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Salaković, B.; Podunavac-Kuzmanović,
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Abstract: Triazine derivatives are well-known commercially available compounds used for selective
weed control in different crops, such as corn and sugarcane. Some of them are considered persistent
organic compounds in the environment and it is important to improve the features of herbicide
formulae, to estimate their physicochemical properties and to determine their retention behavior in
modern analytical techniques that can be used in the determination of pesticides in environmental
samples. The present study deals with a comprehensive analysis of the chromatographic behavior
of a series of 6-chloro-1,3,5-triazines with alkyl and cycloalkyl substituents, among which some
compounds possess herbicidal and fungicidal activity. The anisotropic lipophilicity of triazine
derivatives was determined using reversed-phase ultra high performance liquid chromatography
with octadecyl and phenyl columns and applying binary (methanol/water and acetonitrile/water)
and ternary (methanol/acetonitrile/water) mobile phases under isocratic conditions. The retention
data were analyzed using chemometric pattern recognition methods (hierarchical cluster analysis
and principal component analysis) and sum of ranking differences method. The obtained results are
excellent indicators of the retention behavior and the lipophilicity of the analyzed series of triazines
and can serve as an outstanding basis for the development of new chromatographic methods for the
determination of triazines in environmental samples.

Keywords: chemometrics; chromatography; lipophilicity; pesticides; triazines

1. Introduction

In the modern world of ever-increasing population, the food production industries
play a crucial role in providing substantial food quantities [1]. The completion of this task
is particularly difficult considering all the factors that influence the quality of raw materials,
the yield of crops, and agricultural production, such as weed, insects, bacteria, fungi,
etc. [1–3]. Modern agriculture is widely based on the application of various synthesized
chemicals (pesticides) that provide high yield of crops, yet, at the same time contribute to
the environmental pollution [4]. For example, the residues of some less expensive and older
pesticides (dichlorodiphenyltrichloroethane (DDT) and lindane) can persist for years in soil
and water [5]. Today’s pesticide chemistry has to meet the criteria of modern society that
take into account economic and ecological requirements [4]. New pesticide compounds
must be environmentally friendly and must have favorable toxicological properties in order
to be safe for non-target organisms [4,6]. The population that is exposed to pesticides via
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residues of pesticides in food and water is usually in the risk of low-concentration exposure,
whilst the agricultural workers who directly manipulate with pesticides are in much higher
risk of heaving health issues caused by pesticide toxicity [5].

Triazine derivatives are chemical compounds with six-membered heterocyclic nitrogen-
containing rings. Triazines that have symmetrically distributed nitrogen in the ring are
known as symmetrical triazines or s-triazines. s-Triazines are effective pesticides especially
for weed control in crops, including corn, fruit crop, sorghum, and sugarcane [7]. Some
s-triazines express antifungal [8] and antibacterial [9] activity as well, and their effects in
agriculture can be multiple. On the other hand, due to their long half-life in the environ-
ment, triazines possess high bioconcentration factor and soil adsorption coefficient [10].
Considering the fact that s-triazines and their metabolites can be toxic to humans and
animals [11–13], particularly for aquatic organisms, the analysis of the physicochemical
properties (especially lipophilicity) and environmental behavior of new s-triazine deriva-
tives, as pesticide candidates, should be performed. The development of new analytical
methods for the analysis of triazine residues and their metabolites is of great importance
for risk assessment.

The chromatographic techniques are most commonly used for analysis of s-triazines.
The chromatographic analysis of s-triazines can provide significant data regarding their
physicochemical properties, such as lipophilicity profile [14,15]. Additionally, the chromato-
graphic techniques are used for triazine separation and determination in environmental
and food samples [16,17]. The retention behavior of several series of s-triazine derivatives
has been studied applying normal-phase (NP) and reversed-phase (RP) high-performance
thin-layer chromatography (HPTLC) [18–20] and reversed-phase high-performance liquid
chromatography (RP-HPLC) on octadecyl column [21]. Gas chromatography coupled with
mass spectrometry (GC-MS) technique has been applied for triazine analysis as well [22].

The retention mechanism in a particular chromatographic system can be often ex-
plained by lipophilic properties of the compounds [23–25]. Chromatographic lipophilicity
of biologically active compounds, including pesticides, is considered to be an excellent pre-
dictor of their biological activity and environmental behavior. Chromatographic lipophilic-
ity is usually expressed as capacity factor (logk) in HPLC and RM factor in TLC. However,
there are some alternative parameters that are used for this purpose as well, such as C0 or φ0
parameters [26]. The estimation of the chromatographic lipophilicity can be performed in
different chromatographic systems with various types of mobile phases (binary or ternary
mixtures of methanol, acetonitrile and water) and different stationary phases (octyl, octade-
cyl, cyano, etc.). As columns with a non-polar stationary phase, octadecyl (C18) columns
are widely used in the estimation of chromatographic lipophilicity of numerous biologically
active compounds and more non-polar compounds have higher retention on C18 columns
than the compounds with moderate or high polarity. The application of phenyl columns
for this purpose is particularly interesting due to their ability to form π–π interactions with
analytes containing unsaturated functional groups [27].

