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Abstract: A combination of theoretical and experimental approaches was applied to determine
the chromatographic rules of isomeric compounds’ behavior for preliminary identification. In gas
chromatography-mass spectrometry (GC-MS), identification is performed by spectra matching,
however, difficulties arise with isomeric compounds, which cannot be distinguished from each other
without additional information. The thermodynamic characteristics of the adsorption of symmetric
and asymmetric isomers of chlorophenylphenols, dimethoxybiphenyls, tri- and tetrachlorobiphenyls
were determined using molecular statistical calculations. By-products in the chlorination of 4-
hydroxybiphenyl were identified: 4-hydroxy-2,3′- and 3,2′-dichlorobiphenyls, 4-hydroxy-3,5,2′- and
2,3,6-trichlorobiphenyls. A developed theoretical approach was applied to predict the retention
order of tri- and tetra-chlorobiphenyls. The GC-MS data and molecular statistical calculations made
it possible to determine the main products of methoxybenzene dimerization as well as identify
impurities. Thermodynamic parameters were received to describe the unusual retention behavior of
epimers in reversed-phase high-performance liquid chromatography. Molecular descriptors were
calculated to determine correlation with retention of both structural isomers and epimers. Descriptor
combining surface area and partial charge information turned out to be useful in evaluating retention
order for isomers.

Keywords: isomers; chromatography-mass spectrometry; thermodynamic characteristics

1. Introduction

Currently, chromatography coupled with mass spectrometry is one of the leading
methods in qualitative and quantitative analysis of mixtures of various nature and compo-
sition. A special research direction in chromatography is the study of mixtures containing
isomeric compounds. The geometric structure of molecules determines their physicochem-
ical characteristics and, accordingly, chromatographic sorption behavior. The greatest
differences in chromatographic behavior with differences in geometric structure appear for
isomers. The relevance of research related to isomeric compounds is still of great impor-
tance due to the vastness of forms of isomerism, which can be transformed into one another.
All forms of isomerism are usually divided into two classes: structural and stereoisomerism.
Structural isomers include compounds in which different modes of binding in the molecule
are observed, while stereoisomers are compounds with different spatial arrangements
of atoms. Optical and geometric isomerism is distinguished when spatial isomers are
considered [1,2]. Molecules of optical isomers lack a plane of symmetry. Geometric iso-
merism reflects the different positions of the substituents relative to the double bond or
ring. A special kind of geometric isomerism is syn-anti-isomerism. This type of isomerism
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is similar to cis-trans-isomerism, while rotation around C=N or N=N bonds is observed (cis
corresponds to syn, and trans to anti) [1]. Rotation of an atom or groups of atoms around
a carbon–carbon simple bond (or other bonds) leads to the formation of conformational
(rotational) isomers. The resulting isomers are called conformers, rotamers [3]. In gas
chromatography (GC) the most common is gas–liquid chromatography that does not allow
the separation of isomers based on differences in structure. The differences in the structure
of the isomers are leveled out when dissolved in the stationary liquid phase. This may
be due to the interaction of atoms of the adsorbed molecules with atoms of the liquid
stationary phase.

Another type of GC is gas-adsorption chromatography, although rare. Non-porous
materials such as graphite, boron nitride, and diamond are often used as sorbents in
gas-adsorption chromatography. In this case, the plane of the adsorbent surface allows
revealing the differences of molecules with lower and higher group dimensions. No
change in the chromatographic adsorption is observed in case the atoms responsible for the
differences in symmetry are located in the same plane. If the atoms causing the asymmetry
of the isomers are in the plane perpendicular to the adsorption plane, then such molecules
adsorb more weakly compared to more symmetric ones. Thus, the more symmetric the
molecule is and the closer its atoms are to the surface, the higher the adsorption capacity
and, accordingly, the chromatographic retention. Liquid adsorption chromatography
allows distinguishing isomers on hypercarb or silica gel sorbents. However, it is necessary
to take into account the influence of the mobile phase, which can hinder the sorption of
molecules due to competitive adsorption. In the case of liquid adsorption chromatography,
as in gas–liquid chromatography, dissolution occurs in the volume of the liquid phase.
Molecules penetrate the volume of the grafted layer due to their specific orientation.

Separation systems in liquid chromatography are much more complicated due to
eluent participation in the process of sorption of analytes on a sorbent surface. It is
assumed that in reversed-phase high-performance liquid chromatography (RP-HPLC),
both partition and adsorption govern the separation process [4]. Mass spectrometry allows
the detection of unresolved peaks and provides structural information needed to annotate
the compounds. The fragmentation pathways in tandem mass spectrometry (MS/MS)
spectra could be different for structural isomers, while these spectra may be similar or
identical for stereoisomers or some of the positional isomers. In this regard, the separation
of such isomers is important for their identification. Great attention is placed on the
separation of enantiomeric compounds having pharmaceutical applications [5,6]. However,
separation and identification of positional isomers and epimers having potential bioactive
properties could be not less complicated. Separation of some positional isomers on chiral
stationary phases is well-studied, for instance, retention of ortho-, meta-, para xylenes on
cyclodextrines is explained by spatial structure of the molecules. The linear structured
para-xylene is fully included in the cyclodextrines, and as a result, has a larger retention
time than its isomers. However, separation of positional isomers on the RP-HPLC cannot
be unequivocally estimated. Moreover, the study of retention of different diastereoisomers
and close positional isomers in RP-HPLC mass spectrometry (RP-HPLC-MS) conditions
may shed light on the adsorption and partition mechanisms of their interaction with the
stationary phase, which may lead to the correct prediction of their elution order.

