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Abstract: The enantiomeric separation of antifungal compounds is an arduous task in pharmaceu-
tical and biomedical fields due to the different properties that each diastereoisomer presents. The
enantioseparation of a group of fungicides (sulconazole, bifonazole, triadimefon and triadimenol)
using supercritical fluid chromatography was achieved in this work. For this goal, four different
chiral columns based on polysaccharide derivatives, as well as the effect of different chromatographic
parameters such as temperature, type and percentage of organic modifier (methanol, ethanol and iso-
propanol), were thoroughly investigated. The inversion of the elution order of enantiomers as a result
of a change in the stationary phase or organic modifier was also evaluated by employing a circular
dichroism detector. The best separation conditions, in terms of the enantioresolution and analysis
time, were obtained with the Lux® Cellulose-2 column using isopropanol as the organic modifier.

Keywords: enantiomeric separation; supercritical fluid chromatography; antifungal compounds;
polysaccharide chiral columns; elution order; azoles; SFC separation

1. Introduction

Azoles are used extensively in pharmacology leads and for agricultural crop protec-
tion [1,2]. Azole fungicides such as sulconazole and bifonazole have well-documented
activities against superficial skin infections, whereas triadimefon and triadimenol have
most widely been employed to control plant diseases. All of them have one or two asym-
metric carbon atoms in their structure, but whereas the first two are imidazole derivatives,
the others include a triazole ring (see Figure 1). The antifungals selected share the same
mechanism of action inhibiting the ergosterol synthesis via cytochrome P450 [3].
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It is well known that the bioactivity of stereoisomers depends on their specific stereo-
chemistry, affecting their pharmacological, toxicological and pharmacokinetic properties,
as well as their accumulation or degradation in the environment. Considering these dif-
ferences between pairs of enantiomers, the development of enantioselective analytical
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methods is an important task. Several analytical techniques have been applied for the enan-
tiomeric separation of antifungal compounds, such as gas chromatography (GC) [4], capil-
lary electrophoresis (CE) [5–11], high-performance liquid chromatography (HPLC) [12–31]
and supercritical fluid chromatography (SFC) [14,32–39]. Commercially or hand-made
chiral stationary phases (CSPs), based on different cellulose [12,14–16,19–23,25–31] or amy-
lose [13,15,17,22] derivatives and mobile phases typically used for normal-phase mode
(mixtures of n-hexane/alcohol with additives), polar organic mode (alcohol or acetonitrile)
or reversed-phase mode (aqueous solutions of acids or salts mixed with alcohol or acetoni-
trile), have been extensively employed in HPLC. Other kind of CSP, such as amino acids
derivatives [18] or emamectin [24], have also been studied in liquid chromatography. Fortu-
nately, applications with environmental-friendly techniques, such as SFC, have increased in
the last few years. Chiral separations are one of the fields in which SFC has been employed
with great success. High efficiencies along with a reduction in the analysis time and waste
generation are the main advantages of SFC compared to HPLC due to the physico-chemical
properties of the supercritical fluids. The advantages of chiral SFC have been discussed in
numerous papers and reviews [40–43]. Chiral columns based on polysaccharide deriva-
tives [14,15,32–37,39] have been widely used in SFC due to their powerful enantioseparation
ability, but other chiral selectors, such as 4-chlorophenylcarbamoylated β-cyclodextrin or
3,5-di-methylphenylcarbamoylated β-cyclodextrin, have also been employed, with differ-
ent degree of success, for the enantiomeric separation of azole fungicides [37].

Although the enantiomeric separation of azole fungicides is a widely studied topic, in
most works, the enantioseparation was studied individually. To our knowledge, there are
just two papers that describe the simultaneous enantioseparation of several chiral triazole
fungicides. M. Lou et al. [31] performed the simultaneous enantioseparation of four chiral
triazoles using HPLC, obtaining the baseline separation in 50 min. On the other hand,
Yang et al. [39] used SFC-MS/MS and determined five chiral triazole fungicides. Never-
theless, the baseline enantiomeric separation of all of the enantiomers was not achieved,
and the determination was performed using MS in tandem. Taking into account that chiral
azole fungicides are broadly employed by humans, the study of their enantiomeric envi-
ronmental behaviors and risks are of great interest. Moreover, in environmental samples,
these compounds come up in the presence of each other. Thus, methods that enable the
simultaneous chiral separation of several azole fungicides are mandatory.