The present study is focused on the estimation of the retention parameters (chro-
matographic lipophilicity) of a series of s-triazine derivatives with alkyl and cycloalkyl
substituents, which includes one commercially available herbicide (propazine), and their
comparative analysis. Also, in order to compare the influence of structural isomerism, there
are two pairs of structural isomers in the investigated series. The group of the compounds
with cycloalkyl substituents contains the substituents from homologous series of cycloalka-
nes including cyclopentyl, cyclohexyl, cycloheptyl, and cyclooctyl group. In some previous
studies, the retention of some cycloalkyl s-triazines was examined in RP(C18)-TLC [28]
and RP(C18)-HPLC systems [29] with binary mobile phases. The present study provides
a new approach to the analysis of retention mechanism and lipophilicity of the studied
herbicide candidates based on s-triazines with RP-UHPLC system with binary and ternary
mobile phases and C18 and phenyl columns. The comparative analysis of the retention
parameters was carried out applying pattern recognition chemometric tools that provided
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useful information and revealed (dis)similarities between the studied compounds and
applied chromatographic systems.

2. Materials and Methods
2.1. The Series of 6-Chloro-1,3,5-Triazine Derivatives

The series of the analyzed compounds included eight 6-chloro-1,3,5-triazine deriva-
tives with acyclic substituents (propyl, isopropyl, 2-methylpropyl and isobutyl) and cyclic
substituents (cyclopentyl, cyclohexyl, cycloheptyl, and cyclooctyl) in the positions 2 and
4 of the triazine ring. The molecular structures and IUPAC names of the compounds are
given in Figure 1. The compounds were synthesized at the Faculty of Technology and
Metallurgy, University of Belgrade, based on the procedure given in the literature [30]. The
purity of the substances was checked by gas chromatography, infrared spectroscopy, and
nuclear magnetic resonance spectroscopy [30].
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Figure 1. Molecular structures and IUPAC names of the analyzed s-triazine derivatives (1–8).

Compounds 1 and 2, as well as 3 and 4, are structural isomers, while compounds 5–8
contain the substituents that belong to the homologous series of cycloalkanes. Compound 2
is a commercial herbicide known as propazine, which is considered to be an environmen-
tal contaminant [31].

2.2. Chromatographic Analysis

The chromatographic analysis was performed on the UHPLC Agilent 1290 Infinity LC
system with Diode Array Detector. Two types of columns were used:

(1) ZOBRAX Eclipse C18, 2.1 × 50 mm, 1.8 µm (1200 bar pressure limit, LC platform,
Low Dispersion UHPLC);

(2) ZORBAX Eclipse XDB-Phenyl, 95 Å, 2.1 × 150 mm, 5 µm.

Prior to analysis, the compounds were dissolved in acetone (for HPLC analysis, Carlo
Erba, Emmendingen, Germany) in concentration of 1 mg/mL and filtered using Captiva
Econofilter (nylon membrane, 25 mm diameter, 0.45 µm pore size, 1000/pk). The injection
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volume of the sample was 10 µL. The analysis was carried out, so the column temperature
was maintained at 25 ◦C with the flow of 0.3 mL/min (C18 column) and 0.5 mL/min
(phenyl column) under isocratic conditions. The mobile phases used were binary or
ternary mixtures of methanol (HPLC gradient grade, J.T. Baker, Phillipsburg, NJ, USA),
acetonitrile (for HPLC analysis, Acros Organics, Geel, Belgium), and water (HPLC grade
distilled water):

(1) Mobile phase A: Methanol/Water (protic modifier).
(2) Mobile phase B: Methanol/Acetonitrile/Water (mixture of protic and aprotic modifiers).
(3) Mobile phase C: Acetonitrile/Water (aprotic modifier).

The volume fraction of modifiers in mixtures ranged from 0.5 to 0.85 v/v. In the
mobile phase B, the volumes of the modifiers were equal. The peaks on chromatograms
were recorded at the wavelength of 254 nm.

The chromatographic parameters (the capacity factor, k) were calculated based on the
retention time recorded for the peak of a compound (tr) and the retention time of a peak of
the solvent (dead time, usually the first disturbance on the chromatogram, t0) [26]:

k = (tr − t0)/t0 (1)

The capacity factor was used in further analysis in its logarithmic form (logk). Besides
the logk values, which were determined using the certain amount of modifier(s) in the
mobile phase, there are logk0 values that were predicted by extrapolation of the dependence
between volume fraction of modifier in the mobile phase (φ) and logk values [26]. The
parameters logk0 practically represents the retention of a compound when φ = 0 (the
retention in a pure water as a mobile phase). The slope of φ–logk values (S) also represents
the significant retention parameter [26].

Also, the alternative retention parameter (C0) was calculated based on the follow-
ing equation [26]:

C0 = −logk0/S (2)

2.3. Calculation of the Lipophilicity Descriptor

The in silico lipophilicity descriptors were calculated based on the software and pro-
cedure described in the literature [32]. The programs used for calculation of lipophilicity
parameters are the following: ALOGPS 2.1, SWISSADME, MarvinSketch 14.09.15.0 and
ChemBioDraw 13 [32]. The consensus logP values were selected as the representative
values of the in silico lipophilicity parameters and afterwards correlated with the reten-
tion data.