Glycosides provide great scope for studying the retention and separation of struc-
tural isomers and diastereomers in reversed-phase. Glycosides are firmed by nonpolar
aglycone and a polar part—a sugar side chain and their retention mechanism is highly
configuration dependent. It has been shown that separation of epimeric steroidal glyco-
sides from Tribulus terrestris L. cell culture can be achieved on a C18-bonded phase [7].
In addition, epimerization and dehydroxylation can take place during thermal treatment
of plant material [8,9] or by further digestion in the living organisms [10–12]. Prominent
antioxidation, anti-inflammation, and anti-aging activities of such triterpene glycoside-
containing preparations encourage the researchers to apply HPLC-MS analysis for their
stereoselective determination and pharmacokinetic study [12,13]. Thus, it is important
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to perform correct annotation of the isomers. For this purpose, molecular properties and
physical–chemical parameters calculated as a number of descriptors [14] may be used to
find a correlation with retention. Thus, it remains to solve the regression problem using
machine learning methods for prediction retention time or the order.

More traditional approaches of the prediction the main chromatographic, mass spec-
trometric, thermodynamic characteristics, and selection of the optimal conditions for the
desired process are based on molecular dynamics, molecular-statistical, and quantum-
mechanical calculations. The possibility and success of using the molecular statistical
method for calculating the thermodynamic characteristics of adsorption on graphitized
thermal carbon black (GTCB) were presented in [15]. Graphite thermal carbon black is
a non-polar adsorbent with high geometric and chemical surface uniformity. Under the
conditions of GC, selective separation of structural isomers is observed depending on
their symmetry [16]. For flat surface adsorbents (e.g., GTCB), trans-isomers have an ener-
getic advantage. The strongest retention is observed for the cis-isomers in the case of the
distribution of the compound over the bulk phase.

The theoretical study of isomeric compounds are of particular high importance when
the objects of research are health and environmentally hazardous. Since work with toxic
substances requires special additional conditions, theoretical study of such substances
seems to be more than promising. The purpose of this work was to improve the reliability
of the identification of isomers of various natures and to establish the conditions for the
analysis of complex industrial mixtures and environmental objects. To achieve this goal,
a combination method was applied based on the data of GC-MS analysis and the results
of molecular statistical calculations. The separation of epimers and structural isomers on
the example of several triterpene and steroidal glycosides was investigated to enhance the
understanding of the retention behavior of the complex naturally occurring molecules in
RP-HPLC conditions.

2. Materials and Methods

Analytes preparation for GC-MS analysis. For thermal desorption, model samples
were prepared in the form of powders of the corresponding materials with a grain size
of 0.125–0.15 mm in order to increase their surface and make them easier to place in a
pyrolyzer. The adsorbates were applied from solvent solutions. After holding, the samples
were filtered off, dried in a flow of helium, and used for research. Deuterated or chlorine-
containing aromatic hydrocarbons in a highly volatile solvent were used as an internal
standard. The weighed amount was 1–4 mg.

Analytes preparation for LC analysis. The following reagents were used in the work:
ginsenosides Rg3, Rh1 (>98%, Phytolab GmbH, Vestenbergsgreuth, Germany); ginseno-
sides Rh4, Rk3, Rk1, Rg5 (>98%, ChromaDex Int., Los Angeles, CA, USA); acetonitrile
(for gradient chromatography Panreac, Barcelona, Spain), acetic and formic acids (Sigma-
Aldrich, Burlington, VT, USA). Deionized water was prepared from distilled water on
a Milli-Q installation (Millipore, Burlington, VT, USA). An accurately weighed 1 mg of
each standard was dissolved in 1 mL of methanol. The resulting solutions were used to
prepare a stock solution with ginsenoside concentrations at the level of 40 µg/mL, which
was stored at −17 ◦C. The resulting stock solution was used to prepare the solution with a
concentration equal to 1.25 µg/mL in 50/50% water/acetonitrile solvents. Retention data
for 20(S) Rg3, 20(R) Rg3, 20(R) Rh1, 20(S) Rh1, and 20(S) Rg2, 20(R) Rg2 analyzed with
RP-HPLC were obtained from the literature data [13].

To a sample of 3 mg of the purified amount of steroidal glycosides of the biomass
of Dioscorea deltoidea cell culture, provided for research by the staff of the Department
of Plant Physiology, Faculty of Biology, Moscow State University, 1.5 mL of a solvent
mixture of acetonitrile and water (50/50 vol.%) was added. Then the mixture was kept at a
temperature of no more than 30 ◦C in an ultrasonic bath for 40 min, stirring every 10 min.
After that, 1.5 mL of the extract was taken and passed through a 0.45 µm Chromafil Xtra
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PET-45/25 syringe filter (Macherey-Nagel GmbH, Düren, Germany). Then the samples
were diluted 10 times in a 10% aqueous solution of acetonitrile.

