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Introduction 

Chirality is a type of molecular asymmetry, what is important in biological 

systems. Numerous molecules are chiral, e.g., several building blocks of living 

organisms, such as amino acids (except glycine), peptides, proteins, enzymes, and 

saccharides. Because of this, a living organism possesses chiral interaction sites, and 

the enantiomers of chiral molecules may have different biological activities, which 

can mean different utilization, distribution, metabolism, etc. In most cases, only one 

of the enantiomers has favorable activity, referred to as eutomers. The other 

enantiomer, referred to as distomers, can have either no effect, an unwanted side 

effect, or toxic activity. Consequently, this distinct behavior makes it necessary to 

study the effect of the enantiomers separately. For example, (S)-ofloxacin exhibits 

high antimicrobial activity, and it is marketed in pure enantiomeric form as 

levofloxacin, while (R)-ofloxacin can show neurotoxic activity. Indacrinone is used 

as a mixture of both enantiomers. The (R)- enantiomer is the eutomer and works as a 

diuretic, but it has side effects that are countered by the (S)- enantiomer. Ibuprofen is 

used as a racemic mixture because the (R)- distomer is inverted by enzymes into the 

(S)- enantiomer, a nonsteroidal anti-inflammatory drug. These are just three examples 

of different behaviors, but there are several others. While the pharmaceutical industry 

pays outstanding attention to chiral compounds, it is important to note that they are 

also present as food additives, agricultural chemicals, or fragrance materials. 

The separation of enantiomers is more challenging than the separation of achiral 

compounds because both enantioselective and non-selective interactions are present, 

and we have to account for that. For the separation of chiral compounds, 

chromatographic techniques are the most popular methods. Several decades ago, the 

separation of the enantiomers of chiral compounds started with indirect methods, in 

which chiral derivatization reagents were used to produce diastereomers. Nowadays 

it is a rarely used technique nowadays because of its disadvantages in analytical 

chemistry. In direct chromatographic methods chiral mobile phase additives or chiral 

stationary phases are used. The chiral mobile phase additives form complexes with 

the enantiomers and the formed diastereomers can be separated with achiral columns. 

These additives can be easily removed. 

Chiral stationary phases can effectively separate the enantiomeric molecules. 

Many different chiral stationary phases are available and a wide range of mobile 
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phases can be used to achieve the necessary separations. The selectors are chiral 

molecules that form stronger interactions with one of the enantiomers, which takes a 

longer time to go through the column, making the separations possible. 

The aim of this work 

The aim of this Ph.D. work was to study the enantiomeric separation of amino 

acid analogs by applying chiral stationary phases immobilized on superficially 

porous particles. The amino acid analogs investigated have different chemical 

properties, but structural analogies provide a good basis for interpreting the observed 

correlations between structure and retention properties. The primary goal of these 

studies is to explore and evaluate the relationships between the selector's molecular 

structure the selector and the chromatographic properties of sample compound. The 

main objectives are: 

1. interpretation of the effect of the structure on chiral recognition, 

2. evaluation of the effect of the eluent composition and the quality and quantity 

of various additives on separation,  

3. studying the effect of temperature on chromatographic parameters, 

determining thermodynamic parameters, thermodynamic characterization of 

separation processes, 

4. kinetic characterization of enantioselective separation processes. 

Experimental 

Experiments were carried out on a Waters® ACQUITY UPLC® H-Class PLUS 

System (Waters Incorporation, Milford, MA, USA). The system contained the 

following modules: a quaternary solvent manager, a sample manager, a column 

manager, a PDA detector, and a QDa mass spectrometry detector. The system was 

managed by Empower 3 software (Waters). 

Chiral columns were available in two different internal diameters (i.d.), 3.0 mm 

and 2.1 mm; all columns were 100 mm long. Chiral selectors are based on teicoplanin 

(TeicoShell), modified teicoplanin (NicoShell), teicoplanin aglycone (TagShell), 

vancomycin (VancoShell), isopropyl carbamate functionalized cyclofructan-6 

(LarihcShell-P), and Cinchona alkaloid-based tert-butyl carbamate quinine (Q-

Shell). All columns were provided by AZYP (LLC, Arlington, TX, USA). Their 

courtesy is highly appreciated. 
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Figure 1. The structure of vancomycin (left) and teicoplanin (right) 

Vancomycin was one of the first macrocyclic glycopeptides used as chiral 

selector and it is still widely used nowadays due its good separation capabilities. 