2.4. Chemometric Analysis

Chemometric analysis included the application of pattern recognition and ranking
techniques such as hierarchical cluster analysis (HCA), principal component analysis (PCA),
and sum of ranking differences (SRD). HCA was carried out using NCSS 2023 software [33].
PCA was performed in Statistica v.14 software [34]. SRD analysis was conducted in the
program created in Microsoft Excel 2013 [35].

HCA was based on Ward’s minimum variance algorithm and the Euclidean distance
method. The results are presented in the form of double dendrogram (clustered heat maps).
PCA was based on correlations and the number of the significant principal components
was selected based on Eigenvalues higher than 1. SRD analysis was performed based on
row average as the reference ranking. The HCA and PCA analyses were carried out on
non-scaled logk data since all the data were on the same scale. However, the SRD analysis
was carried out on the data that included other retention parameters (S and C0), hence the
data were scaled between 0.01 and 0.99 applying min–max normalization method. The SRD
procedure was validated by comparison of ranks by random numbers (CRRN) approach
and seven-fold cross-validation [35].
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3. Results and Discussion

The methods for chromatographic lipophilicity estimation of s-triazine derivatives in
the RP-UHPLC system with C18 and phenyl columns and binary and ternary mobile phases
with acetonitrile or/and methanol as modifiers, were developed. A ternary mobile phase
was applied due to its unique contribution to the chromatographic selectivity [36] which
can be reflected in better differentiation of lipophilicity of structurally similar compounds.
The retention factors, logk0, for all the analyzed compounds were obtained by extrapolation
of φ–logk linear relationship. Those factors present the retention of the compounds in pure
water (which is not possible to determine experimentally for the studied triazines but only
by extrapolation). Also, the logk values determined using specific volume fractions of
modifiers (φ = 0.75 and 0.80) were taken into account in comparative analysis (logk0.8 and
logk0.75). It should be emphasized that the φ–logk linear relationships were not defined for
all the compounds based on the same volume fractions of modifiers due to the practical
reasons: for more lipophilic derivatives (compounds 5–8), the range of φ values was
narrower than in the case of compounds 1–4 because higher fractions of water in the mobile
phase caused the peak broadening and difficulties with determination of the retention time.

3.1. The Results of RP-UHPLC Analysis on C18-Column

The results of the RP-UHPLC analysis on C18-column are summarized in Table 1.
The logk0 values were defined applying extrapolation based on the graphs presented in
Figure 2. Taking into account the presented retention parameters, it can be seen that all
the compounds with acyclic substituents (compounds 1–4) have lower retention than the
compounds with cycloalkyl substituents (5–8). In mobile phases A and B, there is a re-
verse order considering the logk0 of compounds 4 and 5, so the experiment showed that
compound 4 has higher retention in pure water than compound 5. Also, the increase of
the volume fraction of modifiers led to the decrease in retention of the analyzed com-
pounds. The change between the modifiers used in the analysis in the following order
methanol < acetonitrile/methanol < acetonitrile influenced the decrease of the retention.
Therefore, the lowest retention was in the system with acetonitrile, whilst the highest
retention was determined with methanol as a modifier. Acetonitrile is generally a stronger
modifier than methanol due to the presence of carbon-nitrogen triple bond in acetonitrile
causing the reduction of hydrogen bonding between the solvent molecules; furthermore,
the reduction of enthalpic contribution to the retention when acetonitrile is used is another
reason for decrease of the retention [36]. Generally speaking, methanol, as a protic solvent
and more polar than acetonitrile, influenced higher retention of the compounds on C18
column. The slope of the φ–logk linear relationship is generally higher for more lipophilic
compounds (5–8) than more hydrophilic compounds (1–4).

Considering the structural isomerism of compounds 1 and 2, it can be noted that
their retentions in all three mobile phases are quite similar; however, some differences can
be observed. Namely, compound 1, which possesses n-propyl substituents, has a higher
logk0 parameter than compound 2 with isopropyl substituents. With some exceptions,
compound 1 generally has higher retention parameters than compound 2, particularly in
the systems with mobile phases with high volume fractions of modifiers. This could be the
consequence of the fact that the n-propyl group, as a linear substituent, expresses stronger
interactions with C18-stationary phase than isopropyl group as a branched substituent.

In the case of the second pair of structural isomers (compounds 3 and 4), the differ-
ences between the retention parameters determined with mobile phases A and B (Table 1)
are more significant than in the case of compounds 1 and 2. The highest difference is
noticeable with methanol as a modifier (mobile phase A) and it decreases when acetonitrile
is introduced in the mobile phase (mobile phase B); the lowest difference is recorded in
mobile phase C (with acetonitrile as a modifier). Compound 4 has higher retention param-
eters than compound 3, except in the mobile phase C, in which their retentions are very
close. This could imply that 2-methylpropyl substituents contribute to stronger interactions
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with C18 stationary phase than butan-2-yl substituents in the studied molecules when the
mobile phase contains methanol or methanol mixed with acetonitrile.
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Figure 2. The comparison of the φ–logk dependences determined using C18 and phenyl columns.