LC-MS conditions. HPLC-MS analysis was performed with MS/MS system consisted
of a QTrap 3200 tandem mass spectrometer (AB Sciex, Concord, ON, Canada) equipped
with electrospray ionization (ESI), and HPLC system ULTIMATE 3000 (Thermo Fisher
Scientific, Waltham, MA, USA). Columns with a reversed-phase stationary phase Acclaim
RSLC 120 C18 (150 × 3.0 mm; 3.0 µm) and Acclaim C18 (150 × 3 mm, 3 µm), from Thermo
Scientific (USA) were used in the determination of triterpene and steroidal glycosides
respectively. The determination was carried out using an ESI source in scan mode in m/z
range 100–1350. The composition of the mobile phase for the steroidal saponins analysis: an
aqueous solution of acetic acid 0.3% (eluent A) and acetonitrile (eluent B). The separation
of the sample was carried out in an isocratic mode of supplying an eluent in a phase
A/phase B ratio of 26.5/73.5 (vol.%); The flow rate was 0.25 mL/min. The temperature
of the column thermostat was varied from 22–35 ◦C. The volume of the injected sample
was 5 µL. The composition of the mobile phase for the ginsenoside analysis: an aqueous
solution of formic acid 0.5% (eluent A) and acetonitrile (eluent B). Sample separation was
carried out in a gradient mode; the flow rate was 0.5 mL/min. The temperature of the
column thermostat was 25 ◦C. The injection volume was 10 µL.

GC-MS conditions. Studies were carried out on a JMS-D300 GC-MS equipped with a
JMA-2000 computer and an HP 5890 chromatograph. Thermal desorption studies were
carried out using direct injection in the temperature range from 30 to 400 ◦C, and the
sample heating rate varied from 2 to 50 ◦C/min. Chromatograms were recorded in the
full-scan EI positive ion mode (40 to 450 m/z). The temperature of the ion source was
150 ◦C, the energy of ionizing electrons was 70 eV, the accelerating voltage—3 kV, the mass
range- 40–400. Mass spectra were additionally investigated at low energy 10–15 eV and in
the chemical ionization with reactant gases methane, ammonia, and isobutane.

The chromatographic study was carried out on columns with GTCB (50 × 0.1 cm,
70 × 0.1 cm, 70× 0.08 cm, 120× 0.1 cm) and a capillary column (30 m × 0.53 mm × 1.5 µm)
with a weakly polar phase DB-5 (5% phenylmethylsilicone). Helium was used as a carrier
gas. Carrier gas flow rate was 5–20 mL/min for microfabricated columns and 2 mL/min for
capillary columns. Chromatographic separation was carried out on an HP 5890 chromato-
graph coupled to a mass spectrometer using a jet separator; when working with a capillary
column, the sample was injected with a discharge of 1:10. To optimize chromatographic sep-
aration, different temperature programming rates were used from 1 to 25 ◦C/min for GTCB
columns and from 0.5 to 15 ◦C/min for a capillary column. Identification was carried out
using a library search (NIST MS Search software), or based on the laws of fragmentation.

Computation Details

Either the relative retention times were determined relative to the components of the
mixture, identified by MS, or special standard substances with known values of Henry’s
constant were added. Since most of the chromatograms were obtained in temperature
programming mode, the retention temperature was used instead of the retention volumes,
i.e., the temperature at which the maximum of the peak appears on the chromatogram.
Calculation of Henry constants for adsorption was carried out according to the article [17].
The calculation was performed using PC GAMESS software for quantumchemical calcula-
tions. The potential in the form of Buckingham–Corner was selected for the calculation of
atom–atom potentials of the nitrogen atom with carbon atoms of the basal face of graphite.

Stereo SMILES of each molecule were obtained with the OpenBabel GUI software
(3.0.0). SMI files were further used for computing 3D coordinates and energy minimiza-
tion with the command-line program “obabel”. Energy minimization was performed in
the MMFF94 force field with the steepest descent algorithm with 5500 steps. Molecules
properties were calculated with R programming language with the “rcdk” (3.5.0) package.



Symmetry 2021, 13, 1681 5 of 18

3. Results and Discussion
3.1. Analyzing Isomers with GC-MS
3.1.1. Chlorophenylphenols

The identification of macro and micro components in the chlorination of 4-phenylphenol
under conditions simulating the operation of a water treatment plant was considered [18].
The total ion current (TIC) chromatogram of the mixture is presented in Figure 1a. It was
found that the mixture contains one mono-, three di- and two tri—chlorophenylphenols.
According to the chromatogram in Figure 1a, the most intensive peak determined by the
library search corresponded to 4-hydroxy-3,5-dichlorobiphenyl. The mass spectrum of the
main component of the mixture is shown in Figure 1b.
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(b) the mass spectrum of the maximum component of the mixture, identified using the library search program as
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In order to evaluate the effective separation of isomers of the mixture, a chromatogram
was obtained on a capillary column. Chromatograms were obtained for the main charac-
teristic ions (Figure 2) based on the analysis of the chromatographic study of a mixture of
isomers of the chlorination products of 4-hydroxybiphenyl. It should be noted that the total
number of chromatographic peaks in the chromatograms obtained for different columns is
the same. This fact indicates a high selectivity of graphitized carbon black for the studied
mixture of isomers.
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Figure 2. (a) Extracted ion chromatograms (EIC) for molecular ions of mono-, di- and trichloro- 4-hydroxybiphenyls
(m/z = 204, 238, 272), obtained on a capillary column (b) and a column with GTCB.