The purpose of this work was to achieve the simultaneous enantiomeric separation
of four azole fungicides (sulconazole, bizonazole, triadimefon and triadimenol), widely
employed not only in agricultural but also in medical activities, using SFC. For this purpose,
five different chiral columns (Chiralcel® OD, Lux® Cellulose-2, Reflect™ I-cellulose C and
Lux® Amylose-2) were evaluated and the effect of different chromatographic conditions
was examined in order to obtain the best enantioseparation in the shortest analysis time.

2. Materials and Methods
2.1. Chemical and Materials

HPLC grade quality organic solvents employed (methanol, ethanol, isopropanol) were
obtained from LAB-SCAN (Dublin, Ireland). Solid standards of sulconazole (SUL) and
bifonazole (BIF) were acquired from Sigma-Aldrich (Madrid, Spain), and triadimefon (TRN)
and triadimenol (TRL) were purchased from Dr. Ehrenstofer (Augsburg, Germany). All
standards are racemic mixtures, except for TRL standard, for which the threo diastereoiso-
mer predominates. The standard stock solutions at 1000 µg/mL level prepared in methanol
were stored at 4 ◦C. Methanol was also employed as solvent to prepare the working so-
lutions by dilution. Carbon dioxide was of SFC grade and purchased from Carburos
Metálicos (Barcelona, Spain).
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2.2. Chiral Columns

Four commercially available chiral columns were tested. They were purchased from
Phenomenex (Torrance, CA, USA), Daicel Chiral Technologies (Illkirch, France) and Regis
Technologies (Chicago, IL, USA). Their characteristics are shown in Table 1.

Table 1. Different chiral columns employed in SFC method development.

Column Stationary Phase Dimensions

Chiralcel® OD
Cellulose- tris(3,5-dimethylphenylcarbamate) coated
on silica gel 250 × 4.6 mm; 10 µm

Lux® Cellulose-2
Cellulose- tris(3-chloro-4-methylphenylcarbamate)
coated on silica gel 250 × 4.6 mm; 5 µm

Reflect™
I-cellulose C

Cellulose- tris(3,5-dichlorophenylcarbamate)
immobilized on silica gel 150 × 4.6 mm; 3 µm

Lux® Amylose-2
Amylose-tris(5-chloro-2-methylfenilcarbamate)
coated on silica gel 250 × 4.6 mm; 5 µm

2.3. Supercritical Fluid Chromatography
2.3.1. Instrumentation

An SFC system manufactured by Jasco (Tokyo, Japan) was employed for performing
all of the experiments. Carbon dioxide and the modifier were supplied, making use of two
pumps, PU-2080-CO2 and PU-2080, respectively. The injection volume was set at 10 µL in
the autosampler AS-2059-SF model. The columns were thermostated in a CO-2065 oven,
while a BP-2080 pressure regulator controlled the pressure. The instrument was provided
with two detectors: a MD-2015 photodiode-array detector (PDA) and a CD-4095 circular
dichroism detector (CD), which were employed. System control and data acquisition were
performed by ChromNav 1.009.02 software from Jasco (Tokyo, Japan).

2.3.2. Chromatographic Conditions

Lux® Cellulose 2 (250 × 4.6 mm; 5 µm) column was selected due to its better chro-
matographic performance. Analysis conditions were set as follows: the supercritical fluid
used as mobile phase was a mixture of carbon dioxide and isopropanol with a constant
flow rate of 2 mL/min, a pressure of 150 bar and a column temperature of 35 ◦C. An elution
gradient was set as follows: initial composition of organic modifier was 5% for 5 min, it
was increased to 22% at 10 min and it was finally increased to 45% at 11 min, which was
held to the end of the analysis. CD detection was performed at 220 nm. Under optimal
SFC conditions, all compounds were eluted in 25 min with enantiomeric resolutions and
separations higher than 1.5.

3. Results and Discussion
3.1. Selection of the Stationary Phase and Composition of the Mobile Phase

Different columns were evaluated in detail to select the most suitable one. The chiral
selectors investigated included cellulose and amylose carbamate derivatives (see Table 1).
According to previous experiments, the initial conditions were 35 ◦C, 150 bar and 2 mL/min.
The compounds studied possess diverse functional groups that can interact with the station-
ary phases. Thus, the use of an organic modifier was necessary to decrease the retention.
In this way, the effect of three organic modifiers (methanol, ethanol and isopropanol)
was studied.

