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ABSTRACT (EN)

The aim of the dissertation thesis is characterization of modern HPLC columns
from the point of their interaction possibilities and demonstration of their application
potential.

The first part of the thesis is focused on alternative reversed-phase HPLC columns
based on zirconium dioxide. These packings offer excellent chemical stability
and additional interactions that can be helpful in the development of analytical methods.
A detailed study of the chromatographic behaviour of biologically active nonapeptides
as model analytes confirmed the substantial effect of mobile phase composition
on retention mechanism. Consequently, HPLC separation systems with zirconia-based
polystyrene column were characterized by distinct approaches that allowed recognition
of the interactions participating in the separation process. Empirically based
chromatographic tests evaluated the fundamental properties of the system — hydrophobicity
and polarity. The complex model of linear free energy relationship described the prevailing
interactions in different separation systems. Application of a set of basic compounds
revealed the contribution of ion-exchange interactions participating in the separation
systems with zirconia-based column.

The second part of the thesis is devoted to new cyclofructan-based chiral stationary
phases. Structurally different chiral compounds (binaphthyl derivatives and certain chiral
pharmaceuticals) served for evaluation and comparison of the interaction
and enantioseparation capabilities of three different cyclofructan-based chiral stationary
phases. Some excellent enantioseparations were achieved. Furthermore, the linear free
energy relationship model was used to reveal the dominant interactions affecting
the retention and separation process on the cyclofructan-based columns in normal
separation mode. Finally, two chiral stationary phases, i.e. cyclofructan- and cyclodextrin-
based columns with the same substituent, were compared by the linear free energy
relationship approach. The results showed the differences in the interaction mechanism

on the two columns derived from their different basic structure.



ABSTRAKT (CZ)

Cilem ptedkladané disertacni prace byla charakterizace modernich HPLC kolon
z hlediska jejich interakénich moZnosti a ukazka jejich aplika¢niho potencialu.

Prvni ¢ast disertacni prace je zaméfena na alternativni reverzni HPLC kolony
na bazi oxidu zirkonicitého. Tyto kolony vykazuji vysokou chemickou stabilitu a rozsiteny
interakéni mechanismus, ktery pfinasi fadu vyhod pii vyvoji analytickych metod. Detailni
studie chromatografického chovani biologicky aktivnich nonapeptidi potvrdila znacny vliv
slozeni mobilni faze na retencni mechanismus. Pro rozpoznani interakci podilejicich
se na separacnim procesu byly nasledné vyuzity rizné piistupy. Zakladni vlastnosti
(hydrofobicita a polarita) kolony na bézi oxidu zirkonicitého s polystyrenovou stacionarni
fazi byly zjiStény pomoci jednoduchych chromatografickych testl. Model linedrnich
vztahi volnych energii popsal interakce pievladajici v riznych separac¢nich systémech
se zirkoniovou kolonou. Aplikace sady bazickych latek vedla k odhaleni iontoveé-
vyménnych interakci, které se mohou vyznamné podilet na separacnim procesu
v systémech se zirkoniovymi kolonami.

Druha cast prace se vénuje novym chirdlnim stacionarnim fazim na bazi
derivatizovanych cyklofruktant. Strukturné odlisné chiralni latky (binaftylové derivaty
a nékterd chiralni 1é¢iva) byly vyuzity pro porovnani interakénich a enantioseparacnich
moznosti ti1 riznych cyklofruktanovych chirdlnich stacionarnich fazi. Na téchto kolonach
bylo dosazeno né¢kolika enantioseparaci s vysokymi hodnotami rozliSeni. Nésledn¢ byl
vyuzit model linearnich vztahti volnych energii k uréeni interakci vyznamné ovliviiyjicich
retencni a separacni proces na cyklofruktanovych kolonach v normalnim separacnim
modu. Pomoci modelu linedrnich vztahli volnych energii byly také porovnany dvé chiralni
stacionarni faze — cyklofruktanova a cyklodextrinovd se stejnym substituentem. Tento
piistup umoznil ukdzat rozdily v interakénich mechanismech na téchto dvou kolonéach

jako disledek rozdilné zakladni struktury.
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1. INTRODUCTION AND SCOPE

High performance liquid chromatography (HPLC) is a widely established modern
analytical method used as a powerful tool for the analysis of a variety of compounds.
The advantages of HPLC lie in its high separation efficiency, reliability and wide choice
of stationary phases with different selectivity. Despite the large offer and applicability
of existing HPLC columns the research effort for the development of new and improved
stationary phases still continues. It is a challenge for many research groups to develop new
HPLC columns either for general use or for special applications.

Most of the HPLC stationary phases are based on silica gel possessing excellent
mechanical but rather limited chemical and thermal stability. Certain metal oxides can
serve as alternative carriers of stationary phases. Zirconium dioxide, apart from its
exceptional chemical stability, offers additional interactions that can be helpful
for separation of ionizable compounds. These features significantly enhance
the possibilities of the optimization process.

Besides the need to separate complex mixtures of achiral compounds, mostly
by reversed phase HPLC (RP-HPLC), the analysis of chiral compounds also is a very
important part of modern analytical chemistry. HPLC with chiral stationary phases (CSPs)
has become the most powerful method for separating racemic samples at analytical
and preparative scales or determining enantiomeric purity. Many CSPs with various
interaction mechanisms are routinely employed in the enantiomeric separation. Novel type
of chiral selectors based on cyclofructan (CF) was introduced in 2009 and was shown
to have promising enantioseparation capabilities.

The chemistry of the stationary phase, the property of the carrier and the mobile
phase composition are the major factors affecting the complex separation mechanism
in HPLC. Understanding the retention and separation process and revealing the interactions
participating in the separation systems are important points that can be helpful

in the development of new analytical methods as well as novel stationary phases.
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Related to the facts mentioned above, the goal of this thesis is to contribute
to the characterization of unconventional HPLC columns, i.e., ZrO,-based RP-HPLC
columns and cyclofructan-based chiral stationary phases (CF-CSPs) and to show their

application possibilities.

The particular objectives were as follows:

e proof of the potential of ZrO,-based columns on the separation of biologically
active peptides as model analytes

e characterization of selected systems with a ZrO,-based polystyrene HPLC column
by different approaches and recognition of the interactions participating

in the separation process

e demonstration of the enantioseparation possibilities of new HPLC chiral stationary
phases based on derivatized cyclofructans and their comparison

e characterization and comparison of selected separation systems with CF-based
CSP(s) by the model of linear free energy relationship (LFER)

e comparison of significant interactions affecting retention and enantioseparation

on derivatized cyclofructan- vs. cyclodextrin-based CSPs
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2. CHARACTERIZATION AND TESTING OF HPLC
SEPARATION SYSTEMS

HPLC is a fundamental method in many fields of science, providing fast,
efficient separations with high resolution [1]. The dynamic development of HPLC has
been enabled by a wide offer of various column packings with different properties [2].
The selection of a suitable column is crucial in the process of solving a concrete
analytical problem. Therefore, analysis of retention properties and characterization
of interaction possibilities of HPLC separation media allows deeper understanding
the complex retention process and can be helpful in the development of new analytical
methods [3].

The extensive research on evaluation methods has followed the development
of RP packings. Today, various testing procedures and their combinations can bring
a more complex information about the properties of HPLC columns. Determination
of physical properties of supports and stationary phases is necessary for reproducible
synthesis of well-defined packings. The classical measurement methods evaluate
the important physical properties such as particle size and shape, pore size and porosity,
specific surface area or carbon load and have been discussed in many papers and books
[4, 5, 6].

Spectroscopic techniques, namely infrared (IR) and nuclear magnetic resonance
(NMR) spectroscopy, also play important role in evaluation and development of HPLC
columns. IR spectroscopy is used for investigation of silica surface chemistry
and revealing of silanol groups [7]. NMR techniques offer detailed information
on the individual functional groups on the surface and on the bonded ligands as well.
Distinct types of silanol groups can also be recognized by NMR [7]. However, these
techniques are mostly destructive for the stationary phases and not always easy
to perform. Statistical methods evaluating chromatographic data (mostly the principal
component analysis, PCA) can be used for clustering the columns into groups of similar
chromatographic properties [8, 9] and can simplify the selection of a column
for a concrete purpose. Thermodynamically based evaluation methods investigate
the transfer of solutes from the mobile to the stationary phase. Changes of enthalpies

and entropies related to this process are calculated from the retention data emloying
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the van’t Hoff plots [10, 11, 12]. This procedure can serve for investigating changes

in retention mechanism by altering the column temperature.

2.1. Empirically based chromatographic tests

Powerful procedures for characterization of column properties are
the chromatographic evaluation methods. They characterize the column
or the chromatographic system as a whole under the given conditions. Various tests
have been proposed in numerous papers that have been recently reviewed [13, 14].
Generally, properties such as hydrophobicity (hydrophobic selectivity), silanol activity
(also named hydrogen bond capacity), ion-exchange capacity, shape (steric) selectivity
or the amount of metal impurities can be evaluated. Overall, 36 chromatographic
parameters have been reported for characterizing stationary phases [15]. Although none
of these tests has been widely accepted as a uniform method for evaluating HPLC
columns, the evaluation procedures can help the analyst in the choice of a suitable
column for a given purpose. Moreover, the test procedure can also be applied
for verification of the column performance at any moment of its lifetime [16].

The main interest of empirically based evaluation methods are the basic
properties of HPLC packings, which are hydrophobicity and silanol activity. These
features are frequently tested by the referred procedures designed by Walters [17],
Engelhardt [ 18], Tanaka [19], Galushko [20] and other researchers.

Hydrophobicity is related to the interactions between testing compounds
and the bonded stationary phase. It is mostly determined by the retention of benzene
derivatives and calculated from the retention factors of two closely related compounds
[21]. Hydrophobicity can also be considered as methylene selectivity, i.e.,
the selectivity for specific molecular increment [16].

Evaluation of silanol activity is more complicated due to the existence of many
types of interactions between the stationary phase and the analyte. Ion-ion (i.e., ion
exchange) interactions and dipole-dipole interactions seem to be the most important [7].
Hydrogen bonding interactions of silanol groups facilitate the retention of polar

compounds and electrostatic interactions affect the chromatographic behaviour of basic
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compounds [14]. These interactions are undesirable because they cause the tailing peaks
of basic analytes due to the slow exchange kinetics.

The testing procedures evaluate silanol interactions mostly by relative retention
of two compounds where one compound is assumed to interact via hydrophobic
and silanol interactions and the retention of the second testing solute is based solely
on hydrophobic interaction. Certain tests take into account the peak symmetry
of the testing compound to evaluate the ionic interactions [22]. Neue developed another
test to evaluate the reproducibility of HPLC packing [23] and to clasify
the commercially available columns [24]. His approach is based on relative retention
of a basic compound and a hydrophobic solute, at acidic and neutral pH. Another test
[25] combining the test methods by Engelhardt [18] and Tanaka [19] was designed

for evaluation of column-to-column and batch-to-batch reproducibility.

2.2. Model of linear free energy relationship

Chromatographic properties of HPLC packings and generally separation systems
can be evaluated using methods based on retention models. These protocols also study
the retention of the test compounds. Moreover, the relationship between the retention
and the structure (properties) of the test probes is employed for the characterization
of the separation system. There are some notable methods based on a specific model.
Horvath designed silanol scavenging model [26], Jandera proposed semi-empirical
model of interaction indices [27] and the quantitative structure retention relationships
(QSSR) model used by many researchers [28, 29, 30, 31, 32] seem to be the most
important.

Quantitative structure retention relationships (QSRR) are the most studied
applications of linear free energy relationships (LFER). They demonstrate statistically
derived relationships between the structure of solutes and their chromatographic
retention [33]. Using QSRR the chromatographic column can be considered as a ,,free
energy convertor, translating differences in chemical potentials of solutes, which are
related to their different structures, to chromatographic retention. QSRRs can be utilized
for prediction of retention of a new solute, identification of the most informative

structural descriptors, revealing the molecular mechanisms of separation, evaluation
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of complex physicochemical properties of solutes or estimation of biological activities
of xenobiotic compounds [21, 34]. Certain approaches to QSSR can be applied
for characterization of the chromatographic system. One uses the regression of log &k
values against 1-octanol-water partition coefficients (log P) [30]. Another approach
describes log & values in terms of calculated molecular descriptors [35, 36], the other
one employs the LFER-based empirical solute parameters based on series
of experiments [37].

The advantages of the widely applicable LFER model lie in its ability
to characterize and compare stationary phases, or more precisely the whole separation
systems, and to describe (both qualify and quantify) the contributions of individual
interaction types to the retention process. The LFER equation expresses the relationship
between the retention characteristic (i.e., retention factor, k) determined
for a representative set of analytes and the fundamental solute properties, as seen

in the general form of the LFER equation [37]:
logk=c+vW+a) o' +b> B +sm, + R, (1)

This equation can be used in a following form to simplify the operation

with the symbols [38]:
logk=c+vV +aA +bB +sS + ¢E 2)

The independent variables in Eq. (2) are solute decriptors and specify certain
solute properties. V is the McGowan characteristic volume reflecting hydrophobicity,
A is the effective or overall hydrogen bond acidity, B refers to the effective or overall
hydrogen bond basicity, S is the solute dipolarity/polarizibility parameter (a measure
of the dipole-dipole interaction possibilities of the solute), E is the solute excess molar
refraction modelling the solute ability to interact via n- and z-electron pairs [39, 40].
The desriptors characterize properties of the solute molecules and account
for the differences among them. The selection of a representative set of analytes
is essential for the system evaluation. The solutes should be structurally diverse
and the distribution of the solutes desriptors should equally cover a wide range

of interactions [41]. The coefficients in Eq. (2) are determined by multivariate
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regression analysis and reflect the different types of molecular interactions
in the studied system. In HPLC, the regression coefficients relate to the differences
between the phases, i.e., the stationary phase and the concerned mobile phase.
The c intercept in the LFER equation is obtained by the regression calculation but it
does not reflect any special interaction type. All possible influences on retention that are
not covered by the LFER equation are summarized in the ¢ term [42]. The coefficient v
reflects the difference in hydrophobicity between the stationary and the mobile phase;
a represents the difference in hydrogen bond basicity; b refers to the difference
in hydrogen bond acidity; s is equal to the difference in dipolarity/polarizibility
between the phases; and r» reflects the difference in ability of the stationary
and the mobile phases to interact with solute n- and z-electron pairs. One remark
on the a and b coefficients is proper to be stated to understand the interpretation
of the LFER results better. The a and b regression coefficients are complementary
to the molecular descriptors A and B in the LFER equation. Therefore, as A describes
the hydrogen bond acidity of a test analyte, a accounts for the ability of the system
to interact as a hydrogen bond accepting environment (i. e., show hydrogen bond
basicity) [42]. The same explanation (in the opposite way) can be applied
for the descriptor B and the corresponding coefficient 5. Generally, the sign
of the regression coefficient comprises another important information
about the chromatographic system. A positive coefficient value shows that the given
molecular interaction is stronger in the stationary phase and it increases retention
of analytes. A negative value of the coefficient reflects stronger interaction
in the mobile phase that decreases the retention.

Complete and optimal model parameters can be obtained from the multivariate
regression analysis procedure. The accuracy of the LFER method can be improved
using the optimal model that utilizes only the statistically significant regression
coefficients. The complete model involves all the regression coefficients no matter what
their probability level is. Statistically derived standardized coeficients equilibrate
influences of the different units, their mean values are zero, and the standard deviations
are the same for all of them. Therefore, the standardized coefficients can be used
to analyze interactions within one separation system. However, the comparison
of different separation systems cannot be done using standardized coefficients because

of the zero mean values [43]. The LFER model characterizes the chromatographic
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system as a whole. Therefore, comparison of different stationary phases must be done
at the same mobile phase composition. However, the characterization of a HPLC system
should be performed under various mobile phase compositions to obtain the complex
information about the HPLC system because the mobile phase is an important factor

in HPLC.

2.3. Interactions with basic compounds

The analysis of basic compounds by RP-HPLC is often hampered by undesirable
ionic interactions of the basic analytes with residual silanol groups on the surface
of silica gel. Compounds with a basic nitrogen atom in the structure often cause
problems when analysed by RP-HPLC, they yield asymmetrical peaks
and irreproducible retention. Some procedures described in the literature [16, 44, 45]
can be applied to reveal and quantify these undesirable ion-exchange interactions.
For instance, application of a set of basic compounds covering a wide range
of hydrophobicity and pK, constants [45] can be wused for evaluation
of the non-hydrophobic interaction involved in the retention mechanism of HPLC

separation system.

Testing of the stationary phases usually brings large amounts of data. Then it is
not easy to trace useful information on the tested packings. The combination
of the different approaches discussed above is essential to get the complex information

on the concrete stationary phase/separation system.
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3. HPLC COLUMNS BASED ON ZIRCONIUM DIOXIDE

High performance liquid chromatography (HPLC) is a widely established
modern analytical method used as a powerful tool for the analysis of a variety
of compounds. Most of the HPLC analyses are realized in the reversed phase mode
(RP-HPLC) [1], which is best elaborated due to the availability of various RP columns
along with many tools to control and optimize the separation.

Silica gel is the most common carrier of chemically bonded stationary phases.
Its particles are mechanically stable and have large and reactive surface that can be
easily modified. Silica-based HPLC columns have well-known chemical
and temperature limitations [2, 3]. Siloxane bond (Si-O-Si) between silica gel
and the functional organosilan is unstable in highly acidic solutions (pH below 2) which
leads to the loss of the bonded phase. At higher (basic) pH values silica gel dissolves.
Moreover, residual silanol group activity affects negatively the retention and peak
symmetry of analytes [2], especially basic compounds. Increased separation temperature
along with the extreme pH of the mobile phase cause the deterioration of silica-based
columns. There are many approaches to improve the stability of silica gel that result
in a wider offer of modern RP-HPLC stationary phases [4]. Polymer coated [5, 6],
horizontally polymerized [7, 8], bidentate [9, 10], hybrid organic-inorganic [11]
and also polar embedded [12] stationary phases are the examples of the new RP phases

of improved stability.

3.1. Zirconium dioxide and its properties

The limitations of silica gel led to the investigation of other materials applicable
as the supports for HPLC packings. Besides others, certain metal oxides have shown
desirable properties [13]. Zirconium dioxide as the most promising material
is chemically stable in the whole pH range and can be employed at high temperatures
(up to 200 °C using special equipment) [13, 14]. It also offers additional interaction
mechanism, which can be useful in the separation of ionizable compounds.

Zirconium dioxide possesses surface chemistry different from silica gel, based

on the Lewis theory of acids and bases [13]. The atom of zirconium in the Zr-O-Zr
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structure (similar to the structure of silica gel) has free d-orbitals that act as Lewis acid
and can accept free electron pairs from the components of the mobile phase
(e.g. phosphate, fluoride, acetate, carboxylic ions or hydroxyl groups) acting as Lewis
bases. These components strongly adsorb on ZrO; surface by specific ligand-exchange
interactions and the surface of the support is being dynamically modified.
Consequently, these adsorbed components act as ion-exchange groups and they can
contribute to the retention of the analytes by the ion-exchange interactions. Fig. 3.1.
illustrates ~ the  described interaction  possibilities of  ZrO,  surface.
One of the disadvantages of ZrO, particles (as well as other metal oxides used
as a support in HPLC) is the impossibility of chemical modification using ordinary
silane chemistry. Most of the hydroxyls on the zirconia surface exist in a bridged form
and they cannot undergo silanization [15]. Therefore, commercially available reversed-
phase zirconia-based columns are not based on silanization of the surface. The surface
of zirconia can be modified dynamically, by addition of Lewis bases to the mobile
phase, or permanently, by covering the surface with polymers or by depositing carbon.
The decrease of polarity of ZrO, surface by coating with a polymeric stationary phase
(mostly polybutadiene, PBD, and polystyrene, PS) brings a support possessing
hydrophobicity and chemical selectivity similar to that of conventional reversed-phase
silica-based columns [16] but with the advantageous stability at high pH and enhanced
temperature. Generally, the retention and separation on the zirconia-based HPLC
columns is based on hydrophobic interactions with the stationary phase and on ion-
exchange interactions offered by the chemistry of the support and can be considered

as mixed retention mode.
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Fig. 3.1. Interaction possibilities on the surface of zirconium dioxide.

The ZrO,-based stationary phases always offer mixed retention mode because
no modification is known that would block all the Lewis sites on the surface [13].
Therefore, when employing zirconia-based columns, one must consider many factors
affecting the behaviour of the separation system. The prevalence of the concrete type
of retention mechanism depends on the type of the solute, pH, type of buffer used, total
ionic strength and also on the amount of organic modifier present in the mobile phase.
Polymeric modified ZrO, interacts with nonelectrolytes entirely by a reversed-phase
mechanism. The retention of basic organic compounds (e.g. cationic amines) is based
on mixed mode mechanism (ion-exchange/reversed-phase) strongly dependent on pH.
Hard Lewis bases (e.g. organophosphates, phosphonates, carboxylates) interact via
a ligand-exchange/reversed-phase mechanism [13].

There are many interesting applications of zirconia-based columns to separations
of various analytes, e.g. the separation of peptides [17, 18, 19], proteins [19, 20, 21],
natural phenolic antioxidants [22], antihistamine and antidepressant drugs of basic
(cationic) character [23, 24], B-blockers [25], ibuprofen and its impurities [26, 27]

or some other pharmaceuticals [28, 29].
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3.2. Results and discussion — Separations of nonapeptides (Paper I)

Paper I presents the study of the separation behaviour of biologically active
nonapeptides using modern separation media, PBD- and PS-coated zirconia-based
stationary phases. Concerned nonapeptides were selected as model analytes to prove
the potential of ZrO,-based columns in the separations of compounds with basic
functional groups and to emphasize the advantages and a wide range of possibilities
of the optimization process if working with zirconia-based columns.

Nonapeptides, vasopressin, oxytocin and other structurally and functionally
related peptides perform considerable biological activity. Although amino acid
sequences of the four studied nonapeptides differ only in one or two amino acid
residues, the individual physiological functions can vary substantially depending
on the (animal) species where these substances perform.

Separation of a set of four nonapeptides (oxytocin, Arg-vasotocin, Arg-
vasopressin, Lys-vasopressin) was studied on two stationary phases based on ZrO,,
i.e., Discovery Zr-PBD (polybutadiene modified zirconia) and Discovery Zr-PS
(polystyrene modified zirconia). Optimization of the separation was performed
by altering separation conditions. Changes of ionic strength, pH and composition
of mobile phase and also temperature influence the separation process. Therefore effects
of the buffer pH and concentration, the ratio of organic modifier in the mobile phase
and separation temperature were studied in detail. Each optimization step included
evaluation of retention factors &, resolution values R and symmetry of peaks As
of the analytes.

Starting conditions on both zirconia-based RP columns were based on previous
experiments with pentapeptides [17] that led to the following results. Firstly, a great
difference between two common organic modifiers, methanol (MeOH) and acetonitrile
(ACN), was observed for the separation of pentapeptides. ACN provided higher
separation efficiency and shorter retention times, better peak shapes and lower
backpressure than MeOH. Secondly, the effect of buffer type was studied, because the
type of buffer strongly affects the interactions between analytes and ZrO, surface,
as mentioned above. Acetate and phosphate buffers were investigated. The results

showed that retention of the studied pentapeptides increased if phosphate buffer was
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used. Phosphate is a stronger Lewis base than acetate and thus it enhances ion-exchange
interactions offered by the ZrO, surface.

Following features that were observed on both columns showed their similarity.
Chromatographic behaviour of the analytes did not alter much on the both stationary
phases; trends in retention of the analytes with altering separation conditions were
identical or very similar.

Optimization process started with the variation of buffer pH. Starting mobile
phase was composed of ACN and 50 mM phosphate buffer in the ratio 20/80 (v/v).
The effect of pH of the phosphate buffer was studied in the range 4-12 on the both
columns. Higher pH led to lower retention of the analytes. This can be explained
by higher deprotonization of the analytes leading to decreased ion-exchange interactions
with adsorbed phosphate ions. Lower pH of the buffer led to increased retention
and resolution improvement but also peaks symmetry deteriorated. The analytes carry
higher charges in acidic solution and ion-exchange interactions are much stronger
than at higher pH. Higher pH was thus found advantageous for separation
of nonapeptides; the optimized pH value was 10.0 and 9.0 on Discovery Zr-PBD
and Discovery Zr-PS, respectively.

Concentration of the buffer is an important factor that affects ion-exchange
mechanism on ZrO, columns. Therefore, in the next step, the influence of phosphate
buffer concentration in the range 10-100 mM was tested. The results showed that
the increase of the buffer concentration led to decreased retention and better peak
symmetry. Higher buffer concentration (abundance of phosphate ions) means
competition between buffer and the molecules of analytes for the interaction sites
on ZrO, surface. Application of lower buffer concentration led to the increase
of retention, which was accompanied by an improvement of resolution of the analytes.
71O, surface mostly interacts with buffer ions. This interaction has positive effect
on ion-exchange mechanism. Suppression of the ion-exchange type of interaction makes
the hydrophobic interaction a more important contribution to the retention mechanism.

Phosphate buffer concentrations of 40 mM (pH 10.0) and 50 mM (pH 9.0) were
used on Discovery Zr-PBD and Discovery Zr-PS, respectively, in the experiments
to assess the effect of organic modifier to buffer ratio. Lower content of ACN
in the mobile phase means lower elution strength and this was the reason for higher

retention of the analytes. They interacted more strongly with non-polar stationary phase.
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In contrary, higher content of ACN led to lower retention of the analytes having then
higher affinity to the mobile phase. Application of mobile phase containing only 5 % (v)
of ACN on Discovery Zr-PS led to efficient separation of the studied analytes.
This result confirmed the manufacturer’s specification that this column can be used
with nearly aqueous mobile phase.

Discovery Zr columns are designed to work at higher temperatures. Generally,
elevated temperature decreases viscosity of mobile phase, it speeds up mass transfer
during the separation process and thus it can positively influence the separation.
The effect of temperature on separation of nonapeptides was studied in the range
25-75 °C. Higher temperature caused retention decrease, improvement of peak
symmetry but resolution of some analytes deteriorated.

Optimized conditions for the separation of nonapeptides on Discovery
Zr columns resulted from evaluation of all the optimized data. Discovery Zr-PBD
column provided the best separation under these conditions: mobile phase ACN/40 mM
phosphate buffer, pH 10.0, 18/82 (v/v), temperature 45 °C. The most suitable conditions
for the separation of nonapeptides on Discovery Zr-PS column were following: mobile
phase ACN/50 mM phosphate buffer, pH 9.0, 5/95 (v/v), temperature 45 °C. Figs. 3.2.
and 3.3. show chromatograms obtained under optimized conditions on Discovery
Zr-PBD and Discovery Zr-PS, respectively. The separation times did not exceed seven

minutes.
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Fig. 3.2. Optimized separation of nonapeptides on Discovery Zr-PBD column; mobile
phase ACN/40 mM phosphate buffer, pH 10.0, 18/82 (v/v); temperature 45 °C; flow rate
1 mL/min; detection 214 nm.