A library search in the database revealed the presence of 4-hydroxy-3-chlorobiphenyl
and 4-hydroxy-3,5-dichlorobiphenyl in the mixture. However, the available data were
insufficient to identify other compounds. Based on theoretical concepts of the chlorination
process and the effect of substituents, it is impossible to predict with a high probability
the full composition of the isomeric mixture. It should be noted that chlorine and phenyl
activate the benzene ring in different ways. Secondly, since the process is not fully under-
stood, the databases lack sufficient sets of mass spectra for a full analysis of the mixture. It
is known that the methylation of isomers leads to differences in mass spectra [19]. Mass
spectra for isomeric compounds were identical and the randomization of substituents was
observed. Figure 3 shows examples of mass spectra of isomeric dichlorobiphenyls.

The analysis of mass-spectrum in Figure 3 revealed that the fragmentation of these iso-
mers was different from the fragmentation of 4-hydroxy-3,5-dichlorobiphenyl (Figure 1b).
The main difference in mass-spectra may be caused by the arrangement of the substituents.
The intensity of the fragment ion (139 m/z) is significantly higher than for the molecular
ion (238 m/z) for 4-hydroxy-3,5-dichlorobiphenyl. (Figure 1b). Due to the lack of sufficient
data to identify the remaining components of the mixture, molecular statistical calculations
of chromatographic characteristics were performed.

Molecular statistical calculations were performed with interatomic potential for the
oxygen atom in the hydroxyl group. In this case, the influence of internal rotation on
adsorption was taken into account. The results obtained for isomers with different contents
of chlorine atoms in the ortho-position are summarized in Table 1. For comparison, Table 1
shows the data for 4-hydroxy-3,5,4′-trichlorobiphenyl, which does not contain substituents
in the ortho-position.
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Table 1. Henry constants of chlorophenylphenols (at 550 K) and the observed elution order in the column with GTCB.

Position of
Substitutes *

Inner Corner
Henrys’ Constants Elution Order

One
Substitute

Two
Substitutes

Three
Substitutes Supposed Calculated

3,2′- (A) 53 6.52 1, 2 (?) 1

2,3′- (S) 53 6.58 1, 2 (?) 2

3,5,2′- 53 6.65 3 (?) 3

3,2′,4′- (A) 53 6.75 3 (?)

2,5,2′- (S) 65 6.76 3 (?)

3- 38 7.56 4 4

3,2′,4′- (S) 53 7.96 5 (?)

2,3,6- 64 8.22 5 (?) 5

3,5- 38 8.35 6 6

3,5,4′- 38 10.09

* The indices S and A indicate that the calculations were carried out for the “syn” or “anti” conformations, respectively.
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According to the calculated data, the retention of 4-hydroxy-3,5-dichlorobiphenyl is
significantly lower than for 4-hydroxy-3,5,4′- trichlorobiphenyl. It is possible to select com-
pounds corresponding to the observed order of isomer elution and degree of substitution
taking into account the relative position of isomers in the chromatogram (Figure 2b). At the
same time, due to a large number of isomers, the identification of compounds cannot be
carried out correctly enough. However, it can be affirmed that the dichlorophenylphenols
in the mixture are 4-hydroxy-2,3′- and 3,2′-dichlorobiphenyls, and trichlorophenylphenols
are 4-hydroxy-3,5,2′- and 2,3,6-trichlorobiphenyls taking into account all available data.

3.1.2. Dimethoxybiphenyls

Dimethoxy-substituted biphenyls are also of concern. During the catalytic dimeriza-
tion of methoxybenzene such by-products as isomers of dimethoxybiphenyl are formed.
The content of these by-products in the mixture can be comparable with the amount of the
main product [20]. It is impossible to predict the class of formed by-products based only
on the catalytic laws of this type of reaction.

The results of the GC-MS study of the isomeric mixture of dimethoxy-substituted
biphenyl are shown in Figure 4. It was found that in the mixture, in addition to two isomers
of dimethoxy-substituted biphenyl, three isomers of the by-product are also present. It can
be assumed that the isomeric impurities are derivatives of biphenyl, diphenylmethane, or
dibenzofuran based on mass-spectrometric studies.
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Figure 4. EIC obtained on capillary (a,b) and GTCB (c,d) columns, based on characteristic ions of isomeric dimethoxy-
diphenyls (b,d) and impurities (a,c).

