𝐸𝐶𝐶|is the С−⃛С bond energy in the benzene 
ring divided by 1.5, 𝐸𝐸𝑆𝑆=𝑂𝑂is the S=O bond en-
ergy. In the numerator of expression (16) 
there are no energies of 8 electrons of two 
tree-substituted C atoms, because they do 
not affect the formation of the boundaries of 
the electron cloud. The coefficients 1 

2
in ex-

pressions (16) and (17) are introduced to 
take into account the electron energy (2 elec-
trons for each bond). 

Table 3 shows the bond energies used in 
the calculation of the average electron en-
ergy E1. Table 4 shows the GC for a number 
of ILs. 

1. Determination of the dipole moment 
𝜇𝜇sp. There are no reliable data on the dipole 
moments of ILs in the literature, and mathe-
matical modeling programs determine the 
dipole moment of these rather complex mol-
ecules with a large error. The values of the 
squared dipole moments for ILs can be cal-
culated from the experimental data on the 
McReynolds constants. To do this, the val-
ues of the GC from Table 4 and the polarity 
of the IL obtained from the experimental 
data (see Table 2) are substituted into for-
mula (3) and the square of the dipole mo-
ment of the IL is determined, which, in ac-
cordance with formula (5.2), is equal to the 
sum of the squares of the dipole moment of 
the cation and anion. If one of the terms is 
known, the other can be found. In this way, 
it is possible to obtain experimental infor-
mation about the dipole moment in the case 
when there are no reference data, and the 
quantum mechanical calculation of the struc-
ture is difficult. Table 5 presents the results 
of calculating the dipole moments for some 
ILs. 

Table 5 shows how to restore the dipole 
moment of the second fragment if the dipole 

Table 3. Reference data on bond energies [37-40] 
Bond Energy E, kJ/mol 
C-N 873.0 
S-C 550.0 
C-C 456.2 

C − C (benzene) 490.0 
S=O 400.4 

Table 4. Generalized charges of IL according to formula (12) (IL numbering corresponds to Table 2) 
No +spQ  -spQ  spQ  

1 7.70 8.52 16.22 
2 6.78 8.52 15.30 
3 7.41 8.52 15.93 
4 8.81 8.52 17.33 
5 15.36 8.52 23.88 
6 8.08 9.69 17.77 
7 7.06 9.69 16.75 
8 5.52 9.69 15.21 
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moment of one of the IL fragments is known. 
For example, by taking the known values of 
the squared dipole moments of substances 
similar in structure to cations [37, 38, 40], 
one can calculate the squared dipole mo-
ments for thiocyanate and toluenesulfonate 
anions. Further, by averaging the values for 
cations with the same functional groups, new 
values of the squared dipole moments for an-
ions are calculated by subtraction from the 
total dipole moment, and then these values 
were averaged for ILs Nos. 1-5 and 6-8, re-
spectively. In particular, we averaged the 
squared dipole moments for IL cations Nos. 
1-3, 5, and 8 with functional groups −NH3

+, 
and the squares of dipole moments for cati-
ons Nos. 4, 6, and 7 with functional groups 
−NH2

+ −. For IL cations, dipole moments 
(squared) were taken from reference books 
[37–38] for the corresponding amines: n-bu-
tylamine for IL 1 cation, tert-butylamine for 
IL 2, di-n-butylamine for IL 4, and etc. (see 
tables 5 and 6); the squared dipole moments 
for the anions were calculated from the dif-
ference. Table 6 gives the squares of the IL 

dipole moments obtained as the sum of the 
parameters of anions and cations, taking into 
account such averaging. 

2. SP polarity calculation for 𝑣𝑣sp is 
given in formula (3). For the calculation, the 
data of tables 4 and 6 are used, the results of 
the calculation are given in table 8; 

3. Parameter calculation for 𝑛𝑛𝐻𝐻 is given 
in formula (18) (see [19] and commentary on 
(5.3)): 

𝑛𝑛𝐻𝐻 =
𝑎𝑎�𝑄𝑄(𝑑𝑑)sp+𝑏𝑏�𝑄𝑄(𝑎𝑎)sp

�𝑄𝑄(mol)sp
,  (18)  

where 𝑄𝑄(𝑑𝑑)sp is the GC of the donor group, 
𝑄𝑄(𝑎𝑎)sp is the GC of the acceptor group, 
𝑄𝑄(mol)sp is the GC of the entire cation or an-
ion (see Table 4), a and b are the numbers of 
donor and acceptor groups, respectively. 
Groups for ILs Nos. 1-3, 5 and 8 
−NH2

+ −were considered as donor groups, 
−NH3

+for ILs Nos. 4 and 6-7, as acceptor 
groups 𝑁𝑁 ≡ 𝐶𝐶 − 𝑆𝑆−for ILs Nos. 1-5 and 
−SO3

+for ILs Nos. 5-8 (see Figure 1). The 
calculation of 𝑄𝑄(𝑑𝑑)sp, 𝑄𝑄(𝑎𝑎)sp and 𝑄𝑄(mol)sp is 
made according to the formula (7). The cal-
culation results are shown in Table 7. 