Peak identification: 1 — uracil, 2 — oxytocin, 3 — Arg-vasotocin, 4 — Arg-vasopressin,

5 — Lys-vasopressin.
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Fig. 3.3. Optimized separation of nonapeptides on Discovery Zr-PS column; mobile
phase ACN/50 mM phosphate buffer, pH 9.0, 5/95 (v/v); temperature 45 °C; flow rate

1 mL/min; detection 214 nm.

Peak identification is the same as in Fig. 3.2.
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The examined alternative polymeric phases based on ZrO, were used
successfully for the separation of biologically active nonapeptides. The experiments
showed similar behaviour of the both columns, the trends in chromatographic behaviour
of the analytes with altering separation conditions were almost the same. Zr-PS column
offered efficient separation in the mobile phase containing only 5 % (v) of ACN. These
separation conditions are gentle and environmentally friendly, the amount of organic
modifier is reduced and biological activity of the studied peptides is maintained. These
are the reasons why polystyrene modified ZrO, stationary phase is preferable. The big
advantages of zirconia-based columns that should be emphasized are the wide
possibilities in the optimization process, especially concerning pH and temperature.

The obtained results have shown that zirconia-based columns are a good
alternative to silica-based columns, especially for separation of basic compounds.
Different retention (interaction) mechanism, wide possibility of surface modification,
high chemical and thermal stability are the main advantages, which can result

in successful separations of various biomolecules.

3.3. Results and discussion — Study of interaction possibilities

of a zirconia-based polystyrene HPLC column (Paper II)

The chemistry of the stationary phase, the character of its carrier
and the experimental conditions (i.e., the mobile phase composition and temperature)
are the major factors affecting the complex HPLC separation mechanism, where many
types of interactions between the analyte, the stationary and the mobile phases need
to be concerned. Zirconia-based HPLC columns are unique for the additional interaction
mechanism strongly dependent on the nature of mobile phase components.

Some papers focus on chromatographic characterization of zirconia-based
(or generally metal oxide-based) columns [30, 31, 32, 33] and their comparison
to common silica-based packings. The aim of Paper II was to characterize the separation
systems with polystyrene modified zirconia-based column, to reveal the interactions
participating in these separation systems and to understand the complex retention

process better. A combination of the evaluation methods introduced
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in Chapters 2.1. — 2.3. resulted in a comprehensive description of the interaction

possibilities of zirconia-based PS column.

3.3.1. Chromatographic tests of Zr-PS column

Empirically based chromatographic tests investigate the basic properties
of HPLC columns. Silanol activity of zirconia surface cannot be obviously determined
to provide the information about silanophilic interactions because no silanol groups
appear on the surface. The parameters of silanol activity most likely relate to the polar
interactions that are largely offered by the zirconia surface. For our purpose, three
simple tests were chosen to evaluate hydrophobicity and polarity of the zirconia-based
polystyrene column, trade named Discovery Zr-PS and purchased from Supelco, USA.
Referred testing procedures designed by Walters [34], Engelhardt [35] and Galushko
[36] were employed to provide rough information about the basic column properties.

Table 3.1. summarizes the definitions of the evaluated parameters,
i.e., hydrophobicity and polarity, and the obtained values. Hydrophobicity values
represent the selectivity for specific molecular increment, polarity can be considered

as the selectivity between the compounds of different acid/base character.

Table 3.1. The Walters, Engelhardt and Galushko defined test conditions and the results
for Discovery Zr-PS column; the values are measured/calculated for described pair

of test solutes in the given mobile phase.

Definitions Walters Engelhardt Galushko
Hydrophobicity o (anthracene/benzene) o (ethylbenzene/toluen)  1/2 (K ojuene T K benzene)
in 65 % ACN in 55 % MeOH in 60 % MeOH
Polarity o (DETA*/anthracene) o (aniline/phenol) 1+3 [oaniline/phenol)-1]
in 100 % ACN in 55 % MeOH in 60 % MeOH
Results Walters Engelhardt Galushko
Hydrophobicity 3.99 1.55 0.38
Polarity 2.93 0.72 0.17

* DETA — N, N-diethyl-m-toluamide
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Hydrophobicity of the studied Zr-PS column defined by Walters and Engelhardt
1S comparable to common silica-based columns [30, 37]. Galushko parameter
of hydrophobicity for the concerned zirconia-based column is lower than for silica-
based packings, i.e., the studied Zr-PS column possesses lower methylene selectivity.

Discussing the polarity parameter some differences of Discovery Zr-PS column
in comparison with silica-based ones arose from these simple experiments.
N,N-diethyl-m-toluamid (DETA) as a testing compound of the Walters test performed
strong retention on the Zr-PS column. As the mobile phase composed of pure ACN
(in the Walters test) allows the solutes to interact primarily with the support, the strong
retention of DETA confirms the interactions of active Zr support with free electrons
of this test solute. The other two tests offered lower retention of aniline in comparison
with phenol. Deactivated silica-based columns where free silanols are reduced provide
this behaviour where aniline elutes before phenol [38]. Discussing this fact for zirconia-
based column, phenol has more delocalized electrons than aniline. Therefore, it can
better interact with free d-orbitals of Zr atoms on the surface of the carrier, and this fact
probably causes higher retention of phenol than that of aniline.

Empirically based chromatographic tests showed some differences of the basic
properties of zirconia-based column as compared with common silica-based ones.
The different retention behaviour of some test solutes confirms the different interaction

possibilities offered by the tested Zr packing.

3.3.2. LFER model applied to the systems with Zr-PS column

LFER is a powerful tool for characterization of HPLC separation systems. Some
applications of the LFER model to the systems with zirconia-based columns can be
found in the literature [30, 39, 40, 41]. In Paper II we used the LFER approach
to describe and compare three separation systems consisting of the zirconia-based
polystyrene column and three different mobile phase compositions. The selection
of the chromatographic conditions for the LFER study was based on the results of our
previous investigation of the chromatographic behaviour of nonapeptides (Paper I).
As the retention mechanism on zirconia-based columns strongly depends
on the constituents (components) of the mobile phase (viz. Chapter 3.1. of this thesis),

the LFER model can reveal the effect of the type of buffer additive on the individual
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interactions participating in the complex retention process. Therefore, three mobile
phase compositions differing in the type of the aqueous component were applied
in the LFER study to evaluate the differences between individual interaction types
in the different separation systems. The tested mobile phases had a fixed amount
of organic modifier, i.e., 20 % (v) of ACN; deionized water (pH=6.0), phosphate buffer
(50 mM, pH=10.0) or ammonia solution (50 mM, pH=11.0) were chosen as the aqueous
components of the mobile phases. A large set of test solutes with known solvation
parameters was applied to obtain the regression coefficients of Eq. (2) of the complete
and the optimal models of LFER. All these data can be found in Paper II in Tables 2 and
3. Correlation of the LFER data with experimental results (linear regression fit
of the experimental log k against calculated/predicted log k) did not show any serious
outliers with the exception of the separation system containing ammonia in the mobile
phase, where poorer correlation was obtained. Lower p-values of the optimal model
than those of the complete model indicate that the regression coefficients of the optimal
model are more significant. Therefore, the optimal model was chosen for further
evaluation.

The comparison of the regression coefficients of the optimal LFER model
is shown in Fig. 3.4. The positive values for coefficients v and e indicate that the given
molecular interaction is preferred in the stationary phase and contributes to the retention
while negative values for coefficients a, b and s mean stronger interaction in the mobile
phase.

The dominant contribution to retention in all the three studied systems
is hydrophobicity, described by the coefficient v. Comparable values of coefficient v
for the studied systems show little effect of the type of aqueous component
on hydrophobic (dispersive) interactions. The coefficients a and b describing hydrogen
bond interaction possibilities of the systems are preferred in the mobile phase. High
values of coefficient b reflecting the difference in hydrogen bond acidity between
the stationary and the mobile phases are connected with the prevalence of aqueous part
(80 % (v)) in the mobile phase that has strong hydrogen bond donating property.
Discussing the third system, ammonia strongly interacts with the stationary phase
and thus decreases the difference in H-bond acidity between the two phases. Hydrogen
bond basicity seems to be significant for the buffered systems only, but the values

are quite small. Coefficient s describing the difference in dipolarity/polarizibility
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is significant only for the system with ammonia where these interactions predominate
in the mobile phase. Interactions with »n- and z-electron pairs of the solute, described
by the coefficient e are preferred in the stationary phases of the systems with water
and phosphate buffer in the mobile phase.

The results obtained by the LFER model confirmed that the individual
interactions participating in the separation systems with zirconia-based column strongly
depend on the nature of mobile phase. The fact that ammonia solution acts as a strong

eluting agent suppressing certain types of interactions was also confirmed.

O deionized water
I phosphate buffer

B ammonia solution

Fig. 3.4. Comparison of the regression coefficients (with their standard errors)
of the optimal LFER model for the studied separation systems composed of the Zr-PS
column and mobile phases composed of ACN/aqueous component (water, phosphate

buffer or ammonia solution), 20/80 (v/v). Symbol X means insignificant interaction.

3.3.3. Application of a set of basic compounds

Ion-exchange interactions offered by zirconia-based HPLC packings can largely
and positively affect the retention of ionizable compounds. Considering silica-based
columns, residual silanol groups are able to interact via ion-exchange interactions which
are undesirable and cause problems especially in the analysis of basic compounds.

Methods that reveal and quantify the contributions of these interactions originally
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designed for silica-based columns [37, 42, 43] can also be applied to zirconia-based
stationary phases. Because ion-exchange interactions are not involved in the LFER
model, the application of the basic compounds can supply an additive information about
the interaction possibilities of the zirconia-based PS column.

For our purpose, a procedure applied by Sykora [43] employing a set of basic
compounds differing in hydrophobicity (log P) and dissociation constants, expressed
as pK, was used. The selected basic compounds covering a wide range
of hydrophobicity and pK, constants are listed in Table 3.2., all the tested compounds
can be found in Table 4 of Paper II. Three mobile phases applied were of the same

composition as for the LFER study.

Table 3.2. Properties of selected basic compounds and their retention factors k.

Compound name pK, Y  logP? ¢
pH=6.0° pH=100Y pH=11.0?

3-Aminopyridine”?  5.25 0.20 0.20 0.05 0.08
4-Aminopyridine” 8.61 0.26 2.55 0.10 0.40
2-Amino-4-picoline”  7.67 1.02 2.08 0.20 0.23
3-Picoline 5.60 1.17 0.28 0.22 0.25
2,4,6-Collidine 7.61 2.21 1.29 0.57 0.60
N -Ethylaniline 5.50 2.13 1.59 1.47 1.56
Quinoline 4.64 2.05 0.99 0.87 0.94
Aniline 4.58 0.99 0.35 0.31 0.33

¥ pK, constants of protonated forms in aqueous solution at 25 °C, computed with software package
PALLAS for prediction of pK, constants [44]

®) partition coefficients in n-octanol-water computed with software package PALLAS for prediction of
log P values [44]

¢ mobile phase ACN/deionized water, 20/80 (v/v); pH corresponds to the aqueous component

9 mobile phase ACN/phosphate buffer (50 mM, pH = 10.0), 20/80 (v/v) ; pH corresponds to the aqueous
component

¢ mobile phase ACN/ammonia solution (50 mM, pH = 11.0), 20/80 (v/) ; pH corresponds to the aqueous
component

Y The lower dissociation constants of the protonated aminogroups of these analytes are not considered in

context of this study because they are always deprotonated (-NH,) in the pH range tested.
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Evaluation of hydrophobic interaction possibilities of the separation system can
be done by comparison of the retention behaviour of analytes with roughly the same pK,
constants and different hydrophobicities. Considering the analytes dissociated in all
the mobile phases tested (e.g. 3-picoline and N-ethylaniline, or quinoline and aniline),
their retentions do not alter with altering pH, and the differences between their retention
correspond only to their different hydrophobicity (log P values). Test solutes
with similar pK, constants and different hydrophobicity, which are not fully dissociated
in some of the applied mobile phases (e.g. 2-amino-4-picoline and 2.,4,6-collidine),
show different behaviour that can be explained by both hydrophobic and ion-exchange
interactions. The main force affecting retention can also be revealed by this approach
(Fig. 2 of Paper II).

Considering the compounds with comparable hydrophobicity (log P) and distinct
dissociation constants (e.g. 3-aminopyridine and 4-aminopyridine, or 2-amino-4-
picoline and 3-picoline), the presence of ion-exchange interactions in the tested
separation systems can also be confirmed. Protonized analytes perform much higher
retention in comparison with the non-protonized solutes of the same hydrophobicity.
Also the partial dissociation of an analyte (e.g. 2-amino-4-picoline or 2,4,6-collidine)
needs to be considered when dealing with the contribution of the discussed types
of interactions to retention.

The study also confirmed the facts declared in [43] that great indicators
of the ion-exchange interaction sites on the sorbent surface are 2-amino-4-picoline,
4-aminopyridine and 2,4,6-collidine, compounds with quite high and similar pK, values
and rather different log P values. The testing of stationary phases (HPLC systems)
with basic compounds of different hydrophobicity mainly can reveal occurance
of 1on-exchange interactions (along with the hydrophobic ones) in the RP
chromatographic system. If other types of interactions are involved in the separation
environment some deviations of the experimental results from the expected data can be
observed. Different nature of the aqueous part of the mobile phase and so, different
solvation of the stationary phase (and the analyte) can also contribute to some

deviations.
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Uvod

Studium a analyza biologicky aktivnich latek je pred-
métem vyzkumu mnoha védnich obord, zejména bioche-
mie, analytické chemie, molekularni biologie, farmakolo-
gie a mediciny. Schopnosti detegovat, kvantifikovat a mo-
delovat biologicky vyznamné molekuly jsou nepostradatel-
né pro studium zakladnich Zivotnich funkci'. Z pohledu
analytické chemie jde o vyvoj selektivnich a u¢innych
separacnich metod pro analyzy slozitych smési téchto la-
tek. Vysokouc¢inna kapalinova chromatografie tyto poZa-
davky spliluje; poskytuje rychlé a ucinné separace
s vysokym rozlisenim. Tuto metodu Ize s uspéchem apli-
kovat na analyzu biologicky aktivnich peptidi®, latek sla-
bého az vyrazného bazického charakteru. Separace téchto
latek o velmi nizkych koncentracich je umoznéna vhodnou
volbou stacionarni a mobilni faze.

V technice HPLC zaujima dominantni pozici reverzni
separaéni moéd (RP-HPLC)*’. Nejrozsifengj§im nosi¢em
stacionarni faze v RP-HPLC se stal silikagel, polymerni
oxid kfemicity. Silikagelové ¢astice jsou mechanicky sta-
bilni a maji velky povrch, ktery 1ze modifikovat navaza-
nim staciondrni fize a ziskat tak rozmanité systémy
s riznymi mechanismy déleni. Hlavni nevyhodou silikage-
lu je jeho nestabilita pti extrémnich hodnotach pH a vys-
sich teplotach'™"". P¥i nizkych hodnotich pH (pH < 2) je
siloxanova vazba nestabilni a dochéazi ke ztrat¢ navazané
stacionarni faze; pti vysSich hodnotach pH (pH > 8) se
silikagel rozpousti. Omezeni v hodnotach pH mobilni faze
je limitujici faktor zvlasteé pfi separacich bazickych latek.
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Zbytkové silanolové skupiny na povrchu silikagelu také
znaéné komplikuji separaéni proces'’. Tyto nezadouci
vlastnosti silikagelu vedly k vyvoji novych nosi¢t stacio-
narni faze, které by rozsifily pracovni rozsah hodnot pH
a teploty a poskytly tak nové moznosti pti vyvijeni analy-
tickych metod"*.

Vyzkum vlastnosti n€kterych kovi (Zr, Ti, Al) a je-
jich oxida vedl k perspektivnim vysledkam"™'°. Oxid zir-
konicity (ZrO,) se zda byt teplotné a chemicky nejstabil-
n&jsi ze studovanych oxida'®?'. ZrO, je amfoterni oxid,
vykazujici kationtové- i aniontové-vyménné interakce,
které zaviseji na hodnot¢ pH a povaze pouzitého
pufru'***%_ Pro latky iontové povahy tedy existuji sekun-
darni interakce (iontové-vyménné) s povrchem nosice,
které vyznamné ovliviluji selektivitu a retenci analytl.
Atom Zr ve vazb&é Zr-O-Zr ma volné d-orbitaly, coz ho
¢ini akceptorem elektronového paru, je tedy Lewisovou
kyselinou. To umoziiuje silné ligandové-vyménné interak-
ce s Lewisovymi zasadami, mezi které patii napt. fosforec-
nanové, fluoridové, octanové nebo karboxylové ionty ¢i
hydroxyskupiny® 2. Dochazi k silné adsorpci t&chto ionti
z mobilni fize na povrch Castic ZrO,, ktery je tak dyna-
micky modifikovan. Adsorbovana Lewisova zasada se pak
chova jako iontové-vyménna skupina a muize se uastnit
iontové-vyménnych interakci s ionizovatelnymi analyty.

Modifikaci povrchu ZrO, organickymi polymery
(polybutadienem a polystyrenem) byly vyvinuty nové sta-
cionarni faze?’ stabilni v celém rozsahu pH (1-14) a pfi
teplotach do 200 °C, které lze vyuzit v reverznim mddu
HPLC. Separace je zaloZena jednak na hydrofobnich in-
terakcich molekul analyti se stacionarni fazi, a dale na
iontové-vyménnych interakcich s adsorbovanou Lewiso-
vou bazi. Tento smiSeny retenéni mod lze s uspéchem
aplikovat na separaci peptida'®.

Nonapeptidy, Arg-vasopresin, oxytocin a dal$i struk-
turné i funkEné blizké peptidy, vykazuji znacnou biologic-
kou aktivitu nejen v lidském organismu. Arg-vasopresin,
zndmy pod oznacenim antidiureticky hormon (ADH), ma
fyziologickou ulohu v ledvinach®®, reguluje retenci vody
a zvySuje jeji zpétné vstiebavani”. Vyvolanim vasokon-
strikce také zvysuje krevni tlak. Oxytocin ma vliv na frek-
venci a silu kontrakce hladké svaloviny délohy; toho se
vyuziva v porodnictvi. Nové poznatky v oblasti zkoumani
fyziologickych funkci nonapeptidil se tykaji procest uceni
a paméti, socialniho a sexualniho chovani, uzkosti, deprese
a agresivity’"*. Arg-vasopresin mj. podporuje agresi
a dominanci*, charakteristické znaky samciho socialniho
chovani. Oxytocin ma vliv na sexualni a socialni chovani
u obou pohlavi, ale hraje vyznamnou roli v matefstvi. Arg-
vasotocin®'#**>* je vyvojové starsi hormon, vyskytujici se
u niz§ich obratlovet. Pasobi antidiureticky jako Arg-
vasopresin a ma vliv na sexudlni chovani podobné jako
oxytocin. Lys-vasopresin je synteticky derivat Arg-
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vasopresinu s nizs§i antidiuretickou aktivitou.

V této praci bylo studovano chromatografické chova-
ni nonapeptidi na modernich separa¢nich médiich
s nosi¢em ZrO, a reverznimi stacionarnimi fazemi polybu-
tadienem (PBD) a polystyrenem (PS). Tyto stacionarni
faze byly nejdfive charakterizovany Waltersovym testem,
jednim z testi pro reverzni stacionarni faze. Dale byly na
téchto stacionarnich fazich optimalizovany separa¢ni pod-
minky, tzn. byl studovan vliv sloZeni mobilni faze (typ,
koncentrace a pH pufru, typ a mnozstvi organického modi-
fikatoru) a vliv teploty na separacni parametry (retenéni
faktor, ucCinnost, rozliSeni, symetrie pikd) jednotlivych
analytd. V optimalizovanych separa¢nich systémech byly
uréeny kvantifikacni parametry — limity detekce a stanovi-
telnosti pro vybrané nonapeptidy.

r wr

Experimentalni ¢ast
Pristroje a zafizeni

Veskera méteni byla provadéna na kapalinovém chro-
matografu, ktery se skladal z gradientového Cerpadla
Ecom Beta 10, UV-VIS spektrofotometrického detektoru
Sapphire 800 a vakuového odplyiiovace mobilni faze
Ecom Vacuum Degasser DG 3014 (vie Ecom, Praha, CR).
K davkovani byl pouzit davkovaci ventil Rheodyne, model
77251 s 5 pl davkovaci smyckou (Cotati, USA). Pro sbér
dat a vyhodnoceni chromatogramii byl pouZzit program
Clarity, verze 2.3.0.174 od firmy Data Apex (Praha, CR).

Roztoky pufri a peptidi byly pfipravovany odvaze-
nim pfislusnych mnozstvi na analytickych vahach APX-
100 (Denver Instruments, USA). Hodnota pH pufru byla
kontrolovana pH-metrem 3510 (Jenway, Velka Britanie).
Kolony byly termostatovany v termostatu Column Oven
LCO 101 (Ecom, CR).

K separaci byly pouzity kolony Discovery Zr-PBD
a Discovery Zr-PS (Supelco, Bellefonte, USA). Ob¢ kolo-
ny maji shodné parametry, tj. rozméry 25 cm x 4,6 mm,
velikost ¢astic 5 pm, velikost péra 300 A.

Chemikalie a vzorky

Acetonitril Chromasolv® pro HPLC byl ziskin od
firmy Sigma-Aldrich (St. Louis, USA). Fosfore¢nanovy
pufr (NaH,PO42 H,0, p.a.; Na,HPO,- 12 H,0, p.a.) byl
produktem firmy Penta (Chrudim, Ceska republika), kyse-
lina fosforecna (p.a., 85%) a hydroxid sodny (p.a.) pro
upravu pH pufru byly od firmy Lach-Ner (Neratovice,
Ceska republika). Deionizovana voda byla piipravovana
v pristroji Milli Q (Millipore, Milford, USA).

Pro Waltersav test byly pouzity nasledujici chemika-
lie: antracen (purum, >98%, HPLC; Fluka Chemie AG,
Buchs, Svycarsko), N,N-diethyl-m-toluamid (N,N-DETA;
purum, >99%, GC, Fluka Chemie AG) a benzen (HPLC
grade, Sigma-Aldrich).

Vzorky nonapeptidi byly komer¢ni syntetické prepa-
raty, produkty firmy Sigma-Aldrich. Jejich potadi amino-
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Tabulka I
Struktury studovanych nonapeptidi

Peptid Sekvence aminokyselin

Cys-Tyr-Ile-GIn-Asn-Cys-Pro-Leu-Gly
Cys-Tyr-1le-Gln-Asn-Cys-Pro-Arg-Gly
Cys-Tyr-Phe-GIn-Asn-Cys-Pro-Arg-Gly
Cys-Tyr-Phe-GIn-Asn-Cys-Pro-Lys-Gly

Oxytocin
Arg-vasotocin
Arg-vasopresin
Lys-vasopresin

kyselin ukazuje tabulka I. Mezi cysteinovymi zbytky
v poloze 1 a 6 se tvoii disulfidicky mustek. Bez dal$ich
uprav byly tyto latky rozpustény v deionizované vodé
a byly tak ziskany zasobni roztoky o koncentraci 1 mg ml™".
Z téchto zasobnich roztoki byla pfipravena smés peptidi
pro jejich analyzu a sada roztokt pro kvantifikaci jednotli-
vych peptidi. K uréeni mrtvého ¢asu byl pouZit uracil
(Sigma-Aldrich), jehoz zasobni roztok meél koncentraci
0,1 mg ml™.

Vysledky a diskuse

Pro analyzu nonapeptidd byl pouZit systém reverzni
vysokoucinné kapalinové chromatografie (RP-HPLC).
Byly pouzity dvé kolony se zirkoniovym nosi¢em modifi-
kovanym polybutadienem (Discovery Zr-PBD) a polysty-
renem (Discovery Zr-PS). Tyto stacionarni faze byly
nejdiive otestovany Waltersovym testem, dale byly na
téchto staciondrnich fazich optimalizovany podminky pro
separaci Ctyf biologicky aktivnich nonapeptidti a pro opti-
malizované separacni systémy byly urCeny kvantifikacni
parametry — limity detekce a stanovitelnosti.

Na zaklade udaji z literatury'®" byly mobilni faze
pro optimalizaci separace nonapeptidd zpravidla slozeny
z acetonitrilu (ACN) a fosforecnanového pufru a pro de-
tekei peptida byla zvolena vinova délka 214 nm.

Waltersuv test — testovani vlastnosti reverznich
stacionarnich fazi

Z n€kolika testi pro reverzni stacionarni faze byl
vybrén test podle Walterse®®, uréujici index hydrofobnosti
a silanolovy index v prostfedi acetonitrilu. Oznaceni sila-
nolovy index neni pfili§ vhodné pro stacionarni fidze na
bazi oxidu zirkoni¢itého, avSak jeho hodnota vypovida
o polérnich interakcich analytli se stacionarni fazi a jejim
nosi¢em. Silanolovy index byl ztéchto divodli oznacen
v této praci jako index polarity.

Index hydrofobnosti (HI) je podil reten¢nich faktort
antracenu a benzenu, pii pouziti mobilni faize ACN/voda
(65/35, v/v). Index polarity (SI) je podil reten¢nich faktort
N,N-dietyl-m-toluamidu (N,N-DETA) a antracenu, pfi
pouziti Cistého ACN jako mobilni fize. Mrtvy ¢as kolony
je urcen retenénim ¢asem uracilu v mobilni fazi ACN/voda
(65/35, v/v). Experimentalni podminky, pfedepsané pro
tento test, jsou: priitokovéa rychlost 1 ml min~', davkovén
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Tabulka IT
Hodnoty indext hydrofobnosti a polarity pro pouzité sta-
cionarni faze

Kolona Stacionarni faze HI SI
Discovery Zr-PBD  Zr-PBD 5,40 1,00
Discovery Zr-PS Zr-PS 5,52 0,98

1 pl testovaci smési, UV detekce pii 254 nm.

Z vysledku v tab. II je patrné, Zze obé kolony na bazi
oxidu zirkoni¢itého maji velmi podobné separacni vlast-
nosti pro nepolarni analyty. Tyto kolony vykazuji zna¢né
nepolarni charakter, uplatiiuji se vyrazné nepolarni interak-
ce stacionarni faze s analyty. Kolony se silikagelovym
nosi¢em a reverzni stacionarni fazi poskytuji hodnoty HI
nizsi; pro oktadecylové staciondrni faze (Cig) jsou bézné
hodnoty HI mensi nebo rovny 4, oktylové stacionarni faze
(Cg) maji hodnoty HI mensi nebo rovny 3 (cit.?).

Hodnota indexu polarity SI poskytuje informaci
o polarnich interakcich analyti se stacionarni fazi a jejim
nosicem. Kolony se silikagelovym nosi¢em by mély mit
hodnotu SI co nejmensi, protoZze pak nezadouci interakce
analytll a zbytkovych silanolovych skupin jsou minimalni.
U kolon na bazi ZrO, jsou hodnoty indexu polarity SI vét-
81, coz odpovida pfedpokladanému mechanismu separace,
kdy sekundérni iontové interakce jsou zadouci, jsou pod-
porovany a navic aktivovany dynamickou modifikaci po-
vrchu ¢astic adsorbovanou Lewisovou zasadou.