Teicoplanin is also an often-used selector. These selectors, shown in Figure 1., were 

also heavily utilized during my studies. 

The studied analytes can be grouped into three categories: β2-amino acids, 

fluorinated β-phenylalanines, and α-substituted proline analogs. The structures of the 

analytes are shown in Figure 2. 
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Figure 2. The structure of the analytes 
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Results 

i) Studying the effects of mobile phase composition 

The eluent composition studies showed that the most effective mobile phase 

for the macrocyclic glycopeptide selectors was H2O/MeOH as eluent containing 

polar modifier. This eluent had the shortest retention times with selectivities and 

resolutions comparable with the H2O/MeOH eluent without a modifier and 

MeOH/MeCN eluent containing polar modifier. 

The effects of the mobile phase composition were studied first. Based on these 

results, selected compositions were used in further studies. The retention times were 

lowest in the H2O/MeOH eluent system containing polar modifiers, probably due to 

the good solvation in the eluent, and the addition of polar modifiers resulted in further 

improvements. The retention times were significantly higher with eluent systems 

utilizing MeCN in H2O/MeCN containing triethylammonium acetate (TEAA) or 

MeOH/MeCN containing TEAA. Increasing MeCN content afforded highly 

increased retention times. As concerns selectivities, they increased (or reached a 

maximum) with increasing MeOH content in H2O/MeOH based eluents. In mobile 

phases containing MeCN, separations decreased with increasing MeCN content, 

especially in polar ionic mode. Based on these results, the H2O/MeOH eluent system 

containing TEAA was the most effective and it was used in most of our later studies. 

Note, however, that other eluents were also used in several cases. 

ii) Studying the effect of the nature of mobile phase additives 

Overall, TEAA was the best additive; however, it is not compatible with MS 

detection. Acetic acid and ammonium acetate provided good chiral separations 

in several cases, making them MS compatible alternatives. 

Chiral separations can be sensitive to the nature of the mobile phase additives, 

which was also observed here. TEAA was an effective additive and often used in 

chiral chromatography, applying macrocyclic glycopeptide selectors and 

spectrophotometric detection. However, it is incompatible with MS detection, which 

can be a significant disadvantage. MS compatibility is an increasing requirement 

nowadays and it was our aim to search for an alternative to TEAA for these 

separations. We studied the efficiency of several polar modifiers such as acetic acid, 
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ammonium acetate and ammonium formate. They were found to show results 

comparable to those of TEAA. 

iii) Studying the effect of counter ion concentration, application of the 

stoichiometric displacement model 

In all cases, retentions decreased with increasing counter ion concentration, 

but selectivities did not change or just slight improvements were observed. 

These results showed that only weak ionic interactions are present and they have 

only a minor effect on chiral separations. 

The stoichiometric displacement model predicts a linear relationship between the 

logarithm of the retention factor and the logarithm of the counter ion concentration, 

if ion exchange mechanisms are present. Its slope will be proportional to the effective 

charge and shows the contribution of the ionic interactions in retentions and 

separations. We also applied this model in our studies. 

The increase in counter ion concentration decreased the retentions for all three 

groups of analytes independently of the applied column. The absolute value of the 

slopes was relatively small in all cases, indicating that only weak ionic interactions 

are present. The retention factors of the second eluting enantiomer practically possess 

the same slopes with increasing counter ion content as the first eluting enantiomer. 

This means that selectivity does not change with the increasing amount of counter 

ion. That is, the counter ion concentration has only a limited effect on the 

enantioselectivity. 

iv) Evaluating structure–retention relationships 

Differences could be seen based on the side groups of the amino acids. The 

side groups bearing have an aromatic group showed both higher retentions and 

selectivities in numerous cases. Retentions, selectivities, and resolutions also 

depended not just on the nature of the substitutent groups on the aromatic ring, 

but also on their position. The meta position on the aromatic ring was generally 

the most advantageous. 

β2-Amino acids were separated into two groups – aliphatic and aromatic analytes 

–based on their side chain. They were studied on the TeicoShell and TagShell 

columns. The results showed a strong relationship between the size of the aliphatic 

side chain and both retention and selectivity. Retentions decreased with the increase 
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of the size of the chain, which suggests steric hindrance effects. In addition, the nature 

and position of substituent on the aromatic side chain of β2-amino acids greatly 

affected chiral discrimination. It revealed that the para position for substitution was 

favored regarding retention. However, in several cases, it was not true for selectivity 

and resolution. 