The Chiralcel® OD column did not provide any kind of enantioresolution for any of
the compounds analyzed, regardless of the modifier employed. Therefore, it was discarded
for the rest of the work.

The most relevant results obtained with the columns Lux® Cellulose-2, Lux® Amylose-2
and Reflect™ I-Cellulose C, using different organic modifiers, are shown in Tables 2 and 3.
As can be seen, SUL and BIF presented the highest retentions on these kinds of columns,
which require the use of high percentages of the organic modifier to obtain reasonable
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analysis times. For both compounds, Lux® Cellulose-2 and Lux® Amylose-2 columns pro-
vided the highest enantioresolutions with any of the organic modifier used. The retention
of BIF was similar on both columns, but SUL clearly showed a lower retention on the
Lux® Amylose-2. It should be noted that the Reflect™ I-cellulose C column had a shorter
length, which could justify the lower enantioresolutions and retention times. Several assays
were performed decreasing the percentage of the modifier. As expected, the retention
increased and the enantioresolution increased slightly, but the baseline resolution was not
achieved with this last column. TRN and TRL presented the lowest retentions and the
enantiomeric resolution was achieved with a lower percentage of the organic modifier. For
TRN, the best results were obtained with the Lux® Cellulose-2 and Reflect™ I-cellulose C
columns, with Lux® Cellulose-2 being the one that provided the highest enantioresolutions.
In the case of TRL, the best results were obtained using the columns Lux® Cellulose-2
and Lux® Amylose-2, with the Lux® Cellulose-2 column being the one that provided the
highest retentions.

Table 2. Effect of the organic modifier on the enantiomeric separation of sulconazole and bifona-
zole. Chromatographic conditions for three different chiral columns at the same chromatographic
conditions of temperature (35 ◦C), pressure (150 bar) and flow rate (2 mL/min).

Lux® Cellulose-2 Reflect™ I-Cellulose C Lux® Amylose-2

Sulconazole

% Modifier t1/min t2/min Rs (α) t1/min t2/min Rs (α) t1/min t2/min Rs (α)

30% Methanol 15.2 15.2 0.0 (1.0) 4.3 4.3 0.0 (1.0) 4.8 4.8 0.0 (1.0)

30% Ethanol 14.2 15.6 1.7 (1.1) 5.1 5.3 0.6 (1.1) 5.3 5.6 1.3 (1.1)

30% Isopropanol 20.9 27.6 4.7 (1.3) 12.7 12.7 0.0 (1.0) 6.41 6.8 1.2 (1.1)

Bifonazole

% Modifier t1/min t2/min Rs (α) t1/min t2/min Rs (α) t1/min t2/min Rs (α)

30% Methanol 7.1 9.3 5.3 (1.4) 4.0 4.3 1.1 (1.1) 7.9 13.3 7.8 (2.0)

30% Ethanol 6.7 8.9 4.2 (1.4) 4.1 4.4 1.1 (1.1) 8.1 10.4 4.4 (1.4)

30% Isopropanol 8.8 11.9 4.4 (1.4) 8.4 9.2 0.8 (1.1) 10.8 11.6 1.1 (1.1)

Concerning the effect of the organic modifier, a decrease in the polarity of the or-
ganic modifier generally causes an increase in the retention, consequently in the order of
methanol < ethanol < isopropanol solvent. Nevertheless, in the case of TRL, when using
the Lux® Cellulose-2 column, isopropanol provided the lower retentions and satisfactory
resolutions between the four stereoisomers. This behavior has also been noticed for other
compounds using polysaccharide-based columns [44,45], and could be due to the higher
hydrogen-bond-accepting ability of isopropanol. As a general rule, methanol provided
the highest enantioresolutions with all of the CSP checked, except for SUL. In this case,
and for any of the columns studied, no sign of enantioseparation was observed using
methanol, even at low percentages. The highest enantioresolution for SUL was obtained
using isopropanol and the Lux® Cellulose-2 column. In addition, in the cases of TRN,
using the Lux® Amylose-2 and Reflect™ I-cellulose C columns, and TRL, using the Lux®

Amylose-2 column, isopropanol provided the highest enantioresolutions. It is important to
note that, when employing the Lux® Cellulose-2 column, the four stereoisomers changed
the elution order when methanol was replaced by isopropanol (see Figure 2 and Table S1
to check system suitability parameters). Using methanol, the two first eluted enantiomers
were those of the threo form, which was predominant in the standard and thus provided
the biggest peak.
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Table 3. Effect of the organic modifier on the enantiomeric separation of triadimefon and triadimenol. Chromatographic conditions for three different chiral columns
at the same chromatographic conditions of temperature (35 ◦C), pressure (150 bar) and flow rate (2 mL/min).