Separace nonapeptidi na koloné Discovery Zr-PBD

Na koloné Discovery Zr-PBD bylo studovano chro-
matografické chovani ¢ty nonapeptidii. Zmény iontové
sily, pH a sloZzeni mobilni fize a také pracovni teploty
ovliviluji separaci a tyto vlivy byly béhem optimalizace
studovany. Na zaklad& udaju z literatury'®*"* byly mobil-
ni faze pro optimalizaci separace nonapeptidi slozeny
z ACN a fosforeénanového pufru a pro detekci peptidi
byla zvolena vinova délka 214 nm.

Vliv pH a koncentrace pufru na retenéni chovéani
nonapeptida

Interakce mezi analyty a reverznimi kolonami na bazi
zirkonia silné zaviseji na pouZitém pufru. Literatura® pou-
kazuje na vhodnost pouziti fosforecnanového pufru vzhle-
dem k jeho nizké absorbanci a moZnosti pouziti v celém
rozsahu pH.

Vychozi podminky separace nonapeptidii na kolong
Discovery Zr-PBD byly nasledujici: mobilni faze slozena
z 20 obj.% ACN a 80 obj.% fosfore¢nanového pufru; kon-
centrace fosfore¢nanového pufru byla 50 mmol I"' a hod-
nota pH byla 12. Tyto podminky byly zvoleny na zakladé
tdaji z literatury’” a také hodnot isoelektrickych bodi
zkoumanych nonapeptidli, které se nachazeji v alkalické
oblasti. Zarovenl chemicka stabilita stacionarnich fazi na
bazi oxidu zirkonicitého dovoluje pouziti vysSich hodnot

336

Laboratorni piistroje a postupy

pH mobilni faze nez stacionarni faze na bazi silikagelu. Za
téchto podminek oxytocin eluoval s mrtvym ¢asem, hod-
noty rozliSeni pro ostatni analyty byly uspokojivé, avSak
eluéni ktivky vSech analytd byly nesymetrické, hodnoty
faktort asymetrie byly vétsi nez 2.

Vliv pH pouzitého pufru na chovani analyti byl stu-
dovan v rozmezi hodnot 4-12. Vyssi hodnoty pH vodné
slozky mobilni faze vedly ke zkraceni doby analyzy, ale ne
ke zhorSeni rozliseni analyti. Retence analyti v kyselé
oblasti byla vétsi, oxytocin vykazoval retenci pii pH 4 a 5,
kdy vsak doba analyzy byla vétsi nez 25 min, piky ostat-
nich analytll byly rozmyté a hodnoty rozliSeni zbyte¢né
vysoké. Piky analytd nevykazovaly uspokojivou symetrii.
Pro dalsi optimalizaci bylo vybrano pH vodné slozky mo-
bilni faze 10. Za téchto podminek sice oxytocin eluoval
s mrtvym Casem, analyzy ovSem byly kratké (do 6 min),
poskytovaly rozliseni vétsi nez 1,2 a faktory asymetrie
kolem hodnoty 2.

V dal$im optimalizacnim kroku bylo sledovano chro-
matografické chovani nonapeptidii v rozmezi koncentrace
fosfore¢nanového pufru 10-100 mmol 1. Obr. 1 ukazuje
zavislost reten¢nich faktort & jednotlivych analytii na kon-
centraci pouzitého pufru. NiZ§i koncentrace fosfore¢nano-
vého pufru zptisobovala vétsi retenci vSech analytd. Nizka
iontova sila pufru o koncentraci 10 mmol I”' byla p¥i¢inou
velké retence Lys-vasopresinu (k=4.,4), kdy analyzy byly
delsi nez 14 min a piky analytd rozmyté. Oxytocin pti
vyssich koncentracich pufru koeluoval s uracilem, pfi kon-
centracich mensich nez 50 mmol I"' vykazoval malou re-
tenci, kterd se ovSem pfi sniZujici se koncentraci pufru
nezvySovala. Retenéni faktor oxytocinu pro koncentrace
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Obr. 1. Zavislost reten¢nich faktora £ na koncentraci fosforec-
nanového pufru; separace na koloné Discovery Zr-PBD; mobilni
faze ACN/fosfore¢nanovy pufr, pH 10 (20/80, v/v); pratokova
rychlost 1 mlmin™'; davkovaci smy&ka 5 pl; UV detekee pii
214 nm; m oxytocin, O Arg-vasotocin, ® Arg-vasopresin, o Lys-
vasopresin
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10-40 mmol "' byl 0,06. Hodnoty rozliSeni ostatnich ana-
lytd pii koncentracich niZgich nez 50 mmol I"' byly v&tsi
nez 2,4, a tudiz dostatecné. Pro dalsi optimalizaci byla
tedy zvolena koncentrace fosforecnanového pufru
40 mmol I"'. P#i této koncentraci byla hodnota rozliseni
oxytocinu nejvyssi, Casy analyz byly krat$i nez 6 min
a hodnoty faktorl asymetrie se stale pohybovaly kolem 2.

Vliv poméru organického modifikatoru
a fosfore¢nanového pufru na reten¢ni chovani
nonapeptidd

Pro studium vlivu poméru organického modifikatoru
a fosfore¢nanového pufru byly pouzity vysledné podminky
vyse uvedené. Mobilni faze byla slozena z ACN a fosfo-
re¢nanového pufru o koncentraci 40 mmol 1" a hodnoté
pH 10. Obsah ACN v mobilni fazi byl zkousen v rozmezi
15-25 0bj.% a byl ménén vzdy po 1 %. Separace peptidi
obecné je velmi citlivd na zménu obsahu organické slozky
v mobilni fazi, takze i mala zména v obsahu ACN, typicky
jedno objemové procento, znamena vyznamnou zmeénu
v separacnim chovani téchto latek. Na obr. 2 je vynesena
zavislost reten¢nich faktori & jednotlivych analyti na ob-
sahu ACN v mobilni fazi.

Ze ziskanych vysledki je patrné, Ze s rostoucim obsa-
hem organického modifikatoru v mobilni fazi klesala re-
tence vSech studovanych latek. VEétsi eluéni sila zptisobo-
vala nedostate¢né rozliSeni oxytocinu a jeho naslednou
eluci v mrtvém Case pti pouziti mobilni faze obsahujici 23
a vice obj.% ACN. Nizsi obsah ACN sice vedl ke zlepSeni
rozliSeni oxytocinu, ale rozliSeni ostatnich analytt se prak-
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Obr. 2. Zavislost retencnich faktori kna obsahu ACN
v mobilni fazi; separace na koloné¢ Discovery Zr-PBD; mobilni
faze ACN/40 mmol 1" fosfore¢nanovy pufr, pH 10; pritokova
rychlost 1 mlmin™'; davkovaci smytka 5pl; UV detekce pfi
214 nm; m oxytocin, O Arg-vasotocin, ® Arg-vasopresin, © Lys-
vasopresin
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ticky nemeénilo. Faktory asymetrie se stale pohybovaly
kolem 2. Pfi pouziti mobilni faze obsahujici 18 obj.%
ACN byly hodnoty rozliSeni vSech analytli dostate¢né
(vetsi nez 2) a doba analyzy byla krat$i nez 7 min. Proto
byly tyto podminky z hlediska slozeni mobilni faze zvole-
ny jako optimalni pro separaci vybranych nonapeptidii na
kolong Discovery Zr-PBD.

Vliv separacni teploty na reten¢ni chovani
nonapeptidi

Posledni parametr, jehoz vliv na separaci byl studo-
van, byla teplota kolony pfti analyze. Obecné zvySena se-
paracni teplota zrychluje pfenos hmoty béhem separacniho
procesu, a tak miize pozitivné ovlivnit analyzu. Kolony na
bézi oxidu zirkonicitého umoziuji pouziti vyssich pracov-
nich teplot nez kolony se silikagelovym nosi¢em. Pouzita
kolona Discovery Zr-PBD byla termostatovana a byly
provedeny analyzy pii teplotach 25-75 °C. Ziskané vy-
sledky jsou shrnuty v tab. III.

Vyssi separacni teplota snizuje viskozitu mobilni
faze; analyzy za vysSich teplot obecné vedou ke snizeni
retence analytli a ke zlepSeni faktorti asymetrie. Pouziti
vyssich teplot pii analyzach na koloné Discovery Zr-PBD
sice vedlo ke sniZeni retence analytl, avSak hodnoty fakto-
ru asymetrie se vyrazné nezlepsily. Piky analytl sice zme-
nily tvar, byly vyss$i a uzsi, ale stale vykazovaly jistou
asymetrii. Na zakladé hodnot faktori asymetrie
a s prihlédnutim k zachovani biologické aktivity studova-
nych latek byla vybrana jako nejvhodnéjsi teplota 45 °C.

Obr. 3 ukazuje optimalizovanou separaci nonapeptidi
na kolon¢ Discovery Zr-PBD.
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Obr. 3. Separace smési nonapeptidi na koloné Discovery Zr-
PBD; mobilni fize ACN/40 mmol 1" fosfore¢nanovy puft, pH 10
(18/82, v/v); pracovni teplota 45 °C; priitokové rychlost 1 ml min™;
davkovaci smycka 5 ul; UV detekce pii 214 nm, 1 — uracil, 2 —
oxytocin, 3 — Arg-vasotocin, 4 — Arg-vasopresin, 5 — Lys-
vasopresin
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Tabulka IIT
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Hodnoty retenénich faktord £, rozliSeni Rg a faktor asymetrie A v zavislosti na teploté; separace na koloné Discovery Zr-
PBD; mobilni faze ACN/40 mmol 1™ fosfore¢nanovy pufr, pH 10 (18/82, v/v); priatokova rychlost 1 ml min~'; davkovaci

smycka 5 pl; UV detekce pti 214 nm

Veli¢ina Analyt Teplota [°C]
25 35 45 55 65 75
oxytocin 0,12 0,11 0,10 0,08 0,07 0,06
X Arg-vasotocin 0,45 0,44 0,41 0,39 0,37 0,36
Arg-vasopresin 0,85 0,80 0,75 0,68 0,63 0,58
Lys-vasopresin 1,41 1,30 1,17 1,02 0,92 0,81
oxytocin 1,9 1,9 1,8 1,7 1,5 1,5
R Arg-vasotocin 3,5 3,6 4,0 42 4.4 4,7
Arg-vasopresin 2,9 2,9 3,1 3,2 3,0 3,1
Lys-vasopresin 35 3,5 3,5 33 3,0 2,6
oxytocin 2,3 1,7 1,4 1,4 1,8 1,8
" Arg-vasotocin 2,5 2,3 2,0 2,1 2,0 2,1
Arg-vasopresin 2,1 1,7 1,8 1,9 1,8 2,0
Lys-vasopresin 2,0 1,9 1,9 1,8 1,9 2,0

Separace nonapeptidi na koloné Discovery Zr-PS

Chromatografické chovani vasopresinti bylo studova-
no také na koloné Discovery Zr-PS. Dle tidaji vyrobce ma
tato kolona nejméné hydrofobni stacionarni fazi ze vSech
komer¢nich zirkoniovych kolon a je kompatibilni s Cisté
vodnou mobilni fazi. Proces optimalizace separace a vy-
chozi podminky byly stejné jako u kolony Discovery
Zr-PBD. Mobilni faze byla slozena z20 obj.% ACN
a 80 0bj.% fosforecnanového pufru; koncentrace pufru
byla 50 mmol I"! a hodnota pH byla 12. Oxytocin eluoval
s mrtvym Casem a ostatni analyty vykazovaly jest¢ nizsi
retenci nez na kolon¢ Discovery Zr-PBD, nedoslo k jejich
rozdéleni na zakladni linii. Bylo tedy pfistoupeno
k jednotlivym kroktim optimalizace.

Vliv pH a koncentrace pufru na reten¢ni chovani
nonapeptidd

Vliv pH fosfore¢nanového pufru byl studovan
v rozmezi 5—12. Obr. 4 ukazuje zavislost reten¢nich fakto-
ri k na pH vodné slozky mobilni faze. Z vypoctenych hod-
not retenénich faktort k, rozliSeni Rg a faktorii asymetrie
Ap jednotlivych analytd vyplyva, ze nizsi pH vodné slozky
mobilni faze vedlo ke zvySeni retence a rozliSeni analytd,
ale ke zhorSeni tvaru piku (faktord asymetrie Ag). Oxyto-
cin vykazoval retenci az pii hodnoté pH 5, kdy ale retenéni
faktor Lys-vasopresinu m¢l hodnotu 21,6; ¢as analyzy tak
byl velmi dlouhy (60 min) a piky pozd¢ji eluujicich analy-
th byly znaéné rozmyté. Pouziti fosforecnanového pufru
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o0 hodnoté pH 7 zkratilo vyznamné dobu analyzy (14 min),
ale piky analytl stale vykazovaly znacnou asymetrii. Pfi
pH 11 doslo ke koeluci Arg-vasopresinu a Lys-
vasopresinu. Pro dalsi fazi optimalizace separace bylo tedy
vybrano pH 9. Za téchto podminek sice oxytocin nevyka-
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Obr. 4. Zavislost reten¢nich faktori £ na hodnoté pH vodné
slozky mobilni faze; separace na kolon¢ Discovery Zr-PS; mo-
bilni faze ACN/50 mmol I"* fosforegnanovy pufr (20/80, v/v);
pritokové rychlost 1 ml min™'; davkovaci smy&ka 5 ul; UV de-
tekce pii 214 nm; m oxytocin, O Arg-vasotocin, ® Arg-vasopresin,
o Lys-vasopresin
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zoval retenci, hodnoty rozliSeni ostatnich analytd ale byly
dostacujici (v rozmezi hodnot 1,2-3,8) a faktory asymetrie
lepsi neZ pro hodnotu pH 8.

Vliv koncentrace pouzitého pufru na retenci analyti
byl sledovan v rozmezi 10-100 mmol I"". Bylo zjisténo, ze
iontova sila vodné slozky mobilni faze ma velky vliv na
chromatografické chovani studovanych analyti. Nizka
koncentrace fosfore¢nanového pufru (10 mmol I vedla
k prodlouzeni doby analyzy na 15 min, bylo dosaZzeno
nejlepsiho rozliSeni pro Arg-vasopresin, ale rozliSeni Arg-
vasotocinu a Lys-vasopresinu bylo zbyte¢né velké. Za
téchto podminek vykazovaly piky nejveétsi asymetrii. Zvy-
Senim iontové sily, tzn. zvySenim koncentrace pufru na
100 mmol 1" doslo sice ke zkraceni doby analyzy na
5 min, ale i k vyraznému zhorSeni rozliSeni vSech zadrzo-
vanych analytil, Arg-vasotocin a Arg-vasopresin byly neu-
plné rozdélené. Oxytocin stale nevykazoval retenci. Na
zakladé hodnot faktorti asymetrie byla pro dalsi experi-
menty vybrana koncentrace fosfore¢nanového pufru
0 hodnoté 50 mmol 1",

Vliv obsahu organického modifikatoru v mobilni
fazi na retenc¢ni chovani nonapeptida

Pro tuto fazi optimalizace byly pouzity vySe popsané
vysledky. Mobilni faze byla slozena z ACN a fosforecna-
nového pufru o koncentraci 50 mmol I"' a pH 9. Obsah
ACN v mobilni fazi byl ménén v rozmezi 3—40 obj.%. Na
obr. 5 je naméfena zavislost reten¢nich faktorti k£ na obsa-
hu ACN v mobilni fazi. Ze ziskanych dat vyplynulo, Ze
vy$si obsah ACN v mobilni fazi (30 a 40 obj.%) vedl ke
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Obr. 5. Zavislost reten¢nich faktori kna obsahu ACN
v mobilni fazi; separace na koloné Discovery Zr-PS; mobilni
fize ACN/50 mmol "' fosfore¢nanovy pufr, pH 9; priitokova
rychlost 1 mlmin™'; davkovaci smyc¢ka 5pul; UV detekce pii
214 nm; m oxytocin, O Arg-vasotocin, ® Arg-vasopresin, o Lys-
vasopresin
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koeluci Arg-vasotocinu a Arg-vasopresinu a k eluci oxyto-
cinu v mrtvém c¢ase. SniZzovanim obsahu ACN v mobilni
fazi se zvySovala retence vSech analytd, tzn. i oxytocinu,
ktery doposud retenci nevykazoval. Pouzitim mobilni faze
obsahujici 5 obj.% ACN bylo dosazeno uspokojivych hod-
not rozliSeni i faktorti asymetrie v§ech analyti. RozliSeni
bylo vrozmezi 1,9-4,4 a faktory asymetrie v rozmezi
0,95-1,8, a proto byla tato mobilni faze zvolena jako nej-
vhodnéjsi pro separaci studovanych latek.

Vliv separaéni teploty na retenéni chovani
nonapeptidd

Kolona Discovery Zr-PS byla termostatovana a za
optimalizovanych podminek bylo sledovano retenéni cho-
vani analytl pii teplotach 25 °C, 35 °C, 45 °C a 55 °C.
Tabulka IV shrnuje vysledky ziskané pti tomto optimali-
zanim kroku. Analyzy za vyssich teplot vedly ke zlepSeni
faktori asymetrie vSech analytd, avSak zaroven se snizilo
rozliSeni s vyjimkou Arg-vasotocinu. Pti 55 °C se vyrazné
zhorsilo rozliSeni oxytocinu. Z toho divodu byla vybrana
teplota 45 °C, pii které je rozliSeni vSech analyti vétsi nez
2 a faktory asymetrie mensi nez 1,6.

Chromatogram, ukazujici separaci nonapeptidi na
koloné€ Discovery Zr-PS za optimalizovanych podminek,
je na obr. 6.

Kvantifikace vybranych nonapeptida

V optimalizovanych mobilnich fazich na obou zirko-
niovych kolonach byly kvantifikovany tfi vybrané nona-
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Obr. 6. Separace smési nonapeptidi na koloné Discovery Zr-
PS; mobilni fize ACN/50 mmol I fosfore¢nanovy pufr, pH 9
(5/95, v/v); pracovni teplota 45 °C; prittokova rychlost 1 ml min™";
davkovaci smycka 5 ul; UV detekce pti 214 nm; 1 — uracil, 2 —
oxytocin, 3 — Arg-vasotocin, 4 — Arg-vasopresin, 5 — Lys-
vasopresin
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Tabulka IV
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Hodnoty retenénich faktord £, rozliSeni Rg a faktori asymetrie A v zavislosti na teploté; separace na koloné Discovery Zr-
PS; mobilni fize ACN/50 mmol I fosfore¢nanovy pufr, pH9 (5/95, v/v); pritokova rychlost 1 ml min™'; davkovaci

smycka 5 pl; UV detekce pti 214 nm

Veli¢ina Analyt Teplota [°C]

25 35 45 55
oxytocin 0,15 0,15 0,13 0,09
i Arg-vasotocin 0,46 0,47 0,44 0,36
Arg-vasopresin 0,79 0,80 0,71 0,56

Lys-vasopresin 1,45 1,40 1,23 0,95

oxytocin 2,5 2,5 2,4 1,6

R Arg-vasotocin 42 4.4 49 5,2
Arg-vasopresin 32 3,2 3,1 2,7

Lys-vasopresin 473 42 42 4,1

oxytocin 1,2 1,1 1,0 1,0

" Arg-vasotocin 1,7 1,6 1,5 1,2
Arg-vasopresin 1,6 1,6 1,6 1,4

Lys-vasopresin 1,8 1,9 1,6 1,4

peptidy, tj. Arg-vasotocin, Arg-vasopresin a Lys-
vasopresin. Oxytocin nebyl kvantifikovan vzhledem
k eluci blizké mrtvému Casu. Byla proméfena zavislost
velikosti odezvy jednotlivych analyti na vlnové délce
v rozmezi 210-220 nm. Pfi vinové délce 214 nm mély
odezvy analytd maximalni hodnotu, tudiz byla tato vinova
délka pouzita pro kvantifikaci.

Na kolon¢ Discovery Zr-PBD byly kalibracni zavis-
losti proméfeny v koncentraénim rozmezi 1,56:107* az
1,00 mg ml™. Byly vyhodnoceny zavislosti plochy (resp.
vySky) piku na koncentraci pfislusného analytu a uréeny
parametry normalnich a logaritmickych forem kalibra¢nich
kiivek studovanych analytli. Smérnice logaritmickych
forem kalibra¢nich kiivek se pohybovaly v rozmezi 0,97
az 1,02. Korelacni koeficienty lezely v intervalu <0,9988;
0,9999>, a proto mohly byt kalibra¢ni zavislosti prohlase-
ny za linearni.

Kvantifikaéni studie byla také provedena na koloné
Discovery Zr-PS pfi pouziti optimalizované mobilni faze.

Tabulka V

Kalibra¢ni zavislosti byly proméfeny v koncentra¢nim
rozmezi 3,13-10°-1,00 mg 1I"'. Smérnice logaritmickych
forem kalibra¢nich ktivek studovanych analyti lezely
v intervalu <0,98;1,02>, korelacni koeficienty se pohybo-
valy v rozmezi 0,9979-0,9999. Tato fakta svéd¢i o lineari-
té kalibracnich zavislosti.

Parametry  kalibra¢nich ~ zavislosti  poslouzily
k vypoctu mezi detekce (LOD) a mezi stanovitelnosti
(LOQ) studovanych nonapeptidii.

Mez detekce (LOD) odpovida koncentraci, pro kterou
je analyticky signal statisticky vyznamné odlisny od Sumu.
Pro odezvu meze detekce plati:

Yp = 3. hmax
kde Amax je maximalni kolisani zakladni linie slepého po-
kusu v oblasti dané 20ndsobkem polositky piku stanovova-

ného analytu.
Pro odezvu meze stanovitelnosti (LOQ) plati:

Ys = 10 ° hmax

Meze detekce (LOD) a meze stanovitelnosti (LOQ) nonapeptidi na kolonach Discovery Zr-PBD a Discovery Zr-PS

Analyt LOD [ug ml™"] LOQ [ug ml™"]
Zr-PBD Zr-PS Zr-PBD Zr-PS
Arg-vasotocin 1,0 2,4 3,3 8,0
Arg-vasopresin 2.4 6,7 7,9 22,3
Lys-vasopresin 1,8 5,6 5.8 18,7
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Pii vypoctu meze detekce a meze stanovitelnosti bylo
vyuZito zavislosti vysky piku na koncentraci analytu.

Vypoctené hodnoty LOD a LOQ jednotlivych analyti
na obou kolonach shrnuje tab. V.

Zavér

Chromatografické chovani biologicky aktivnich nona-
peptidit bylo studovano na dvou reverznich kolonach na
bazi ZrO,, a to Discovery Zr-PBD s polybutadienovou
stacionarni fazi a Discovery Zr-PS s polystyrenem jako
stacionarni fazi. Ze ziskanych vysledki vyplyva velka
podobnost pouzitych kolon. Chromatografické chovani
nonapeptidii se na obou kolonach vyrazné nelisilo; trendy
v retenci analytll pfi zménach separacnich podminek byly
stejné ¢i velmi podobné. Na koloné Discovery Zr-PS bylo
dosazeno Uspésné separace pfi pouZziti mobilni faze sloze-
né z fosforecnanového pufru a obsahujici pouze 5 0bj.%
ACN. Tyto podminky separace jsou Setrné a umoziuji
zachovani biologické aktivity analytl; zaroven piinaseji
vyhody v podobé uspory organického rozpoustédla. Lepsi
kvantifikacni parametry ovSem poskytla kolona Discovery
Zr-PBD.

Reverzni kolony na bazi ZrO, se ukazaly jako dobra
alternativa ke kolonam se silikagelovym nosi¢em pro sepa-
raci biologicky aktivnich nonapeptidi. Odlisny reten¢ni
(interakéni) mechanismus, $iroké moznosti modifikace
povrchu ZrO, a moZnost pouziti v celém rozsahu pH a pfi
teplotach do 200 °C predurcuji tyto stacionarni faze
k dal$im usp&$nym aplikacim v separacich biomolekul.

Autori dékuji za financni podporu vyzkumnému pro-
Jektu MSM 0021620857 (MSMT CR) a projektu Kontakt
ME 895.
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L. Janetkova®, J. Sobotnikova®, E. Tesafova®, and
Z. Bosakova® (Charles University in Prague, Faculty of
Science, “Department of Analytical Chemistry, "Depart-
ment of Physical and Macromolecular Chemistry, Czech
Republic): Application of Modern Reversed Phases
Based on Zirconium Dioxide for the Analysis of Bioac-
tive Peptides

Separation of biologically active peptides was per-
formed on polybutadiene (PBD) and polystyrene (PS) re-
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versed phases based on zirconium dioxide. ZrO, as an
alternative carrier to silicagel offers ion-exchange interac-
tions, which are useful for separation of ionizable com-
pounds. The parameters like buffer concentration and pH,
the amount of organic modifier and temperature affected
separation of nonapeptides. The retention characteristics
(retention factor, resolution, peak symmetry, separation
efficiency) were investigated. The systems consisting of
acetonitrile and phosphate buffer of basic pH were found
suitable for separation of vasopressin-related peptides.
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Study of interaction mechanisms on
zirconia-based polystyrene HPLC column

Separation systems with a zirconia-based polystyrene HPLC column were characterized
by different approaches, which allowed the recognition of interactions participating in the
separation environments. Zirconia-based HPLC columns as an alternative to silica-based
ones offer unique interaction mechanism based on Lewis acid-base theory. Besides
hydrophobic interactions with the modified surface of the zirconia carrier it includes ion-
exchange and ligand-exchange interactions that are helpful in the separation of many
bioactive compounds. Three distinct approaches were applied for description of the
complex separation mechanism. General chromatographic tests by Walters, Engelhardt
and Galushko were applied to evaluate the fundamental properties of the systems —
hydrophobicity and polarity. The complex model of linear free energy relationship
described the interactions from the qualitative and quantitative points of view more in
detail. Application of a set of basic compounds revealed the contribution of ion-exchange
interactions participating in the separation systems.

Keywords: Basic compounds / HPLC / Linear free energy relationship / Zirconia-

based columns

DOI 10.1002/jssc.201000391

1 Introduction

RP HPLC has become a powerful analytical technique for
the separation and analysis of a variety of compounds
possessing different properties. This separation mode plays
a dominant role in all the HPLC applications [1, 2] because
of performing selective and efficient separations of high
resolution. Silica gel is the most common carrier of the
stationary phases used in RP HPLC because of its unique
properties, i.e. excellent mechanical stability and large
surface, which can be easily modified by bonding various
stationary phases [3]. The major disadvantage of silica gel is
its low chemical and thermal stability [4]. Restriction in pH
range of the aqueous part of the mobile phase is a limiting
factor especially in the separations of the basic compounds
[5]. Increased separation temperature along with low pH of
buffers as mobile phase constituents lead to gradual loss of
the bonded phase. Moreover, residual silanol group activity
affects negatively the retention and peak symmetry of the
analytes [4], particularly basic compounds.