Considering compounds 5–8 as derivatives that contain cycloalkyl substituents which
belong to the homologous series (cyclopentyl, cyclohexyl, cycloheptyl, and cyclooctyl), the
increase in retention in terms of ring size is expected. Hence, compound 8 has the highest
retention in all applied chromatographic systems with C18 stationary phase. Also, quite
interesting observation is the fact that compound 5, which has two cyclopentyl rings and
higher lipophilicity, has lower retention in the systems with mobile phases A and B, than
compound 4, which has two 2-methylpropyl groups. Only in the mobile phase C, does the
opposite phenomenon occurs.
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Table 1. The retention data obtained using C18-column.

Compound Mobile Phase logk0m
1 logk0.8m logk0.75m Sm C0m

1

A

3.290 −0.321 −0.124 −4.555 0.722
2 3.224 −0.320 −0.131 −4.454 0.724
3 4.165 0.013 0.237 −5.223 0.797
4 4.307 0.031 0.259 −5.377 0.801
5 4.115 0.279 0.517 −4.802 0.857
6 5.071 0.568 0.860 −5.633 0.900
7 5.990 0.912 1.227 −6.360 0.942
8 6.657 1.189 1.525 −6.845 0.973

Compound Mobile Phase logk0ma logk0.8ma logk0.75ma Sma C0ma

1

B

2.411 −0.335 −0.179 −3.456 0.698
2 2.348 −0.331 −0.167 −3.366 0.698
3 3.191 −0.004 0.165 −4.028 0.792
4 3.321 −0.014 0.188 −4.189 0.793
5 3.107 0.244 0.437 −3.583 0.867
6 3.853 0.530 0.750 −4.155 0.927
7 4.293 0.879 1.113 −4.288 1.001
8 5.081 1.156 1.440 −4.892 1.039

Compound Mobile Phase logk0a logk0.8a logk0.75a Sa C0a

1

C

1.693 −0.408 −0.277 −2.628 0.644
2 1.688 −0.397 −0.265 −2.605 0.648
3 2.228 −0.095 0.044 −2.909 0.766
4 2.225 −0.093 0.048 −2.901 0.767
5 2.462 0.070 0.212 −2.997 0.822
6 2.967 0.344 0.502 −3.286 0.903
7 3.507 0.634 0.809 −3.597 0.975
8 4.005 0.899 1.084 −3.895 1.028

1 The meaning of the letters in the subscript of retention parameters: a—determined using acetonitrile as modifier;
m—determined using methanol as modifier; ma—determined using methanol and acetonitrile as modifiers
in the same volume ratio. A—methanol/water mobile phase, B—methanol/acetonitrile/water mobile phase,
C—acetonitrile/water mobile phase.

In silico lipophilicity parameters of the analyzed compounds, based on consensus
value of various logP values calculated using different approaches [32], are presented in
Table A1. All the retention parameters determined on C18 stationary phase are very well
correlated with ConsensusLogP descriptor, as it can be seen from the data presented in
Table A2. The determination coefficients for almost all linear equations are very close to 1.
Therefore, the retention parameters determined applying RP(C18)-UHPLC system with
methanol/water, methanol/acetonitrile/water and acetonitrile/water mobile phases can
be considered chromatographic lipophilicity measures of the studied s-triazine derivatives.

3.2. The Results of RP-UHPLC on Phenyl Column

The retention data obtained when applying the RP-UHPLC analysis on phenyl column
are presented in Table 2. As in the case of C18 column, the logk0 values were defined based
on extrapolation on the graphs given in Figure 2. The retention behavior of the studied
compounds in the system with phenyl column is influenced not only by cavity formation,
dispersive forces, dipole–dipole interactions, hydrogen bonding, and lipophilicity, but also
by π–π interactions between π-electrons of double bond(s) present in analyte molecules
(s-triazine ring) and π-electrons of the phenyl stationary phase. These interactions are
sometimes crucial for separation of structurally similar compounds, although hydrophobic
interaction has stronger influence on the retention [37].
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Table 2. The retention data obtained using phenyl column.

Compound Mobile Phase logk0m
1 logk0.8m logk0.75m Sm C0m

1

A

1.379 −0.389 −0.072 −1.978 0.697
2 0.790 −0.176 −0.216 −1.261 0.626
3 2.147 −0.065 0.066 −2.763 0.777
4 2.947 −0.068 0.070 −3.808 0.774
5 4.068 0.139 0.349 −4.952 0.821
6 4.455 0.329 0.601 −5.145 0.866
7 5.331 0.592 0.899 −5.916 0.901
8 6.061 0.809 1.145 −6.557 0.924

Compound Mobile Phase logk0ma logk0.8ma logk0.75ma Sma C0ma

1

B

0.913 −0.464 −0.357 −1.686 0.542
2 0.229 −0.366 −0.302 1.035 −1.791
3 0.406 −0.277 −0.242 1.325 −2.043
4 1.521 −0.317 −0.186 −2.296 0.663
5 3.090 −0.079 0.092 −4.015 0.770
6 3.448 −0.040 0.169 −4.351 0.792
7 3.898 0.164 0.396 −4.652 0.838
8 4.411 0.344 0.597 −5.071 0.870

