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Abstrakt
Táto

práca

antiferroelektrických

sa

zaoberá

kvapalných

chirálnou

kryštálov

za

separáciou
využitia

ortokonických

ultra-vysokoúčinnej

kvapalinovej chromatografie. Študované látky sa líšili v prítomnosti a/alebo v pozícií
atómu fluóru na fenylovom kruhu a v dĺžke uhlíkového reťazca. Separácie boli
prevádzané v nevodnom reverznom móde za využitia chirálnej stacionárnej fázy na
báze derivovaných polysacharidov. V prvej časti práce bol skúmaný vplyv prietoku
mobilnej fázy a teploty kolóny na účinnosť separácie. Následne bol za optimálneho
prietoku a teploty študovaný vplyv zloženia mobilnej fázy. Základom mobilnej fázy bol
acetonitril, postupne bol za izokratickej elúcie pridávaný methanol, ethanol alebo
izopropanol v rôznych pomeroch. V rámci práce boli porovnané dve kolóny s odlišnou
chirálnou stacionárnou fázou – CHIRALPAK® IA-U (tris(3,5-dimetylfenylkarbamát)
amylóza) a CHIRALPAK® IG-U (tris(3-chloro-5-metylfenylkarbamát) amylóza).
Sledovaný bol vplyv chromatografických podmienok a štruktúry analytu na rozlíšenie,
enantioselektivitu a retenciu.
Kľúčové slová: ultra-vysokoúčinná kvapalinová chromatografia, enantioseparácia,
kvapalné kryštály, reverzný mód
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Abstract
This study reports chiral separation of orthoconic antiferroelectric liquid
crystals using ultra-high performance liquid chromatography. The materials studied in
this paper differ in the presence and/or position of the fluorine atom on the phenyl ring
and in the alkoxy-spacer length. Reversed non-aqueous mode using chiral stationary
phase based on derived polysaccharides was used. In the first part of the thesis, the
effect of the mobile phase flow rate and the column temperature on the
enantioseparation efficiency was observed. Subsequently, under optimum flow rate and
column temperature, the effect of mobile phase composition was examined. The mobile
phase was based on acetonitrile, while various ratios of methanol, ethanol or
isopropanol were added using isocratic elution. Two chromatographic columns
containing different chiral stationary phase were compared – CHIRALPAK® IA-U
amylose tris(3,5-dimethylphenylcarbamate) and CHIRALPAK® IG-U amylose tris(3chloro-5-methylphenylcarmabate). We studied the influence of chromatographic
conditions and analyte structure on resolution, enantioselectivity and retention.
Key words: ultra-high performance liquid chromatography, enantioseparation, liquid
crystals, reversed phase
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List of abbreviations and symbols
α……………………...enantioselectivity
ACN………………….acetonitrile
AU……………………arbitrary unit
CEC…………………..capillary electrochromatography
Column 1……………..CHIRALPAK® IA-U
Column 2……………..CHIRALPAK® IG-U
CSP…………………...chiral stationary phase
EtOH……………….....ethanol
GC…………………....gas chromatography
HEPT………………....height equivalent to a theoretical plate
HILIC………………...hydrophilic-interaction chromatography
HPLC…………………high-performance liquid chromatography
IEC…………………...ion-exchange chromatography
IPA…………………...isopropanol, propan-2-ol
𝑘1 ……………………...retention factor of the first eluting peak
𝑘2 ……….......................retention factor of the second eluting peak
𝐾𝑅 …………………….stability constant of R- enantiomer
𝐾𝑠 …………………......stability constant of S- enantiomer
LC………………….....liquid chromatography
LCs.............................liquid crystals
MeOH………………...methanol
MP…………………....mobile phase
N………………………plate count number
OAFLCs………………orthoconic antiferroelectric liquid crystals
POM…………………..polar organic mode
R………………………resolution
(R)/(S)-A……………...R- or S- enantiomer complex with analyte A
(R)-CS………………...R- enantiomer of a chiral selector
SFC…………………...supercritical fluid chromatography
SP……………………..stationary phase
𝑡𝑟 ………………………retention time
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𝑡𝑟,1 …………………....retention time of the first eluting peak
𝑡𝑟,2 …………………....retention time of the second eluting peak
TLC…………………..thin-layer chromatography
u……………………....linear velocity of mobile phase
UHPLC……………....ultra-high performance liquid chromatography
𝑤1………......................width of the first eluting peak on the baseline
𝑤1/2,1……………….....width of peak at half height of the first eluting peak
𝑤2 ……..........................width of the second eluting peak on the baseline
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1. Introduction
Liquid crystal displays are nowadays used in a broad range of electronic
devices. Unique properties, such as high-resolution, great picture quality, low weight,
high contrast, make them dominate the market [1]. Enantiomeric excess strongly affects
liquid crystalline properties of chiral liquid crystals and methods for their
enantioseparation and optical purity control is thus necessary for their further use [2].
Direct liquid chromatography enantioseparation using chiral stationary phase is the
most commonly used approach for evaluation of enantiomeric ratio with wide range of
commercially available chiral selectors.
Complete enantioseparation of nearly all types of compounds may be obtained
with the right choice of the chiral selector, well-designed separation procedure and welloptimized conditions of the experiment. Nevertheless, to find the satisfactory
combination requires a lot of time, material and energy, because the chromatographic
behavior of chiral substances in chiral environment is still fairly unpredictable.
Therefore, the development of far more strategies that facilitate the selection is needed
[3].

1.1 Liquid crystals
1.1.1 Characteristics of liquid crystals
Liquid crystals (LCs) are substances capable of creating a mesophase or
mesomorphic phase - state of matter that has properties of both liquids and solid
crystals. The material can flow, yet it retains an organized structure. The ordered
arrangement of molecules is lower than that in solids but higher than that in liquids. LCs
can be divided into two groups called thermotropic and lyotropic based on when the
mesophase is formed. Lyotropic – mesomorphic phase is obtained by dissolving the
compound in an appropriate solvent.

Thermotropic LCs form mesophase due to

temperature changes retaining the liquid crystalline phase in a certain temperature
range. Depending on the LCs structure, various mesophases can be formed. The
material turns into solid if temperature is below melting point or into isotropic liquid if
the temperature is above clearing point [4].
Liquid crystals studied in this case are thermotropic and rod-like (referring to
the shape of molecules). The most common types of alignment for rod-like LCs are
9

nematic and smectic mesophases. The molecules in nematic mesophase are not ordered
in layers, yet oriented along an axis. The molecules in smectic phase are organized both
in orientation and into layers. They can be further divided into subgroups depending on
the orientation of the layers. The arrangement of nematic and smectic mesophase is
presented in Fig. 1. Both types of the liquid crystal ordering may be chiral.