Table 5. Squared dipole moments for ILs expressed as the sum of squared dipole moments of the 
cation and anion 

No Ionic liquid spv , D2 2
spμ , D2 2

spμ + , D2 [37-38] 2
-spμ , D2 

1 n-Butylammo-
nium Thiocyanate 0.205 3.324 1.000 2.324 

2 Iso-Butylammo-
nium Thiocyanate 0.211 3.227 1.664 1.563 

3 Sec-Butylammo-
nium Thiocyanate 0.221 3.521 - - 

4 Di-n-butylammo-
nium Thiocyanate 0.119 2.062 0.960 1.102 

5 
Cyclohex-

ylammonium Thi-
ocyanate 

0.121 2.889 1.588 1.302 

6 
Diallylammo-
nium 4-Tol-

uenesulfonates 
0.144 2.558 0.846 1.712 

7 
Di-n-ethylammo-

nium 4-Tol-
uenesulfonates 

0.176 2.947 0.846 2.101 

8 
Ethylammonium 

4-Toluenesul-
fonate 

0.203 3.087 1.488 1.598 
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When calculating the parameter 𝑛𝑛𝐻𝐻 for 
cation isomers, it is important to take into ac-
count their dependence on the number a, the 
number of donor groups. So, for example, 
for cations Nos. 1-3, 5 and 8, in which the 
functional group is terminal, а in expression 
(18) is 3 - the functional group has 3 donor 
hydrogen atoms; for cations Nos. 4, 6-7, in 
which the functional group is in the middle 
of the carbon chain, a=2 - the functional 
group, respectively, has 2 donor hydrogen 
atoms. This explains the differences in the 
values 𝑛𝑛𝐻𝐻for the isomers. For anions, the 
number b is 2 and 3: for the thiocyanate an-
ion, b=2, because it has two electronegative 
atoms - nitrogen and sulfur, and the tol-
uenesulfonate anion has b=3, because the 
SO3

- group has three acceptor oxygen atoms. 
5. Calculation of the hydrophilicity of SP 

𝑤𝑤spaccording to the formula (4). The calcu-
lation uses the data of tables 4 and 7. 

Thus, we obtain theoretical selectivity 
characteristics for some ILs. 

Results and discussion 
Correspondence of a priori calculations 

with experimental data. Table 8 presents the 
results of the calculation of the selectivity 
characteristics for IL according to the direct 
and inverse problems – calculation by the 
structural formula of IL and calculation from 
experimental data on chromatographic re-
tention in the form of McReynolds con-
stants, respectively. 

Selectivity Map: Classification of ILs vs. 
Conventional SPs for GC. The results of the 
calculation of the characteristics of polarity 
and hydrophilicity are presented in the form 
of a diagram – a selectivity map. Such a 
graphical way of presenting data makes it 
easy to classify SP [33]. Figure 2 shows the 

Table 6. Corrected squared dipole moments for IL, expressed as the sum of squared dipole moments 
of the cation and anion 

No Ionic liquid 2
spμ + , D2 2

-spμ , D2 2
spμ , D2 

1 n-Butylammonium Thiocyanate 1.44 1.64 3.08 
2 Iso-Butylammonium Thiocyanate 1.44 1.64 3.08 
3 Sec-Butylammonium Thiocyanate 1.44 1.64 3.08 
4 Di-n-butylammonium Thiocyanate 1.08 1.64 2.72 
5 Cyclohexylammonium Thiocyanate 1.44 1.64 3.08 

6 Diallylammonium 4-Toluenesul-
fonates 1.08 1.67 2.75 

7 Di-n-ethylammonium 4-Tol-
uenesulfonates 1.08 1.67 2.75 

8 Ethylammonium 4-Toluenesul-
fonate 1.44 1.67 3.11 

Table 7. Calculated values of the H-bond index Hn for some ILs (IL numbering corresponds to Ta-
ble 2) 

No of ILs +spHn  −spHn  ( )-HspHspHsp 2 nnn += +  

1 0.81 1.00 3.62 
2 0.84 1.00 3.69 
3 0.82 1.00 3.64 
4 0.41 1.00 2.81 
5 0.74 1.00 3.47 
6 0.45 1.50 3.90 
7 0.51 1.50 4.10 
8 0.98 1.50 4.95 
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SP selectivity map based on the ILs pre-
sented in Table 8; for comparison, experi-
mental calculation data (●) and a priori cal-
culation data (○) are given; crosses on the 
map indicate phases based on polysiloxanes 
and polyethylene glycol of various molecu-
lar weights. 