Compound Mobile Phase logk0a logk0.8a logk0.75a Sa C0a

1

C

2.808 −1.025 −0.869 −4.850 0.579
2 3.569 −1.202 −0.899 −5.950 0.600
3 2.720 −0.708 −0.437 −4.281 0.635
4 2.678 −0.718 −0.451 −4.239 0.632
5 1.555 −0.462 −0.338 −2.518 0.618
6 2.287 −0.251 −0.090 −3.171 0.721
7 2.606 −0.078 0.091 −3.354 0.777
8 2.890 0.081 0.255 −3.512 0.823

1 The meaning of the letters in the subscript of retention parameters: a—determined using acetonitrile as modifier;
m—determined using methanol as modifier; ma—determined using methanol and acetonitrile as modifiers
in the same volume ratio. A—methanol/water mobile phase, B—methanol/acetonitrile/water mobile phase,
C—acetonitrile/water mobile phase.

Based on the data given in Table 2, it can be concluded that, considering the majority
of the retention parameters, the retention of compounds 1–4 is lower than the retention of
compounds 5–8 in the mobile phases A and B. The compounds from the two groups (1–4
and 5–8) cannot be discriminated based on the logk0 values determined using the mobile
phase C, but only based on logk0.8a and logk0.75a parameters.

Considering the parameters Sma and C0ma, some significant deviations from expected
results are observable for compounds 2 and 3. Even after repeating the analysis, similar
values were obtained. These deviations are the reasons for some poor correlations between
ConsensusLogP values and Sma, C0ma, logk0a, and Sa retention parameters (bold R2 values
in Table A2). The rest of the retention parameters determined using phenyl column are very
well correlated with ConsensusLogP values (R2 > 0.8) and, therefore, can be considered to
be lipophilicity measured of the analyzed compounds. These parameters mostly reflect the
hydrophobic interactions in the applied chromatographic system. However, considering the
fact that the s-triazine ring is an aromatic ring, π–π interactions contribute to the retention
as well, so slightly worse correlations between the retention parameters determined by
phenyl column and in silico lipophilicity were obtained than in the case of C18 column.

The phenyl column provided better selectivity regarding the retention of the pairs
of structural isomers (compounds 1 and 2 and compounds 3 and 4). The differences
between their retention parameters are generally higher than on C18 column. Introducing
acetonitrile in the mobile phase, the parameter S decreased for all compounds with cyclic
substituents. Acetonitrile reduces π-π interactions because the triple bond between carbon
and nitrogen in acetonitrile interferes with them leading to the reduced retention of a solute.
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3.3. Comparative Analysis of Chromatographic Behavior

To compare the retention behavior of the analyzed compounds in different chromato-
graphic systems, several chemometric methods were applied. The logk0 and S parameters
were determined based on the graphs presented in Figure 2. The relationships defined
using C18 column are consistent for all three mobile phases and the retention behavior
of the compounds is comparable and predictable. On the other hand, the graphs defined
for the phenyl column show certain deviations for compounds with acyclic substituents
(1–4). For the same mobile phase composition, the retention increased from compound
1 to compound 4, with several exceptions on phenyl column, particularly when higher
volume fraction of modifier was used (the overlapping of the points or reversed retention
order occurred).

How retention changes when the phenyl column is used instead of C18 column can
be seen in Figure A1 (Appendix A), in which the chromatograms of the representative
compound (7) are presented. The retention time of compound 7 in the system with phenyl
column is around two times shorter than the retention time achieved in the system with
C18 column.

The first step of the chemometric analysis was a hierarchical cluster analysis of the
retention parameters in the form of clustered heat maps (double dendrograms). The
obtained results are presented in Figure 3.

Taking into account the logk values (Figure 3a), it can be noted that the highest retention
(logk0) was recorded in the C18 phase, followed by logk0 determined on the phenyl column.
The clustering of the compounds is very clear: the compounds with alkyl substituents
(1–4) belong to a separate cluster (vertical pale green cluster), while the compounds with
cycloalkyl substituents (5–8) are separated into two sub-clusters, so compounds 5 and 6
belong to the first (vertical pale blue sub-cluster) and compounds 7 and 8 to the second
sub-cluster (vertical pale red sub-cluster). The HCA indicates that there is a significant
difference in terms of retention behavior, expressed as logk values, of s-triazine derivatives
with acyclic and cyclic substituents.

The HCA based on C0 parameters indicates a different clustering (Figure 3b). Namely,
compounds 5–8 are placed in a separate cluster (pale green vertical cluster) and their
alternative parameters of chromatographic lipophilicity are different from the rest of the
compounds. The grouping of compounds 1–4 has a different pattern than the grouping
based on logk values. Here, compounds 1 and 4 belong to the same sub-cluster (vertical pale
red sub-cluster), whilst compounds 2 and 3 are placed in a separate sub-cluster (vertical
pale blue sub-cluster) due to the significant differences between their C0ma parameters
defined on phenyl column.

Taking into account the S parameters, the HCA resulted in one separate cluster (ver-
tical pale green cluster) with compounds 5–8 and two sub-clusters, among which one
contains compounds 1 and 4 (vertical pale red sub-cluster) and the second contains com-
pounds 2 and 3 (vertical pale blue sub-cluster) (Figure 3c). The main reason for the
clustering of compounds 1–4 is the high similarity between Sma values determined on the
phenyl column. This parameter is actually marked as an outlier (it does not belong to any
horizontal cluster) in Figure 3c.