Lux® Cellulose-2 Reflect™ I-Cellulose C Lux® Amylose-2

Triadimefon

% Modifier t1/min t2/min Rs (α) t1/min t2/min Rs (α) t1/min t2/min Rs (α)

5% Methanol 5.3 6.1 2.9 (1.2) 2.8 3.0 0.8 (1.1) 5.7 6.1 1.1 (1.1)

5% Ethanol 5.5 6.6 2.9 (1.3) 4.2 4.9 1.6 (1.2) 6.4 6.4 0.0 (1.0)

5% Isopropanol 4.3 4.8 2.8 (1.2) 4.6 5.8 2.2 (1.3) 6.7 7.5 2.3 (1.2)

Triadimenol

% Modifier t1/min t2/min t3/min t4/min Rs1–2
(α)

Rs2–3
(α)

Rs3–4
(α)

t1/min t2/min t3/min t4/min Rs1–2
(α)

Rs2–3
(α)

Rs3–4
(α)

t1/min t2/min t3/min t4/min Rs1–2
(α)

Rs2–3
(α)

Rs3–4
(α)

5% Methanol 12.6 15.3 16.8 21.4 3.2
(1.2)

1.7
(1.1)

4.6
(1.3) 4.3 4.9 4.9 4.9 1.4

(1.2)
0.0

(1.0)
0.0

(1.0) 5.3 5.8 6.7 8.0 1.1
(1.2)

1.8
(1.3)

2.5
(1.3)

5% Ethanol 13.1 19.3 19.3 24.8 7.4
(1.5)

0.0
(1.0)

5.0
(1.3) 9.7 11.5 13.8 13.8 1.9

(1.2)
1.7

(1.2)
0.0

(1.0) 8.1 8.6 9.3 22.1 0.9
(1.1)

1.4
(1.1)

13.8
(2.9)

5% Isopropanol 16.6 18.9 20.4 24.5 3.3
(1.2)

2.0
(1.1)

4.8
(1.2) 9.0 11.2 12.6 13.9 2.0

(1.3)
1.2

(1.1)
0.9

(1.1) 9.0 10.4 12.1 16.3 2.2
(1.2)

4.5
(1.2)

4.8
(1.4)
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Figure 2. Representative SFC-UV (220 nm) chromatogram obtained with Lux® Cellulose-2 column of
triadimenol standard using isopropanol (A) or methanol (B) as a modifier under the same conditions
in isocratic elution (8%), temperature (35 ◦C), pressure (150 bar) and flow rate (2 mL/min). Peaks 1:
TRL-Threo-1, 2: TRL-Eritro-1; 3: TRL-Threo-2; 4: TRL-Erytro-2. System suitability parameters are
summarized in Table S1.

The chromatographic conditions in terms of columns and organic modifiers were
different in order to obtain the best separation of the enantiomers for each azole compound
(see Tables 2 and 3). Figure 3 shows the chromatograms with the conditions selected, taking
into account the better enantioresolutions, shortest analysis time and best peak shapes (see
Tables S1 and S2 to check system suitability parameters). The Lux® Cellulose-2 column
was chosen for sulconazole, bifonazole and triadimefon, whereas Lux® Amylose-2 was
the selected column for triadimenol. Nevertheless, considering all of the compounds as
a whole, and with a view to reach the simultaneous enantiomeric separation of the five
pairs of enantiomers, the Lux® Cellulose-2 column and isopropanol as the organic modifier
should be chosen. In this way, different gradients of the modifier were assayed and the
best results in reference to the enantioresolution and analysis time were acquired with the
following conditions: it was initially maintained at 5% for 5.0 min, increased to 22% at
10 min and finally increased to 45% at 11 min, which was held for 14 min. As can be seen in
Figure 4, all of the stereoisomers were baseline resolved within an analysis time of 25 min
(see Table S3 to check system suitability parameters).