(a)

(b)

Fig. 1. (a) smectic and (b) nematic ordering of the mesophase

1.1.2 Chirality
Chirality occurs when a molecule and its mirror image are not superimposable.
Since the best example is left and right hand, it is often called handedness. The main
reason in organic compounds is the presence of a chiral center – most often carbon with
four different substituents attached. Besides of central chirality, axial or planar chirality
can occur.
Stereoisomers are compounds possessing same formula and constitutional
structure, differing in spatial arrangement of molecules. The two forms of mirror image
molecules are called enantiomers. The achiral properties of enantiomers, such as
reactivity with optically inactive molecules, boiling and melting point, density,
solubility in water, are identical. However, the chiral properties are not the same. The
toxicity, biological activity, taste, chemical reactions with optically active molecules
can differ. Enantiomers rotate plane-polarized light in different directions. If the
optically active molecule rotates the light clockwise, it is known as dextrorotatory, (+).
If the enantiomer rotates polarized light in a counterclockwise direction, it is said to be
levorotatory, (-). According to Cahn-Ingold-Prelog sequence rules we distinguish two
types of enantiomers – (R) and (S). Equivalent mixture of both (R) and (S) enantiomers
is called racemate and it has zero optical activity [5].
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The separation of enantiomers is an essential process in the pharmaceutical,
biochemical, industrial and academic field. The chiral features are extremely important
especially in the drug industry, where the opposing enantiomer might have adverse
effects. Enantiomers are indistinguishable in achiral settings. Therefore, a chiral
environment must be present for their separation. There are several techniques of
enantioseparation, such as crystallization, membrane filtration, liquid-liquid extraction,
capillary electrophoresis and chromatography [3].

1.1.3 Chiral liquid crystals
The optical activity and chirality stems from the presence of the asymmetric
carbon, as well as from the organization of the molecules creating a helical liquid
crystal. The mesophase formed by the chiral LCs possess a helical structure which
determines the optical properties of the material [6]. The key property is called a helical
pitch – the vertical distance between two points required for a full rotation of the helix.
The pitch dictates which wavelengths of the light are reflected and which are
transmitted and depends on the optical purity of the chiral LCs and the temperature [6].
The structure of certain LCs is sensitive to temperature which results in color changes.
This feature is significant in medical and industrial applications. The enantiomeric
purity plays an essential role in the formation of chiral mesophase and in the optical and
electrical properties of the chiral LCs [7].

1.1.4 Characteristics of the studied chiral liquid crystals
The compounds studied in this thesis are orthoconic antiferroelectric liquid
crystals (OAFLCs). Fluorinated liquid crystals show better electro-optical properties
stemming from the strength of carbon-fluorine (C-F) bond, high electronegativity of
fluorine atom and its steric effect. Sturdy C-F bond provides an excellent stability [8,9].
It was shown that fluoro substitution modifies the nature of mesophase, transition
temperatures, melting point and physical properties of liquid crystals. Small atom size
makes fluorine a suitable substituent in order to maintain the original structure of the
molecule.
Orthoconic antiferroelectric in the name of studied LCs refers to their ability to
form a smectic phase in anticlinic order with a molecular tilt angle 45°. The adjacent
molecule layers and their electric dipole moments are being aligned in the opposite
11

sense [10]. Thanks to their interesting optical properties, OAFLCs are applicable in
high-definition displays [10,11]. Liquid crystal displays are based on the presence of the
LCs between two polarization filters. The role of the LCs is to polarize light in a
favorable direction.
The studied compounds differ in alkoxy-spacer length (three or seven carbon
atoms) and the presence and/or position of fluoride atom in the benzene ring. The
general structure can be found in Fig. 2. (for detailed structures see figure S1 in
Supplemental material). The ester group in the LCs is very common, thanks to its
relatively simple synthesis, rigidity and ability to improve the molecular length. The
OAFLCs are composed of a relatively large achiral part and a small chiral moiety which
stems from the stereogenic carbon in the (methyl)heptyl part of the molecule.
X1

C3 F7 CH 2 OC rH2rO

X2

C

O

O
C

OCH(CH 3 )C 6 H13

O

(R,S)
Fig. 2. General formula of the studied OAFLCs where X1 and X2 represents the H or the F atom, with the

possibilities of: HH, HF, FH, FF, respectively. Cr represents the number of carbon atoms, with the
possibilities of: r = 3 and r = 7, depending on the alkoxy-spacer length.

1.2 Chiral separations
A specific type of separation process focusing on enantiomers is called
enantioseparation. Two types of enantioseparations via liquid chromatography are
distinguished - direct and indirect separation. Both types require formation of
diastereoisomers - stereoisomers possessing opposite configuration at some asymmetric
centers, yet the same configuration at others – to allow the separation process [12].
Chiral selector is an optically active reagent able to recognize an enantiomer and
consequently a specific reaction can occur in order to separate the enantiomer from the
mixture.
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The indirect method is based on a precolumn derivatization reaction between a
chiral reagent and the pair of enantiomers forming two different diastereomeric
derivatives. An achiral chromatographic column can be used afterwards. Indirect
methods are still in use in several pharmaceutical practices. However, direct methods
are being used more and more due to its convenience and the constant development and
improvement of chiral stationary phases (CSPs). Nowadays, there are many
commercially available types of CSPs possessing various compounds [13].
If the direct method is chosen, chiral selector may be either attached to a
stationary phase or be present in a mobile phase. If the chiral selector is a part of the
stationary phase, the nature of the attachment can be either a covalent bond
(immobilized CSP) or only a physical attachment (coated CSP). Chiral stationary phases
possess only one type of enantiomer. After the injection of a chiral sample, the analyte
and the chiral selector can form transient diastereoisomer complex. The complexes
formed between the chiral selector and two enantiomers differ in stability constants and
therefore the enantioseparation can be carried out [11]. The advantages and
disadvantages of each method are summarized in Tab.1.
Optimization of enantioseparations includes the choice of chiral selector,
separation mode, organic modifier in the mobile phase, pH, temperature, flow rate and
the amount of injected sample.
Table 1: Comparison of advantages and disadvantages of direct and indirect separation [13]