The parameters of the geometric structure of the molecules were taken from studies on
electron diffraction [21] or were determined as the average of the angles and bond lengths
of molecules of the same compound class to carry out molecular statistical calculations. It
should be noted that the studied derivatives are characterized by internal rotation relative
to the bond connecting the benzene rings. The rotation of the methoxy group relative to the
oxygen–carbon bond of the benzene ring (C-OMe) is also possible. In this case, the rotation
of the methyl group relative to the carbon–oxygen bond (O-CH3) can be neglected, since
it has no effect on adsorption and on the chromatographic behavior of molecules. This
assumption was made on the basis of calculations of the thermodynamic characteristics of
adsorption and barriers to internal rotation in methyl derivatives of benzene [22].

Twelve isomers can be formed, six of which contain -OCH3 groups in different posi-
tions for dimethoxybiphenyls. The calculations for such isomers were carried out since in
methoxybenzene dimerization no migration of the methoxy group is observed, and the
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following isomers are formed: 2,2′-, 2,3′-, 2,4′-, 3,3′-, 3,4′- and 4,4′- dimethoxybiphenyls [23].
Only 2,2′- dimethoxybiphenyl has a characteristic mass spectrum and can be identified
by GC-MS. Based on the fact that the -OCH3 group in the ortho-position (with respect
to the bond between the benzene rings) can increase the angle of internal rotation of iso-
meric dimethoxybiphenyls, while reducing steric hindrance, it can be assumed that the
methoxy group is close to the methyl. In order to study the effect of internal rotation
on TCA (thermodynamic characteristics of adsorption), the angles of internal rotation of
methoxy groups for 2,2′- dimethoxybiphenyl were varied, keeping the angle of internal
rotation of benzene rings in the “syn” conformation equal to 70◦. Figure 5 illustrates the
obtained results.
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oxybiphenyl at 525 K.

According to Figure 5, the rotation of the -OCH3 groups changes the lnK1 values from
1 to 3, similar changes were observed with the rotation of the inner angle in biphenyl. Thus,
in further calculations the angle of internal rotation for isomers 2,3′- and 2,4′- dimethoxy-
biphenyls was taken equal to 54◦ [22]. The logarithm values of Henry’s constants depend-
ing on the angle of rotation of the methoxy group are given in Table 2.

Table 2. Values of lnK1 at 500 K for 2,3′- and 2,4′-dimethoxybenzenes at various angles of internal
rotation of methoxy groups.

Substance
Internal Rotation Angle of Methoxy Groups (α1)

40 45 50 55

2,3′-dimethoxybenzene 7.50 6.40 5.20 4.45

2,4′-dimethoxybenzene 7.40 6.20 5.00 4.86

The retention characteristics for isomers with substituents in the ortho-position are
lower than for isomers with substituents in other positions with respect to the bond between
benzene rings (Table 2). Consequently, ortho-substituted dimethoxybiphenyls were not
reaction products of the methoxybenzene catalytic dimerization. The retention characteris-
tics for compounds without ortho-substituents differ less (Table 3). The main products of
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methoxybenzene dimerization in the test mixture were 3,4′- and 4,4′- dimethoxybiphenyls
(Table 3).

Table 3. lnK1 values for isomeric dimethoxydiphenyls at different temperatures.

Substance
T, K

400 450 500 550

2,2′-dimethoxybiphenyl 6.23 4.06 2.36 1.01
2,3′-dimethoxybiphenyl 8.78 6.33 4.39 2.83
2,4′-dimethoxybiphenyl 9.36 6.78 4.76 3.12
3,3′-dimethoxybiphenyl 10.71 7.89 5.67 3.89
3,4′-dimethoxybiphenyl 11.51 8.66 6.40 4.57
4,4′-dimethoxybiphenyl 12.40 9.45 7.16 5.21

The next stage of the study was the identification of impurities from the catalytic
dimerization of methoxybenzene. Impurities were found to be isomers based on the mass
spectra (Figure 6).
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We can assume several possible structures based on the theoretical prerequisites for
the formation of by-products [24] and the molecular weight of impurities. To reduce the
number of possible candidates, a comparative analysis of TCA of suspected compounds
was carried out. According to the study [25], methoxy-substituted biphenyls have different
retention times on the column with GTCB, while the greatest differences in TCA were
observed for the derivatives of diphenylmethane and dibenzofuran. Thus, we can conclude
that the considered compounds belong to derivatives of 3- or 4-methyldiphenyl. It can be
assumed that the impurities were 3 out of 36 possible isomers of methyloxydiphenyl. At
the next step of the study, structures containing ortho-substituents for the bond between the
benzene rings were selected. The following values of the angles of internal rotation were
taken for molecular statistical calculations: for those containing only a methyl group—54◦,
only a methoxy group—54◦, methyl and methoxy groups—70◦, two methoxy groups—
70◦, and three substituents—77◦. If the substituents were in the 2,2′-position, the syn
conformation of the isomer was used for calculations.