Separations 2023, 10, x FOR PEER REVIEW 6 of 14 
 

 

 

Figure 2. Representative SFC-UV (220 nm) chromatogram obtained with Lux®  Cellulose-2 column 

of triadimenol standard using isopropanol (A) or methanol (B) as a modifier under the same condi-

tions in isocratic elution (8%), temperature (35 °C), pressure (150 bar) and flow rate (2 mL/min). 

Peaks 1: TRL-Threo-1, 2: TRL-Eritro-1; 3: TRL-Threo-2; 4: TRL-Erytro-2. System suitability parame-

ters are summarized in Table S1. 

The chromatographic conditions in terms of columns and organic modifiers were dif-

ferent in order to obtain the best separation of the enantiomers for each azole compound 

(see Tables 2 and 3). Figure 3 shows the chromatograms with the conditions selected, tak-

ing into account the better enantioresolutions, shortest analysis time and best peak shapes 

(see Tables S1 and S2 to check system suitability parameters). The Lux®  Cellulose-2 col-

umn was chosen for sulconazole, bifonazole and triadimefon, whereas Lux®  Amylose-2 

was the selected column for triadimenol. Nevertheless, considering all of the compounds 

as a whole, and with a view to reach the simultaneous enantiomeric separation of the five 

pairs of enantiomers, the Lux®  Cellulose-2 column and isopropanol as the organic modi-

fier should be chosen. In this way, different gradients of the modifier were assayed and 

the best results in reference to the enantioresolution and analysis time were acquired with 

the following conditions: it was initially maintained at 5% for 5.0 min, increased to 22% at 

10 min and finally increased to 45% at 11 min, which was held for 14 min. As can be seen 

in Figure 4, all of the stereoisomers were baseline resolved within an analysis time of 25 

min (see Table S3 to check system suitability parameters). 

 

Figure 3. Representative SFC-UV (220 nm) chromatograms for sulconazole (A), bifonazole (B), tri-

adimefon standard solutions (D) with the Lux®  Cellulose-2 column and triadimenol standard solu-

tion (C) with the Lux®  Amylose-2 column. System suitability parameters are summarized in Table 

S2. 

Figure 3. Representative SFC-UV (220 nm) chromatograms for sulconazole (A), bifonazole (B),
triadimefon standard solutions (D) with the Lux® Cellulose-2 column and triadimenol standard
solution (C) with the Lux® Amylose-2 column. System suitability parameters are summarized in
Table S2.
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Figure 4. Representative SFC-UV (220 nm) chromatogram obtained from a mixture of the fungicides
with optimal chromatographic conditions using Lux® Cellulose-2 column. The SFC conditions are
summarized in Section 2.3.1. Peaks 1: TRN-1; 2: TRN-2; 3: TRL-Threo-1, 4: TRL-Erytro-1; 5: TRL-
Threo-2; 6: TRL-Erytro-2; 7: BIF-1; 8: BIF-2; 9: SUL-1; 10: SUL-2. System suitability parameters are
summarized in Table S3.

3.2. Determination of the Elution Order

In order to check if there was an inversion of the enantiomer elution order caused
by the change in the CSP or the type of modifier, the elution order of the enantiomers
was evaluated for each compound and with the combinations of the CSP/modifier that
provided baseline enantioresolutions. For this purpose, a CD detector was used and a
wavelength of 220 nm was selected for the measurements. The other chromatographic
conditions were 35 ◦C, 2 mL/min and 150 bar.

In Table 4, the results obtained are shown. Positive signs (+) refer to CD positive
signals, whereas the (−) signs correspond to CD negative signals, as shown in Figure 5.

Table 4. Variations in enantiomers elution with CD detector using different best chromatographic
conditions in terms of columns and modifiers.

Lux® Cellulose-2 Lux® Amylose-2

Compound Methanol Ethanol Isopropanol Methanol Ethanol Isopropanol

Sulconazole
Enantiomer 1 nt + - nt + nt

Enantiomer 2 nt + - nt - nt

Bifonazole
Enantiomer 1 + + + - + nt

Enantiomer 2 - - - + - nt

Triadimefon
Enantiomer 1 - - - nt nt +

Enantiomer 2 + + + nt nt -

Triadimenol

Enantiomer 1 Threo (−) nt Threo (−) nt nt Threo (+)

Enantiomer 2 Threo (+) nt Erytro (+) nt nt Threo (−)

Enantiomer 3 Erytro (+) nt Threo (+) nt nt Erytro (−)

Enantiomer 4 Erytro (−) nt Erytro (−) nt nt Erytro (+)

nt: not tested.
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Figure 5. Representative SFC-CD (220 nm) chromatogram obtained from a mixture of the fungicides
with optimal chromatographic conditions using Lux® Cellulose-2 column. The SFC conditions
are summarized in Section 2.3.1. Peaks 1: TRN-1; 2: TRN-2; 3: TRL-Threo-1; 4: TRL-Erytro-1; 5:
TRL-Threo-2; 6: TRL-Erytro-2; 7: BIF-1; 8: BIF-2; 9: SUL-1; 10: SUL-2.