The map shows a good agreement be-
tween the results of theoretical calculation 
and calculation from experimental data on 
retention in the form of McReynolds con-
stants. The greatest difference in the results 
of the two calculation methods is observed 
for phases Nos. 4, 5, and 8, which can be ex-
plained by a possible inaccuracy in deter-
mining the GC and a rough estimate of the 
dipole moment for cyclic molecules: in the 
case of phase No. 8 toluenesulfonate anion. 
Also, the error in determining the parameters 
of the SP may lie in the experimental deter-
mination of the McReynolds constants, this 

is obvious in the case of phases Nos. 4 and 5 
– ILs have large differences in the structures 
of cations, which do not allow them to have 
the same properties. This is the subject of 
further study. From Figure 2 and Table 8, it 
can be seen that during the theoretical calcu-
lation, the sequence of SP Nos. 1-3 changes 
- initially, when calculating from the 
McReynolds constants, the phases go in the 
order 1-2-3, however, we see that the theo-
retical calculation gives the sequence 1-3-2 , 
which is associated with differences in the 
isomer GCs – IL No. 2 has more shielded 
electrons s due to the presence of a four-sub-
stituted C atom, than in IL No. 3, which has 
only three-substituted C (see Figure 1), re-
spectively, the GC is less (see Table 5). 
However, these differences can be ne-
glected, they do not fundamentally contra-
dict the experimental calculation from the 

 
Fig. 2. SP selectivity map based on IL, phase numbering corresponds to Table 2. Designa-

tions: black circles – calculation data for the inverse problem from McReynolds constants, 
empty circles – calculation data for the direct problem from the IL structural formula, 

crosses – calculation data for the inverse problem for SP based on polyethylene glycol and 
polysiloxane [33]. 

 
Table 8. Characteristics of IL selectivity (IL numbering corresponds to Table 2) 

No. of ILs 
Direct problem Inverse problem 

spv , D2 spw  spv , D2 spw  
1 0.190 0.2 2 3 0.205 0.226 
2 0.201 0.241 0.211 0.227 
3 0.193 0.228 0.221 0.229 
4 0.157 0.162 0.119 0.163 
5 0.129 0.205 0.121 0.158 
6 0.155 0.220 0.144 0.204 
7 0.164 0.239 0.176 0.237 
8 0.205 0.326 0.203 0.272 
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McReynolds constants, and it can be con-
cluded that the three-parameter characteris-
tic method is applicable for calculating IL. 

Comparing the characteristics of ILs in 
Fig. 2 with the characteristics of SPs based 
on polyethylene glycol and polysiloxane 
with various substituents [33] (they are indi-
cated by crosses on the selectivity map), it 
can be seen that the phases based on ILs have 
medium and high polarity and high hydro-
philicity – the hydrophilicity values of the 
considered ILs are more than 2 times higher 
than common polysiloxane and polyethylene 
glycol SP. ILs are considered to be phases 
with high "polarity", however, we see that 
the main contribution to "polarity" is made 
by hydrophilicity, in other words, the ability 
of ILs to form an H-bond with analytes. 
However, due to the vagueness of the gener-
ally accepted definition of "polarity" for 
chromatographic phases, we can say that the 
results obtained are consistent with the re-
sults of experimental studies of the proper-
ties of ionic liquids. 

 
 
 
 
 

Conclusion 
The three-parameter characteristic 

method has shown its effectiveness in de-
scribing the properties of stationary phases 
based on ionic liquids. Methods for calculat-
ing the polarity and hydrophilicity parame-
ters of the three-parameter characteristic 
method from the structural formula of ionic 
liquids and from chromatographic retention 
data in the form of McReynolds constants, 
adapted for ionic liquids, are presented. For 
the first time, ionic liquids are theoretically 
described by their structural formula as sta-
tionary phases for gas-liquid chromatog-
raphy. The obtained results of calculating the 
selectivity characteristics of ionic liquids in 
two ways do not contradict each other, 
which makes it possible to classify station-
ary phases based on ionic liquids in the same 
way as phases based on polysiloxane and 
polyethylene glycol – according to the struc-
tural formula. 
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