According to the obtained results, 6-methyl-2,2′-dimethoxybiphenyl (MDMB) had
the lowest retention, even in comparison with biphenyl. Ortho- unsubstituted MDMB
should have the largest retention time because it more strongly retains than diphenyl and
isomeric dimethoxybiphenyls. The fragmentation of compounds with a methyl group in
the ortho-position in the mass spectrum is characterized by an increase in the intensity
of the [M+H]+ ion, compared to ortho-unsubstituted compounds. This fact was used in
the identification of isomers. The presence of a methoxy group in the ortho position also
leads to an increase in the intensity of the peak of the [M-OCH3]+ ion in the mass spectrum.
These peaks in the mass spectra are specific to the impurities determined for the mixture.
Fragmentation of compounds with substituents at 2,6- and 2,2′-positions should be differ-
ent based on the study of chlorobiphenyls [26]. The retention times of isomeric impurities
were between biphenyl and ortho-unsubstituted dimethoxybiphenyls. These compounds
include MDMBs, which contain two substituents at the 2,6- and 2,2′-positions. There-
fore, considered compounds should contain two methoxy groups in the ortho positions
based on the obtained spectra and retention data, which could be 3-methyl-, 4-methyl-,
and 5-methyl-2,2′-dimethoxydiphenyl. For these compounds, Henry’s constants were
calculated, which turned out to be: 4.91 for 3-methyl-, 5.09 for 5-methyl-, 5.21 for 4-methyl-
2,2′-dimethoxydiphenyl. Thus, these compounds were isomeric impurities obtained in
methoxybenzene dimerization reaction.

3.1.3. Tri- and Tetrachlorobiphenyls

Tri- and tetrachlorobiphenyls are either theoretically important. It is necessary to use
a large number of isostructural fragments since polychlorinated biphenyls are complex
molecules for TCA calculation. Biphenyl derivatives are characterized by the ability to
rotate internally with respect to the bond connecting the benzene rings. Internal rotation
reduces the interaction between the atoms in the ortho-position to the bond connecting
the benzene rings, while it does not change the interaction of the ortho-substituents with
the carbon atoms of the benzene rings located in the 1 and 1′ positions. This interaction is
practically identical to the interaction of the carbon atom in position 8 of the naphthalene
ring with the chlorine atom in position 1, for example, in 1-chloronaphthalene.

The difficulty of the TCA calculation for chlorobiphenyls and elution order prediction
of the isomers from a column with a GTCB using traditional calculations is related to
the lack of geometric parameters and refined interatomic potential. Two conformers
differ in the angles of internal rotation can exist for asymmetric molecules, for example,
2,3,2′-trichlorobiphenyl. Since the geometric structure of molecules in the adsorbed state is
unknown, the calculations were performed for the two possible conformations, syn and anti.
The geometrical structure of other practically important isomeric chlorobiphenyls has been
studied insufficiently. Many unsymmetrical chlorobiphenyls have several conformations,
which makes TCA calculations especially difficult due to the fundamental uncertainty of the
geometric structure. The main goal in calculating the TCA of isomeric chlorobiphenyls was
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to predict the correct elution order of isomers from the GTCB column. A comparison with
the experimentally observed elution order for isomers was used to assess the correctness
of the angles of internal rotation and interatomic potential parameters. Figure 7 shows a
chromatogram of a mixture of 2,2′-, 2,6,2′-, 2,6,2′, 6′-chlorobiphenyls and naphthalene as
a standard. Mass chromatograms for the characteristic ions of these compounds suggest
that 2,2′-substituted chlorobiphenyl has an intermediate retention and is located between
tetra- and tri-substituted chlorobiphenyls. The TCA calculations were carried out taking
into account the correction for the ortho effect for atoms located in the ortho position to the
bond connecting the benzene rings, which was determined from the data on the adsorption
of 1-chloronaphthalene.
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The correct retention order for all compounds, taking into account the experimental
values of Henrys’ constants for naphthalene and 2,6,2′-trichlorobiphenyl, was obtained
using angles of internal rotation equal to 60◦ in the case of 2,2′, and 53◦ in the case of
2,6,2′, 6′-chlorobiphenyls. These effective values of the angles of internal rotation were
used for further calculations of other isomers with the same isostructural fragment. In
addition, the possible geometry distortion of the molecule with ortho-chlorine atoms out of
the plane of the benzene ring was not taken into account. For 2,2′-substituted isomers, all
calculations were performed for the syn-conformation. Agreement between the predicted
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and experimentally observed elution order of isomers was obtained based on the calculated
retention values (Table 4).

Table 4. Values of the calculated and predicted elution order of some isomeric chlorobiphenyls from
a column with a carbon sorbent.

The Position of the Substituents in
the Chlorobiphenyl Molecule lnK1, 500 K

Elution Order

Experiment Calculation

2,4,4′ 5.4 2 2
2,4,6 4.1 - 1
2,5,4′ 4.9 2 2
3,4,4′ 7.0 3 3

2,3,2′,6′ 3.2 - 1
2,5,2′,6′ 3.1 1 1
2,3,3′,4′ 5.0 2 2
2,3,3′,5′ 4.2 1–2 1–2
2,4,3′,5′ 4.8 - 2
2,6,3′,4′ 4.2 - 1–2
2,6,3′,5′ 3.7 - 1
3,4,3′,4′ 7.0 - 3

3.2. Analyzing Isomers with RP-HPLC

Chromatographic behavior in RP-HPLC of complex isomeric molecules on the exam-
ple of saponins was studied. Two types of isomerism were considered: chain (position of
multiple bonds) and diastereomers (epimers). The applicability of calculated properties for
the description of the retention process and ability of prediction RT order was investigated.
Chromatographic behavior for chain isomers was studied for triterpene ginsenosides. We
considered two pairs of isomers: Rk1, Rk3, Rh4, and Rg5. The part of the chromatogram
and their structures are presented in Figure 8.
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Figure 8. Selected ion chromatograms of chain isomers (Rk3 and Rh4, Rk1 and Rg5) and epimers
(20(S)-Rg3 and 20(S)-Rg3). Blue refers to ginsenosides with protopanaxatriol sapogenin, red—
protopanaxadiol sapogenin, and green is for sapogenin derivative from oleanolic acid.