The elution order of SUL and TRN enantiomers did not vary when changing the CSP
or the organic modifier. On the contrary, BIF enantiomers inverted the elution order when
the CSP was changed. Using methanol and the Lux® Cellulose-2 column, the first eluted
enantiomers had a positive CD signal, whereas, when using the Lux® Amylose-2 column,
they had a negative one. This reveals a change in retention mechanisms when changing
the organic modifier. The order of elution could not be studied with the Reflect I Cellulose
C column since it did not provide enough of an enantioresolution.

Regarding TRL, only three combinations of column/modifier allowed for the baseline
separation of the four stereoisomers. Each of them gave different results: with the Lux®

Cellulose-2 column, thanks to the difference in the peak size, a change in the elution order
of the stereoisomers when changing from methanol (the enantiomers of the threo form
eluted the first) to isopropanol had already been observed. The CD detector allowed
us to determine that only the central enantiomers, which turned out to be the positive
ones, exchanged their elution order, whereas the extreme ones, the negative enantiomers,
maintained their relative position. With the Lux® Amylose-2 column, using isopropanol,
the first two eluted enantiomers were those of the threo form (the biggest peaks), and
the last ones were those of the erythro form (the smallest peaks). This behavior was also
observed using the Lux® Cellulose-2 column and methanol as the modifier. If only the
information provided by the PDA detector were available, we could think that there was
no inversion in the elution order of the four stereoisomers. However, the use of the CD
detector allowed us to conclude that there was a reversal of the elution order within each
pair of enantiomers, as can be observed in Table 4.

3.3. Effect of Temperature

Temperature is a very relevant parameter in the control of chiral separations, since
it can affect both retention and selectivity, which, in turn, influence the enantioresolu-
tion [32,46]. When working with binary fluids at a constant pressure, an increase in
temperature produces a decrease in density. In SFC, its effect is a controversial point: in
some cases, an increase in temperature produces a decrease in retention, but in others, it
leads to an increase, or even has no very significant effect on retention [32,47].
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The selectivity (α) of a chromatographic separation is determined as:

α =
tr2 − t0

tr1 − t0
(1)

where tr1 and tr2 are the retention times of two consecutive peaks, and t0 the dead time
(which is defined as the time elapsed between the injection and the elution of the peak
corresponding to a non-retained compound).

The selectivity can be related to the absolute temperature (T) through the Van’t
Hoff equation:

ln α = − 1
T

(
∆∆H

◦

R

)
+

(
∆∆S

◦

R

)
(2)

where R is the ideal gas constant, and ∆∆H◦ and ∆∆S◦ are the differences between the
changes in the enthalpy and entropy of the interaction of the enantiomers with the stationary
phase and the mobile phase.

When ∆∆H◦ and ∆∆S◦ are independent of temperature, the plotting of the natural
logarithm of selectivity (ln α) versus the inverse of temperature (1/T) provides a straight
line. The Van’t Hoff equation can also be expressed as a function of the natural logarithm
of the retention factor k, which is calculated as:

k =
tr − t0

t0
(3)

where tr is the retention time and t0 is the dead time.
The Van’t Hoff equation as a function of the natural logarithm of the retention factor is

expressed as:

ln k = − 1
T

(
∆∆H

◦

R

)
+

(
∆∆S

◦

R

)
+ ln φ (4)

where Φ is the phase relationship, which, in this case, is equal to 1.
Thus, the retention and selectivity of the chromatographic separation are affected by

two different terms: the enthalpic term, which decreases as the temperature increases, and
the entropic term, which is independent of temperature.

The Van’t Hoff equation also makes it possible to determine the isoelution temperature,
which is the temperature for which the selectivity (α) is equal to 1, and it is defined as the
temperature at which the pair of enantiomers coelute. Once this temperature is exceeded,
there would again be separation between the enantiomers, with a reversal in the elution
order; that is, in selectivity. This temperature coincides with the inverse of the intersection
point of the straight line with the x-axis in the representation of the natural logarithm of
the selectivity versus 1/T.