Method Advantages
Direct

Disadvantages

derivatization not needed

more expensive columns

easy, convenient if a suitable
CSP if found, fast

racemization can occur occasionally

Indirect achiral environment

high purity of derivative agents needed

high diversity of commercially time consuming
available chiral reagents
order of eluated enantiomers
can be easily changed

reaction constants of derivative
reaction may differ for both enantiomers

Direct method using a chiral stationary phase has become the preferred method
of enantioseparation [14]. The dynamic process refers to the formation of transient
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diastereomeric complex between analyte and chiral stationary phase making use of noncovalent interactions, e.g., hydrogen bonds, π-π interaction, dipole – dipole interaction,
steric effect, coulombic interactions. The basic idea is outlined in equations 1 and 2,
where (R)/(S)-A stand for R and S enantiomers of analyte, and (R)-CS stands for chiral
selector containing only one enantiomer. The enantioseparation mechanism of a chiral
stationary phase is based on the difference between complexes stability constants 𝐾𝑅
and 𝐾𝑠 resulting in different retention of enantiomers [12]. The stability constants 𝐾𝑅
and 𝐾𝑠 are represented by formulas (1) and (2).
𝐾𝑅

(R)-A + (R)-CS ↔ [(R)-A·······(R)-CS]
𝐾𝑆

(S)-A + (R)-CS ↔ [(S)-A·······(R)-CS]

(1)
(2)

According to an early model created in 1933 [15], formation of a three-point
attachment is needed for a successful enantioseparation. In other words, the analyte and
the chiral selector get in touch simultaneously in three contact points in case of the ideal
fit. The non-ideal fit exhibits fewer bonds. Although the model is not precise, it is often
used for basic illustrative purposes. Different chiral stationary phases may have
different recognition mechanism. The model does not specify whether the interactions
are attractive or repulsive. It is assumed that at least one interaction needs to be
attractive. Moreover, some interactions are known to be multipoint interactions (π-π
interaction, dipole – dipole stacking) [11,15]. According to Lammerhofer, in order to
obtain effective coupling between the analyte and chiral selector, steric, electrostatic,
hydrophobic or dynamic and induced fit must occur [15]. Eventually, the type of chiral
stationary phase is the key factor for enantioselectivity of enantioseparation method.
Nowadays, a big variety of commercially available CSPs exists.
The most widely used types of chiral stationary phases can be divided into
three groups based on the chemistry of the chiral selector: macromolecular, macrocyclic
or low-molecular mass. The first group contains polysaccharides using amylose and
cellulose derivatives; proteins making use of enzymes, plasma proteins, receptors;
synthetic polymers acquired from chiral monomeric units. The macrocyclic group
includes cyclodextrins – cyclic oligosaccharides based on D-glucose units; crown ethers
– polyether macrocycles incorporating binaphthyl or tartaric acid; and macrocyclic
antibiotics which are nowadays the second most popular choice of CSP, right after
polysaccharides. The third group, low-molecular mass CSPs, contains donor-acceptor
14

CSPs

able to form hydrogen bonds, π-π interactions, dipole-dipole stacking; ion-

exchange CSPs forming mainly ionic interactions, ligand exchange CSPs creating
ligand-central ion complexes.

1.2.1 Polysaccharide CSPs
Polysaccharides have become the most popular commercially available chiral
stationary phases thanks to their accessibility, reliability, tolerance of wide range of
mobile phases, suitability for analytical as well as preparative scale separations and
large share of successful enantioseparations [16].
Derivatized polysaccharides are potent chiral selectors thanks to several levels
of chirality. Unlike the derivatives, polysaccharides themselves are not very efficient for
enantioseparation. The most common derivatives used as CSPs are carbamates or esters
of amylose and cellulose. Cellulose is a polymer consisting of D-glucose units (200 – 14
000) linked by β-1,4-glycosidic bonds. Amylose contains D-glucose units (500 – 20
000) linked by α-1,4-glycosidic bonds and possesses superior helical twist. 3,5 –
dimethylphenylcarbamate is usually the first derivative of choice from commercially
available CSPs and was proven to be the most efficient choice in many cases, showing
diverse applicability range [17,18]. Moreover, amylose polysaccharide CSPs exhibit
three levels of chirality. Molecular chirality stems from the presence of stereogenic
centers on the glucopyranose structure. Helical twist of the polymer backbone provides
conformational chirality. Adjoining polymer chains create supramolecular chirality [17].
Popular chlorine-containing derivatives, such as 3,5 – dichlorophenylcarbamate, 5chloro-2-methylphenylcarbamate are in use as well. In this thesis a comparison of
amylose tris(3,5–dimethylphenylcarbamate) and chlorine-containing amylose tris(3chloro-5-methylphenylcarbamate) for the enantioseparation of OAFLCs is done. The
structure of each one can be found in Fig.3. The two types of CSPs investigated in this
study, differ in the substituents attached to the phenyl ring. Alkyl groups are electrondonating substituents exhibiting positive inductive effect on the benzene ring. On the
contrary, halogens are known for their electron-withdrawing inductive effect. Several
studies showed that the nature and position of substituents on the phenyl ring modifies
the polarity of the carbamate moiety and affect the number of adsorptive sites available
for interaction with solute. The inductive effect affects the optical resolution abilities of
the CSP [16,19,20].
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Compared to the coated versions, polysaccharides immobilized on silica gel are
suitable for an extended choice of mobile phases, including non-standard solvent such
as chloroform, toluene, acetone, dichloromethane and more. Predicting a suitable CSP
for a certain application is not a definite process, despite of previous experiments. When
choosing a chiral stationary phase – the type of backbone (amylose or cellulose) and
the derivative type (methylated, chlorinated or both) - the nature of analyte must be
considered as well [17].

OR
O

HO
OR

OR OH
(a)
CH3

CH3

O

R:

H3C

O

NH

CH3

(b)

or

H3C

NH

Cl

(c)

Fig. 3. Structure of (a) amylose, (b) structure of (3,5–dimethylphenylcarbamate) – Column 1
and (c) (3-chloro-5-methylphenylcarbamate) – Column 2

1.3 Chromatography
Chromatography is an analytical technique allowing separation of different
components of a mixture. The sample mixture is distributed between a stationary and a
mobile phase which are mutually immiscible. The sample is carried by a fluid (liquid,
gas) under pressure through the stationary phase that can be present in column or on a
thin layer. The molecules are separated due to physical-chemical interactions with the
phases. The equilibrium of sample molecules between phases is being repeatedly
established.
Depending on the purpose, chromatography may be preparative or analytical.
Preparative – the aim is to obtain an eluted compound of interest for further use. A
successful preparative method includes great loading capacity, chemical inertness and it
yields a high purity compound. Analytical – the goal is to identify and carry out the
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qualitative and/or quantitative analysis of the components in the sample. Therefore, the
duration of analysis, sensitivity and selectivity play an important role.
Chromatography has become a preferred separation method. Based on the
mobile phase and stationary phase organization, chromatography can be further
classified as:


liquid chromatography (LC)



supercritical fluid chromatography (SFC)



gas chromatography (GC)



thin-layer chromatography (TLC)



capillary electrochromatography (CEC) [3]