Ginsenosides Rk3 and Rh4 possess protopanaxatriol sapogenin, while Rk1 and Rg5
have protopanaxadiol sapogenin, which directly determines their chromatographic behav-
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ior. Rk1 and Rg5 ginsenosides elute later than Rk3 and Rh4 due to the absence presence
of hydroxyl group at the C6 position in the aglycone, although having two sugars as
substitutes. However, there is no obvious factor that can indicate the elution order of
isomers with different multiple bond positions. Two calculated properties were used
to describe the retention behavior of the chain isomers: the most common—LogP and
THSA—the sum of solvent accessible surface areas of atoms with an absolute value of
partial charges less than 0.2 [27]. A measure of hydrophobicity (LogP) used to predict
chromatographic behavior in RP-HPLC was calculated based on the atom-type method in
the absence of experimental data: MLogP, XLogP, ALogP, and ALogP2. The simplest LogP
is the MLogP whose prediction is based on the number of carbon and heteroatoms. MLogP
correlates with RT, however, it does not distinguish molecules with one molecular formula
but different structures. ALogP was more sensitive to the number of sugar substitutes and
showed the inverse to RT values. XLogP for a given compound is obtained by summing
the contributions from component atoms and correction factors. Summarizing the results
on LogP calculations, XLogP seems to be the most accurate in hydrophobicity calculation
and appropriate to predict the elution order of chain isomers (Table 5).

Table 5. Calculated properties for chain isomers.

Compound Rt, min XLogP MLogP ALogP ALogp2 THSA

Rk3 23.87 6.03 4.54 3.89 15.16 650.38
Rh4 24.48 6.17 4.54 3.84 14.74 654.28
Rk1 31.6 6.36 4.76 3.32 11.00 750.38
Rg5 32.15 6.51 4.76 3.26 10.64 776.80

THSA was used as an alternative to logP property while both can characterize the
retention behavior in RP-HPLC. THSA may be simply described as the total hydrophobic
area of a molecule. The suggestion that more hydrophobic molecules should have a
higher THSA value, which correlates with RT, was made. The supposed dependence was
approved with calculated THSA values (Table 6). The increase of THSA was observed with
increasing RT. XLogP and THSA had a linear correlation with RT for chain isomers and
can be directly implemented in the identification of chain isomers in LC-MS analysis. Thus,
THSA and XLogP were further calculated for epimers.

Table 6. Calculation results from Van’t Hoff plots for steroidal saponins.

Compound Name RT, min (at 35 ◦C) Equation R2 ∆H, kJ/mol ∆G, kJ/mol

25(R)-protodioscin 15.82 y = −1328.7x + 6.0001 0.99 11.1 −4.2
25(S)-protodioscin 15.10 y = −1367.1x + 6.0693 0.98 11.4 −4.0

25(R)-deltoside 14.38 y = −1236.5x + 5.6211 0.98 10.3 −3.8
25(S)-deltoside 13.74 y = −1290.2x + 5.704 0.97 10.7 −3.7

Chromatographic behavior of epimers was studied for triterpene and steroidal glyco-
sides. Triterpene’s elution order was the following: Rh1, Rg2, and the last was Rg3. Rh1 and
Rg2 have protoponaxatriol sapogenin while Rg3 is diol, thus as well as for chain isomers,
triols eluted earlier than Rg3. Thus, XLogP should accurately describe the hydrophobicity
as for chain isomers. However, XlogP for Rg2 was lower than for Rh1. This error can be
due to extra sugar substitute (rhamnose) in the Rg2, which extensively contributed to the
XLogP value. Despite the fact that epimers have slightly different chemical and physical
properties, neither XLogP nor other calculated atom-based LogP is not cable to distinguish
epimers. Thus, we have chosen THSA as the most sensitive to the complicated structure
retention dependence factor. Computed values of THSA and experimental RT for epimers
of triterpene and steroidal glycosides are presented in Figure 9.
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Figure 9. Chart of THSA with numbers indicating evaluated elution order and experimental RTs for
S, R- (a) ginsenosides (b) and steroidal saponins.

S-epimers are systematically eluted earlier than R-epimers for both types of glycosides.
THSA for both types of glycosides is truly correlated with retention, however, it has inverse
dependence for both types of epimers. Uncommon results were obtained not only for
THSA calculation. The rare behavior was observed for steroidal glycosides: an increase in
temperature led to an increase in retention (Figure 10).
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Figure 10. Chromatographic behavior of steroidal glycosides: (a) TIC obtained for 22 ◦C (green line)
and 25 ◦C (blue line) of steroidal saponins: 1–25(S)-deltoside, 2–24(R)-deltoside, 3–25(S)-protodioscin,
and 4–25(R)-protodiosin. (b) Bar chart of Rs for three pairs and for four temperatures. (c) Van’t Hoff
plot for four temperatures.