In this work, the effect of temperature was evaluated using the Lux® Cellulose-2
column because it provided the best results for all of the compounds studied. The flow rate
and pressure were maintained as constant at 2 mL/min and 150 bar, respectively, and the
temperature was varied between 20 and 35 ◦C.

In the case of SUL, the study was performed using the two modifiers that provided
enantiomeric separations (30% methanol and 30% ethanol). Linear graphs for the repre-
sentation of the Van’t Hoff equations were obtained only in the case of using ethanol and
plotting the ln k (see Figure 6). Using isopropanol, an increase in the retention and the
resolution was observed when the temperature increased, but the Van’t Hoff graphs were
nonlinear, which could be attributed to a change in the mechanism of the enantiosepara-
tion with the temperature. In Table 5, the thermodynamic parameters estimated for the
enantiomeric separation of SUL, using ethanol as modifier, are shown. Since the isoelution
temperature (−149.2 ◦C) is below the working temperature range, the enantiomeric separa-
tion is entropically driven and the selectivity increases with an increasing temperature.
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Figure 6. Representation of ln k versus 1/T (Equation (4)) for sulconazole in Lux® Cellulose-2 column
and 30% of ethanol.

Table 5. Thermodynamic parameters and isoelution temperatures for sulconazole using a Lux®

Cellulose-2 column.

Sulconazole

% Modifier ∆∆H◦ (J/mol) ∆∆S (J/K·mol) Isoelution T (◦C)

30% Ethanol −171.1 1.4 −149.2

The effect of temperature on the enantiomeric separation of BIF was studied using
methanol, ethanol and isopropanol. The results obtained are shown in Table 6. For all of
the modifiers studied, the retention decreased with an increasing temperature, but neither
the selectivity factor nor the resolution showed a clear trend. The representations of ln α

and ln k against the inverse of the temperature were nonlinear in any case, which can be
attributed to the fact that variations in the retention mechanism are produced when the
working temperature is modified.

Table 6. Effect of temperature on the enantiomeric separation of bifonazole. Chromatographic
conditions: Lux® Celulose-2 column, 150 bar and flow rate of 2 mL/min.

Bifonazole

% Modifier 30% Methanol 30% Ethanol 30% Isopropanol

Temperature (◦C) k1 k2 Rs k1 k2 Rs k1 k2 Rs

20 4.23 6.13 4.92 3.22 4.45 4.43 5.21 7.31 3.43

25 4.04 5.59 5.17 3.03 4.38 4.89 5.33 7.44 3.53

30 3.87 5.36 5.12 2.02 2.85 4.68 5.51 6.98 3.52

35 4.10 5.61 5.29 2.53 5.55 4.19 5.51 7.74 4.43

In Table 7, the results obtained for TRN are shown. For all of the modifiers assayed,
the retention increased when the temperature increased, whereas the selectivity decreased,
especially using methanol and ethanol. When the representations of ln α were obtained,
there was only a linear behavior in the case of using methanol and ethanol. With iso-
propanol, it was the plot of ln k that provided a good linear fit. In all cases, it was possible
to calculate the isoelution temperature (see Table 8), obtaining values above the working
temperature range when using methanol and ethanol, which indicates that, in these cases,
the enantioseparation is enthalpically driven and the selectivity decreases with an increas-
ing temperature. The isoelution temperature obtained in the case of using isopropanol was
lower than the working range, so, in this case, the separation is entropically handled, and
the selectivity increases with an increasing temperature.
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Table 7. Effect of temperature on the enantiomeric separation of triadimefon. Chromatographic
conditions: Lux® Celulose-2 column, 150 bar and flow rate of 2 mL/min.

Triadimefon

% Modifier 5% Methanol 5% Ethanol 5% Isopropanol

Temperature (◦C) k1 k2 Rs k1 k2 Rs k1 k2 Rs

20 1.16 1.46 3.02 1.09 1.35 3.01 1.43 1.70 2.40

25 1.25 1.55 3.09 1.14 1.41 3.22 1.42 1.75 3.10

30 1.26 1.54 3.01 1.18 1.44 3.06 1.84 2.21 2.68

35 1.31 1.60 2.91 1.27 1.54 2.88 2.07 2.47 2.80

Table 8. Thermodynamic parameters and isoelution temperatures for triadimefon using a Lux®

Cellulose-2 column.