Considering all the HCA results, it can be concluded that the retention of s-triazine
derivatives with cycloalkyl substituents is statistically different from the retention of deriva-
tives with alkyl substituents. The behavior of structural isomers are similar with regard to
one aspect (logk), but different when considering the other (C0 and S).

In order to gain an overview of the similarities and dissimilarities of the analyzed
derivatives in the space of all retention parameters, the PCA was applied. The first PCA
model was based on logk parameters and covered 98.60% of total variance (PC1 covers
92.58% and PC2 6.02%). The second PCA model took into account alternative chromato-
graphic lipophilicity measures (S and C0). This model covers 94.27% of total variability so
the PC1 has 83.63% and PC2 10.64% of total variability.
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Figure 3. The clustering of (a) logk parameters, (b) C0 parameters, and (c) S parameters, based on
Ward’s minimum variance algorithm.

The results of the first PCA model are presented in Figure 4 in the form of loadings
(Figure 4a) and score plot (Figure 4b). Going along the PC1 axis on the score plot, the clear
separation of the compounds based on the presence of alkyl and cycloalkyl substituents in
their structure exists. The compounds are distributed along the PC1 axis so compounds
6, 7, and 8 are placed towards the negative end, compound 5 is on the 0 vertical axis, and
compounds 1–4 are located on the positive PC1 end. The projections of compounds 1 and 2,
as well as 3 and 4, overlap on the PC1 since they have similar values of parameters that are
located on the negative end of the PC1 axis on the loadings plot (the majority of the logk
values). The only exception is the PHElogk0a parameter which has the strongest influence
on the distribution of the compounds along the PC2 axis (Figure 4a). Based on the obtained
results, it can be said that compounds 5–8 are arranged in the same way as the homologous
series of cycloalkane substituents, and that compounds from group 1–4 are arranged so
that the structural isomers coincide on the PC1 axis.
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The PCA model based on alternative chromatographic lipophilicity parameters (S and
C0) is presented in Figure 5. The loadings plot (Figure 5a) indicates the strong influence of
the analyzed parameters on the PC1 axis. The C0 parameters have a negative influence,
whilst the S parameters express positive influences on the distribution of the compounds on
the PC1 axis. PHESma and PHEC0ma parameters have the highest influence on the PC2 axis.

The distribution of the compounds along the PC1 axis is similar to their distribution
presented in Figure 4b. There is a clear separation between the s-triazines with alkyl and
cycloalkyl substituents. The close projection of the structural isomers (1 and 2, 3 and 4) is
also noticeable on the PC1 axis.
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Considering that the lipophilicity is closely related to the retention behavior of the
analyzed s-triazine derivatives, it can be concluded that the PCA showed a clear separation
between the compounds so that more lipophilic compounds are located towards the
negative end whilst the less lipophilic compounds are placed towards the positive end of
the PC1 axis in Figures 4b and 5b.

There are certain differences between the retention behavior of the analyzed com-
pounds on C18 and phenyl columns; however, the retention parameters determined
with these columns are highly correlated, as can be seen from the heat map of the
squared values of the Pearson correlation matrix (Figure A2). The lipophilicity deter-
mined on the phenyl column can be more differentiated for structurally similar samples
(particularly for s-triazines with alkyl substituents) in accordance with the theory of
chromatographic mechanisms.

Despite the fact that HCA and PCA can provide very useful information regarding
similarities and dissimilarities among the retention parameters of the analyzed s-triazine
derivatives, these methods do not reveal whether those (dis)similarities are statistically
significant or not. In order to overcome this, the SRD analysis was applied. As a non-
parametric comparison, the SRD analysis was applied to rank determined chromatographic
lipophilicity. The ranking was based on consensus since the reference ranking (so-called
“golden standard”) was the arithmetic mean average. This consensus-based approach has
two main advantages: it cancels out the systematic and random errors, and the arithmetic
mean estimates the most probable observation [38]. On the SRD graph, the retention
parameters are arranged in ascending order in terms of SRD values so the variables that
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have lower SRD values are placed closer to the reference ranking. The ranking procedure
was validated by the CRRN approach and sevenfold cross-validation.

The results of the ranking analysis are presented in Figure 6 and Table 3. Figure 6
shows the comparison of ranks with random numbers so the x-axis and left y-axis present
the interval scaled SRD numbers (%), whilst the right y-axis shows the relative frequencies
of random numbers. The SRD score number is scaled between 0 and 100 when applying
the following equation:

SRD (%) = 100 × SRD/SRDmax (3)
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Figure 6. The ranking of the standardized chromatographic lipophilicity parameters determined
using C18 and phenyl (PHE) columns and different mobile phases (a—determined using acetonitrile
as modifier; m—determined using methanol as modifier; ma—determined using methanol and
acetonitrile as modifiers in the same volume ratio); the statistical characteristics of the function of
theoretical distribution are first icosaile (5%), XX1 = 12; first quartile, Q1 = 18; median, Med = 22; last
quartile, Q3 = 24; last icosaile (95%), XX19 = 30.