VancoShell and LarihcShell-P columns were used for studies with fluorinated 

β-phenylalanines. Data showed that the number and position of F atoms with 

electron-withdrawing character possess a strong effect on chiral recognition. The 

H2O/MeOH mixture containing acid and base additives was the best choice for the 

mobile phase. The increasing number of F atoms generally has a negative effect on 

selectivity, while the influence of their ortho and para position depends on the chiral 

selector applied. The introduction of a F atom in the para position decreased the 

selectivity on the LarihcShell-P column, but increases were found on the VancoShell 

column. 

The best eluent for the α-substituted proline analogs with aliphatic side chain 

was H2O/MeOH containing acetic acid as mobile phase with MS detection. For the 

analogs with aromatic side chains, TEAA as additive was also successfully applied. 

It was also registered that substituents on the aromatic ring with electron-donating 

properties were favorable, whereas electron-withdrawing groups decreased the 

selectivity. The para or meta position was the most advantageous for the modifier 

groups, while the ortho position caused significant steric hindrance in 

enantiorecognition. The introduction of a naphthyl moiety caused increased 

selectivity and resolution but also increased the retention, indicating strong – 

interactions. 

The α-substituted proline analogs were studied on both TeicoShell and TagShell 

columns. The teicoplanin aglycone is a modified teicoplanin made by removing the 

three sugar units of the teicoplanin from the aglycone unit. This can cause different 

enantiorecognition in several cases. The differences in the enantioselective free 

energies calculated for the TeicoShell and TagShell columns shed light on the role of 

sugar units in the enantiorecognition. In most cases, the TagShell column was more 

effective for the separation of proline analogs. 

v) Exploring the influence of temperature 
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Increasing the column temperature decreased the retention times in all 

cases and decreased the selectivities in most cases, meaning that these 

separations were enthalpically driven. The calculated thermodynamic values 

also confirmed this interpretation. 

Thermodynamic studies were carried out by changing the column temperature 

(5–50 °C) for the measurements. In nearly all cases, retentions and selectivities 

decreased with increasing temperature, which reveals enthalpically driven 

separations. This was further confirmed by the calculated −Δ(ΔH0), −Δ(ΔS0), and Q 

values. The propylene-substituted proline analyte on the TagShell column was the 

only exception, since it worked in an entropy-driven separation mechanism. The 

−Δ(ΔH0) and −Δ(ΔS0) values for β2-amino acids on the TeicoShell and TagShell 

columns and for fluorinated 

β-phenylalanines on the VancoShell and LarihcShell-P columns, with a few 

exceptions, changed in a relatively narrow range (generally between 1.0–7.5 for the 

−Δ(ΔH0) and 2.0–10.0 for the −Δ(ΔS0)), while for proline analogs this range was 

larger (between 

2.0–11.0 for the −Δ(ΔH0) and 4.0–28.0 for the −Δ(ΔS0)). The ln α vs. 1/T curve for 

2F,4Me-substituted β-phenylalanine on the VancoShell column was a non-linear 

curve, indicating a change in the retention mechanisms in the investigated 

temperature range, which is a relatively rare case. 

vi) Kinetic studies 

Typical and unusual van Deemter curves were observed. The results showed 

that plate heights and curve shapes depended not just on the structure of the 

analyte and selector, but also on the composition of the eluent, too. 

The van Deemter analysis describes the kinetics of selector–selectand 

interactions by changing the linear flow rate. All columns were available in two 

internal diameters (3.0 mm, and 2.1 mm). Using the linear flow rate, the different 

column sizes were easy to compare, because the result is independent of the internal 

volume of the column. 

In terms of best selectivity and performance, not the most optimal eluents were 

selected to decrease the backpressures, which can become considerably high at higher 

flow rates. The shape of the curves and their minimum position depend both on the 

geometrical size (i.d.) of the column and on the structure of the analytes and even on 
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the nature of the mobile phase. Unusual van Deemter curves were observed in the 

case of proline analogs and, a few cases, of the β2-amino acids and fluorinated 

β-phenylalanines. According to Felletti et al., this effect is caused by the strong 

retention of the analytes on the selector, which results negligible diffusion of the 

analytes in the stationary phase [1]. 

It is important to note that the internal volume of the UHPLC instrument was not 

optimized, and making these optimizations could lower the plate heights.  
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