Triadimefon

% Modifier ∆∆H◦ (J/mol) ∆∆S (J/K·mol) Isoelution T (◦C)

5% Methanol 1667.5 −3.8 165.1

5% Ethanol 1290.9 −2.6 232.9

5% Isopropanol −329.1 2.6 −144.5

In the case of TRL, the effect of temperature was investigated using methanol because
it provided the highest resolutions, and the elution order of each pair of enantiomers was
not mixed. The values of selectivity were calculated for each pair of enantiomers. As is
shown in Table 9, the retention increased and selectivity decreased when the temperature
increased. For the erytro enantiomers, the plots of ln α were linear. On the contrary, for
the threo enantiomers, a linear fit was obtained for ln k. In all cases, the isoelution temper-
atures (see Table 10) were above the working temperatures range; thus, the separation is
enthalpically driven, and the selectivity decreases with an increasing temperature, as was
observed experimentally.

Table 9. Effect of temperature on the enantiomeric separation of triadimenol. Chromatographic
conditions: Lux® Celulose-2 column, 150 bar and flow rate of 2 mL/min.

Triadimenol

% Modifier 5% Methanol

Temperature (◦C) k1 k2 k3 k4 Rs1–2 Rs2–3 Rs3–4

20 2.37 3.22 3.60 4.87 3.05 1.81 5.33

25 2.70 3.26 3.60 4.74 2.98 1.68 4.92

30 2.83 3.37 3.70 4.77 3.04 1.66 4.89

35 3.10 3.73 4.10 5.20 3.16 1.67 4.62

Table 10. Thermodynamic parameters and isoelution temperatures for triadimenol using a Lux®

Cellulose-2 column.

Triadimenol

% Modifier Diastereoisomer ∆∆H◦ (J/mol) ∆∆S (J/K·mol) Isoelution T (◦C)

5% Methanol
Threo 3239.0 −8.5 105.8

Erytro 5696.4 −17.2 58.6
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4. Conclusions

Taking into account the tests carried out with the different columns and organic
modifiers, the best column for the optimal separation of the enantiomers of all of the
compounds studied in a single run was Lux® Cellulose-2. However, the Lux® Amylose-2
column also allowed for the enantiomeric resolution of all fungicides, but only individually.
In contrast, the Reflect™ I-Cellulose C column only showed efficacy in the separation of
triadimefon, while the Chiralcel® OD column did not allow any enantiomeric separation.
Among the different modifiers employed, and from a general point of view, methanol
provided the highest enantioresolutions, except in the case of sulconazole, for which
the best results were obtained with isopropanol. Thus, considering the simultaneous
enantiomeric separation of the five pairs of enantiomers, isopropanol was selected as the
organic modifier and the separation was achieved within 25 min by employing an elution
gradient. An inversion of the enantiomer elution order was observed for bifonazole and
tradinemol, and this was associated with a change in the chiral stationary phase. In the
case of BIF, a reversal of elution was caused when methanol was used as the modifier, and
the CSP changed from the Lux® Cellulose-2 column to the Lux® Amylose-2 one. The same
effect was observed for triadimenol employing isopropanol when these two CSPs were
exchanged. It is significant that, if only the information provided by the PDA detector
were available, it would have been thought that there was no inversion in the elution
order of the enantiomers when the Lux® Cellulose-2 column was replaced by the Lux®

Amylose-2 one. Considering the effect of the temperature on the enantiomeric separation
and using the Lux® Cellulose-2 column, the results obtained showed that, in all cases, the
retention increased with an increasing temperature, except for sulconazole, for which the
opposite effect was observed. The isoelution temperature could be estimated for all of the
compounds, except for bifonazole and sulconazole using isopropanol. The values revealed
that the enantiomeric separation of the compounds was enthalpically driven, except for
sulconazole using ethanol and triadimenon using isopropanol, for which an entropically
driven behaviour was noticed.

Supplementary Materials: The following supporting information can be downloaded at:
https://www.mdpi.com/article/10.3390/separations10010009/s1, Table S1: System suitability pa-
rameters referring to chromatograms of Figure 2; Table S2: System suitability parameters referring to
chromatograms of Figure 3; Table S3: System suitability parameters referring to chromatogram of
Figure 4.
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