1.3.1 Separation modes
Depending on the origin and composition of the mobile phase and stationary
phase, several separation modes are recognized, for example:


normal mode



polar organic mode (POM)



reversed-phase mode



hydrophilic-interaction chromatography (HILIC)



ion-exchange chromatography (IEC)
In normal mode, the stationary phase is hydrophilic. Mobile phase is made of

nonpolar organic solvents, e.g. toluene, hexane, combined with miscible modifiers, e.g.
alcohols, acetonitrile, chlorinated hydrocarbons. Interactions between the analyte and
stationary phase have mainly polar character and interactions such as hydrogen bonds,
dipole interactions are present.
Polar organic mode (POM) includes mobile phase as a mixture of two organic
solvents (acetonitrile, methanol) together with organic acids (e.g. acetic acid, formic
acid) or basis (e.g. diethylamine, ethylendiamine). Polar organic mode is based on ionic
interactions, hydrogen bonds, steric interactions and π-π interactions.
Reverse mode represents the use of aqueous and buffered solutions in presence
of acetonitrile or alcohols that are able to mix with water (methanol, isopropanol,
ethanol). The mobile phase is more polar than the stationary phase. It is mainly
applicable for separation of small molecules, peptides, proteins. The predominant
interactions are ionic interactions, hydrogen bonds, hydrophobic interactions.
17

Hydrophilic-interaction chromatography consists of very hydrophilic stationary
phase resembling to the normal mode. Mobile phase contains excessive amount of
organic solvents and a minimum amount of water or buffer solution is added. The
separation mechanism includes ion interactions, hydrophobic interactions, hydrogen
bonds and adsorption. The HILIC is mainly used for small organic molecules,
saccharides, amino acids and organic acids/basis separations.
Ion-exchange chromatography is based on strong electrostatic forces between
the ionized functional groups of the stationary phase and the ions in a sample solution.
Stationary phase is based on the nature of the surface particles that can either repel or
attract certain type of ions. In case of cation exchange, positively charged ions are
separated on negatively charged surface. In case of anion exchange, negatively charged
ions are separated on positively charged surface of the stationary phase [13]. IEC is
mainly applicable for separations of charged biomolecules.

1.3.2 Ultra-high performance liquid chromatography
Since the invention of a stable chiral stationary phases, high performance
liquid chromatography (HPLC) has become the method of choice for enantioseparations
[21]. The technique is being used for wide range of materials, including drugs and food
analysis. At the beginning of the 21st century an ultra-high performance liquid
chromatography (UHPLC) was introduced. The first commercially available unit was
produced by Waters Corporation known as UPLC®. The principle of HPLC and
UHPLC is the same, the difference is in performance. Compared to HPLC, the UHPLC
method is able to withstand much higher pressures up to 1 000 bar (15 000 psi) [22].
UHPLC system had to adapt to the high pressures in form of a technically advanced
setting. The method is improved in particle size using sub-2 μm particles, which leads
to faster separation and higher efficiency.
Stationary phase needed to meet certain requirements such as mechanical
stability under high pressure and particles smaller than 2 μm. Therefore, hybrid particle
technology was introduced getting the best of the inorganic silica (mechanical strength)
combined with the organic polymers (extended pH limits).

The first generation

appeared in 2000 in form of methylene bridges. Apart from hybrids, another option is
using core-shell technology - silica gel in form of a robust core covered with porous
surface [23]. New technologies brought higher efficiency, wide pH range (pH = 1-12),
mechanical strength, chemical stability, wide range of analytes, better resolution, peak
18

shape, responsiveness. Besides all of the benefits, the main disadvantage would be most
likely the shortened column life caused by the high pressure [24].
Van Deemter curve for the various particle sizes constituting a stationary phase
[25] is shown in Fig. 4.

The vertical axis represents the height equivalent to a

theoretical plate (HEPT). The minimum value of HEPT signifies the highest efficiency,
which is strongly affected by the particle size of the column packing. Using 1.7 μm
particles, the HEPT minimum covers a wide range of the optimal linear velocity
allowing the usage of high flow rates of the mobile phase without decreasing the
efficiency of the separation process.

Fig. 4. Van Deemter curve for different particles size [25] (source: Swartz, M. E. UPLCTM: An
Introduction and Review. J. Liq. Chromatogr. Relat. Technol. 2005, 28:7-8, 1253–1263)

The concept of Van Deemter equation (Fig. 4.) is based on the particle size of
the column packing. HEPT is expressed by a mathematical equation (3) using three
terms - A, B, C. Where the A term symbolizes Eddy’s diffusion and is affected by the
uniformity of the column packing and by the uniformity of the particle size. The B term
represents longitudinal diffusion and the C term stands for the resistance of mass
transfer of the solute between the two phases. The symbol u symbolizes linear velocity
of the mobile phase. The three terms contribute to the peak broadening that leads to the
increase of separation efficiency.
B

HEPT = A + 𝑢 + c · 𝑢

(3)
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To minimize the A term, it is important to choose a well packed column with
small particles. To minimize the B term, it is efficient to work with a higher flow rate.
To decrease the effect of the C term, it is recommended to use smaller particles, to work
with a lower flow rate and to heat up the column at a higher temperature. The Van
Deemter curve shows the existence of an optimal flow rate of the mobile phase, in order
to maximize the column efficiency (while HEPT is on its minimum) [13].
The plate count unit (N) representing the column efficiency is an indicator of
the optimal conditions of the experiment - flow rate of the mobile phase, column
temperature. The general formula of the plate count unit, N, can be calculated using
formula (4), where 𝑡𝑟,1 represents the retention time of analyte 1 and w1/2,1 reflects the
width of peak at the half height of analyte 1.
𝑡

𝑁 = 5.545( 𝑤 𝑟,1 )2
1/2,1

(4)

The HEPT value is calculated from the formula (5), where N represents the
plate count and L the length of the column.