Correspondence: Professor Eva Tesafovd, Faculty of Science,
Department of Physical and Macromolecular Chemistry, Charles
University in Prague, Albertov 2030, 12843 Prague, Czech
Republic

E-mail: tesarove@natur.cuni.cz

Fax: +420-224-919-752

Abbreviations: LFER, linear free energy relationship; MeOH,
methanol; PS, polystyrene
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The limits of silica gel led to increased interest in metal
oxides as the supports for RP HPLC packings [6-8]. Zirco-
nium dioxide has shown very promising quality [7-10]. It is
chemically stable over the whole pH range (1-14) and can be
employed at high temperatures (up to 200°C) [7]. Zirconia
offers surface chemistry different from silica gel, based on
Lewis theory of acids and bases [7]. Hard Lewis acid sites
(free d-orbitals of Zr atom) on the surface of the carrier have
a strong affinity for Lewis bases, components of the mobile
phase (e.g. phosphate, hydroxylic, carboxylic and fluoride
anions), which adsorb on the surface by specific ligand-
exchange interactions and contribute to the retention of the
analytes by the ion-exchange interactions. Zirconia can be
coated with a polymeric stationary phase (polystyrene (PS),
polybutadiene) [11] and offers different selectivity and
retention mechanism from silica-based columns. Successful
separations have been achieved on polymeric zirconia-based
columns [10, 12, 13].

The chemistry of the stationary phase, the character of
its carrier, the mobile phase composition and the tempera-
ture affect the complex separation mechanism, where many
types of interaction forces among the analyte, the stationary
phase and the mobile phase participate [6, 14, 15]. Deeper
understanding of the complex separation process on zirco-
nia-based columns and description of the interactions
participating in the separation system are important and can
be helpful in the development of new analytical methods.
Many approaches for the characterization of separation
systems can be applied. General characterization of the
hydrophobicity and silanol activity of the RP columns is
frequently performed by the widely known and referred

www.jss-journal.com
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testing procedures designed by Walters [16], Engelhardt and
Jungheim [17], Tanaka [18] and Galushko [19]. These tests
are mostly employed for comparative studies of the basic
properties of the RP packings [15, 20]. Considering zirconia-
based columns, the parameters of the silanol activity cannot
obviously provide the information about the silanophilic
interactions but most likely refer to other polar interactions
on the surface of the zirconia carrier.

A comprehensive method for characterization and
comparison of separation systems is the model of linear free
energy relationship (LFER) [21], which can independently
describe the contributions of individual interactions to the
retention process. The LFER equation expresses the rela-
tionship between the retention characteristic (i.e. retention
factor) determined for a representative set of analytes in a
given separation system and the solute fundamental
properties [22]:

logk = ctvVx+ay abl+b> " py+sni+rR, (1)

The independent variables in Eq. (1) are solute descriptors,
where Vyx is the McGowan characteristic volume [23],
S-abl is the effective or overall hydrogen bond acidity
(i.e. hydrogen bond donor ability) [24], 3° B3 is the effective
or overall hydrogen bond basicity (i.e. hydrogen bond
acceptor ability) [24], ' is the dipolarity/polarizibility
(a measure of dipole—dipole interaction possibilities of the
solute) [24] and R, is the excess molar refraction. The
selection of a representative set of analytes is essential for
the system evaluation. The solutes should be structurally
diverse and the distribution of the solutes descriptors should
equally cover a wide range of interactions [25]. Multivariate
regression analysis is applied for the determination of the
coefficients in Eq. (1) that reflect the different types of
molecular interactions in the studied system. In HPLC, the
regression coefficients relate to the differences in the
properties of the stationary and mobile phases. The coeffi-
cient v represents the difference in hydrophobicity between
the two phases; a reflects the difference in hydrogen bond
Dasicity; b refers to the difference in hydrogen bond acidity; s
is equal to the difference in dipolarity/polarizibility; and r
reflects the difference in disposition of the stationary and
mobile phases to interact with n- and m-electron pairs of
the solutes. The ¢ intercept in the LFER equation is char-
acteristic of the given system but it does not reflect any
interaction. This coefficient involves various parameters
affecting retention that are not expressed by regression
coefficients [26].

LFER seems to be a powerful tool for characterization of
the separation systems with zirconia-based columns [15, 27,
28]. If the organic modifier content is kept constant in the
mobile phase the LFER model can reveal the effect of the
nature of the aqueous component, which plays a significant
role in the retention process on zirconia-based columns, on
the individual interactions participating in the complex
retention process.

The ion-exchange interactions of zirconia support can
be useful in the separations of ionizable compounds such as

© 2010 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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molecules with a basic nitrogen atom that often cause
difficulties when analyzed on silica-based columns because
of the interactions with residual silanol groups [5]. There are
many procedures for description of the ion-exchange inter-
actions on silica-based columns [29, 30]. Application of a set
of basic compounds covering a wide range of hydrophobicity
and pK, constants is one of them. It can be used to reveal
the non-hydrophobic interactions involved in the retention
mechanism [30]. This approach could be applicable also on
the zirconia-based columns.

The aim of this study was to characterize the separation
systems with PS modified zirconia-based HPLC column
using general chromatographic tests, the LFER model and a
set of basic compounds. Combination of these approaches
resulted in a complex description of the interaction possi-
bilities of the zirconia-based PS column.

2 Materials and methods
2.1 Instrumentation

All chromatographic measurements were carried out by a
Waters HPLC Breeze System (Milford, USA) consisting of
an HPLC gradient pump 1525, an autosampler 717Plus, a
column oven Jetstream 2 Plus and a UV-Vis dual
absorbance detector 2487. For process control and data
evaluation, Breeze software, version 3.30 SPA was used.
Chromatographic column Discovery Zr-PS (column size
250 mm x 4.6 mm, particle size 5 pm, pore size 300 A) with
ZrO, support and PS as a stationary phase, manufactured
by Supelco (Bellefonte, USA), was used for all measure-
ments. The dead time was determined using the system
peak. For all the analyses the sample volume of 5 pL was
injected.

2.2 Chemicals and chromatographic conditions

Organic solvents (ACN and MeOH)) of HPLC grade were
from Sigma-Aldrich (Steinheim, Germany). Sodium phos-
phate monohydrate (p.a.), sodium hydroxide (p.a.) and
ammonia (aqueous solution, 25%) were obtained from
Lach-ner (Neratovice, Czech Republic). Deionized water was
prepared using a Milli-Q water purification equipment
(Millipore, Milford, USA). The solutes for all the tests
applied were of analytical grade purity and were purchased
from Sigma-Aldrich (St. Louis, USA). 36 solutes for LFER
study were chosen to cover a wide range of chemical
properties. List of 36 solutes and their corresponding
descriptors pertaining to Eq. (1) are shown in Table 2. A
set of 15 basic compounds differing in pK, constants and
hydrophobicity was selected on the basis of the paper
published by Sykora et al. [30]. They are listed in Table 4.
The concentrations of stock solutions of solid and liquid
samples were 1 mg/mL and 20 pL/mlL, respectively. The
analytes for the Walters, Engelhardt and Galushko tests
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were dissolved in the corresponding mobile phases. Pure
ACN was used as a solvent of the analytes for the LFER
study and in the experiments with basic compounds. All
solutions were consequently diluted to obtain roughly
equivalent detection signals of all the test compounds. The
retention times of all the test compounds were measured in
triplicate in all used mobile phases described below.

For the Walters, Engelhardt and Galushko tests experi-
mental conditions were kept according to Refs. [16, 17, 19].
A flow rate of 1 mL/min was used, column temperature was
maintained at 40°C and the detection wavelength was set to
254 nm. For the Walters test pure ACN and the mixture of
ACN/deionized water, 65:35 v/v were used as the mobile
phases. The Engelhardt and Galushko tests were performed
in MeOH/deionized water, 55:45 v/v and MeOH /deionized
water, 60:40 v/v, respectively.

Study of the LFER models and the experiments with the
basic compounds were performed under these conditions:
flow rate 1 mL/min, column temperature 25°C, detection
wavelength 254 nm. Three mobile phases used in these
studies were of the following compositions: ACN/deionized
water (pH = 6.0), 20:80 v/v; ACN/sodium phosphate buffer
(50mM, pH=10.0), 20:80v/v; ACN/ammonia solution
(50 mM, pH = 11.0), 20:80 v/v.

2.3 LFER procedure

The regression coefficients of the LFER equation were
obtained from a series of measurements of the retention
factors of the set of 36 solutes with known solvation
parameters that are summarized in Table 2. The retention
times of the analytes were measured in triplicate in three
different mobile phases. The resulting coefficients were
calculated for each separation system by multiple linear
regression analysis of log k against the solute descriptors
using the NCSS software (Kaysville, USA). The results were
determined for both the complete model utilizing all
regression coefficients and the optimal model employing
just the statistically significant regression parameter values.
The p-values in Table 3 express probability of the error that
the individual coefficient does not contribute to the model.
If p-values of the coefficients in the complete model are
higher than 0.05 then the coefficients are not involved in the
calculation of the optimal model that employs only
statistically significant regression parameter values.

3 Results and discussion

Distinct testing procedures were chosen to characterize the
separation systems with Zr-PS column. Chromatographic
tests by Walters, Engelhardt and Galushko brought the
information about hydrophobicity and polarity of the Zr-PS
column. Through LFER study it was possible to gain insight
into the molecular mechanism of the separation in given
chromatographic systems and reveal the individual interac-

© 2010 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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tions participating in the retention process. Application of a
set of basic compounds indicated the ion-exchange interac-
tions contributing to the retention.

3.1 Simple chromatographic tests

Characterization of separation systems can be performed by
many different methods. Simple chromatographic tests by
Walters, Engelhardt and Galushko operating with a few test
compounds available in most laboratories are often employed
for characterization of column hydrophobicity, shape selec-
tivity and silanol activity. These tests are based on the relative
retention of selected pairs of aromatic compounds (differing
in hydrophobicity or acidity/basicity) using recommended
aqueous-organic mobile phases. On silica-based columns free
silanol groups on the surface cause undesirable interactions
and thus the parameter testing the silanol activity should be
as low as possible. When considering the “silanol activity”” of
metal oxide-based columns, the results cannot show the
silanophilic interactions but most likely refer to the polar
interactions on the surface of the carrier.

The hydrophobicity (HI) values represent selectivities
for specific molecular increments. In the Walters and
Engelhardt tests column hydrophobicity is calculated from
the separation factor, o, of anthracene/benzene (in 65%
ACN) and ethylbenzene/toluene (in 55% MeOH), respec-
tively [16, 17]. Hydrophobicity defined by Galushko is
obtained as a half of the sum of retention factors of toluene
and benzene using 60% MeOH as a mobile phase [19].

Silanol activity (SI) parameters can be evaluated by a
selectivity factor of two compounds of different acid/base
characters. The Walters test defines this parameter as a
separation factor of N,N-diethyl-m-toluamid/anthracene in
pure ACN [16]. The Engelhardt procedure uses aniline to
phenol retention factors ratio in 55% MeOH [17]. The sila-
nol activity by Galushko is defined in 60% MeOH as SI =
1+3 [(kaniline/kphenol)_l] [19]

The results of these tests applied to Discovery Zr-PS
column are given in Table 1. The values of Walters and
Engelhardt hydrophobicity parameters are comparable with
common published data for silica-based columns [15, 20]. The
hydrophobicity parameter by Galushko shows lower retention
of the test compounds, i.e. lower methylene selectivity than
common silica-based reversed columns possess [15, 20].

Some differences of the polarity parameters of the
Zr-PS column in comparison with the silica-based columns
were obtained. The Walters test showed strong retention of

Table 1. Results of the Walters, Engelhardt and Galushko
chromatographic tests

Walters Engelhardt Galushko
HI (hydrophobicity) 3.99 1.55 0.38
SI (polarity) 2.93 0.72 017
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Table 2. Test solutes for LFER model, corresponding solvation parameters and retention factors (k) in the three different mobile phases

Solute W Sof SBY ey R, k
Water® Phosphate® Ammonia®

Phenol 0.78 0.60 0.30 0.89 0.81 0.38 0.24 0.98
Benzamide 0.97 0.49 0.67 1.50 0.99 0.18 0.1 1.52
2-Naphthol 1.14 0.61 0.40 1.08 1.52 4.30 1.56 2.10
Resorcinol 0.83 1.10 0.58 1.00 0.98 0.58 0.02 0.70
Benzophenone 1.48 0.00 0.50 1.50 1.45 10.21 6.93 2244
Hydrogquinone 0.83 1.16 0.60 1.00 1.00 0.17 0.07 1.70
1,2-Cresol 0.92 0.52 0.31 0.86 0.84 0.88 0.54 1.59
Benzonitrile 0.87 0.00 0.33 1.1 0.74 0.87 0.40 2.98
1,3-Cresol 0.92 0.57 0.34 0.88 0.82 0.88 0.43 1.30
Benzylalcohol 0.92 0.33 0.56 0.87 0.80 0.26 X 1.73
Benzene 0.72 0.00 0.14 0.52 0.61 1.35 0.99 3.99
Naphthalene 1.09 0.00 0.20 0.92 1.34 12.86 5.78 20.78
Pyrocatechol 0.83 0.85 0.52 1.07 0.97 2.07 X 1.68
Dibenzothiophene 1.38 0.00 0.18 1.31 1.96 X 25.44 X
Nitrobenzene 0.89 0.00 0.28 1.1 0.87 1.53 1.12 439
Ethylbenzene 1.00 0.00 0.15 0.51 0.61 5.71 0.54 13.14
Benzaldehyde 0.87 0.00 0.39 1.00 0.82 0.68 0.48 2.65
Toluene 0.86 0.00 0.14 0.52 0.60 2.86 2.02 7.19
1,2-Toluidine 0.96 0.23 0.45 0.92 0.97 454 X 9.94
Biphenyl 1.32 0.00 0.22 0.99 1.36 34.34 8.13 67.78
Phenanthrene 1.45 0.00 0.26 1.29 2.06 X 41.46 X
1,2,3-Trichlorobenzene 1.08 0.00 0.00 0.86 1.03 X 9.52 X
1,2-Dichlorobenzene 0.96 0.00 0.04 0.78 0.87 9.01 6.50 20.65
3-Nitrotoluene 1.03 0.00 0.25 1.10 0.87 331 1.10 8.07
1,2-Xylene 1.00 0.00 0.16 0.56 0.66 5.41 3.81 12.82
Bromobenzene 0.89 0.00 0.09 0.73 0.88 5.39 3.99 12.98
2-Nitrotoluene 1.03 0.00 0.27 1.1 0.87 3.08 2.09 181
1,3-Xylene 1.00 0.00 0.16 0.52 0.62 5.96 411 13.86
Chlorobenzene 0.84 0.00 0.07 0.65 0.72 3.99 278 9.26
1,4-Xylene 1.00 0.00 0.16 0.52 0.61 5.86 4.04 12.99
2-Chlorophenol 0.90 0.32 0.31 0.88 0.85 1.89 0.72 0.42
3-Chlorophenol 0.90 0.69 0.15 1.06 0.91 247 1.18 0.63
4-Chlorophenol 0.90 0.67 0.21 1.08 0.92 2.35 0.85 0.93
2-Nitrophenol 0.95 0.05 0.37 1.05 1.02 3.13 0.88 0.35
4-Nitrophenol 0.95 0.82 0.26 1.72 1.07 3.40 0.63 0.35
3-Hydroxybenzaldehyde 0.93 0.74 0.40 1.38 0.99 0.80 0.34 0.48

The descriptors were obtained from the literature [22, 25]. McGowan characteristic volume was calculated from the atom and bond

contributions according to [23]. x means no elution within 3 h.
a) Mobile phase ACN/H,0, 20:80 v/v.

b) Mobile phase ACN/phosphate buffer (50 mM, pH = 10.0), 20:80 v/v.
c) Mobile phase ACN/ammonia solution (50 mM, pH = 11.0), 20:80 v/v.

N,N-diethyl-m-toluamid, which confirms the interactions of
active Zr support with free electrons of the test compound.
The other two tests yielded an interesting fact that aniline
eluted before phenol. This retention behavior is specific for
deactivated silica-based columns where silanophilic inter-
actions are reduced [5]. Considering this fact on zirconia-
based columns, the above described retention behavior can
be explained by a larger number of delocalized electrons of
phenol than aniline possesses. The electrons can interact
with the free d-orbitals of Zr atoms on the surface of the
carrier and thus the retention of phenol is higher than that
of aniline.

© 2010 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

Applied chromatographic tests, easy to perform, can
roughly tell the chromatographer about the basic properties
of the stationary phase. There are some deviations of the
chromatographic behavior of the testing solutes on the
Zr-PS column, which show the different interaction possi-
bilities of zirconia-based columns.

3.2 LFER

The complex model of LFER offers the possibility to
characterize the separation system by the description of
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individual molecular interactions participating in the
separation process. LFER is often employed to characterize,
compare and predict separation possibilities of various
separation systems. Some papers applied the LFER model to
the separation systems with zirconia-based columns [15, 27,
28]. We used the LFER model to describe and compare three
separation systems consisting of the Zr-PS column and
differing in mobile phase compositions. The choice of the
chromatographic conditions was based on our previous
study of chromatographic behavior of biologically active
peptides [13, 31]. The goal was to describe the retention
mechanism and to show the differences between individual
interaction types using different aqueous components
of the mobile phase. As mentioned above, the constituents
of the mobile phase play a significant role in the specific
ligand-exchange interactions with ZrO, support and can
largely affect the retention of the ionizable compounds.
The employed mobile phases had the same ratio of the
organic modifier (ACN) and aqueous component, i.e.
20:80 v/v. Deionized water (pH = 6.0), phosphate buffer
(50mM, pH=10.0) and ammonia solution (50 mM,
pH =11.0) were chosen as aqueous constituents of the
mobile phases applied for the LFER study. The test solutes,
their solvation parameters and retention factors are
summarized in Table 2.

The differences of interactions of analytes between the
stationary and the mobile phases are described by the
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regression coefficients in Eq. (1). The regression coefficients
obtained from the complete and optimal models of LFER
or the three separation systems (as well as the standardized
coefficients of the optimal model) are summarized in
Table 3. Plots of the experimental log k against calculated/
predicted log k values for the first two systems (using
water or phosphate buffer in the mobile phase) show no
serious outliers and the correlation coefficients of linear
regression fits were 0.94 and 0.97, respectively. This result
indicates the strong correlation of the LFER model with the
experimental data. Poorer correlation between the experi-
mental and calculated results was found for the third
separation system containing ammonia in the mobile
phase, where the correlation coefficient of the linear
regression fit was 0.84. It could be due to the fact that
ammonia acts as a very strong eluting agent for the ZrO,-
based columns and so all other interactions on the
stationary phase surface are suppressed (become less
significant) and thus conditions under which the LFER is
proposed are not fulfilled. The p-values in Table 3 express
significance of the individual coefficients. The p-values are
lower for the optimal model than for the complete one, i.e.
the regression coefficients of the optimal model are more
significant. Therefore, the optimal model was chosen for
further evaluation. For the comparison of the types of
interactions within one separation system the standardized
coefficients should be used.

Table 3. Regression coefficients of the LFER equation in the separation systems with the different mobile phases — ACN/aqueous

component, 20:80 v/v

Aqueous component of the mobile phase Model v a b s r c R
Water CM 1.88 —0.14 —2.26 —0.24 0.65 1.1 0.94
pH=6.0 +95% Cl 0.42 0.14 0.29 0.17 0.28 0.28

P 0.000 0.349 0.000 0.163 0.026 0.001

oM 2.16 X —2.54 X 0.36 -1.30 0.94

+95% Cl 0.35 X 0.25 X 0.23 0.25

P 0.000 X 0.000 X 0.128 0.000

STD 0.58 X —0.76 X 0.16 0.00
Phosphate buffer CM 1.61 —0.63 -2.15 -0.18 0.50 -1.07 0.97
50 mM, pH =10.0 +95% Cl 0.45 0.23 0.54 0.32 0.23 0.32

P 0.002 0.011 0.001 0.570 0.045 0.003

oM 1.61 —0.57 -2.39 X 0.43 —1.12 0.97

+95% Cl 0.45 0.20 0.35 X 0.20 0.31

P 0.001 0.009 0.000 X 0.040 0.001

STD 0.42 —0.24 —0.51 X 0.23 0.00
Ammonia solution CM 2.01 —0.62 —0.10 —0.92 0.22 —0.49 0.84
50 Mm, pH =11.0 +95% Cl 0.75 0.26 0.52 0.31 0.50 0.50

P 0.013 0.025 0.853 0.006 0.663 0.333

oM 2.24 —0.59 X -0.89 X —0.58 0.84

+95% Cl 0.51 0.21 X 0.26 X 0.44

P 0.000 0.009 X 0.002 X 0.205

STD 0.53 —0.36 X —043 X 0.00

CM is the complete model of the LFER equation involving all the regression coefficients; OM means the optimal model of the LFER
equation utilizing just the statistically significant regression coefficients; R is the correlation coefficient; +95% Cl represents +95%
confidence interval; x means insignificant interaction; p is the statistical p-value; STD refers to the standardized coefficients of the

optimal model.

© 2010 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 1 shows the comparison of the regression coef-
ficients of the optimal LFER models for the three separation
systems. A positive coefficient value shows that the given
molecular interaction is stronger in the stationary phase and
thus it increases retention of analytes. A negative value of
the coefficient reflects stronger interaction with the mobile
phase.

The dominant contribution to the retention increase in
all the three studied systems is hydrophobicity. The positive
values of the v coefficients of the individual systems indicate
that this interaction is preferred in the stationary phase. The
values are comparable, which shows little effect of the type
of aqueous mobile phase component on the hydrophobic
interactions. Nevertheless, the presence of phosphate buffer
in the mobile phase seems to slightly reduce these interac-
tions in the stationary phase.

The coefficients a and b, describing the ability of
the system to interact through hydrogen bond interac-
tions, are all negative, so they are preferred in the mobile
phase but do not contribute to the retention in all the
studied systems. The acidity of the investigated mobile
phases is characterized by the solvation parameters of its
components (3 o}l (water) = 1.17, 3 5! (ACN) = 0.19),
and it is affected also by other mobile phase components.
The aqueous part of the mobile phase has strong
hydrogen bond (donor) acidity [32] and as it prevails in
the mobile phase it largely contributes to this type of
interaction. This fact is obvious from the values of the
coefficient b in the systems with water and phosphate
buffer. The addition of the basic ammonia changes the
situation substantially because ammonia interacts strongly
with the stationary phase. Therefore, the acidity of the
stationary phase is low and similar to that of the mobile
phase for the third system. So the difference in this type of
interaction between the stationary and mobile phases is

0 dewonized water
i @ phosphate buller

B ammonia solution

4

Figure 1. Comparison of the regression coefficients (with their
standard errors) of the optimal LFER models for the three
separation systems. Symbol x means insignificant interaction.
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insignificant and the coefficient b is not involved in the
model.

The coefficients a, reflecting the difference in the
hydrogen bond (acceptor) basicity between the stationary
and mobile phases, are significant in the systems with
phosphate buffer and ammonia solution in the mobile
phases. Their values are negative, i.e. this type of interaction
is stronger in the mobile phase. Evaluating the system with
water, the basicity of the stationary and mobile phases is
comparable, so it does not contribute considerably to the
retention process.

Comparison of the contributions of hydrogen bond
acidity (b) and hydrogen bond basicity (a) to the retention
mechanism clearly shows that the former reduces interac-
tions with the stationary phase more significantly as the
absolute values of b are higher than the values of a for
the separation systems with water or phosphate buffer in
the mobile phases.

Less significant contribution to the retention results
from the ability to interact with n- and n-electron pairs of the
solute, expressed by the coefficient r. This coefficient is not
statistically significant in the LFER model for the system
with ammonia. The positive values of the coefficient r for
the two other systems show that the electron-involved
interactions are preferred in the stationary phase. The
aromatic rings of the PS stationary phase are capable of this
type of interactions and can contribute to the retention
process. Considering the system with ammonia, which
strongly interacts with the zirconia-based stationary phase,
the sorbent seems to be hardly accessible for the electron-
involved interactions. Then the interactions with n- and
n-electron pairs are comparable in the mobile and stationary
phases, and the difference in this type of interaction
between the stationary and mobile phases is not statistically
significant.

The difference between the stationary and mobile phase
dipolarity/polarizability is compared through the s coeffi-
cient. This coefficient is significant only for the mobile
phase with ammonia. Whereas these interactions are simi-
lar in the stationary and mobile phases with phosphate or
just with water they predominate in the aqueous solution of
ammonia.

The described results confirm that the individual
interactions participating in the retention are connected
with the nature of both the mobile and the stationary
phases. Some published data [15, 28] comparable with our
results show similar trends that strongly depend on the
experimental conditions.

3.3 Interactions of basic compounds

The columns based on ZrO, are interesting for the unique
interaction mechanism, in which ion-exchange interactions
of the support can largely and positively affect the retention
of ionizable compounds. Considering silica-based columns,
the undesirable ion-exchange interactions with residual
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Table 4. Properties of the studied basic compounds, their retention factors k and symmetry factors Sin the three different mobile phases

Compound name pk, ? log P pH=6.0° pH=100¢ pH=110°

k S k S k S
2-Aminopyridineﬂ 6.84 0.50 0.77 1.45 0.10 1.44 0.13 1.28
3-Aminopyridine” 5.25 0.20 0.20 1.27 0.05 1.46 0.08 132
4-Aminopyridine” 8.61 0.26 2.55 0.82 0.10 1.56 0.40 1.35
2-Amino-4-picoline” 167 1.02 2.08 1.02 0.20 1.45 0.23 1.29
2-Picoline 6.02 1.17 0.22 1.34 0.18 1.50 0.20 1.35
3-Picoline 5.60 1.17 0.28 1.40 0.22 1.50 0.25 1.36
2,6-Lutidine 6.78 1.69 0.41 0.94 0.29 1.54 0.30 1.37
2,4,6-Collidine 161 221 1.29 0.68 0.57 1.49 0.60 1.32
N-Ethylaniline 5.50 213 1.59 1.38 1.47 1.52 1.56 1.36
N,N-Dimethylaniline 5.06 218 2.33 1.42 212 1.54 225 1.37
N-Benzylmethylamine 9.52 1.24 0.72 1.27 0.68 1.45 X X
2-Phenylethylamine 9.81 1.45 1.14 0.80 2.05 1.78 X X
Quinoline 464 2.05 0.99 1.45 0.87 1.54 0.94 1.36
2,6-Dimethylquinoline 6.22 3.09 2.62 1.32 2.39 1.54 2.57 1.36
Aniline 458 0.99 0.35 1.45 0.31 1.55 0.33 1.31

a) pK, constants of protonated forms in aqueous solution at 25°C, computed with software package PALLAS for prediction of pKj,

constants [33].

b) Partition coefficients in n-octanol-water computed with software package PALLAS for prediction of log P values; CDR fragment

database was used in this case [33].

c) Mobile phase ACN/deionized water, 20:80 v/v; pH corresponds to the aqueous component.

d) Mobile phase ACN/phosphate buffer (50 mM, pH = 10.0), 20:80 v/v; pH corresponds to the aqueous component.

e) Mobile phase ACN/ammonia solution (50 mM, pH = 11.0), 20:80 v/v; pH corresponds to the aqueous component.

f) The lower dissociation constants of the protonated amino groups of these analytes are not considered in context of this study because
they are always deprotonated (-NH,) in the pH range tested. x means no elution within 2 h.

silanol groups mostly cause tailing of the peaks and
irreproducible retention of basic compounds. Therefore,
some approaches have been described to reveal and quantify
the contributions of these interactions [20, 29, 30]. Some of
these methods can be applied also for the characterization of
the ion-exchange interactions on ZrO, columns. An
interesting procedure employing a set of basic compounds
[30] was chosen for our purpose. This method was originally
designed to reveal non-hydrophobic interaction involved in
the interaction mechanism on silica-based RPs.