The results reveal that the majority of parameters are separated into three main groups
relatively close to the reference ranking. Also, there are some parameters that are placed
alone on the SRD graph, as well as a group of parameters which is placed at the end of
x-axis (furthest from the ideal rank).

The parameters that have the same ranking as the reference ranking (SRD = 0) are
placed in the first group; that includes: C18logk0.75m, C18C0ma, PHElogk0m, and PH-
Elogk0.75m. Therefore, these experimental parameters can be considered the best choice for
lipophilicity measures among all determined parameters. All of these parameters were
determined using the mobile phase with methanol as a modifier (C18logk0.75m, PHElogk0m,
and PHElogk0.75m) or methanol together with acetonitrile in ternary mixtures (C18C0ma).

On the other hand, the parameters C18Sa, PHESm, and PHESma are placed in the
same group, which is furthest from the ideal rank, meaning that these parameters are not
the ideal choice for chromatographic lipophilicity estimation. The parameters PHElogk0a,
C18Sma, and C18Sm are also significantly distant from the reference ranking, meaning that
their application as lipophilicity measures is questionable.

The rest of the retention parameters are placed into three groups, among which
the group marked as blue on the graph in Figure 6 contains the highest number of the
parameters. All of these parameters are close to the reference ranking and can therefore
be considered good chromatographic lipophilicity measures. The green group on the
graph contains the parameters that are ranked further from the reference ranking than
the parameters from the red and blue group; nevertheless, these parameters can also be
considered acceptable lipophilicity measures of the analyzed series of s-triazine derivatives.
No strict separation of the chromatographic parameters determined using C18 column and
phenyl column was detected.

The SRD results also indicate that among the alternative lipophilicity parameters
(S and C0), S parameters are not a good choice for the lipophilicity depiction of the studied
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series of s-triazine derivatives. All S parameters are placed at a significant distance from
the reference ranking, as can be noticed in Figure 6. Better solutions from alternative
chromatographic lipophilicity measures are C0 parameters which are located much closer
to the reference ranking than S parameters.

The probabilities of random ranking (Table 3) are very low for the parameters from
the first three groups on the SRD graphs, meaning that their rankings are not of a random
nature. However, those probabilities are quite high for the rest of the parameters. Besides
the CRRN procedure, the seven-fold cross-validation method confirmed the validity of
conducted SRD analysis.

Table 3. The SRD values and probabilities of random ranking of the standardized chromatographic
lipophilicity measures.

Retention Parameter SRD p%: x < SRD ≤ y

C18logk0.75m 0 0 2.48 × 10−3

C18C0ma 0 0 2.48 × 10−3

PHElogk0m 0 0 2.48 × 10−3

PHElogk0.75m 0 0 2.48 × 10−3

C18C0m 2 2.48 × 10−3 1.98 × 10−2

C18logk0.8m 2 2.48 × 10−3 1.98 × 10−2

C18logk0.75ma 2 2.48 × 10−3 1.98 × 10−2

C18logk0a 2 2.48 × 10−3 1.98 × 10−2

C18C0a 2 2.48 × 10−3 1.98 × 10−2

C18logk0.8a 2 2.48 × 10−3 1.98 × 10−2

C18logk0.75a 2 2.48 × 10−3 1.98 × 10−2

PHEC0m 2 2.48 × 10−3 1.98 × 10−2

PHElogk0ma 2 2.48 × 10−3 1.98 × 10−2

PHElogk0.75ma 2 2.48 × 10−3 1.98 × 10−2

PHElogk0.8a 2 2.48 × 10−3 1.98 × 10−2

PHElogk0.75a 2 2.48 × 10−3 1.98 × 10−2

C18logk0m 4 1.98 × 10−2 0.10
C18logk0ma 4 1.98 × 10−2 0.10
C18logk0.8ma 4 1.98 × 10−2 0.10
PHElogk0.8m 4 1.98 × 10−2 0.10
PHEC0ma 4 1.98 × 10−2 0.10
PHElogk0.8ma 4 1.98 × 10−2 0.10
PHEC0a 6 0.10 0.39
PHESa 8 0.39 1.20
XX1 12 3.10 6.87
Q1 18 22.37 34.40
Med 22 48.56 63.17
Q3 24 63.17 76.70
PHElogk0a 26 76.70 87.14
C18Sm 30 94.20 98.57
C18Sma 30 94.20 98.57
XX19 30 94.20 98.57
C18Sa 32 98.57 100.00
PHESm 32 98.57 100.00
PHESma 32 98.57 100.00

3.4. Further Recommendations

Considering the fact that the obtained results define the experimental lipophilicity
of the studied derivatives, these results can be considered significant guidelines for the
development of new chromatographic methods for the separation and isolation of the stud-
ied compounds from environmental samples—they predict their behavior in the applied
RP-UHPLC chromatographic system based on their lipophilicity.

It is worth investigating the chromatographic behavior of the series of studied triazine
derivatives in the chromatographic system with gradient elution which could probably
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provide better selectivity than isocratic elution. Additionally, it would be interesting to
compare the experimental lipophilicity determined under isocratic vs. gradient conditions.