HEPT =

𝐿
𝑁

(5)

The higher the plate count, the lower the HETP and the more efficient the
separation is. The efficiency depends on the particles size of the stationary phase, flow
rate and column temperature.
The effects of the composition of mobile phase may be indicated by
enantioselectivity (α) and resolution (R) of each compound. Enantioselectivity indicates
the relative position of two peaks on the chromatogram. α value basically evaluates the
system’s ability to differentiate the enantiomers in the sample. Enantioselectivity, α, can
be calculated from formula (6), where 𝑘2 represents the retention factor of analyte 2 and
𝑘1 symbolizes the retention factor of analyte 1.
𝑘

𝛼 = 𝑘2
1

(6)

Resolution, R, reflects suitability of a system when it comes to the separation
of the enantiomers and is based on enantioselectivity, retention time and the column
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efficiency. R ≥ 1.5 means that the separation is done to the baseline; R ≥ 2.0 is called
complete enantioseparation. The aim of chromatography is to reach the highest
resolution in the shortest time. Resolution can be calculated from formula (7), where
𝑡𝑟,2 and 𝑡𝑟,1 represents the retention time of analytes 2 and 1. The terms 𝑤2 and 𝑤1
symbolize the width of peak 2 and 1 on the baseline.

𝑅=

2·(𝑡𝑟,2 −𝑡𝑟,1 )
𝑤2 +𝑤1

(7)

1.4 The aim of the study
The aim of this work is to study enantioseparation of OAFLCs using UHPLC
with polysaccharide-based chiral stationary phases, optimize the chromatographic
conditions of the experiment and investigate various effects affecting the
enantioseparation. The comparison of two chromatographic columns containing
different chiral stationary phases is presented. The effect of the chiral selector on the
enantioseparation is examined. The goal is to help predict the right choice of
methodology in further research of OAFLCs.
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2. Experimental part
2.1 Chemicals
Acetonitrile (Fisher Chemical, gradient grade, 99.99%, purchased from Fisher Science)
Ethanol (LiChrosolv, gradient grade, > 99.90%, purchased from Sigma-Aldrich)
Methanol (Chromasolv, for HPLC, > 99.9 %, purchased from Sigma-Aldrich)
Propan-2-ol (Chromasolv, LC-MS, purchased from Sigma-Aldrich)

2.2 Samples
Eight racemic mixtures of OAFLCs were studied. The molecular structures can
be found in the supplemental material (Fig. S1). The samples differed in the alkoxyspacer length (C3 and C7 were investigated), the presence and/or position of the fluorine
atom in the phenyl ring (X1 and/or X2 position). Both (R,S) and (S) forms of all the
eight compounds were available to determine the order of enantioseparation. The
samples were synthetized at Military University of Technology (Warsaw, Poland) [26].

2.3 Instrumentation
The Acquity UPLC Class system was supplied by Waters Corporation
(Milford, USA). The appliance contains an autosampler, a binary solvent pump, a
column thermostat. Detection is provided by a photodiode array detector. For data
evaluation and analysis software Empower 3 was used.
Columns:
CHIRALPAK® IA-U, hereinafter referred to as "Column 1"
amylose tris(3,5–dimethylphenylcarbamate) - 100 x 3.0 mm i.d., particle size: 1.6 μm,
purchased from Daicel Corporation (Illkirch Cedex, France) .
CHIRALPAK® IG-U, hereinafter referred to as "Column 2"
amylose tris(3-chloro-5-methylphenylcarbamate) - 100 x 3.0 mm i.d., particle size: 1.6
μm, purchased from Daicel Corporation (Illkirch Cedex, France).
The structure of each chiral stationary phase is illustrated in Fig. 3.

2.4 The experiment procedure
In order to conduct the UHPLC experiment, each sample was weighed on
analytical scales with an accuracy of five valid digits and dissolved in acetonitrile. The
final sample concentration used throughout the study was 0.25 mg·mL-1.
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Subsequently, the UHPLC system was used to separate the enantiomers
contained in the racemic mixture under the conditions mentioned above. The
experiments ran in non-aqueous reversed mode. Sample temperature was 15°C. The
optimal temperature of column was 40°C. The optimal flow rate of the mobile phase
was 0.2 ml·min-1. The injection volume was 1 μl. The chromatograms were obtained at
absorption maximum of 276 nm. The main component of the mobile phase was
acetonitrile. The organic cosolvents were methanol (MeOH), ethanol (EtOH) and
isopropanol (IPA) at different ratios ranging between 97.5:2.5 and 80:20.

3. Results and discussion
3.1 The current state of knowledge
Nowadays, the most common method of enantiomers separations is direct
liquid chromatography using chiral stationary phase. Several studies have shown that
this technique is also suitable for the enantioseparation of LCs. All of the cases
mentioned below were performed on various polysaccharide-based columns.
Baseline enantioseparation of four out of six studied OAFLCs was achieved in
normal mode using HPLC. The main component of mobile phase was hexane. The
process was relatively long (20 - 60 minutes) and the organic solvent consumption high
[11]. Another paper observing different type of LCs containing azo group came to the
conclusion, that for some types of LCs, reversed mode may work significantly better
than normal mode [27]. Another study proposed enantioseparation of OAFLCs using
supercritical fluid chromatography (SCF) with polysaccharide chiral stationary phase
included. SFC is a method often considered as an alternative for normal mode liquid
chromatography. Supercritical fluid (mostly carbon dioxide) is used as the main part of
the mobile phase. CO2 is nonpolar, usually alcoholic modifiers are added to facilitate the
elution of polar analytes. In this study baseline separation of all of the tested compounds
was achieved [28].
Recent study [29] ran experiments with a set of liquid crystals based on lactic
acid using UHPLC in non-aqueous reversed-phased mode with satisfactory results.
Enantioseparation of all of the compounds was successful with the longest analysis time
less than 6 minutes. The major component of mobile phase was acetonitrile and
alcohols were used as modifiers.
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In order to minimize the separation time, organic solvent usage and to obtain
possibly better results, chiral UHPLC was chosen for enantioseparation of OAFLCs. To
our best knowledge, the particular set of OAFLCs was examined with this method for
the first time.