A set of 15 basic compounds that belong to the group of
substituted pyridines (with some exceptions) and differ in
hydrophobicity (log P) and dissociation constants, expressed
as pK,, was employed. Their properties as well as the
obtained retention factors (k) are summarized in Table 4. It
can be clearly seen that the chosen basic solutes cover a wide
range of hydrophobicity and pK, constants. They can be
sorted into smaller groups with similar hydrophobicity and
different pK, constants and vice versa that enables the
evaluation of the individual interactions contributing to the
retention.

One of the possibilities is to compare the retention
behavior of the analytes possessing roughly the same pK,
constants and differing in their hydrophobicity to evaluate
the hydrophobic interactions. For example, 3-picoline and
N-ethylaniline with similar pK, constants and different log
P values do not perform any outstanding behavior. They are
both dissociated in all the mobile phases tested, so the

© 2010 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

contribution of the ion-exchange interactions to retention is
the same and the main force affecting the retention is
hydrophobicity. As a result, 3-picoline performs lower
retention because of its lower hydrophobicity than N-ethyl-
aniline, and this difference of their retention is almost the
same in all the mobile phases. The similar behavior can be
seen for quinoline and aniline. Considering the analytes that
have almost the same pK, constants but their values are
higher than the lowest investigated pH value of the aqueous
part of the mobile phase, the retention behavior is distinct
from that described above. This fact is obvious from Fig. 2
illustrating the retention behavior of 2-amino-4-picoline and
2,4,6-collidine. In the first investigated mobile phase (pH
6.0), the hydrophobic and ion-exchange interactions partici-
pate in the retention process of these analytes. This corre-
lates with their much higher retention factors if compared
with the values obtained in the other mobile phases (pH of
their aqueous components is 10.0 and 11.0). The highest
retention of 2-amino-4-picoline can be explained by another
amino group present in its molecule, which has low pK,
value (pK, = 2.17). In the mobile phase of pH 6.0 this amino
group is fully dissociated and can interact by its free electron
pair and participate in the electron-involved interactions. The
contribution of this type of interactions to the retention is
also obvious from the results obtained by the LFER model
(see the coefficient r). In the two other investigated systems
(at higher pH) the ion-exchange interactions decrease
and the hydrophobic interactions become the main force
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affecting the retention and reflecting the difference in the
hydrophobicity of these two analytes (see Fig. 2).

If we consider the compounds with comparable hydro-
phobicity (log P) and distinct dissociation constants, other
interesting results confirming the presence of ion-exchange
interactions can be concluded. The retentions of two
isomers, 3-aminopyridine and 4-aminopyridine, differing in
pK, constants do not vary substantially in the second (at pH
10.0) and the third (at pH 11.0) separation systems because

Z.5
B 2- Amino-4-picolne
20 4 0O 2.4,6-Collicing
1.5:4
e
L0 4
054
0.0 + - =
6.0 100 1.0
pH

Figure 2. The dependence of retention factors of selected
analytes with similar pK; constants and different hydrophobi-
city. Discovery Zr-PS column; mobile phases composed of ACN/
aqueous part 20:80 v/v, the pH values were measured before the
addition of ACN, the values on the x-axis correspond to pH of
deionized water, phosphate buffer and ammonia solution. For
details see Section 2.

25
W 2.4.6-Collidine
@ N-Ethylaniline
34 O Quinoline
| m J
6.0 0.0
pH

Figure 3. The dependence of the retention factors of selected
analytes with similar hydrophobicity and different pKj,
constants. For more information see caption of Fig. 2.
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quite similar interactions participate there. As 3-aminopyr-
idine is almost fully dissociated already at pH 6.0 its
retention in this separation system is not much different
from that in the previous ones. The ion-exchange interac-
tions are rather limited. On the contrary, 4-aminopyridine
with much higher pK, value is strongly retained in this
system of lower pH because the protonized analyte exhibits
significant ion-exchange interactions. The same retention
behavior can be found for 2-amino-4-picoline compared to
2-picoline or 3-picoline. Comparison of the retention beha-
vior of 2,4,6-collidine, N-ethylaniline and quinoline in the
three studied systems is shown in Fig. 3. N-Ethylaniline and
quinoline have lower pK, than the lowest investigated pH
value of the aqueous component of the mobile phases, thus
the ion-exchange interactions are constant in all the three
separation systems and their retention is not affected by the
pH. As these ion-exchange interactions are reduced, the
retention of these compounds is mainly caused by hydro-
phobic interactions. 2,4,6-Collidine with higher pK, value
performs higher retention in the first system (pH 6.0)
because the molecules are not fully dissociated and they can
participate also in the ion-exchange interactions.

The results of these experiments with basic compounds
performed on Discovery Zr-PS column confirmed some
facts revealed by similar experiments performed with silica-
based stationary phases [30]. Great indicators of the ion-
exchange sites on the sorbent surface are 2-amino-4-pyri-
dine, 4-aminopyridine and 2,4,6-collidine as can be seen
from the results. Some deviations of the experimental data
from the expected ones can be compared with the different
aqueous component of each investigated mobile phase, and
thus different solvation of both the analytes and the
stationary phase. Other types of interaction can also be the
factors causing some deviations in the chromatographic
behavior of the basic compounds.

4 Concluding remarks

The separation systems with zirconia-based PS stationary
phase offer various types of interactions that contribute to the
complex retention mechanism. General characteristics of the
Zr-PS stationary phase were evaluated. The effect of mobile
phase composition was also considered. Simple tests by
Walters, Engelhardt and Galushko revealed that the hydro-
phobicity of the PS modified zirconia-based stationary phase
is comparable with the common silica-based RP columns;
despite the different interaction mechanism on the zirconia
support evidence of polar interactions was also given. The
application of the LFER model to the separation systems
differing in the aqueous component of the mobile phase
resulted in the evaluation of the individual interaction types.
The forces preferred in the stationary phase are hydrophobic
interactions and electron-involved interactions, confirming
the potency of PS stationary phase to interact through these
types of interactions. The significant interactions prevalent in
the mobile phases are the hydrogen bond interactions; their
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extent differs with the mobile phase composition, deionized
water, phosphate buffer and ammonia solution used.
Unfortunately, the ion-exchange interactions offered greatly
by zirconia-based columns are not involved in the model
used. Nevertheless, the application of the basic compounds
revealed this type of interactions acting in the investigated
systems and supplied the information about the complex
separation mechanism on zirconia-based PS column. The
results showed that the various tests used for the character-
ization of silica-based RP chromatographic columns can be
successfully used also for zirconia-based stationary phases.
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4. CHIRAL STATIONARY PHASES BASED
ON DERIVATIZED CYCLOFRUCTANS

4.1. Chiral stationary phases

Chirality, chiral recognition and enantiomeric differentiation are basic
phenomena in nature and in chemical systems. These features greatly affect various
chemical fields dealing with bioactive molecules such as pharmaceutical, agrochemical
or food science [1]. Interest in enantioselective separation and development of chiral
separation media has increased greatly in the past few decades due to the demand
of the mentioned chemical fields. HPLC has become the most powerful method
for separating racemic samples. This method can be used to separate enantiomers either
indirectly using chiral derivatization before separation step or directly with chiral
mobile phase additives or chiral stationary phases (CSPs) [2]. Indirect separation
employs chiral derivatization reagents to form diastereoisomeric derivatives (pairs
with enantiomers of analyte) that have different chemical and physical properties
and therefore they can be separated on achiral stationary phases (in achiral
environment). Chiral mobile phase additives are a simple and flexible alternative
but they cannot always be applied. Due to high cunsumption of expensive chiral
additives they are preferentially used in capillary systems. The most powerful direct
approach to enantioselective separation is HPLC with chiral stationary phases that
allows separation of racemic samples at analytical and preparative scales
or determination of enantiomeric purity [3].

A variety of CSPs with complex interaction mechanisms have been developed
for HPLC by many research groups, which dominate the works of Davankov, Pirkle,
Okamoto, Blaschke, Allenmark, Hermansson, Armstrong, Gasparrini, and Lindner [3, 4,
5, 6, 7, 8]. Nowadays, chiral separation media can be easily classified according to their
structure. The group of macromolecular selectors includes biopolymers (polysaccharide
derivatives, proteins) and synthetic polymers (e.g. polyacrylamides). Macrocyclic
selectors are cyclodextrins, macrocyclic antibiotics and chiral crown ethers. Low-
molecular weight selectors are represented by Pirkle brush-type (m-donor and m-

acceptor) selectors, chiral ion-exchange selectors and ligand exchange selectors
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(chelating agents) [1]. Each of these selectors offers different enantiorecognition
mechanism and thus different selectivity.

Polysaccharide-based CSPs are the mostly employed chiral separation media
followed by the macrocyclic antibiotics and cyclodextrin CSPs [3]. Polysaccharide-
based stationary phases show a very broad applicability to diverse compound classes.
The development and applications of polysaccharide derivatives used as CSPs
are reported in special reviews [8, 9, 10, 11]. The derivatives of cellulose, amylose
and chitin as optically active natural polymers are the mostly employed polysaccharide-
based chiral selectors and consequently CSPs [12]. They possess exceptional
enantioselectivity due to many stereogenic centers and conformational chirality [1].
They are employed in analytical and preparative scale separations and offer the highest
loading capacity.

Macrocyclic antibiotics, mainly teicoplanin, vancomycin and ristocetin A,
belonging to the group of glycopeptides, are also commonly used for HPLC
enantioseparations [13]. Macrocyclic antibiotics have many stereogenic centers
and functional groups available for interactions with chiral analytes. The three selectors
mentioned above perform a complementary selectivity [2]. Application of macrocyclic
antiobiotics as chiral selectors both for HPLC and CZE can be found e.g. in the review
by Ward and Fattis [14].

Cyclodextrins (CDs) are cyclic oligosaccharides consisted mostly of six to eight
glucopyranose units that form a cone-shaped cavity [1]. Inclusion complexation
into the chiral cavity is the main force of chiral recognition by CDs in reversed-phase
separation systems [12]. Derivatization of native CDs enhances the enantioselectivity
by introduction of new functionalities (functional groups) that are suitable for additional
interactions with chiral analytes. CDs are employed both in the form of chiral mobile
phase additives or chiral stationary phases in HPLC. They have been widely applied
for the separation of enantiomeric drugs [15].

Protein-based chiral selectors are used both as mobile phase additives and CSPs.
In biological systems these macromolecules are responsible for the chiral discrimination
of nutrients and drugs [12]. They posses a number of chiral centers and binding sites.
However, they are very sensitive to experimental conditions. Development of protein-

based CSPs and their application are the subjects of the review by Haginaka [16].
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Other types of chiral selectors are used in smaller extent and are often developed
and applied for special applications. Ligand exchange selectors are discussed in detail
in [17].Crown ether-based CSPs, their development and applications are reported
in Ref. [18]. Pirkle-type (mn-donor and m-acceptor) selectors are comprehensively
reviewed in Ref. [19, 20]. A review on the synthesis and application of chiral synthetic

polymers as CSPs was published by Nakano [21].

4.2. Cyclofructans and their properties

Despite the applicability and broad selectivity of existing CSPs briefly discussed
in the previous chapter the research effort for the development of new and improved
chiral selectors continues. In 2009 a novel class of CSPs based on cyclofructans
was introduced by Armstrong [22]. This group of chiral selectors was shown to have
potential both for HPLC [22, 23, 24, 25, 26] and CZE [27]. Cyclofructans (CFs)
are macrocyclic oligosaccharides as cyclodextrins. However, cyclofructans are quite
different in both their structure and behaviour. They consist of six or more B-(2—1)
linked D-fructofuranose units [28, 29]. Their abbreviations CF6, CF7, CF8 etc. indicate
the number of fructofuranose units in the macrocyclic ring. Each fructofuranose unit
contains four stereogenic centers and three hydroxyl groups, which can be utilized
for derivatization. CF6 is the most studied member of this unique group. It consists
of an 18-crown-6 ether core, six fructofuranose units are arranged in spiral fashion.
CF6 presents a clear “front/back™ regionalization of hydrophilic and hydrophobic
groups, i.e., three oxygen atoms and two CH, groups, respectively [30]. Consequently,
one side of the CF molecule is hydrophilic and the other side is hydrophobic. Moreover,
CF6—CF8 do not possess central hydrophobic cavities, as do cyclodextrins [31]. Stable
intramolecular hydrogen bonds formed in native CF molecules block their core structure
from possible interactions. If some of the hydrogen bonding groups are blocked
or derivatized, the molecular structure ,,relaxes, the cavity becomes more open and that
exposes the central crown ether core and/or other previously inaccessible interaction
sites. Therefore, while native CFs have rather limited enantioselectivity in HPLC [22]
their derivatized forms show improved and unique chiral recognition abilities for a wide

range of analytes [22, 23, 25, 32]. Aliphatic- or aromatic-functionalization of a native
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chiral selector is a common strategy used to develop new chiral stationary phases
and improve enantioseparation performance. Fig. 4.1. shows the molecular structure
of cyclofructans CF6 and CF7 and the derivatization groups studied in this work.
Aliphatic-derivatized CF6s with a low substitution degree demonstrated exceptional
capability for separating racemic primary amines [22, 23]. IP-CF6 CSP utilizing
isopropyl-carbamoyl CF6 as the chiral selector was considered to be the most broadly
applicable CSP for primary amino group-containing analytes [23]. Larger derivatization
groups, €.g., aromatic moieties, can reduce or even block the access to the molecular
core but provide other interaction sites about its periphery. Aromatic-functionalized CFs
performed complementary selectivity to aliphatic-derivatized CFs in some cases. RN-
CF6 CSP with R-naphthylethyl carbamate as a derivatization group provided good
enantioselectivity toward a variety of chiral compounds that were not primary amines
[22, 23]. DMP-CF7 was developed as a 3,5-dimethylphenylcarbamoyl cyclofructan
containing seven fructofuranose units. It can provide unique and somewhat
complementary enantioselectivity to RN-CF6. CF-based columns are compatible
with all common organic solvents as the chiral selector is covalently bonded to the silica
gel support. These CSPs can be operated in all common separation modes (normal,
reversed phase and polar organic) but mostly higher selectivity was obtained

in the normal phase mode [22].
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Fig. 4.1. Molecular structure of cyclofructan CF6 and CF7 and the derivatization

groups.
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4.3. Results and discussion — Enantioseparation potential

of CF-based CSPs

The selectivity of cyclofructan-based CSPs is dependent on the nature
and spatial arrangement of the cyclofructan molecule as well as on the type and degree
of its substitution [22]. An important feature of CF6 and CF7 affecting the interaction
possibilities offered by these chiral selectors is the size of the central crown ether core,
which increases with increasing number of fructofuranose units [30]. The size
of the derivatization group and the degree of the substitution also play an important role.
These features, crucial in the enantiorecognition mechanism, are considered
and discussed in this part of the thesis investigating enantioseparation capabilities
of the CF-based CSPs.

The chiral recognition capabilities of three CF-based CSPs, i.e., isopropyl
carbamoyl cyclofructan 6 (IP-CF6), R-naphthylethyl carbamoyl cyclofructan 6 (RN-
CF6) and dimethylphenyl carbamoyl cyclofructan 7 (DMP-CF7) were evaluated
by injection of racemic compounds either exhibiting axial chirality (binaphthyl
catalysts) or containing stereogenic centers (certain chiral pharmaceuticals). It should
be noted that the separation conditions were not optimized. The mobile phase
compositions examined were n-hexane/propane-2-ol (hex/IPA) in the volume ratios
80/20 and 60/40, the addition of trifluoroacetic acid (TFA, at concentrations of 0.1 %

and 0.5 %) was also examined. Overall, six different mobile phases were tested.

4.3.1. Chiral separations of binaphthyl derivatives (Paper III)

A set of binaphthyl derivatives (see Fig. 4.2.) was chosen in order to evaluate
the chiral recognition capabilities of the CF-based CSPs. These compounds
were synthesized as racemates at the Department of Organic and Nuclear Chemistry,
Faculty of Science, Charles University in Prague and have been described in detail
in Refs. [33, 34, 35]. Despite of the similar basic axial chirality of the binaphthyl
derivatives the type and positions of the substituents substantially affect their properties
and chromatographic behaviour. Enantiomeric separations of analogous compounds

have been reported on CSPs based on cyclodextrin, polysaccharide and synthetic
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polymers [33, 36, 37]. The binaphthyl structures appear to be well suited
for interactions with the aromatic moieties of the CF-based CSPs (i.e., RN-CF6 and
DMP-CF7 CSPs). Mobile phases composed of hex/IPA 60/40 (v/v) produced very little
retention of the analytes on the IP-CF6 CSP. Table 4.1. summarizes chromatographic
data for the binaphthyl derivatives obtained on the three CF-based columns
in the mobile phases, which provided higher retention and/or higher values

of enantioresolution (hex/IPA 80/20 (v/v) without and with TFA).

binaphthol R1=H; R2=R3=0H

R1
OO 1 R1=H;R2=R3=—0 — C—CH,
R |

0
R3
OO 2 R1=H;R2= —O*ﬁ—N(CHa);;;Fa3=—s—c—|\1(<:H3)2
: :
3 R1=H;R2=R3= — O— C—N(CH,),
s
4 R1=H; R2=R3=—s—ﬁ—m(cH3)2
o)

5 R1=CO0O0H; R2 = NH,; R3 = OH

6 R1=COOCH, ; R2=0H; R3 = NH@

7 R1=—0—CH;R2= — NH—C— CH,

C |
o]

‘ 8 R1=— O— CH,; R2=8r

R1 R2

Fig. 4.2. The structures of the binaphthyl derivatives studied in this work.
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Table 4.1. The chromatographic parameters of binaphthyl derivatives using the three CF-based CSPs; k |, retention factor of the

first eluted atropisomer; o, enantioselectivity; R , enantioresolution.

) IP-CF6 RN-CF6 DMP-CF7
Mobile phase  Analyte 3 . R 3 . R i . R
hex/I[PA  Binaphthol 1.26 1.08 0.84 1.38 1.08 1.08 1.47 1.43 3.44
80/20 1 0.64 1.22 2.43 0.94 1.10 1.32 1.14 1.04 0.50
(vv) 2 1.12 1.07 1.00 2.17 1.07 0.98 2.46 1.27 2.95
3 0.72 1.17 1.95 1.35 1.16 1.95 1.45 2.65 10.73
4 3.28 1.00 0.00 6.34 1.00 0.00 7.40 1.00 0.00
5 1.52 1.11 1.35 2.14 1.05 0.14 12.35 1.00 0.00
6 0.51 1.00 0.00 0.89 1.00 0.00 1.22 1.03 0.39
7 2.04 1.00 0.00 3.19 1.00 0.00 4.83 1.00 0.00
8 0.30 1.00 0.00 0.43 1.00 0.00 0.62 1.00 0.00
hex/IPA/TFA Binaphthol 1.25 1.07 0.69 1.47 1.08 1.04 1.69 1.35 3.59
80/20/0.5 1 0.63 1.21 2.26 0.89 1.10 1.44 1.11 1.05 0.62
(vv/v) 2 1.04 1.07 0.92 2.02 1.07 0.95 2.34 1.30 3.11
3 0.68 1.19 1.84 1.29 1.17 1.87 1.50 2.51 9.49
4 2.86 1.00 0.00* 5.38 1.00 0.00 5.65 1.00 0.00
5 1.60 1.11 1.66 1.76 1.10 1.46 1.87 1.00 0.00
6 0.52 1.00 0.00 0.88 1.00 0.00 1.16 1.10 1.14
7 1.72 1.03 0.21 2.76 1.00 0.00 4.13 1.00 0.00
8 0.30 1.00 0.00 0.44 1.00 0.00 0.59 1.00 0.00

* slight indication of enantioseparation



Some general conclusions can be drawn from the data in Table 4.1.
The retention behaviour of binaphthyl derivatives correlates with the size of the crown
ether core and the substituents on the cyclofructan. DMP-CF7 having the largest core
and smaller substituents than RN-CF6 provided the highest resolution values
for atropisomers of binaphthol analytes 2, 3 and 6. There is probably lower steric
hindrance of the substituent groups of DMP-CF7. Remarkably high resolution values, R
= 10.73 and 9.49 (without and with the addition of TFA, respectively), were achieved
for atropisomers of analyte 3. Comparing the enantioseparation capabilities
of the employed columns, the similarity of the IP-CF6 and RN-CF6 columns is obvious.
The RN-CF6 column separated atropisomers of the same analytes (binaphthol, analytes
1,2, 3 and 5) as [P-CF6 column with comparable values of enantioresolution.

For most analytes the retention increased in the sequence IP-CF6 < RN-CF6 <
DMP-CF7 while the trend of enantioresolution values seemed to be as follows:
RN-CF6 < IP-CF6 << DMP-CF7.

It is not surprising that the substituent on the binaphthyl moiety affects
the analytes chromatographic behaviour (Table 4.1.). Analytes 2, 3 and 4 are interesting
to compare (for structures see Fig. 4.2.). In all cases analyte 4 had the greatest retention,
but its atropisomers were not separated. Conversely the atropisomers of analyte 3 were
least retained and best separated, while atropisomers of analyte 2 were intermediate
in both respects. It appears that the carbonyl substituent of analyte 4 contributes only
to the retention, while the thiocarbonyl substituent of analyte 3 has positive effects
on chiral recognition. Both contributions can be observed on the chromatographic
behaviour of analyte 2, which contains one each of the two substituent types. Relating
the chromatographic behaviour to the structures of binaphthyl derivatives (analytes 1, 2
and 3) carbonyl or thiocarbonyl groups seem to have a substantial impact
on the interaction mechanism. This could be the reason why atropisomers of analytes
1, 2 and 3 exhibited successful separations.

Atropisomers of analytes 4, 7 and 8 were not separated in any
of the chromatographic systems tested with the exception of rather limited separation
of atropisomers of analyte 7 offered by IP-CF6 column in the mobile phase
hex/IPA/TFA 80/20/0.5 (v/v/v).

Addition of the acid to the mobile phase had almost negligible effect

on retention of the majority of analytes; mostly slightly reduced retention was
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accompanied by somewhat decreased resolution. Exceptional chromatographic
behaviour was observed for analyte 5. Its retention increased and resolution
of its atropisomers improved on the IP-CF6 CSP in the acidified mobile phase.
On the RN-CF6 CSP the resolution value of atropisomers of analyte 5 also increased
while retention decreased in the mobile phase with TFA. Furthermore, analyte 5 showed
very high retention on DMP-CF7 CSP in hex/IPA 80/20 (v/v). These results can be
attributed to the role of the accessible ionizable groups (carboxylic, amino and hydroxyl
functional groups) of analyte 5 in the interaction mechanism, i.e., forming of hydrogen
bonds with free hydroxyl groups of the cyclofructan molecule. Addition of the acid
caused dramatic decrease of retention of analyte 5 because TFA, as an ion-pairing
agent, hamper the interactions of the analyte with the CF molecule. The influence
of acidification of the mobile phase with TFA positively affected also the resolution
of atropisomers of analyte 7 on the IP-CF6 CSP and analyte 6 on DMP-CF7 CSP;
partial separation was made possible and resolution was improved after TFA was added
to the mobile phase in the former and the latter case.

The CF-based CSPs performed good separation capabilities with some excellent
resolutions of atropisomers of the binaphthyl derivatives. They can be considered
suitable for the chiral separation of this type of compounds because the structure
of binaphthyls seems to be compatible with the arrangement of the CF molecule.
The performance of the tested columns can be improved by tuning up the separation
conditions. The IP-CF6 column was thought to be mainly or primarily a column
for chiral primary amines [22, 23]. This work shows that it also has selectivity
for another class of compounds. The selectivity of the IP-CF6 CSP seems to be
exceptional and broader compared to the aromatic-functionalized CF-based CSPs.
However, high values of resolution of atropisomers of binaphthol and analyte 3 offered
by DMP-CF7 CSP enhances the application of this stationary phase to semipreparative

scale — see the chromatograms in Fig. 4.3.
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Fig. 4.3. Chiral separation of atropisomers of analyte 3 on the three CF-based chiral
stationary phases. A: IP-CF6 column; B: RN-CF6 column; C: DMP-CF7 column.
Mobile phase hex/IPA/TFA 60/40/0.5 (v/v/v); temperature: 25 °C; flow rate: 1 mL/min;
UV detection: 254 nm.

4.3.2. Chromatographic behaviour of chiral pharmaceuticals

The chiral recognition capabilities of the CF-based CSPs were extended
by injection of a series of racemic neutral, acidic and basic drugs. While the binaphthyl
derivatives exhibited axial chirality, all of these compounds contained stereogenic
centers. The testing set was composed of pairs of analytes with similar structures
(with the exception of catechin and thalidomide) from the groups of B-blockers, calcium
channel blockers or non-steroidal anti-inflammatory drugs. Besides the aromatic
or heterocyclic moieties these molecules possess functional groups such as hydroxyl,
carboxyl, amino and substituted amino groups, amide, ester or nitro groups.
These groups can contribute to the multiple interactions between analyte and chiral
selector, i.e., hydrogen bonds, dipolar interaction, steric interaction, which are

responsible for chiral recognition. The separation systems tested were the same



as for binaphthyl derivatives, i.e., the separation conditions were not optimized and six
different mobile phase compositions were tested.

Table 4.2. summarizes the best results of the separation of the racemic
pharmaceuticals. Most of the analytes were at least partially separated in the six tested
mobile phases. An increase in the amount of hexane in the mobile phase increased
the retention of all analytes, which is a typical normal phase chromatographic
behaviour. For some compounds, the retention of the analytes was so high
that no elution was observed within 3 hours. TFA as an additive decreased retention
and induced the separation of enantiomers in some cases. Also, higher amounts of TFA

in the mobile phase usually improved the resolution of partially separated enantiomers.

Table 4.2. The chromatographic data of the chiral pharmaceuticals separated

on the three CF-based chiral stationary phases. For explanation of symbols see caption

of Table 4.1.

Mobile phase
Analyte Column hex/ IPA/TFA VIVIY) 1 o R
BP766 IP-CF6 80/20/0.5 2.42 1.05 0.55
RN-CF6 80/20/0.5 2.76 1.03 0.47
BP34 IP-CF6 60/40/0.5 16.64 1.38 2.36
RN-CF6 80/20/0.5 47.02 1.33 291
DMP-CF7 60/40/0.5 7.25 1.26 0.88
Alprenolol IP-CF6 60/40/0.1 3.10 1.08 0.51
RN-CF6 80/20/0.5 4.67 1.02 0.30
Oxprenolol IP-CF6 80/20/0.1 19.66 1.03 0.32
RN-CF6 80/20/0.5 9.53 1.07 0.89
Flobufen DMP-CF7 80/20/0.5 1.23 1.05 0.59
Tiaprofenic acid IP-CF6 80/20/0.5 1.01 1.05 0.52
DMP-CF7 80/20/0.0 2.32 1.28 2.83
Amlodipine IP-CF6 60/40/0.5 23.26 1.02 0.20
RN-CF6 60/40/0.5 15.57 1.09 0.71
Catechin IP-CF6 80/20/0.1 18.58 1.03 0.47
Thalidomide RN-CF6 80/20/0.1 15.78 1.02 0.41
DMP-CF7 80/20/0.1 23.84 1.05 0.58
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Considering the data in Table 4.2. the IP-CF6 column was the most broadly useful CSP.
The DMP-CF7 CSP was the least effective for these particular analytes, although
it offered the best separation for racemic tiaprofenic acid (R = 2.83, see Table 4.2.).
Other baseline separation was achieved for analyte BP34 on IP-CF6 and RN-CF6 CSPs.