4. Conclusions

In the present study, a comprehensive analysis of the chromatographic behavior of a
series of 6-chloro-1,3,5-triazines, with alkyl and cycloalkyl substituents, was carried out
using reversed phase ultra high performance liquid chromatography system with C18 and
phenyl columns and binary and ternary mobile phases with methanol and acetonitrile as
modifiers. The retention behavior of the studied compounds was expressed by capacity
factors (logk and logk0) and alternative chromatographic lipophilicity measures (S and
C0). The comparative analysis of chromatographic behavior was conducted through the
application of chemometric methods: hierarchical cluster analysis, principal component
analysis, and sum of ranking differences.

Based on the results, it can be concluded that the compounds behave in the C18 system
in accordance with hydrophobic interaction (which are dominant), whilst in the system
with phenyl column, besides hydrophobic interactions, π–π interactions also contribute to
the retention. The correlations of the retention parameters, determined on the C18 column,
with in silico lipophilicity measures are better than in the case of the retention parameters
estimated on phenyl column. As a protic solvent that is more polar than acetonitrile,
methanol influenced higher retention of the compounds on the C18 column than acetonitrile.
The same conclusion is true for the retention recorded on the phenyl column.

Hierarchical cluster analysis and principal component analysis indicated a clear sep-
aration of the compounds based on the presence of alkyl and cycloalkyl substituents
according to all retention parameters. Sum of ranking differences analysis pointed out that
C18logk0.75m, C18C0ma, PHElogk0m, and PHElogk0.75m parameters can be considered to be
the best chromatographic lipophilicity measures, while the application of the parameters
PHElogk0a, C18Sm, C18Sma, C18Sa, PHESm, and PHESma for the lipophilicity estimation of
the studied compounds is questionable due to their distance from the reference ranking.
Considering the alternative chromatographic lipophilicity measures, C0 parameters are a
better solution for lipophilicity estimation than S parameters.

Further research can be related to the development of methods that will be suitable
for the separation of the studied triazine derivatives from the environmental samples and
their quantitative chromatographic analysis. Also, the chromatographic analysis based
on the gradient elution of the analyzed series of triazine derivatives would be worth
further investigating.
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Abbreviations

CRRN—comparison of ranks by random numbers, HCA—hierarchical cluster analysis,
HPTLC—high performance thin layer chromatography, HPLC—high performance liquid chromatog-
raphy, NP—normal phase, PCA—principal component analysis, RP—reversed phase, SRD—sum of
ranking difference, UHPLC—ultra high performance liquid chromatography.

Appendix A

Table A1. Consensus in silico lipophilicity measures of the studied s-triazine derivatives [32].

Compounds ConsensusLogP

1 2.83
2 2.63
3 3.57
4 3.49
5 3.70
6 4.53
7 5.36
8 6.28

Table A2. The correlations between consensus in silico lipophilicity measures and retention parame-
ters of the analyzed s-triazine derivatives.

y = k × x + n

x y k n R2

C18logk0m ConsensusLogP 0.9682 0.6831 0.9883
C18Sm ConsensusLogP −0.6562 −2.7497 0.9427
C18C0m ConsensusLogP 0.0725 0.5461 0.9294
C18logk0.8m ConsensusLogP 0.4372 −1.4761 0.9797
C18logk0.75m ConsensusLogP 0.4802 −1.3976 0.9803
C18logk0ma ConsensusLogP 0.7297 0.4965 0.9781
C18Sma ConsensusLogP −0.3643 −2.5198 0.8113
C18C0ma ConsensusLogP 0.1003 0.4457 0.9468
C18logk0.8ma ConsensusLogP 0.4321 −1.4834 0.9816
C18logk0.75ma ConsensusLogP 0.4649 −1.4140 0.9834
C18logk0a ConsensusLogP 0.6618 −0.0822 0.9936
C18Sa ConsensusLogP −0.3636 −1.6301 0.9980
C18C0a ConsensusLogP 0.1102 0.3731 0.9572
C18logk0.8a ConsensusLogP 0.3732 −1.3918 0.9879
C18logk0.75a ConsensusLogP 0.3889 −1.3048 0.9887
PHElogk0m ConsensusLogP 1.4221 −2.3600 0.8947
PHESm ConsensusLogP −1.3973 1.6090 0.8459
PHEC0m ConsensusLogP 0.0751 0.4945 0.8609
PHElogk0.8m ConsensusLogP 0.3141 −1.1252 0.9500
PHElogk0.75m ConsensusLogP 0.3811 1.1875 0.9725
PHElogk0ma ConsensusLogP 1.1770 −2.5252 0.7940
PHESma ConsensusLogP −1.5211 3.6937 0.5723
PHEC0ma ConsensusLogP 0.5082 −1.9772 0.2664
PHElogk0.8ma ConsensusLogP 0.2151 −1.0000 0.9399
PHElogk0.75ma ConsensusLogP 0.2692 −1.0688 0.9347
PHElogk0a ConsensusLogP −0.0078 2.9538 0.0296
PHESa ConsensusLogP 0.5313 −6.1353 0.3815
PHEC0a ConsensusLogP 0.0697 0.3909 0.9616
PHElogk0.8a ConsensusLogP 0.3441 −1.9384 0.9224
PHElogk0.75a ConsensusLogP 0.3210 −1.6419 0.9393
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