3.2 The effect of flow rate and temperature on the enantioselectivity
3.2.1 Flow rate
In this study, to obtain the best enantioseparation results, different flow rates
(0.2 – 0.8 ml·min-1) were examined at the temperature 40°C (Fig. 5). There is a
noticeable difference between the results and the general representation of Van Deemter
curve (Fig. 4) for sub-2 μm particles. Although the original curve exhibits a broad
minimum (optimal flow rate) before rising again at the smallest flow rates, it was not
the case with our results and HEPT increased for the whole tested flow rate range.
Unfortunately, it was not possible to examine the flow rates smaller than 0.2 ml·min-1,
since the recommended column tolerance is 0.2 – 0.85 ml·min-1. In case of compounds
7HH, 7HF, 7FH, the value of HEPT increases constantly throughout the whole range of
flow rates. However, for 7FF, HEPT value at 0.7 ml·min-1 flow rate is significantly high
and at 0.8 ml·min-1 the value was too high to be shown in the plot. Plate number for
7HH at 0.2 ml·min-1 is 12 339 and at 0.8 ml·min-1 is 7556, meaning that with increasing
flow rate, the column efficiency dropped by 40%. The same experiment was conducted
at a temperature of 25°C with the same conclusion – 0.2 ml·min-1 was the most
successful mobile phase flow rate for all of the compounds. The effect of mobile phase
flow rate was examined on Column 1 only.
Fig. 4 clearly shows that when using small particles, below 1.7 μm, operating
at high flow rates should be acceptable without sacrificing column efficiency.
Comparing it to Fig. 5, which is representing our experiments, the results do not meet
the theoretical expectations and the lowest possible flow rate was found to be optimal
for the enantioseparation of OAFLCs.
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Fig. 5. Relationship between the HEPT and mobile phase flow rate for Column 1, CHIRALPAK® IA-U,
at 40°C, mobile phase composition: ACN/MeOH 90:10

3.2.2 Temperature
The rise of temperature is known to affect the Van Deemter curve (Fig. 4.).
The effect of mass transfer, term C, is reduced since the diffusivity of analyte is
supported. On the other hand, the effect of longitudinal diffusion, term B, is stronger.
Another benefit of the usage of higher temperature is lowering viscosity of the mobile
phase and thus, lowering of the system pressure. The temperature elevation tends to
advocate usage of higher flow rates [30]. In this work, either at 25°C or 40°C, the best
flow rate was still 0.2 ml·min-1. In chiral separations using CSPs the temperature change
may alter the conformation of polysaccharide backbone and often provokes the change
of elution order. Nevertheless, this phenomenon was not observed in this study, (S)
enantiomer eluted as the first one, (R) enantiomer eluted always as the second one.
In this study, the column temperature rise caused significant increase of plate
number which represents the column efficiency (Fig. 6.). Temperatures from 10°C up to
40°C were examined. All of the compounds (7HH, 7HF, 7FH, 7FF) exhibit the same
pattern of behavior with temperature changes. For example, the plate number for 7HH
at the temperature of 10°C was 2262 and 12 339 at the temperature of 40°C, meaning
that the value has risen roughly 5.5 times. 7HH was the most sensitive compound to the
temperature changes. Due to the column tolerance level (0 - 40°C), it was not possible
to examine wider range of temperature. It is noticeable, that at 10°C the HEPT values of
individual compounds are significantly different, 7HH has much worse efficiency than
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the other compounds, especially 7FF. However, with the increasing temperature the
HEPT values for the individual compounds are getting closer and at 40°C, the numbers
are almost meeting at the same point.
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Fig. 6. Relationship between the HEPT and column temperature for Column 1, CHIRALPAK® IA-U, at
0.2 ml·min-1 flow rate, mobile phase composition: ACN/MeOH 90:10