Analyte BP34 [38] possessing free amino group was retained strongly by all
the CSPs tested and no elution was observed in some of the separation systems
with higher amount of n-hexane in the mobile phase unless TFA was added. TFA also
decreased the retention of BP34 and improved resolution. BP766 is
the trifluoroacetylated derivative of BP34 (for structures see Fig. 4.4.). It was only
partial separated on the IP-CF6 and RN-CF6 columns in the mobile phase hex/IPA/TFA
80/20/0.5 (v/v/v) (see Table 4.2.). The importance of the free amino group close
to the chiral center is apparent and supports previous results of the dominant separations

of racemic primary amines on the CF-based CSPs [22, 23].

o o )OL
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Fig. 4.4. Chromatographic behaviour of BP34 and BP766 on the three CF-based chiral
stationary phases. A: IP-CF6 column; B: RN-CF6 column; C: DMP-CF7 column.
Mobile phase hex/IPA/TFA 60/40/0.5 (v/v/v); temperature: 25 °C; flow rate: 1 mL/min;
UV detection: 254 nm.
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Alprenolol and oxprenolol are secondary amines with non-polar side chains.
The highest retention of these analytes was observed on IP-CF6 in the mobile phases
hex/IPA 80/20 (v/v) and hex/IPA 60/40 (v/v). Considering the two CF6 columns,
the addition of TFA lowered the retention substantially and in most cases initiated
at least partial separation — see Table 4.2. One important remark on the structures
of BP34 and [-blockers is the presence of hydroxyl group directly bonded
to the stereogenic center. The ability to interact via hydrogen bonds is most probably
employed in the retention and chiral recognition process.

Amlodipine has a primary amino group but it is situated far away
from the stereogenic center. Therefore, it can contribute to high retention (viz. Table
4.2.) but it participates less in the enantiomeric discrimination interactions. Amlodipine
interacted so strongly with all three chiral stationary phases, that no elution
was observed within 3 hours in the mobile phases hex/IPA 80/20 (v/v) even
with the addition of TFA. The CF6-based stationary phases provided partial
enantioseparation in the acidifed mobile phases. In comparison with amlodipine,
its structure analogue nitrendipine showed lower retention (about 12 minutes) in all
the systems tested and no enantioseparation was observed. This big difference caused
most probably absence of free animo group in the structure of nitrendipine.

Catechin has multiple hydroxyl groups. Its highest retention and only a partial
separation was obtained on the IP-CF6 column. The small isopropyl substituent does
not block the non-substituted OH groups of cyclofructan and thus they are available
for hydrogen bonding with the functional groups of catechin.

Thalidomide with aromatic and heterocyclic moieties in its molecule was
partially separated in the systems with aromatic-derivatized CF-based CSPs, i.e., RN-
CF6 and DMP-CF7 columns. DMP-CF7 offered the highest retention and resolution
in all the mobile phases tested. It can be concluded that the aromatic derivatization
groups (RN and DMP) considerably participate in the interactions with the molecule
of thalidomide.

Tiaprofenic acid showed suitable retention on IP-CP6 and DMP-CF7 columns.
Reduction of interaction of this compound by addition of TFA was important to reach
at least partial resolution on the IP-CF6 CSP where stronger hydrogen bonding
interactions between the carboxyl group of this analyte and carbamate or hydroxyl

group of the cyclofructan can be expected. Mobile phase without TFA was suitable
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for baseline separation of these enantiomers on DMP-CF7 CSP, on which the carbamate
or hydroxyl groups are less accessible. The behaviour of flobufen, also possessing
a carboxyl group, differed from that of the tiaprofenic acid on the DMP-CF7 CSP.
This result corresponds with the structure of flobufen where other interaction groups
important for chiral recognition are farther away from the stereogenic center.

If we compare the selectivity of the employed stationary phases, the similarity
of IP-CF6 CSP and RN-CF6 CSP is evident from Table 4.2. These CSPs partially
separated the same analytes (with some exceptions). DMP-CF7 performed lower
separation capabilities for the selected analytes in the applied mobile phases.
The separation performance can certainly be improved by optimizing the separation

conditions or maybe by application of polar-organic mode.
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4.4. Results and discussion — LFER as a tool for characterization

of chiral stationary phases

LFER is used for understanding the types and relative strengths of the chemical
interactions that control retention and selectivity in the various modes of liquid
chromatography and other separation methods [39]. Introduction to LFER is given
in Chapter 2.2. of this thesis. LFER analyses have been extensively used to evaluate
and compare LC stationary phases. The application of the LFER model to chiral
separation systems is not explicit as the model has little solute shape recognition ability
[40], i.e., no chiral term is involved in the equation. Nevertheless, this approach can be
useful for estimation of the interactions participating in the enantiorecognition process

and for understanding the separation mechanism more in detail.

4.4.1. Characterization of cyclofructan-based CSPs by LFER (Paper 1V)

This chapter deals with characterization and comparison of interaction abilities
of cyclofructan-based chiral stationary phases, introduced in Chapter 4.2., in normal
phase separation mode using the LFER model.

The LFER method was applied to the systems with three different CF-based
CSPs under two mobile phase compositions, i.e., six separation systems were
investigated. A set of 44 solutes of different properties was used for the measurements.
Test solutes with their solvation parameters are listed in Table 1 of Paper IV. Effect
of acidification of hex/IPA mobile phase was also examined.

Table 4.3. summarizes the LFER data obtained for the investigated separation
systems. The optimal model was chosen for the comparison of the individual separation
systems because it includes only significant interactions. Plots of the experimental
values of log k against calculated/predicted log £ values of test solutes show linear
dependencies with correlation coefficients higher than 0.95 in all cases. That indicates

strong correlation of the LFER model with the experimental data.
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Table 4.3. Regression coefficients of the LFER equation and correlation coefficient R.

Column Mobile phase Model v a b s e c R
RN-CF6 hex/IPA/TFA C.M. -1.623  -0.035 1.669 0.995 0.278  -0.659  0.957
80/20/0.0  +95%CI  0.704 0.247 0.312 0.364 0.328 0.475

(vviv) p 0.000 0.776 0.000 0.000 0.092 0.008
O.M. -1.169 X 1.596 1.128 X -0.944 0.953

+95% CI  0.382 0.302 0.298 0.307

)4 0.000 0.000 0.000 0.000

IP-CF6 hex/IPA/TFA CM. -0.849 0.040 1.571 0.492 0.001 -0.423 0.963
80/20/0.0 £95% CI  0.530 0.194 0.219 0.284 0.253 0.358

vAHw) p 0.003 0.675 0.000 0.001 0.991 0.022
OM. -0.887 X 1.573 0.518 X -0.401 0.963

+95% CI  0.282 0.211 0.228 0.232

)4 0.000 0.000 0.000 0.001

DMP-CF7  hex/IPA/TFA CM. -1.252 -0.222 1.781 0.835 0.211 -0.710 0.954
80/20/0.0 £95%CI 0.737 0.263 0.289 0.368 0.329 0.499

(i) p 0.002 0.096 0.000 0.000 0.203 0.007
O.M. -0.703 X 1.729 0.803 X -1.048 0.950

+95% CI  0.391 0.287 0.305 0.315

)4 0.001 0.000 0.000 0.000

RN-CF6 hex/IPA/TFA C.M. -1.019 0.092 1.556 0.759 0.130 -0.823 0.967
80/20/0.5 £95%CI 0.623 0.216 0.237 0.299 0.275 0.421

A%%3) )4 0.002 0.395 0.000 0.000 0.342 0.000
O0.M. -0.918 X 1.535 0.891 X -0.892 0.965

+95% CI  0.316 0.231 0.244 0.254

P 0.000 0.000 0.000 0.000

IP-CF6 hex/IPA/TFA C.M. -0.651 0.178 1.480 0.467 0.014 -0.654 0.961
80/20/0.5  +95% CI  0.600 0.212 0.228 0.293 0.266 0.411

ANw) P 0.034 0.097 0.000 0.003 0.916 0.003
O0.M. -0.821 X 1.486 0.594 X -0.553 0.957

+95% CI 0311 0.226 0.242 0.254

P 0.000 0.000 0.000 0.000

DMP-CF7 hex/IPA/TFA C.M. -1.100  -0.099 1.654 0.910 0.153 -0.900 0.958
80/20/0.5 £95%CI 0.731 0.259 0.278 0.358 0.325 0.500

vAHw) )4 0.004 0.445 0.000 0.000 0.347 0.001
OM. -0.765 X 1.622 0.927 X -1.110  0.956

+95% CI  0.368 0.267 0.287 0.300

p 0.000 0.000 0.000 0.000

CI represents £95% confidence interval; x, insignificant interaction, C.M., complete model of the LFER
equation; O.M., optimal model of the LFER equation; p, statistical p -value. The p -values express probability
of the error that the individual coefficient does not contribute to the model, i.e., p-values represent the
significance of the individual coefficients.
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The dominant contribution to retention is described by the coefficient b, which
represents the difference between the stationary and the mobile phases in hydrogen
bond donating properties. Positive values of the coefficient » denote that this type
of interaction is preferred in the stationary phase. While hydrogen donating groups are
available on the stationary phases they are not present in the mobile phase composed
of hex/IPA. Addition of a low amount of TFA to the mobile phase causes small
decrease of the b-values in the separation systems with any of the CF-based CSPs
because the acidified mobile phase can contribute to the H-donating interactions.
Comparison of the acidity of the individual columns evidenced the sequence
[P-CF6 < RN-CF6 < DMP-CF7. The difference in the H-donating properties between
the two CF6 columns (RN-CF6 and IP-CF6) is very small. Due to its larger basic
structure (core), DMP-CF7 offers more hydrogen donating groups and so, its ability
to interact via H-bonds is the highest.

The regression coefficient v, reflecting the difference in hydrophobicity between
the stationary and the mobile phases, is negative in all cases. This is consistent
with the applied normal separation mode where, in principle, the mobile phase is less
polar than the stationary phase. The lowest absolute values of coefficient v were
obtained for the systems with DMP-CF7 column. Comparing the hydrophobicity
of the two CF6 columns that have the same core size, much smaller isopropyl
derivatization group has better accessibility to the OH groups of cyclofructan while the
derivatization seems to be more difficult with the bigger naphthylethyl substituent.
Therefore, the biggest difference in hydrophobicity between the stationary
and the mobile phases was observed for the systems with RN-CF6 CSP. The addition
of TFA increases polarity of the mobile phase. So, the difference in hydrophobicity
between the stationary and the mobile phases is reduced and the absolute values
of coefficient v can decrease. This fact is significant mainly for the RN-CF6 column.
While evaluating the LFER results one must take into account that the properties
of the stationary phase can also be affected by sorption of the components of the mobile
phase on the surface of stationary phase.

The difference in dipolarity/polarizibility between the stationary and the mobile
phase, described by the coefficient s, is positive for all the investigated separation
systems. Polarizibility of the attached derivatization groups clearly increases

in the sequence: isopropyl- < dimethylphenyl- < naphthylethyl-. In a more rigorous
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approach, the core size of cyclofructan must also be considered. Addition of TFA
to the mobile phase affects the s values of IP-CF6 and DMP-CF7, and RN-CF6
in a different way. While the dipolarity/polarizibility coefficients increased for the two
former columns lower s value was obtained for the latter CSP. The interaction
of the acid with the stationary phase (cyclofructan) takes place most easily
if cyclofructan is substituted with the biggest naphthylethyl group, which is sterically
less convenient to reach the cyclofructan basic structure.

The e coefficient describing the difference in the propensity of the stationary
and the mobile phases to interact with n- and z-electron pairs of the solute
and the regression coefficient a relating to the difference in H-bond basicity are
statistically insignificant for all studied separation systems. This denotes that the ability
of the stationary and the mobile phases to participate in these types of interactions is
comparable.

The regression coefficient a is statistically insignificant in all the studied
systems. It means that the hydrogen bond basicity (ability to accept protons)
of the stationary and the mobile phases is comparable.

The results of LFER indicate that significant interactions affecting retention
on all three CF-based columns studied in this work are the same, namely H-donating
interactions and dipolarity/polarizibility (with positive regression coefficient values)
and hydrophobicity (with negative values).

Concerning enantioseparation the LFER results indicate that analytes should
offer H-accepting groups and polarizable moieties near the stereogenic center and low
hydrophobicity. These facts are partly supported by the results reported in Chapter
4.3.2.
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4.4.2. Comparison of R-naphthylethyl carbamoyl cyclofructan 6 CSP
with R-naphthylethyl carbamoyl p-cyclodextrin CSP by LFER (Paper V)

This chapter is focused on comparison of R-naphthylethyl carbamoyl CF6
(RN-CF6) chiral stationary phase with a well-established R-naphthylethyl carbamoyl
B-cyclodextrin (RN-CD) chiral stationary phase using LFER method. These CSPs have
the same substituent, R-naphthylethyl carbamate group, and isomeric saccharide units,
six fructofuranose and seven glucopyranose units in CF6 and B-CD, respectively
[41, 42]. Cyclodextrins possess a hydrophilic surface and a truncated cone
with a hydrophobic cavity [2], which make them different from CFs.

Two mobile phase compositions were applied, i.e., hex/IPA/TFA 80/20/0.0
(v/v/v) and hex/IPA/TFA 80/20/0.5 (v/v/v). The LFER data obtained for the separation
systems are summarized in Table 4.4. that shows the regression coefficients obtained
from the complete and the optimal models. Correlation of the LFER data
with experimental results (plot of the experimental log & against calculated log k)
achieved for the set of the test solutes on the both CSPs did not show any serious
outliers, correlation coefficients of linear regression fits were always higher than 0.93.
Due to the fact that insignificant interactions are also included in the complete LFER
model, the optimal model offers a better tool for comparison of the chromatographic

systems studied in this work.
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Table 4.4. Regression coefficients of the LFER equation and correlation coefficient R.

Column  Mobile phase =~ Model v a b s e c R

RN-CF6  hex/IPA/TFA CM. -1.623 -0.035 1.669 0.995 0.278 -0.659 0.957
80/20/0.0  £95% CI 0.704 0.247 0.312 0364 0.328 0475

(v/Ah) P 0.000 0.776 0.000 0.000 0.092  0.008
OM. -1.169 X 1.596 1.128 X -0.944  0.953

+95% CI  0.382 0.302  0.298 0.307

p 0.000 0.000  0.000 0.000

hex/IPA/TFA CM. -1.019 0.092 1556 0.759 0.130 -0.823  0.967
80/20/0.5 +95% CI 0.623 0.216 0.237 0.299 0.275 0421

(vviv) p 0.002 0.395 0.000 0.000 0.342 0.000
OM. -0.918 X 1.535 0.891 X -0.892  0.965

+95% CI  0.316 0.231 0.244 0.254

p 0.000 0.000  0.000 0.000

RN-CD  hex/IPA/TFA CM. -1.381 0.506 0928 1.033 0.211 -0.342 0.931
80/20/0.0  £95%CI 0.898 0337 0331 0.503 0416 0.647

(vAh) P 0.004 0.004 0.000 0.000 0309 0.290
O.M. -1.037 0.553 0901 1.148 X -0.581  0.929

+95% CI  0.591 0.324 0.327  0.449 0.443

p 0.001  0.001 0.000 0.000 0.012

hex/IPA/TFA CM. -0963 0284 1455 0.831 0.194 -0.896 0.966
80/20/0.5 +95% CI  0.600 0211 0.255 0.293 0.265 0414

(i) p 0.002 0.010 0.000 0.000 0.147  0.000
OM. -0.623 0.330 1.421 0.906 b ¢ -1.114  0.964

+95%CI 0.382 0.204 0.255 0.279 0.291

p 0.002  0.002 0.000 0.000 0.000

ClI represents £95% confidence interval; X, insignificant interaction; C.M., complete model of the LFER
equation; O.M., optimal model of the LFER equation; p, statistical p-value. The p -values express
probability of the error that the individual coefficient does not contribute to the model, i.e., p -Vi
represent the significance of the individual coefficients.

Negative values of the regression coefficient v (representing difference
in hydrophobicity between the stationary and the mobile phases) obtained for all four
separation systems show that hydrophobic interactions are preferred in the mobile
phase. This is legitimate in a normal separation mode. After addition of TFA
to the mobile phase the absolute v values decrease on the both CSPs. Considering
the same mobile phase composition the difference in hydrophobicity between
the stationary and the mobile phase is higher for the system with RN-CF6 column. This
confirms the fact that cyclofructans do not possess hydrophobic cavity as do

cyclodextrins.
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Discussing the regression coefficient a (relating to the difference in hydrogen
bond basicity), it is statistically insignificant for RN-CF6 column in the both mobile
phases tested. This means that the ability of this stationary phase to accept protons is
similar to that of the mobile phase. For the two systems with RN-CD column
the coefficient a is significant. Positive values indicate that this type of interaction
contributes to retention. Lower value of the coefficient @ was observed in the system
with acidified mobile phase. TFA can occupy some of the proton accepting sites
on the stationary phase and in this way reduce their availability to the analytes.

The regression coefficients b (describing the difference in hydrogen bond
acidity) are positive in all chromatographic systems studied, i.e., the hydrogen bond
acidity of the both CSPs is higher than that of the applied mobile phases. RN-CF6
column possesses higher hydrogen bond donating ability than RN-CD column.
The addition of TFA to the mobile phase had almost negligible effect on the system
with RN-CF6 column. Interestingly, the coefficient b significantly increases
in the system with cyclodextrin-based column after the addition of TFA. The interaction
possibilities are greatly influenced by the sorption of mobile phase components. TFA
as a hydrogen donor can increase the b values if sorbed on the stationary phase. This
corresponds to the decrease of coefficient a (hydrogen bond basicity) on this column
after addition of TFA.

The s regression coefficient (describing difference of polarity/polarizibility)
is positive for all the studied separation systems because many polar and polarizable
groups are available on the both CSPs. The value of this coefficient decreases
by addition of TFA to the mobile phase for the both chiral stationary phases to a similar
extent. The acid competes with the analytes for the interaction sites of this type
on the stationary phases and in this way decreases their retention.

The e coefficient is statistically insignificant in all the chromatographic systems
tested. The ability of the stationary and the mobile phases to interact with solute »- and
m-electron pairs is equal. It can be even further deduced that this type of interaction is
related to the same substituent on CF or CD and has equal effects in all the separation
systems compared.

The LFER results showed that the main impact on the interaction mechanism
on the RN-CF6 column have hydrogen bond acidity and polarity/polarizibility, while

dispersion interactions are preffered in the mobile phase and hydrogen bond basicity
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and interactions with »n- and z-electron pairs seem to be insignificant. Furthermore,
the LFER model revealed some differences between the RN-CF6 and RN-CD CSPs.
RN-CD column can be considered less polar but has significant hydrogen bond acidity

compared to RN-CF6 packing in the tested mobile phases.
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Abstract

Cyclofructans as a completely new and promising class of chiral selectors have been
introduced last year for application in separation techniques such as liquid chromato-
graphy and capillary electrophoresis. Mainly derivatives of cyclofructans perform
interesting separation possibilities for a variety of compounds. The aromatic derivatized
cyclofructans composed of six D-fructofuranose units (CF6) have exhibited the most
interesting properties and unique enantioselectivity.

In this work, two derivatized cyclofructan-based chiral stationary phases, RN-CF6
(R-naphthylethyl carbamate CF6) and DMP-CF7 (dimethylphenyl carbamate CF7) were
used for enantioseparation of substituted binaphtyl catalysts, widely used to control
asymmetric processes. Normal separation mode, i.e. mobile phase composed of hexane
and propane-2-ol in different ratios was applied and the enantioselectivity of the
employed stationary phases was compared.

1. Introduction

Chiral separations have been given great attention
over the past few decades due to their wide range of
applications in pharmaceutical and food industry
or agriculture. High performance liquid chromato-
graphy (HPLC) employing chiral stationary phases
(CSPs) has become one of the most common and
powerful techniques in enantioselective separations at
both analytical and preparative scales. Variety of
CSPs, usually bonded to silica gel, with complex
interaction mechanisms have been reported [1]. Some
classes of chiral selectors dominate the enantiomeric
separations, i.e. cyclodextrins (CDs), polysaccharides
and their derivatives or macrocyclic antibiotics such
as vancomycin, teicoplanin or ristocetin A. Many
applications of these chiral selectors have been
published [1-4].

A unique class of CSPs based on cyclofructan has
been introduced last year with the expectation of great
separation potential both for HPLC [5] and CZE [6].
Cyclofructans (CFs) belong to a group of macrocyclic
oligosaccharides with a crown ether skeleton. They
consist of six or more f-(2—1) linked D-fructo-
furanose units (see Figure 1) and each fructofuranose
unit contains four stereogenic centers and three
hydroxyl groups, which can be mostly derivatized.
The abbreviations such as CF6, CF7, CF8 etc. indicate

OH

HO:

Fig. 1. Molecular structure of cyclofructan (CF6, CF7 and CF8).

the number of fructose units in the macrocyclic ring.
CF6 has been largely studied due to its highly defined
geometry and availability in pure form [5].

Native CFs perform rather limited enantio-
selectivity but their derivatized (aliphatic or aromatic
functionalized) forms show improved and unique
separation possibilities over a wide range of analytes.
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Fig. 2. Scheme of (A) chemically-bonded CF6/CF7 stationary
phase, and (B) chemical structures of the derivatizing groups.

Figure 2 shows two CF derivatives studied in this
work. RN-CF6 utilizes R-naphthylethyl-functio-
nalized CF6 as the chiral selector. It proves excellent
enantioselectivity toward various types of analytes
including acids, secondary and tertiary amines,
alcohols, and many neutral compounds. As the chiral
selector is covalently bonded to the silica gel carrier
this CSP is compatible with all common organic
solvents creating a wide range of compound types that
can be separated [7]. DMP-CF7 was developed as
a 3,5-dimethylphenyl functionalized CF7. This
column also provides chiral recognition toward a
broad variety of compounds. In addition, it demon-
strates complementary enantioselectivity when
compared to RN-CF6 [7]. Both CSPs can operate in
all three separation modes (normal-, reversed-phase
and polar-organic) but mostly higher selectivity can
be obtained in normal-phase mode.

Binaphthyl derivatives have been extensively used
to control asymmetric processes and have demon-
strated excellent chiral discrimination properties, due
to their unique features derived from their chirality,
spatial arrangement and rigidity. The chirality of these
molecules is caused by restricted rotation around the
single bond in the binaphthyl skeleton [8]. Although
the basic structures of the binaphthyl derivatives are
similar, the substituents and their position signifi-
cantly affect their properties.

Most papers on binaphthyls derivatives deal with
their synthesis. Enantioselective HPLC has been used

to control the enantiomeric purity or the yield of indi-
vidual final products. Just a few studies of enantio-
selective interactions of these compounds with CSPs
can be found in the literature [9—11]. That is why we
included these analytes into a set of testing
compounds for the evaluation of the enantio-
separation abilities of the newly developed
cyclofructan-based CSPs. We worked in the normal-
-phase separation system with hexane and propane-2-
-ol as mobile phase constituents. The effect of the
solvents ratio and addition of trifluoracetic acid (TFA)
was studied. We show here just our preliminary results
as the work is currently in progress.

2. Experimental

Organic solvents of HPLC grade, n-hexane (HEX)
and propane-2-ol (IPA), were purchased from Sigma
Aldrich (St. Louis, USA). Trifluoracetic acid (TFA),
98% purity, was from Fluka Chemie (Buchs,
Germany).

The studied analytes have been synthesized as
racemates at the Department of Organic and Nuclear
Chemistry, Faculty of Science, Charles University in
Prague. The synthesis procedure has been described in
detail in Ref. [10]. The chromatographic behavior of
nine compounds, i.e. binaphthol, analyte 1, 4, 5, 6, 7,
9,12, 13, was studied in this work. Figure 3 (on next
page) shows the structures of these analytes.

The chromatographic measurements were carried
out on two HPLC systems (Waters, Milford, USA):
Waters HPLC Breeze System (consisting of HPLC
Gradient Pump 1525, an autosampler 717Plus,
a column heater Jetstream 2 Plus and a UV-Vis dual
absorbance detector 2487; Breeze software) and
Waters Alliance System (Waters 2695 Separation
Module, Waters 2996 Photodiode Array Detector,
an autosampler 717Plus and a Waters Alliance Series
column heater; Empower software). Chromato-
graphic columns RN-CF6 and DMP-CF7 (column
size 250 x 4.6 mm) with silica gel (particle size 5 um)
as a carrier of the CSPs were used. The chiral selectors
bonded to the support were naphtyl ethyl substituted
cyclofructan with 6 D-fructose units for RN-CF6
column and dimethyl phenyl derivatized cyclofructan
with 7 D-fructose units for DMP-CF7 CSP. These
columns have been prepared at the Department of
Chemistry and Biochemistry, University of Texas at
Arlington, Arlington, Texas.

Normal-phase mode was applied, i.e. mobile phase
was composed of HEX/IPA in various volume ratios,
the addition of TFA was also tested. The flow rate was
1 mL min”', the temperature was 25 °C and the
detection wavelength was 254 nm.
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Binaphthol R=H;R, =R, =0H

1 R1 =H: RQ:R_';: "—()'_‘ﬁ'_"CH3
0]
R 4 Ry=1L Rz = _O_ﬁ_N{CHg)Q RJ = ——S8—C—N(CH3)»
Ra
n 5 R;=H.Ry=Ry= ——O——C——N(CHa);
3
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12 R=COOCH;R,=OH;R,=NH—{ )

=—0—CH,; R,=NH—C—CH,

I
6}

13 R=—O0—CH;R,=Br

Fig. 3. Structures of the binaphthyl derivatives, studied in this work.

3. Results and Discussion

Two novel CSPs based on cyclofructans working in
normal-phase mode were tested and successful
enantioseparations of some binaphthyl derivatives
were achieved so far. Other testing compounds
(e.g. blockers, profens and other chiral pharma-
ceuticals of diverse structures) were also used to
evaluate the separation properties of these CSPs.
These experiments are not finished and thus we deal
only with binaphthyls in this paper.

RN-CF6 column was evaluated using seven
mobile phases differing in volume ratios of HEX/IPA
and/or the addition of TFA. Enantioseparation of
binaphthol, analyte 1 and analyte 4 was achieved in all
the mobile phases but the resolution did not exceed
1.5. Sample 5 performed the best enantioseparation in
HEX/IPA, 90/10 (v/v), and its enantioresolution was
sufficient in all the mobile phases studied. Other
analytes (6, 9, 12 and 13) were not separated in the
tested systems. The addition of TFA to the mobile
phase did not have significant impact on retention and
resolution of the enantiomers with the exception of
analyte 7 that has accesible ionizable groups. The

addition of TFA significantly improved its enantio-
resolution, due to enhanced efficiency of the TFA
modified separation system, which is obvious from
Figure 4.