Temperature effect was studied systematically: capacity factors were measured with
four temperatures in the same chromatographic conditions. The resolution of epimers
was better than for 25(S)-protodioscin and 25(R)-deltoside, which differ in the type of
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sugars. Moreover, an increase in temperature slightly influenced the resolution of deltoside
epimers (1.17 times), the effect was less noticeable for protodioscin epimers (1.39 times) and
significantly higher, almost up to the baseline, for 25(R)-deltoside and 25(S)-protodioscin
(2.13 times). For every compound, Van’t Hoff plots were built in order to study the retention
mechanism. The natural logarithm of the capacity factor (lnk) is directly related to the
energies of the chromatographic process with the approximate Equation (1):

lnk =
−∆H◦

RT
+

∆S◦

R
+ ln Φ (1)

This equation shows that if enthalpy (∆H◦), entropy (∆S◦), and phase ratio (Φ) are
independent of temperature (T), lnk versus 1/T is linear. These assumptions allow estima-
tion of ∆H◦ and ∆G◦ of the adsorption process. The reduction of enthalpy regularly leads
to the increase of k while reduce in entropy lowers the k. Typical enthalpy interactions in
reversed-phase systems are about −10 to −15 kJ mol−1 for small molecules. In the case
of steroidal glycosides, positive values of enthalpy were obtained. The positive enthalpy
values are compensated with the entropy effect, thus leading to the linear decrease in
Gibbs’s energy with RT. The hydrophobic interaction concept is based on solvent relaxation
(reduction of entropy) when the solute leaves the mobile phase and interacts with the
stationary phase, which gives the main contribution to the hydrophobic interactions. These
results indicate that the retention mechanism of the considered compounds cannot be
simply described by the hydrophobic model. As can be seen in the Table 6, enthalpy
calculated from Van’t Hoff plots has the similar tendency with RT as THSA for epimers:
enthalpy for S epimers is higher than for R. Reversed temperature effects could be caused
either by secondary interactions [28], reduced ionization [28], or by reduced solubility in
the mobile phase at higher temperatures [29].

Thereby, specific retention-temperature dependence can be explained by a combina-
tion of molecular structure peculiarities of saponins and stationary phase changes. Similar
uncommon retention behavior of ginsenosides (triterpene saponins) was observed and
studied in the article [30]. The authors concluded that the increase in retention time of both
ginsenosides at elevated temperatures is affected by substitutes’ arrangement. Thus, this
suggestion about the role of saccharides can be applied to steroidal saponins. For such
complex molecules, it is difficult to describe the retention mechanism using one simple
parameter. TSHA correlates well with the release time of ginsenosides and steroids, but
an inverse correlation with the value of this parameter is observed for epimers. Moreover,
obtained correlations are representative only with RP with C18 stationary phase and ace-
tonitrile as an organic modifier. Other RP stationary phases or organic solvents provide
additional interaction in the separation mechanism. However, calculated properties could
be useful in chromatographic analysis. Epimers can be separated with HPLC but cannot
be distinguished with MS detection without standard compounds. Thus, the applica-
tion of such theoretically obtained molecular properties could help to evaluate elution
order for isomers. However, further investigations concerning the retention mechanism of
ginsenosides with C18 bonded stationary phase are needed.

4. Conclusions

The thermodynamic characteristics of adsorption of a number of isomeric compounds
were determined using molecular statistical calculations. It was found that the position
of substituents plays a significant role in the adsorption processes. By-products in the
chlorination of 4-phenylphenol were identified: 4-hydroxy-2,3′-and 3,2′-dichlorobiphenyls,
4-hydroxy-3,5,2′- and 2,3,6-trichlorobiphenyls. Performed GC-MS analysis and molecular-
statistical calculations allowed to determine the main products of methoxybenzene dimer-
ization: 3,4′- and 4,4′-dimethoxybiphenyls. The identified impurities were 3-methyl-, 4-
methyl-, and 5-methyl-2,2′-dimethoxybiphenyl. Elution order of isomeric chlorobiphenyls
was predicted and compared with experimental data.
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Two simple calculated molecular properties were considered to describe the reten-
tion behavior of structural isomers and epimers of plant glycosides. Different partition
coefficients used to characterize hydrophobicity were incapable of evaluating retention
for complex molecules. THSA was found to be more representative in revealing the
retention-isomerism relationship. Thermodynamic parameters using Van’t Hoff plots
were determined and used to describe the uncommon retention behavior of asymmetric
molecules with a number of chiral centers epimers in RP-HPLC.

The symmetry of the considered molecule, as well as the symmetry of the stationary
phase, should be taken into account during calculations due to the different sorption
abilities of the asymmetric molecule in comparison with a symmetric molecule. However,
in LC, taking into account the symmetry is much more complicated due to the complex
analyte-stationary phase interactions and thus is an object of future studies.
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