The effect of temperature was examined on the second column,
CHIRALPAK® IG-U, as well, with very similar results (Fig. 7.). However, the most
sensitive compound in terms of temperature changes was 7HF. The temperature
elevation was also observed to affect the analysis time. The higher the temperature, the
lower the retention time is.
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Fig. 7. Relationship between the HEPT and column temperature for column 2, CHIRALPAK® IG-U, at
0.2 ml·min-1 flow rate, mobile phase composition: ACN/MeOH 90:10
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3.3 The effect of the mobile phase composition on enantioseparation
Reversed-phase chromatography is mainly designed for compounds containing
a hydrophilic moiety that is not a ruling polar part of the analyzed molecule. The
technique is based on hydrophobic interactions between the molecules of analyte (which
is carried by mobile phase) and the immobilized hydrophobic particles that form the
stationary phase. Equilibrium that is being established between the two phases depends
on the hydrophobic nature of the analyte, the composition of the mobile phase and on
the features of the stationary phase. The conditions of the experiment are designed for a
successful adsorption of the analyte to the immobilized stationary phase. Subsequently,
the nature of mobile phase is changed in order to support desorption of the analyte from
the stationary phase back into the mobile phase [31]. In this study, the most popular
component of the mobile phase – water – was replaced by acetonitrile. OAFLCs are
highly hydrophobic materials, which has led to selection of a non-aqueous mobile
phase, in order to prevent the possible precipitation formation on the column. Moreover,
acetonitrile has lower viscosity than water, which leads to lower system pressures at the
same flow rate.
In order to increase the elution power of the mobile phase in reversed-phase
liquid chromatography, an organic solvent less polar than the primary solvent is added
to the mobile phase. Thanks to their favorable properties, such as low viscosity, broad
range of miscibility and relatively low price, the most often used cosolvents are
alcohols. In chiral separations, isopropanol is a favored cosolvent thanks to its complete
miscibility with all solvents. Moreover, its bulkiness might sterically interact with the
amylose backbone chain and bring unusual results. The usage of isopropanol is limited
by its high viscosity causing higher backpressure. On scale of the mentioned properties,
ethanol lies between methanol and isopropanol. The change of organic cosolvent type
may result in inverted elution order as it happened in study focused on the LCs based on
lactic acid [29]. This phenomenon was not observed in this case - (S) enantiomer was
always followed by (R) enantiomer.
Comparison of the two columns – Column 1 and Column 2, in terms of the
effect of organic cosolvent on the enantioseparation process is presented in Fig. 8. The
compound 7HH exhibited the best results of resolution and enantioselectivity in every
ratio; therefore it was set as an example. Although the amylose tris(3,5–
dimethylphenylcarbamate) is considered to be the most universal chiral stationary
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phase, in this case, better results were obtained on chlorine-containing amylose tris(3chloro-5-methylphenylcarbamate).
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Fig. 8. Comparison of CHIRALPAK® IA-U (Column 1) and CHIRALPAK® IG-U (Column 2) in terms of
the effects of the mobile phase composition on 7HH compound of OAFLCs. (a), (b) the effect of methanol
(MeOH) addition; (c), (d) the effect of ethanol (EtOH) addition; (e), (f) the effect of isopropanol (IPA)
addition into mobile phase on the resolution (R) and enantioselectivity (α) of each column.
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The enantioseparation using pure acetonitrile as the mobile phase was
successful in case of both columns. Though, there is a remarkable difference in the
enantioseparation efficiency. The value of resolution on Column 1 was 2.239 and the
resolution on Column 2 was 5.581, meaning the enantioseparation improved
considerably on the chlorinated column. When methanol was added, the values of
resolution were almost constant with every acetonitrile/methanol ratio for both columns.
For the first column, the values of resolution ranged between 2.459 (ACN/MeOH
97.2:2.5) and 2.636 (ACN/MeOH 80:20). For the second column, resolution values
were significantly higher and ranged between 5.551(for ACN/MeOH 80:20) and 5.957
(for ACN/MeOH 90:10). It is remarkable, that unlike in case of ethanol and
isopropanol, with the increasing addition of methanol the values of resolution were
increasing on both columns.
Surprisingly, when ethanol or isopropanol was introduced into the acetonitrile
mobile phase, the resolution values dropped sharply with increasing ratio of cosolvent;
the resolution was not constant as it was in case of methanol. With increasing amount of
ethanol, resolution dropped from 2.269 (ACN/EtOH 97.2:2.5) down to 0.446
(ACN/EtOH 80:20), in case of the first column and from 4.146 down to 0.386 for the
second column. Isopropanol was the least successful cosolvent, for Column 1, R
dropped from 2.208 (ACN/IPA 97.2:2.5) down to 0.297 (ACN/IPA 90:10) and for
Column 2 from 3.293 (ACN/IPA 97.2:2.5) down to 1.421 (ACN/IPA 95:5) without
further success in increased ratios. In conclusion, the best results for 7HH was achieved
with 10% addition of methanol on amylose tris(3-chloro-5-methylphenylcarbamate),
Column 2.
The values of enantioselectivity were following the same trends of
increasing/decreasing as the resolution with the exception of use of methanol as
cosolvent on Column 1, where the enantioselectivity decreased with increasing
resolution. On Column 1, the enantioselectivity decreased with increasing cosolvent
portion in the mobile phase for all the alcohols. In case of Column 1, the best results
were achieved with pure acetonitrile and the enantioselectivity was 1.331. On the other
hand, for chlorine-containing Column 2, the enantioselectivity was increasing with
increasing amount of methanol – from 1.506 (ACN/MeOH 97.2:2.5) up to 1.683
(ACN/MeOH 80:20). The value of pure acetonitrile was 1.507. In case of ethanol and
isopropanol, for both columns, the enantioselectivity dropped with every added
percentage of the cosolvent following the trend of resolution. The values were lower for
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isopropanol and enantioseparation was not achieved using higher amounts of
isopropanol added. Both columns exhibited the same behavior in case of ethanol and
isopropanol addition, which is expected as the usually enantioselectivity goes hand in
hand with resolution. The best results of α for 7HH were achieved on amylose tris(3chloro-5-methylphenylcarbamate) by adding 20% of methanol. Methanol being the
number one cosolvent applies to all of the remaining substances studied in this work
regardless of the presence and position of the fluorine atom attached to the phenyl ring
or the alkoxy-spacer length.
Observing retention times (supplementary material, Fig. S2 - S5), the retention
decreased in following trend: methanol>ethanol>isopropanol in agreement with the rule
of cosolvent of the lowest polarity having the highest elution power in reversed-phase
liquid chromatography. 7HH was the strongest retained compound compared to 7HF,
7FH and 7FF and the retention was stronger on the chlorinated Column 2. The longest
retention times were on Column 2 with pure acetonitrile as the mobile phase and the
shortest times were on Column 1 with isopropanol as a cosolvent for all the compounds.
The retention always decreased with increasing the cosolvent portion in the mobile
phase. The speed of separation using various mobile phases is related to the elution
strength and polarity of each solvent. A very polar solvent repels the hydrophobic
analyte more into the stationary phase and therefore the elution speed is lower. The
higher percentage of less polar organic modifier mixed in the mobile phase, the higher
rate of elution. Other key factors for shortening the analysis are increasing flow rate and
temperature [32].
Furthermore, the efficiency of each individual organic cosolvent added into the
mobile phase at certain ACN/cosolvent proportion was investigated (see Fig. 9). It is
obvious that methanol is the most efficient one in any case and isopropanol is the least
successful solvent on both columns, at any portion. Using isopropanol, the
enantioseparation was not accomplished on Column 1 at ratio 80:20 and on Column 2,
not even at ratio of 90:10.
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Fig. 9. Comparison of (a) CHIRALPAK® IA-U (Column 1) and (b) CHIRALPAK® IG-U (Column 2 ) –
the values of resolution (R) and enantioselectivity (α) in relation with the of nature of organic cosolvent
added into the mobile phase at certain ratio ACN/cosolvent, represented by 7HH compound, mobile
phase flow rate 0.2 m·min-1, temperature 40°C
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3.4 The effect of fluorine atom attached to phenyl ring
The influence of a fluorine atom incorporated in the LCs structure have been
studied in several studies [8,33,34]. Fig. 10. represents the comparison of results for all
tested compounds containing seven carbon atoms in the alkoxy-spacer length when
using 2.5% of methanol as cosolvent. The enantiomers of 7HH compound are clearly
better separated compared to fluorinated compounds. On the contrary, 7FF is the worst
separated compound on both columns. On Column 1, 7FH shows slightly higher values
of resolution and enantioselectivity than 7FH. While on Column 2, 7HF exhibits better
results than 7HF.
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7HH

7HF

7FH

7FF

7HH

7HF

7FH

2.5% MeOH

2.5% MeOH

Column 1
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7FF

Fig. 10. Comparison of Column 1 and Column 2 – the effect of the presence and/or position of fluorine
atom attached to phenyl ring of the studied OAFLCs. The compounds 7HH, 7HF, 7FH, 7FF are
compared at the ratio of acetonitrile/methanol 97.5:2.5. Flow rate 0.2 ml·min-1, temperature 40°C