0 3 6 9 12 15
t (min)

Fig. 4. Separation of analyte 7; column RN-CF6; mobile phase:
(A) HEX/IPA, 80/20 (v/v), (B) HEX/IPA/TFA, 80/20/0.5 (v/v/v);
temperature: 25 °C, flow rate: | mLmin !, UV detection: 254 nm.
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Fig. 5. Separation of analyte 4; column DMP-CF7; mobile phase:
(A) HEX/IPA, 80/20 (v/v), (B) HEX/IPA, 60/40 (v/v),
temperature: 25 °C, flow rate: ] mLmin™', UV detection: 254 nmr

DMP-CF7 column was tested using two mobile
phases, based on the results obtained with RN-CF6
CSP. The mobile phases were composed of HEX/IPA,
80/20 (v/v) and HEX/IPA, 60/40 (v/v). In these two
systems enantioseparations with excellent resolution
values were achieved for binaphthol, analyte 4 and
analyte 5. Figure 5 illustrates excellent separation of
analyte 4 in the studied mobile phases. Samples 1 and
12 performed partial separation. Four other com-
pounds studied (analyte 6, 7, 9 and 13) did not show
any enantioseparation in the mobile phases studied as
on RN-CF6 column. Increased amount of IPA in
the mobile phase slightly decreased the retention of
the analytes and improved enantioresolution.
The addition of TFA is being currently tested, hence
the results cannot be shown here. Figure 5 illustrates
excellent separation of analyte 4 in the studied mobile
phases.

4. Conclusion

Novel CSPs based on derivatized cyclofructan were
tested for enantioseparation of binaphthyl derivatives,
which are widely employed as catalysts of asym-
metric processes. The experiments showed good
separation abilities of the both cyclofructan-based
CSPs in normal chromatographic mode. DMP-CF7
column offered much higher enantioresolution of
some binaphthyl derivatives than did RN-CF6. The
enantioselectivity of the employed CSPs seems to be
slightly different, because of their different structures.
The addition of TFA can help to improve the
resolution.
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Abstract

Cyclofructans, a new class of chiral selectors, have been recently introduced for application in
liquid chromatography and capillary electrophoresis. So far, derivatized cyclofructans have
performed interesting separation possibilities for a variety of compounds. The current work is
focused on characterization of three different cyclofructan-based chiral stationary phases (CF-
based CSPs), i.e., isopropyl carbamate cyclofructan 6 (IP-CF6), R-naphthylethyl carbamate
cyclofructan 6 (RN-CF6) and dimethylphenyl carbamate cyclofructan 7 (DMP-CF7). The
LFER model was used to reveal the dominant interactions participating in the complex
retention mechanism. A set of 44 different test solutes, with known solvation parameters, was
used to determine the regression coefficients of the LFER equation under two mobile phase
compositions in normal separation mode. The LFER results showed that hydrogen bond
acidity, hydrophobicity and dipolarity/polarizibility mostly affect the retention and separation

process on the CF-based columns in the studied separation systems.



1. Introduction

Interest in the field of the enantiomeric separation and development of chiral
separation media (chiral selectors, chiral stationary phases) has increased greatly in the past
few decades due to the demand of pharmaceutical, agrochemical and food analysis. HPLC
with chiral stationary phases (CSPs) has become the most powerful method for separating
racemic samples at analytical and preparative scales and/or determining enantiomeric purity.
A variety of CSPs with complex interaction mechanisms have been reported by many
research groups, which dominate the works of Davankov, Pirkle, Okamoto, Blaschke,
Allenmark, Hermansson, Armstrong, Gasparrini, and Lindner [1, 2, 3, 4, 5]. Numerous
applications have been reported that involve different chiral selectors chemically bonded to
silica gel (or polymeric support) such as polysaccharides [6, 7], proteins [8], macrocyclic
antibiotics [9, 10], crown ethers [11] and cyclodextrins [12].

Despite the applicability and broad selectivity of many existing CSPs the research
effort for the development of new or improved chiral selectors continues. In 2009 a novel
class of CSPs based on cyclofructans was introduced by Armstrong [13]. This group of chiral
selectors was shown to have potential both for HPLC [13, 14, 15, 16, 17] and CZE [18].
Cyclofructans (CFs) are macrocyclic oligosaccharides as cyclodextrins. However,
cyclofructans are quite different in both their structure and behavior. They consist of six or
more B-(2—1) linked D-fructofuranose units [19, 20]. Their abbreviations CF6, CF7, CF8 etc.
indicate the number of fructofuranose units in the macrocyclic ring. Each fructofuranose unit
contains four stereogenic centers and three hydroxyl groups, which can be utilized for
derivatization. While native CFs have rather limited enantioselectivity in HPLC [13] their
derivatized forms show improved and unique chiral recognition abilities for a wide range of
analytes [13, 14, 16, 21]. Aliphatic or aromatic functionalization of a native chiral selector is a
common strategy used to develop new chiral stationary phases and improve enantioseparation

performance. Fig. 1 shows the molecular structure of cyclofructans CF6 and CF7 and the



derivatization groups studied in this work. These CSPs can be operated in all common
separation modes (normal, reversed phase and polar organic) but mostly higher selectivity

was obtained in the normal phase mode.

Figure 1.

A comprehesive method for characterization and comparison of separation systems is
the model of linear free energy relationship (LFER) [22, 23, 24, 25, 26], which can
independently describe the contributions of individual interactions to the retention process.
The LFER equation expresses relationship between the retention characteristic (i.e., retention
factor k) determined for a representative set of analytes in a given separation system and the
solute fundamental properties described by its descriptors [27]:
logk=c+eE+sS+aA+bB+vVW (1)

The independent variables in Eq. (1) are solute descriptors, where E is the solute
excess molar refraction modelling the solute ability to interact via n- and/or z-electron pairs, S
is the solute dipolarity/polarizibility, A is the effective or overall hydrogen bond acidity, B is
the effective or overall hydrogen bond basicity and V is the McGowan's characteristic
molecular volume reflecting hydrophobicity [28, 29, 30]. The selection of a representative set
of structurally diverse analytes is essential for aquiring reliable results [31]. Multivariate
regression analysis is applied for the determination of the coefficients in Eq. (1) that reflect
the different types of molecular interactions in the studied system. In HPLC, the regression
coefficients relate to the differences in the properties of the stationary and the mobile phases.
The ¢ intercept in the LFER equation is characteristic of the given system but it does not
reflect any interaction [32]. The coefficient e reflects the difference in disposition of the
stationary and the mobile phases to interact with n- and z-electron pairs of the solutes, s is

equal to the difference in dipolarity/polarizibility, a reflects the difference in hydrogen bond



basicity, b refers to the difference in hydrogen bond acidity and the coefficient v represents
the difference in hydrophobicity between the two phases.

This work is focused on characterization and comparison of interaction abilities of
three different cyclofructan-based chiral stationary phases in normal phase separation mode
using the LFER model. These CSPs differ in the substituents and/or the CF core size. Effect
of acidification of n-hexane/propane-2-ol mobile phase is also examined. Description of the
interactions revealed by LFER can serve as a tool for prediction of analytes’ retention.
Although the application of the LFER model to chiral separations is not explicit, because no
chiral term is involved in the equation, this approach can be useful for estimation of the

interactions participating in the enantiorecognition process.

2. Experimental

2.1. Chemicals and materials

Organic solvents of HPLC grade, n-hexane (hex), propane-2-ol (isopropanol, IPA) and
methanol, were purchased from Sigma-Aldrich (Steinheim, Germany). Trifluoroacetic acid
(TFA; 99.8% purity) was product of Merck (Darmstadt, Germany). The test solutes for LFER
were of analytical grade purity and were purchased from Sigma-Aldrich (Steinheim,
Germany). The solutes with their descriptors, are listed in Table 1.

Chromatographic columns (Larihc CF6-P, Larihc CF6-RN and Larihc CF7-DMP,
AZYP, Arlington, TX, USA) which contain IP-CF6, RN-CF6 and DMP-CF7 with silica gel
as a support were used in this study. The chiral selectors were bonded to the silica gel surface.
IP-CF6 utilizes isopropyl carbamate CF6 as the chiral selector, RN-CF6 is R-naphthylethyl

carbamate modified CF6 and DMP-CF7 represents 3,5-dimethylphenyl carbamate



functionalized CF7. The dimensions of these columns were 250 mm x 4.6 mm 1i.d.; particle
size 5 um. The synthesis procedure has been described previously [13].
The concentrations of stock solutions of solid and liquid samples were 1 mg/mL and

20 uL/mL, respectively. Methanol was used for preparation of all sample solutions.

2.2. HPLC method

All chromatographic measurements were carried out on two HPLC systems (Waters,
Milford, USA): (1) Waters HPLC Breeze System consisting of HPLC Gradient Pump 1525,
an autosampler 717Plus, a column heater Jetstream 2 Plus and a UV-Vis dual absorbance
detector 2487, handled by Breeze software; (2) Waters Alliance System with Waters 2695
Separation Module, Waters 2996 Photodiode Array Detector, an autosampler 717Plus, Waters
Alliance Series column heater, controlled by Empower software.

The temperature of the columns and samples was kept at 25 °C. The injection volume
was 10 pL and the flow rate was 1 mL/min. The detection was performed at 254 nm. Normal
separation mode was chosen for the whole study due to higher selectivity reported in the
literature [13, 14]. Mobile phases were composed of n-hexane and propane-2-ol in various
volume ratios, small additions of TFA were also tested. System peaks obtained by injection of

n-hexane to the studied separation systems served for determination of the dead time.

2.3. LFER procedure

The regression coefficients of the LFER equation were obtained from a series of
measurements of the retention times of the set of 44 solutes with known solvation parameters
[27, 28, 31] that are summarized in Table 1. The retention times were measured in triplicates

and from these data retention factors were calculated. The resulting regression coefficients



were obtained for each separation system by multiple linear regression analysis of log &

against the solutes’ descriptors using the NCSS software (Kaysville, USA) [33].

3. Results and Discussion

The LFER model is often used for characterization and comparison of separation
systems. This approach can describe individual molecular interactions participating in the
retention and separation process. In this work, the LFER method was applied to the systems
with three different CF-based CSPs under two mobile phase compositions, i.e., six separation
systems were investigated. A set of 44 analytes of different properties, i.e., with different
descriptors, was used for the measurements. The retention data (log k) are displayed in Table

1.

Table 1.

Table 2 summarizes the LFER data calculated for the investigated separation systems.
Plots of the experimental values of log k against the calculated/predicted log k values of the
test solutes show linear dependencies with correlation coefficients higher than 0.95 in all
cases. That indicates strong correlation of the LFER model with the experimental data. The
optimal model was chosen for the comparison of the individual separation systems (see Fig.
2) because it includes only significant interactions while the complete model involves all the

interactions no matter what their statistical significance is.

Table 2.

Figure 2 A, B.



The dominant contribution to retention is described by the coefficient b, which reaches
the highest values in all the systems investigated. This coefficient represents the difference
between the stationary and the mobile phases in hydrogen bond donating properties. Positive
values of the coefficient b denote that this type of interaction is preferred in the stationary
phase. While hydrogen donating groups are available on the stationary phases they are not
present in the mobile phase composed of hex/IPA. Addition of a low amount of TFA to the
mobile phase causes small decrease of the h-values in the separation systems with any of the
CF-based CSPs because the acidified mobile phase can contribute to the H-donating
interactions. Comparison of the acidity of the individual columns evidenced the sequence IP-
CF6 < RN-CF6 < DMP-CF7. The difference in the H-donating properties between the two
CF6 columns (RN-CF6 and IP-CF6) is very small, the stationary phases under the concerned
conditions are comparable from the point of their acidity. Due to its larger basic structure
(core), DMP-CF7 offers more derivatization (hydrogen donating) groups and so, its ability to
interact via H-bonds is the highest.

The regression coefficient a is statistically insignificant in all the studied systems. It
means that the hydrogen bond basicity (ability to accept protons) of the stationary and the
mobile phases is comparable.

The regression coefficient v, reflecting the difference in hydrophobicity between the
stationary and the mobile phases, is negative in all cases. This is consistent with the applied
normal separation mode where, in principle, the mobile phase is less polar than the stationary
phase. The lowest absolute values of coefficient v were obtained for the systems with DMP-
CF7 column. Based on these results this stationary phase can be considered the most non-
polar from the three tested columns. Comparing the hydrophobicity of the two CF6 columns
that have the same core size, much smaller isopropyl derivatization group has better
accessibility to the OH groups of cyclofructan while the derivatization is more difficult with
the bigger naphthylethyl substituent. Due to steric reasons more underivatized OH groups

remain on the cyclofructan in the latter case and increase the polarity of the RN-CF6
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stationary phase. Therefore, the biggest difference in hydrophobicity between the stationary
and the mobile phases (i.e., the highest absolute value of coefficient v) was observed for the
systems with RN-CF6 CSP. By addition of TFA the mobile phase becomes more polar so, the
difference in hydrophobicity between the stationary and the mobile phases is reduced and the
absolute values of coefficient v can decrease. This fact is significant mainly for the RN-CF6
column. The absolute value of coefficient v for the system with DMP-CF7 slightly increases
after the addition of TFA. The properties of the stationary phase can be affected by sorption of
the components of the mobile phase [34].

The difference between the stationary and the mobile phase dipolarity/polarizibility is
described by the coefficient s, which is positive for all the investigated separation systems.
Polarizibility of the attached derivatization groups clearly increases in the sequence:
isopropyl- < dimethylphenyl- < naphthylethyl-. In a more rigorous approach, the core size of
cyclofructan must also be considered. Addition of TFA to the mobile phase affects the s
values of IP-CF6 and DMP-CF7, and RN-CF6 in a different way. While the
dipolarity/polarizibility coefficients increased for the two former columns lower s value was
obtained for the latter CSP. The interaction of the acid with the stationary phase
(cyclofructan) takes place most easily if cyclofructan is substituted with the biggest
naphthylethyl group, which is sterically less convenient to reach the cyclofructan basic
structure.

The e coefficient describing the difference in the propensity of the stationary and the
mobile phases to interact with n- and z-electron pairs of the solute is statistically insignificant
for all studied separation systems. This denotes that the ability of the stationary and the
mobile phases to participate in this type of interactions is comparable.

The results of LFER indicate that significant interactions affecting retention in all
separation systems studied in this work are the same, namely H-donating interactions and
dipolarity/polarizibility (with positive regression coefficient values) and hydrophobicity (with

negative values).
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The LFER approach characterizes the prevailing interactions in the separation system
but it does not relate to information on enantioselective behavior of analytes. Based on the
LFER results retention of analytes can be estimated or even predicted if molecular descriptors
are known. Concerning enantioseparation the LFER results indicate that analytes should offer
H-accepting groups and polarizable moieties near the stereogenic center and low

hydrophobicity.

4. Concluding remarks

The LFER model was used to describe interactions participating in the retention and
separation process on the newly developed cyclofructan-based chiral stationary phases RN-
CF6, IP-CF6 and DMP-CF7 in normal separation mode. Although LFER does not take into
account chirality and spatial arrangement of analytes, it proved which forces take part in the
interaction mechanism. The same types of interactions in a different extent were shown to be
preferred by all three stationary phases, 1i.e., hydrogen bond acidity and
dipolarity/polarizibility. Also the effect of hydrophobicity as the retention reducing factor
plays a role with all tested CF-based CSPs. Hydrogen bond basicity and interactions with 7-
and z-electron pairs seemed to be insignificant. Some differences of the concerned stationary
phases due to different cyclofructan core size and/or the substituents were shown by the

LFER model.
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Captions to figures

Figure 1. Molecular structure of cyclofructan CF6 and CF7 and the derivatization groups

studied in this work.

Figure 2. Comparison of the regression coefficient values (with their standard errors) obtained

from the optimal LFER models for the three CF-based CSPs in the mobile phases: (A)

hex/IPA/TFA 80/20/0.0 (v/v/v); (B) hex/IPA/TFA 80/20/0.5 (v/v/v).
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Table 1. Set of test solutes, their solvation parameters and obtained retention data.

. log k
Analyte Solvation parameters hex/IPA/TFA 80/20/0.0 (vAv)  hex/IPA/TFA 80/20/0.5 (vi/v)
E S A B V | RN-CF6 IP-CF6 DMP-CF7 RN-CF6 IP-CF6 DMP-CF7

Benzamide 099 150 049 067 0973 | 0550  0.634 0674 0533 0609  0.665
2-Naphthol 152 108 061 040 1144 | 0210  -0.123  -0278  -0.176  -0.139  -0.253
Resorcinol 098 100 110 058 0834 | 0139 0261 0030 0176 0265  0.070
Benzophenone 145 150 000 050 1481 | -0336  -0348  -0266  -0330  -0359  -0.286
Hydroquinone 100 100 116 060 0834 | 0245 0362 0143 0277 0392  0.185
1,2-Cresol 084 086 052 031 0916 | -0379 0232  -0485  -0.341  -0246  -0.430
Benzonitrile 074 111 000 033 0871 | -0.199  -0.177  -0.150  -0.199  -0.198  -0.124
1,3-Cresol 082 088 057 034 0916 | -0345 0203  -0426  -0311  -0207  -0378
Benzylalcohol 080 087 033 056 0916 | -0.147  -0.033  -0.093  -0.128  -0.038  -0.094
Benzene 061 052 000 014 0716 | -1.159 0728  -1.038  -1.022  -0.737  -1.004
Naphthalene 134 092 000 020 1085 | -0.889  -0677  -0804  -0.821  -0.699  -0.764
Pyrocatechol 097 107 085 052 0834 | -0006 0104  -0.080 0030 0121  -0.020
Dibenzothiophene 196 131 000 018 1379 | -0670  -0617  -0499  -0.625  -0.617  -0.568
Ethylbenzene 061 051 000 0I5 0998 | -1447  -0822 0987  -1229  -0823  -1262
Benzaldehyde 082 100 000 039 0873 | -0284 0252  -0212  -0276  -0260  -0.198
Toluene 060 052 000 014 0857 | -1304 0785 0916  -1.137  -0.788  -1.103
1,2-Toluidine 097 092 023 045 0957 | 0910 0918 1.041 1.562 x 1.629
Biphenyl 136 099 000 022 1324 | 0925  -0725 0667 0900  -0.726  -0.796
Phenanthrene 206 129 000 026 1454 | 0666  -0.621 0553  -0.625  -0.623  -0.529
1,23-Trichlorobenzene | 1.03 0.8 000 000 1084 | -0775  -0624  -0682  -0.731  -0.633  -0.661
3-Nitrotoluene 087 1.0 000 025 1032 | -0398  -0380  -0313  -0.379  -0.387  -0.360
1,2-Xylene 066 056 000 016 0998 | -1377  -0.802  -1.196  -0.893  -0.812  -1311
Bromobenzene 088 073 000 009 0891 | -0971  -0.692  -0872  -0.879  -0.691  -0.937
2-Nitrotoluene 087 LIl 000 027 1032 | 0394 0366 0325  -0376  -0378  -0.341
1,3-Xylene 062 052 000 016 0998 | -1482  -0.822  -1300  -1.229  -0.841  -1.411
Chlorobenzene 072 065 000 007 0839 | -1.000 -0.697  -0916  -0910  -0.703  -0.966
1,4-Xylene 061 052 000 016 0998 | -1.495  -0.849  -1334  -1276  -0.838  -1.240
2-Chlorophenol 085 088 032 031 0898 | -0355  -0233  -0464  -0.328  -0233  -0.425
3-Chlorophenol 091 106 069 0I5 0898 | 0335  -0.197 0465  -0.309  -0204  -0.427
4-Chlorophenol 092 108 067 021 0898 | -0294  -0.163 0418  -0271  -0.172  -0.383
2-Nitrophenol 102 105 005 037 0949 | -0358  -0327  -0202  -0340 0329  -0.309
4-Nitrophenol 107 172 082 026 0949 | -0.038 0025  -0.104  -0.026 0034  -0.085
3.

Hydroxybenzaldehyde | 000 138 074 0400932 1 03 0004 0000  -0052 002  -0.072
Acetone 018 070 004 049 0547 | -0031 0098 0125  -0.024 0090  0.094
Aniline 096 096 026 041 0816 | 0171 0250 0288 0709  0.902 x
Anthracene 229 134 000 026 1454 | 0670  -0.633 0571  -0.642  -0.636  -0.615
Tetrachlorobenzene 1.18 0.92 0.00 0.00 1.206 -0.824 -0.702 -0.585 -0.788 -0.709 -0.802
Pyrene 281 171 000 029 1585 | -0567 0577 0458  -0.541  -0.581  -0.463
Caffeine 150 160 000 133 1364 | 1737 1679 1951 1688  1.635  1.889
1,4-Toluidine 092 095 023 045 0957 | 0172 0252 0304 0790  1.022  -0.570
Theophylline 150 160 054 134 1222 | 1130 1125 1351 1131 1121 1309
Thymine 080 100 044 183 0893 | 0841 0927 0920 0855 0946  0.990
Ethylacetate 0.11 062 000 045 0747 | -0815  -0671  -0.850  -0.849  -0.692  -0.863
Uracil 081 100 044 100 0752 | 1.027  1.181 1222 1038 1191 1235
Phenol 081 089 060 030 0775 | -0304  -0.179  -0391  -0268  -0.177  -0343

x no elution within 300 minutes
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Table 2. Regression coefficients of the LFER equation and correlation coefficient R.

Column Mobile phase Model v a b s e c R
RN CF6 hex/IPA/TFA C.M. -1.623  -0.035 1.669 0.995 0.278 -0.659 0.957
80/20/0.0 +95%CI  0.704 0.247 0312 0364 0328 0.475
vvv) )4 0.000 0.776  0.000 0.000 0.092 0.008
O.M. -1.169 X 1.596 1.128 X -0.944  0.953
+95% CI  0.382 0302  0.298 0.307
P 0.000 0.000  0.000 0.000
IP CF6 hex/IPA/TFA C.M. -0.849 0.040 1.571 0.492 0.001 -0.423 0.963
80/20/0.0 +95%CI  0.530 0.194 0219 0.284 0.253 0.358
i) P 0.003 0.675 0.000 0.001 0991 0.022
O.M. -0.887 X 1.573  0.518 X -0.401  0.963
+95% CI  0.282 0211  0.228 0.232
P 0.000 0.000  0.000 0.001
DMP CF7 hex/IPA/TFA CM. -1.252 -0.222 1.781 0.835 0.211 -0.710 0.954
80/20/0.0 +95%CI  0.737 0263  0.289 0.368  0.329  0.499
/) )4 0.002 0.096 0.000 0.000 0.203 0.007
O.M. -0.703 X 1.729  0.803 X -1.048  0.950
+95% CI  0.391 0.287  0.305 0.315
P 0.001 0.000  0.000 0.000
RN CF6 hex/IPA/TFA C.M. -1.019 0.092 1556 0.759 0.130 -0.823 0.967
80/20/0.5 +95%CI  0.623 0216 0237 0299 0275 0421
vAv) P 0.002 0395 0.000 0.000 0342 0.000
O.M. -0.918 X 1.535  0.891 X -0.892  0.965
+95% CI 0316 0231 0.244 0.254
P 0.000 0.000  0.000 0.000
IP CF6 hex/IPA/TFA C.M. -0.651 0.178 1.480 0.467 0.014 -0.654 0.961
80/20/0.5 +95% CI  0.600 0212 0228 0293 0.266 0.411
(vvv) P 0.034  0.097 0.000 0.003 0916 0.003
O.M. -0.821 X 1.486  0.594 X -0.553  0.957
+95% CI  0.311 0226 0.242 0.254
P 0.000 0.000  0.000 0.000
DMP CF7 hex/IPA/TFA CM. -1.100 -0.099 1.654 0910 0.153 -0.900 0.958
80/20/0.5 +95%CI  0.731 0259 0278 0358 0325 0.500
vvv) 14 0.004 0.445 0.000 0.000 0.347 0.001
O.M. -0.765 X 1.622  0.927 X -1.110  0.956
+95% CI  0.368 0.267  0.287 0.300
p 0.000 0.000  0.000 0.000

CI represents £95% confidence interval; x, insignificant interaction; C.M., complete model of the LFER equation; O.M., optimal
model of the LFER equation; p, statistical p-value. The p-values express probability of the error that the individual coefficient
does not contribute to the model, i.e., p-values represent the significance of the individual coefficients.
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Derivatized cyclofructans have been recently introduced as a new class of chiral selectors with great
application potential. In this study, a R-naphthylethyl-functionalized cyclofructan 6 based chiral station-
ary phase (RN CF6 CSP) was used for separation of substituted binaphthyl catalysts in the normal phase
HPLC mode. Dominant interaction types that play a role in the separation mechanism were revealed by
a linear free energy relationship (LFER) method. In order to evaluate the contribution of the substituent
on the cyclofructan structure to retention, the R-naphthylethyl-functionalized (3-cyclodextrin (RN CD)
CSP was chosen for comparison. Retention factors of 46 widely different solutes, with known solva-
R-naphthylethyl cyclofructan 6 tion parameters, were determined on each of the columns under the same mobile phase compositions
R-naphthylethyl B-cyclodextrin used for the enantiomeric separations. The LFER results showed that hydrogen bond acidity and polar-
LFER ity/polarizibility have the greatest impact on retention and enantioresolution on the RN CF6 CSP. The
Binaphthyl catalysts equal influence of the naphthylethyl substituent on the both CSPs was also confirmed while the effects of
the basic cyclofructan versus cyclodextrin structures were different. The addition of trifluoroacetic acid
to the hexane/propane-2-ol mobile phase was negligible on the RN CF6 CSP for the majority of atropoiso-
mers except for one with ionizable functional groups. The RN CF6 column was shown to be more suitable
for enantioseparation of the binaphthyl catalysts than the RN CD column. Higher retention offered by the
latter CSP had no positive effect on the enantioresolution.

Keywords:
Chiral separation

© 2011 Elsevier B.V. All rights reserved.

1. Introduction

Enantiomeric separations have been the focus of considerable
attention for nearly three decades due to their importance espe-
cially in areas of pharmaceutical, agrochemical and food science.
HPLC with chiral stationary phases (CSPs) is far and away the most
powerful and widely used technique for enantioselective separa-
tions at both the analytical and preparative scales. A variety of CSPs
usually bonded or adsorbed to silica gel have been reported [1]. A
new class of chiral selectors based on cyclofructan was introduced
in 2009 and shown to have potential both for HPLC [2-4] and CZE
[5]. Cyclofructans (CFs) refer to a group of macrocyclic oligosaccha-
rides that consist of six or more 3-(2— 1) linked p-fructofuranose
units [6,7]. Each fructofuranose unit contains four stereogenic cen-
ters and three hydroxyl groups. Native CFs have rather limited
enantioselectivity in HPLC [2]. The CF hydroxyl groups can be
derivatized with aliphatic or aromatic groups. These functionalized
forms of CFs show improved and unique separation abilities over a

* Corresponding author. Tel.: +420 2 21951296; fax: +420 2 24919752.
E-mail address: tesarove@natur.cuni.cz (E. Tesafova).