The results are very similar for the compounds containing three carbon atoms
in the alkoxy-spacer length. 3HH is the most successful compound, while 3FF is the
least successful material on both columns. Using 2.5% of methanol, on Column 1, the
only separated compound was 3HH, with unsatisfactory resolution value of 0.726. The
enantioseparation of 3HF, 3FH, 3FF did not occur. The experiment on Column 2
brought up better results and with the exception of 3FF, the enantioseparation occurred.
For all of the LCs, better results were obtained using Column 2, although the
ideal ratio of the cosolvent differs for each compound. For 7HH, the best resolution was
obtained at acetonitrile/methanol ratio 90:10 and α at the ratio 80:20. For 7HF, the value
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of R, hand in hand with the values of α, was the highest at the ratio 80:20. On the
contrary, for the compounds 7FH and 7FF, the best enantioseparation was obtained
using only the pure acetonitrile. In case of all three carbons-containing compounds, the
ratio of acetonitrile/methanol 97.5:2.5 brought up the best results.
The most retained substance on the column is 7HH and the least retained
substance is 7FF. There is a remarkable connection between the enantioseparation
efficiency and the retention time. The times (𝑡2 ) ranged from 5.737 (7HH, Column 2,
100% ACN) down to 3.18 (7FF, Column 1, ACN/MeOH 80:20).
The increasing amount of ethanol or isopropanol added into the mobile phase
decreases the resolution values dramatically. Isopropanol exhibits the weakest
enantioseparation capability. At 10% of isopropanol, the enantioseparation of 3
compounds did not occur on the Column 1. On the Column 2, even 5% of isopropanol
made enantioseparation of 7FF impossible (other enantiomers were slightly separated).
With the addition of 10% of isopropanol, not even the enantiomers of 7HH were
separated. Just like in case of methanol, on Column 1, the resolution decreases in order:
7HH, 7FH, 7HF, 7FF, while on Column 2, the order is: 7HH, 7HF, 7FH, 7FF, with the
change in order of the middle compounds. Surprisingly, when using ethanol or
isopropanol as cosolvent the retention times are decreasing in the order 7HH, 7FH,
7HF, 7FF for both columns.

3.5 The effect of alkoxy-spacer length
OAFLCs with the same structure, but different alkoxy-spacer length were
examined on Column 1 and chlorine-containing Column 2. The investigated compounds
were 3HH, 3HF, 3FH and 3FF compared to 7HH, 7HF, 7FH, 7FF. The effect of alkoxyspacer length on the enantioseparation was enormous and the differences were
remarkable. Fig. 11. represents the noticeable difference between the efficiency of
enantioseparation while separating enantiomers with different alkoxy-spacer length –
3HH and 7HH. Adding 5% of methanol into the mobile phase is a favorable condition
for both compounds, however, the column efficiency differs. From the distance of the
two peaks for each compound, it is clear that the resolution value for 7HH is much
higher than the resolution for 3HH. This is a scenario in all of the cases, independent of
the choice of column, cosolvent type and ratio and the optimal conditions. The retention
time is shorter while working with 3HH compounds, which also affects the
enantioseparation efficiency. The same trend of HH, HF, FH and FF compounds was
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observed for materials containing seven or three carbons in the alkoxy-spacer length.
And the seven-carbon materials achieve better enantioseparation results than the threecarbon materials.
The length of alkoxy spacer is a crucial factor for the enantioseparation. The
shorter alkoxy spacers lead to weaker retention and lower values of both
enantioselectivity and resolution possibly due to higher polarity of the compounds and
thus weakened interactions with the stationary phase.
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Fig. 11. Comparison of compounds 3HH and 7HH that differ in alkoxy-spacer length. Conditions:
Column 2, mobile phase composition: 5% MeOH, flow rate 0.2 ml·min-1, temperature 40°C.

3.6 Comparison of stationary phase
Two polysaccharide-based chiral stationary phases were compared (illustrated
in Fig. 3), Column 1 containing amylose tris(3,5–dimethylphenylcarbamate) and
chlorinated Column 2 containing amylose tris(3-chloro-5methylphenylcarmabate). The
difference in enantioseparation, resolution and retention values using different
substituents attached to the phenyl ring was remarkable. In most of the cases, Column 2
exhibits much better results compared to Column 1. In all of the cases of methanol
added into the mobile phase, Column 2 offered better results in terms of resolution and
enantioselectivity. The only exception where Column 1 offered better enantioseparation
was when higher amounts of ethanol and isopropanol were added into the mobile phase.
For example, the biggest difference was using 5% of isopropanol for 7FH compound.
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The resolution value on Column 1 was 1.114, while the resolution on Column 2 was
0.389.

4. Conclusion
A screening of several OAFLCs was done in non-aqueous reverse phase mode
in order to evaluate the suitability of this approach to the enantioseparation of
fluorinated LCs. This method turned out to be a suitable technique in terms of short
analysis time and low sample and organic solvents consumption. However, the
complete enantioseparation of all tested compounds was not achieved.
The effects of mobile phase composition and flow rate, column temperature
chemistry of chiral stationary phase and the structure of analytes were described. The
fluorine atom presence/position and alkoxy-spacer length significantly affected the
enantioseparation despite remoteness from chiral center. The presence of fluorine atom
decreased the resolution and enantioselectivity with the position of the single fluorine
atom having different effect on different chiral stationary phase. On both columns the
7HH and 3HH were the best separated and the 7FF and 3FF the worst. Moreover,
materials containing seven carbon atoms in the alkoxy spacer length were much better
separated than materials containing three carbon atoms under all conditions. For the
double fluorinated sample with the short alkoxy spacer (3FF) no enantioseparation was
achieved at all. Polysaccharide-based chiral stationary phase proved to be sufficient for
the enantioseparation of majority of tested OAFLCs. The chlorine-containing stationary
phase amylose tris(3-chloro-5-methylphenylcarbamate) exhibited far better results than
the most common one in use – amylose tris(3,5–dimethylphenylcarbamate). UHPLC
was shown to be an efficient method in terms of analysis time with the shortest baseline
enantioseparation done in four minutes and methanol was shown to be the most suitable
cosolvent. However, due to the acetonitrile/alcohol mobile phases having too strong
elution power the retention of most of the tested analytes was too low to allow enough
interaction with the stationary phase. In conclusion, the use of more polar mobile phase
might lead to better results. This hypothesis will be subject to following experiments.
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Figure S1: Structures of the studied compounds.
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Figure S2: Effect of cosolvent type and ratio on enantioseparation of 7HH, 7HF, 7FH, 7FF on
Column 1. Retention times of enantiomers (t1 and t2), resolution (R) and enantioselectivity (α)
are shown.
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Figure S3: Effect of cosolvent type and ratio on enantioseparation of 7HH, 7HF, 7FH, 7FF on
Column 2. Retention times of enantiomers (t1 and t2), resolution (R) and enantioselectivity (α)
are shown.
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Figure S4: Effect of cosolvent type and ratio on enantioseparation of 3HH, 3HF, 3FH, 3FF on
Column 1. Retention times of enantiomers (t1 and t2), resolution (R) and enantioselectivity (α)
are shown.
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Figure S5: Effect of cosolvent type and ratio on enantioseparation of 3HH, 3HF, 3FH, 3FF on
Column 2. Retention times of enantiomers (t1 and t2), resolution (R) and enantioselectivity (α)
are shown.
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