0021-9673/$ - see front matter © 2011 Elsevier B.V. All rights reserved.
doi:10.1016/j.chroma.2011.01.023

wide range of analytes. Derivatization of native chiral molecules
with aromatic moieties is a common strategy used to enhance
their chiral recognition abilities [4]. The recently introduced RN
CF6 column utilizes R-naphthylethyl-functionalized cyclofructan 6
(CF6, contains six fructofuranose units) as the chiral selector. This
new CSP shows very good enantioselectivity toward a variety of
enantiomers except for primary amines. As the chiral selector is
covalently bonded to the silica gel support, this CSP is compatible
with all common organic solvents. In principle it can be operated in
all three modes - normal, reversed phase and polar organic. How-
ever, better resolution was achieved in the normal phase mode, due
to higher selectivity, which also offers the potential for preparative
separations [2].

Binaphthyl derivatives have been extensively used to con-
trol asymmetric processes. Their outstanding chiral discrimination
abilities are derived from their rigidity and spatial arrangement
[8,9]. The chirality of these compounds is caused by restricted rota-
tion around the single bond in the binaphthyl skeleton [10,11].
Although the basic structure of the binaphthyl derivatives is sim-
ilar, the substituents and their position significantly affect their
properties. For more information about these compounds see Refs.
[9,12-14].
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One of the comprehensive methods that allow characteriza-
tion of stationary phase/separation systems and allows a better
understanding of the relevant intermolecular interactions, which
play a role in the separation processes, is the linear free energy
relationship (LFER) [15]. The LFER can independently describe the
contributions of individual interactions to the retention. The over-
all applicability of the LFER model has been presented in numerous
reports in recent years (e.g. [16-21]).

One of the more widely accepted representations of the LFER
was proposed by Abraham et al. [22] and now it is used in the
following form:

log k = c+eE +5sS +aA+ bB+ vV (1)

where k is the solute retention factor. The independent variables
in Eq. (1) are solute descriptors and denote specific solute prop-
erties: E is the solute excess molar refraction modeling the solute
polarizability due to n- and/or mr-electron pairs, S is the solute dipo-
larity/polarizibility parameter, A is the effective or overall hydrogen
bond acidity, B is the effective or overall hydrogen bond basicity
and Vis the McGowan'’s characteristic molecular volume calculated
from the solute structure [23-26]. The descriptors characterize
properties of the solute molecules and account for the differences
among them. A representative series of analytes must be selected to
evaluate the chromatographic system. These compounds should be
structurally diverse and the distribution of the individual descrip-
tors should equally cover the whole range of interactions [27,28].
The coefficientsin Eq. (1) are determined by multivariate regression
analysis and reflect the individual types of molecular interactions
acting in the given separation system. Since in HPLC Eq. (1) is
applied to the distribution between two phases, the regression
coefficients refer to differences between the phases, i.e., a given
stationary phase and a fixed composition of the mobile phase. The
c constant is the intercept obtained in the regression calculation; it
depends on the separation system used but it does not reflect any
interaction [29]. The value e reflects the difference in propensity of
the stationary and the mobile phases to interact with solute n- and
m-electron pairs; s reflects difference in dipolarity/polarizability
between the phases; a refers to the difference in hydrogen bond
basicity between the stationary and the mobile phases; b is equal to
the difference in hydrogen bond donating properties and v reflects
the difference in hydrophobicity between the stationary and the
mobile phases.

As the LFER model characterizes the chromatographic system as
a whole, comparisons of different stationary phases must be done
at the same mobile phase composition. However, the mobile phase
is an important factor affecting separation, therefore the charac-
terization of a HPLC separation system should be performed under
various mobile phase compositions. Complete or optimal model
parameters can be obtained from the multivariate regression anal-
ysis. The complete model involves all the regression coefficients
while the optimal model utilizes just the statistically significant
values. Ordinary regression coefficients serve well for comparison
of different stationary phases at the same mobile phase compo-
sition. Statistically derived standardized coefficients equilibrate
influences of the different units, their mean values are zero, and
the standard deviations (SDs) are the same for all of them. There-
fore, the standardized coefficients are well-suited to analyze the
various interactions within one separation system, composed of a
given stationary phase and a mobile phase [30].

This work is focused on a study of separation properties of the
new cyclofructan-based chiral stationary phase — R-naphthylethyl-
functionalized cyclofructan 6 (RN CF6) CSP, and comparison
of its separation abilities with R-naphthylethyl carbamoyl -
cyclodextrin (RN CD) CSP, using LFER method. These CSPs have the
same substituent, R-naphthylethyl carbamate group, and isomeric
saccharide units, six fructofuranose and seven glucopyranose units

in CF6 and 3-CD, respectively [31,32]. The paper is aimed at elu-
cidating the molecular interaction mechanisms, i.e., revealing the
types of interactions responsible for retention. The application of
LFER to enantiomeric separations is not explicit as no chiral term is
involved in the equation but the calculated regression coefficients
can serve as a tool for estimation of the interactions “useful” for chi-
ral discrimination. Separation performance of the new RN CF6 CSP
is demonstrated on binaphthyl catalysts. Their structure seems to
be well-suited for interaction with the naphthylethyl substituent
of the chiral selector.

2. Experimental
2.1. Instrumentation

All chromatographic measurements were performed on Waters
Alliance system (Waters Chromatography, Milford, MA, USA) con-
sisting of a Waters 2695 Separation Module, a Waters 2996
Photodiode Array Detector, a Waters 717 plus Autosampler, and a
Waters Alliance Series column heater. Empower software was used
for process control and data handling. Chromatographic columns
RN CF6 (R-naphthylethyl carbamate cyclofructan 6 CSP bonded to
silica gel) and Cyclobond I 2000 RN (RN CD; R-naphthylethyl car-
bamate (3-cyclodextrin CSP bonded to silica gel) were used in this
work. The dimensions of both columns were 250 mm x 4.6 mm
i.d.; particle size 5 m. RN CF6 column has been prepared at the
Department of Chemistry and Biochemistry, University of Texas at
Arlington (Arlington, TX, USA). Cyclobond I 2000 RN column is a
product of ASTEC (Whippany, NJ, USA). The columns and samples
were thermostated at 25 °C. Detection was performed at 254 nm.
The flow rate was 1 mL/min for all measurements.

2.2. Chemicals

Organic solvents of HPLC grade, n-hexane (hex), propane-2-ol
(isopropanol, IPA) and methanol were products of Sigma-Aldrich
(Steinheim, Germany). Trifluoroacetic acid (TFA; 99.8% purity) was
purchased from Merck (Darmstadt, Germany). The solutes for
LFER were of analytical grade purity and were purchased from
Sigma-Aldrich (St. Louis, MO, USA). They were selected to cover
a wide range of chemical properties. The list of the 46 solutes used
and their corresponding solvation parameters are summarized in
Table 1. The chiral compounds (binaphthyl catalysts) have been
synthesized as racemates at the Department of Organic and Nuclear
Chemistry, Faculty of Science, Charles University in Prague (Prague,
Czech Republic) [8,9]. The structures of binaphthyl catalysts are
shown in Fig. 1.

Stock solutions of solid test compounds were prepared in con-
centration of 1 mg/mL and stock solutions of liquid samples were
diluted to obtain 20 p.L/mL using methanol as a solvent.

Mobile phases were composed of hexane and propane-2-ol in
various ratios and/or hexane and propane-2-ol mixtures with the
small additions of trifluoroacetic acid.

2.3. Procedures

The retention times of the test solutes were measured in tripli-
cates in all the chromatographic systems studied. The void volumes
were determined using system peaks obtained by injection of n-
hexane to individual separation systems. The retention times were
calculated from the peak maxima. As the detector responses of the
test analytes were kept rather low, the effect of peak shape was not
critical in the evaluation of retention times used for the calculations.
The average SD of sequential measurements of the retention factor
did not exceed 1.5%. The regression coefficients of the LFER equa-
tion were obtained from a series of measurements of the retention
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Fig. 1. Structures of the binaphthyl derivatives.

data of the set of 46 structurally different test solutes with known
solvation parameters [23,28,33] that are shown in Table 1. The coef-
ficient values were calculated for each separation system, i.e., CSP
and mobile phase composition, by multiple linear regression analy-
sis of log k against the solute descriptors using NCSS software (NCSS,
Kaysville, UT, USA) [34]. The results were determined for both the
complete model utilizing all regression coefficients and the optimal
model handling just the statistically significant regression param-
eter values.

3. Results and discussion
3.1. Enantiomeric separation of binaphthyl catalysts

The cyclofructan-based RN CF6 column, a representative of this
novel class of CSPs, was chosen for enantioseparation of substi-
tuted binaphthyl catalysts in the normal phase separation mode.
The column was selected because the structure of the chiral selec-
tor, the cyclofructan derivative (R-naphthylethyl group), seemed
to be compatible with the structure of the binaphthyl derivatives.
Mobile phases were composed of hexane and propane-2-ol in var-
ious ratios and also the addition of trifluoroacetic acid into these
mobile phases was tested. The influence of the addition of the acid

to the hex/IPA 80/20 (v/v) mobile phase is obvious from the results
summarized in Table 2. The presence of TFA in the mobile phase
did not have significant effect on the retention and separation of
the majority of the analytes and their atropoisomers. The acidified
mobile phase just slightly reduced the retention values.

One exception to this was analyte 5 which exhibited an excep-
tional behavior (Fig. 2). This binaphthyl derivative has accessible
ionizable groups, and so the addition of TFA significantly improved
its enantioresolution (the Rs increased from 0.14 to 1.43 without
and with the acid, respectively, even though retention was reduced
in the latter case). In addition, baseline resolution was achieved for
atropoisomers of derivative 3 and partial separation was obtained
for atropoisomers of binaphthol and solutes 1 and 2 (see Table 2)
under both mobile phase compositions. Atropoisomers of analytes
4, 6, 7 and 8 were not separated in any chromatographic system
tested. A comparison of the retention and separation of atropoiso-
mers of compounds 2, 3 and 4 is interesting given the similarity
of their substituents (see Fig. 1). Analytes 3 and 4 have their oxy-
gen and sulfur moieties reversed. Analyte 2 has one substituent the
same as analyte 3 and one substituent the same as analyte 4. Analyte
3 has the lowest retention factor and the highest enantioresolution.

Analyte 4 had the greatest retention among all these analytes
but its atropoisomers were not separated. The retention factor of
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Table 1

Set of test analytes and their solvation parameters.
Analyte E S A B v
Benzamide 0.99 1.50 0.49 0.67 0.973
2-Naphthol 1.52 1.08 0.61 0.40 1.144
Resorcinol 0.98 1.00 1.10 0.58 0.834
Benzophenone 1.45 1.50 0.00 0.50 1.481 A
Hydroquinone 1.00 1.00 1.16 0.60 0.834 ==
1,2-Cresol 0.84 0.86 0.52 0.31 0.916
Benzonitrile 0.74 1.11 0.00 0.33 0.871
1,3-Cresol 0.82 0.88 0.57 0.34 0.916
Benzylalcohol 0.80 0.87 0.33 0.56 0.916
Benzene 0.61 0.52 0.00 0.14 0.716
Naphthalene 1.34 0.92 0.00 0.20 1.085
Pyrocatechol 0.97 1.07 0.85 0.52 0.834
Dibenzothiophene 1.96 1.31 0.00 0.18 1.379 B
Ethylbenzene 0.61 0.51 0.00 0.15 0.998 —
Benzaldehyde 0.82 1.00 0.00 0.39 0.873 T T T T T T T T T T T T ¥ T ¥ T 1
Toluene 0.60 0.52 0.00 0.14 0.857 0 2 4 6 8§ 10 12 14 16
1,2-Toluidine 0.97 0.92 0.23 0.45 0.957 t (min)
Biphenyl 1.36 0.99 0.00 0.22 1.324
Phenanthrene 2.06 1.29 0.00 0.26 1.454 Fig. 2. Chiral separation of analyte 5 atropoisomers on the RN CF6 column. Mobile
1,2,3-Trichlorobenzene 1.03 0.86 0.00 0.00 1.084 phase compositions: A: n-hexane/IPA 80/20 (v/v); B: n-hexane/IPA/TFA 80/20/0.5
3-Nitrotoluene 0.87 1.10 0.00 0.25 1.032 (v/v[v); column and sample temperatures: 25 °C; flow rate: 1 mL/min; UV detection:
1,2-Xylene 0.66 0.56 0.00 0.16 0.998 254nm.
Bromobenzene 0.88 0.73 0.00 0.09 0.891
2-Nitrotoluene 0.87 1.11 0.00 0.27 1.032
1,3-Xylene 0.62 0.52 0.00 0.16 0.998 analyte 2 is between those of analytes 3 and 4, and the resolution of
Chlorobenzene 0.72 0.65 0.00 0.07 0.839 its atropoisomers is higher than that of analyte 4 (R=0) and lower
14-Xylene 0.61 0.52 0.00 016 0.998 than that of analyte 3. It can be concluded that the substituent type
2-Chlorophenol 0.85 0.88 0.32 031 0.898 fanalvte 3 h .. ff he chiral discriminati
3-Chlorophenol 091 1.06 0.69 015 0.898 of analyte3 hasa ppsmve effect onthe chira 1scr1m}nat10r1 process
4-Chlorophenol 0.92 1.08 0.67 021 0.898 whereas the substituent of analyte 4 has the opposite effect.
2-Nitrophenol 1.02 1.05 0.05 0.37 0.949 [B-Cyclodextrin based RN CD column also was tested for the
;“g'tgol’hel;wl devd (1)'8; };; 8~§i g-ig 83‘3‘2 separation of these compounds with mobile phases of the same
A'Cei’orfgxy enzaldehyde 018 070 004 049 0547 compositions as those used with the cyclofructan-based CSP
Aniline 0.96 0.96 026 041 0816 (Table 2). The RN CD CSP was selected because the B-cyclodextrin
Anthracene 229 1.34 0.00 0.26 1.454 derivative contains the same substituent (naphthylethyl carbamoyl
Tetrachlorobenzene 118 0.92 0.00 0.00 1.206 group) on an oligosaccharide base as the RN CF6 chiral selector. A
Pyrene 281 1.71 0.00 0.29 1.585 strong effect of the addition of TFA to the mobile phase on reten-
Caffeine 1.50 1.60 0.00 1.33 1.364 . f the binaphthvl derivati b d he RN CD
1.4-toluidine 092 0.95 023 045 0.957 tion of the binap .t y erlvatlves-was observed on the RN
Pyridine 0.63 0.84 0.00 0.52 0.675 column. The retention was substantially reduced with the acidified
Theophylline 1.50 1.60 0.54 1.34 1.222 mobile phase. Unfortunately, no significant enantioseparation of
Thﬁ’f{“ne 0.80 1.00 044 1.83 0.893 the atropoisomers was observed on this CSP in the normal separa-
Eiaiif‘ceme 8';1 ?‘3(2) 8'22 ?'gg 8';‘51; tion mode. Only atropisomers of compound 5 were partly resolved
Phenol 0.81 0.89 0.60 0.30 0.775 n the mOblle. phase W]th TFA (Flg. 3). )

A comparison of the results obtained on these two chiral sta-
tionary phases shows that the RN CF6 column is more suitable
for enantioseparation of the binaphthyl catalysts. The retention of

Table 2
The chromatographic parameters of the chiral analytes using CF6 RN and CD RN columns; k1, retention factor of the first eluted atropoisomer; «, selectivity; R, resolution.
Mobile phase Analyte CF6 RN CD RN
k1 o R k1 o R
hex/IPA/TFA 80/20/0.0 (v/v/v) Binaphthol 1.38 1.08 1.08 7.67 1.00 0.00
1 0.94 1.10 1.32 1.56 1.00 0.00
2 217 1.07 0.98 4.02 1.00 0.00
3 1.35 1.16 1.95 3.09 1.00 0.00
4 6.34 1.00 0.00 8.26 1.00 0.00
5 2.17 1.05 0.14 8.55 1.00 0.00
6 3.19 1.00 0.00 5.52 1.00 0.00
7 0.89 1.00 0.00 217 1.00 0.00
8 0.43 1.00 0.00 0.85 1.00 0.00
hex/IPA/TFA 80/20/0.5 (v/v/v) Binaphthol 1.47 1.08 1.04 3.11 1.00 0.002
1 0.89 1.10 1.44 1.26 1.00 0.00
2 2.02 1.07 0.95 3.04 1.00 0.00
3 1.29 1.17 1.87 2.42 1.00 0.00
4 538 1.00 0.00 5.83 1.00 0.00
5 1.76 1.10 1.43 3.44 1.05 0.31
6 2.76 1.00 0.00 423 1.00 0.00
7 0.88 1.00 0.00 1.61 1.00 0.00
8 0.44 1.00 0.00 0.56 1.00 0.00

2 Slight indication of enantioseparation.
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Fig. 3. Chiral separation of analyte 5 atropoisomers on the RN CD column. Mobile
phase compositions: A: n-hexane/IPA 80/20 (v/v); B: n-hexane/IPA/TFA 80/20/0.5
(v/v/v). For other experimental conditions see caption to Fig. 2.

all the tested analytes was much higher if the RN CD column was
used. Nevertheless, the higher retention had no positive impact on
enantioresolution.

3.2. Comparison of RN CF6 and RN CD columns using LFER model

The LFER model was used in order to better understand the
interactions involved in the retention and separation of the sub-
stituted binaphthyl derivatives on the two chiral stationary phases.
This approach can reveal contributions of the individual interaction
types, obtained from regression coefficients v, a, b, s and e of Eq. (1).

The LFER data for the separation systems previously discussed
in Section 3.1 are summarized in Table 3. The table shows the
regression coefficients obtained from the complete and the optimal

models of LFER and also the standardized coefficients of the opti-
mal model. Correlation of the LFER data with experimental results
(plot of the experimental logk against calculated log k) achieved
for the set of 46 structurally diverse test solutes on the both CSPs
did not show any serious outliers, correlation coefficients of linear
regression fits were always higher than 0.93. Lower p-values of the
optimal model than those of the complete model (see Table 3) show
that the regression coefficients of the former model are more sig-
nificant [34]. Due to the fact that insignificant interactions are also
included in the complete LFER model, the optimal model offers a
better tool for comparison of the chromatographic systems studied
in this work.

Negative values of the regression coefficient v (represent-
ing difference in hydrophobicity between the stationary and the
mobile phases) obtained for all four separation systems show that
hydrophobic interactions are preferred in the mobile phase. This
is legitimate in a normal separation mode where the hydropho-
bicity of a mobile phase is higher than that of a stationary phase.
The v values show a clearly defined trend, i.e., the absolute v value
decreases if TFA is added to the mobile phase no matter what CSP
is used. If we compare the results for the tested columns obtained
in the separation systems with the same mobile phase the dif-
ference in hydrophobicity between the stationary and the mobile
phases is higher for the system employing RN CF6 column. Thus,
the RN CF6 stationary phase can be considered more polar than
the RN CD column. Obtained results (v values) correspond with
the retention of binaphthyl derivatives (Table 2), i.e., their reten-
tion factors are higher in chromatographic systems with the RN CD
column. This confirms the general idea that cyclofructans do not
possess central hydrophobic cavity as do cyclodextrins [35,36]. The
regression coefficient a (describing difference in hydrogen bond
basicity) is statistically insignificant for RN CF6 column in the both
mobile phases tested. So this type of interaction is not involved in
the optimal model. That means that the basicity (ability to accept
protons) of this stationary phase is low and similar to that of the

Table 3
Regression coefficients of the LFER equation and correlation coefficient R.
Column Mobile phase Model v a b s e c R
RN CF6 hex/IPA/TFA 80/20/0.0 (v/v/v) C.M. -1.623 —0.035 1.669 0.995 0.278 -0.659 0.957
+95% CI 0.704 0.247 0312 0.364 0.328 0475
p 0.000 0.776 0.000 0.000 0.092 0.008
0.M. -1.169 X 1.596 1.128 X —0.944 0.953
+95% CI 0.382 0.302 0.298 0.307
p 0.000 0.000 0.000 0.000
STD —0.407 X 0.638 0.572 X 0.000
hex/IPA/TFA 80/20/0.5 (v/v/v) C.M. -1.019 0.092 1.556 0.759 0.130 -0.823 0.967
+95% CI 0.623 0.216 0.237 0.299 0.275 0.421
p 0.002 0.395 0.000 0.000 0.342 0.000
0.M. -0.918 X 1.535 0.891 X —0.892 0.965
+95% CI 0316 0.231 0.244 0.254
p 0.000 0.000 0.000 0.000
STD -0.338 X 0.705 0.482 X 0.000
RN CD hex/IPA/TFA 80/20/0.0 (v/v/v) C.M. -1.381 0.506 0.928 1.033 0.211 —0.342 0.931
+95% CI 0.898 0.337 0.331 0.503 0.416 0.647
p 0.004 0.004 0.000 0.000 0.309 0.290
0.M. —-1.037 0.553 0.901 1.148 X —0.581 0.929
+95% CI 0.591 0.324 0.327 0.449 0.443
p 0.001 0.001 0.000 0.000 0.012
STD -0.365 0.280 0434 0.519 X 0.000
hex/IPA/TFA 80/20/0.5 (v/v/v) C.M. -0.963 0.284 1.455 0.831 0.194 —-0.896 0.966
+95% CI 0.600 0.211 0.255 0.293 0.265 0414
p 0.002 0.010 0.000 0.000 0.147 0.000
0.M. -0.623 0.330 1.421 0.906 X -1.114 0.964
+95% CI 0.382 0.204 0.255 0.279 0.291
D 0.002 0.002 0.000 0.000 0.000
STD -0.234 0.189 0.590 0.484 X 0.000

Cl represents £95% confidence interval. x, insignificant interaction; C.M., complete model of the LFER equation; O.M., optimal model of the LFER equation; STD, standardized
coefficients of the optimal LFER equation; p, statistical p-value. The p-values express probability of the error that the individual coefficient does not contribute to the model,

i.e., p-values represent the significance of the individual coefficients.
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mobile phases. On the other hand, the regression coefficients a
are significant in both the systems with the RN CD column. The
a values are positive, i.e., this type of interaction contributes to
the retention. Lower value of the coefficient a was observed in
the system with TFA in the mobile phase. TFA can occupy some
of the proton accepting sites on the stationary phase and in this
way reduce their availability to the analytes. The regression coeffi-
cients b (expressing hydrogen bond acidity difference) are positive
in all chromatographic systems studied. The hydrogen bond acid-
ity of the RN CF6 and RN CD CSPs is always higher than that of the
both mobile phases used. Moreover, RN CF6 CSP has higher hydro-
gen bond donating properties than RN CD CSP, or groups that can
exhibit this type of interaction may be better accessible on the for-
mer CSP. The addition of TFA to the mobile phase has an interesting
effect on the values of coefficient b. While this is almost negligible
in the system with RN CF6 CSP, the H-bond acidity increases signif-
icantly on RN CD column if TFA is present in the mobile phase. This
result correlates with the retention values of binaphthyl derivatives
in Table 2. Sorption of mobile phase components on the surface of
a stationary phase substantially influences interaction possibilities
offered by the stationary phase. TFA is a hydrogen donor and as
such it can increase the b values if sorbed on the stationary phase.
The obtained results indicate that sorption of TFA is much higher
on the RN CD CSP. This corresponds to the decrease of hydrogen
bond basicity (coefficient a values) observed on this column after
addition of TFA.

The s regression coefficient (describing difference of polar-
ity/polarizibility) is positive for all the studied separation systems
because many polar and polarizable groups are available on the
both CSPs. The value of this coefficient decreases by addition of
TFA to the mobile phase for the both chiral stationary phases to a
similar extent. The acid competes with the analytes for the inter-
action sites of this type on the stationary phases and in this way
decreases their retention.

The e coefficient is statistically insignificant in all the chro-
matographic systems tested. That means that propensity of the
stationary and the mobile phases to interact with solute n- and
Tr-electron pairs is equal. It can be even further deduced that this
type of interaction is related to the same substituent on CF or CD
and has equal effects in all the separation systems compared in this
work.

4. Conclusions

A new naphthylethyl substituted cyclofructan-based chiral
stationary phase was investigated in the normal phase separa-
tion mode. Advantageous enantiodiscrimination capabilities of
this CSP over a cyclodextrin based column with the same sub-
stituent (bonded to a different oligosaccharide structure) were
demonstrated on a group of binaphthyl catalysts. Addition of tri-
fluoroacetic acid to the mobile phase composed of hexane and
propane-2-ol did not affect retention or enantioresolution of the
analytes to a great extent with the exception of compound 5 (with
ionizable functional groups) which exhibited lower retention but
higher resolution of its atropoisomers in the system with TFA.

The interactions participating in the retention and enantiosepa-
ration mechanism were identified using LFER. As mentioned above
the LFER model cannot reveal directly the difference between inter-
actions of individual enantiomers that would be related to their
different spatial arrangements. However, the LFER results denoted

that the main impact on the interaction mechanism on the RN CF6
CSP have hydrogen bond acidity and polarity/polarizibility, while
hydrogen bond basicity and interactions with n- and m-electron
pairs seem to be insignificant and dispersion interactions are pref-
fered in the mobile phase. The negligible effect of the addition of TFA
to the mobile phase on the contribution of hydrogen bond acidity
to the interaction mechanism also was confirmed by LFER.
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5. CONCLUDING REMARKS

The dissertation thesis is focused on characterization of interaction possibilities
of modern unconventional HPLC columns and their application potential. The thesis is
a commented collection of four papers published in respected journals with impact

factors and one as a contribution to international conference proceedings.

The first part of the thesis is devoted to RP-HPLC columns based on zirconium
dioxide. The methods for efficient separation of biologically active nonapeptides were
developed successfully and proved the separation potential and the stability of ZrO,-
based columns. The substantial effect of mobile phase composition on the separation
on zirconia-based columns was confirmed by a detailed study of the chromatographic
behaviour of model analytes. Furthermore, HPLC separation systems with ZrO,-based
polystyrene packing were characterized by different approaches, which provided
the possibility to recognize interactions participating in the separation process.
Empirically based chromatographic tests described the basic properties of the systems —
hydrophobicity and polarity. The application of the LFER model to the separation
systems that differed in the aqueous component of the mobile phase resulted
in the evaluation of individual interaction types. It was shown that the interactions
involved in the separation systems with zirconia-based column strongly depend
on the constituents of the mobile phase. The utilization of a set of basic compounds
covering a wide range of hydrophobicity and pKa constants revealed the contribution
of ion-exchange interactions participating in the separation systems with Zr-PS column.

The results showed that the various tests used for the characterization of silica-
based RP chromatographic columns can also be used successfully for ZrO,-based

stationary phases.

Newly developed cyclofructan-based chiral stationary phases are the subject
matter of the second part of the thesis. Three different CF-based CSPs, i.e., IP-CF6,
RN-CF6 and DMP-CF7, were investigated from the point of their enantioseparation
capabilities. Effects of the derivatization groups on cyclofructan and its core size,

structure of the analyte and also the mobile phase composition on retention
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and enantiorecognition were studied. The evaluation and comparison of the tested chiral
packings were done by injection of structurally diverse chiral compounds, i.e.,
binaphthyl derivatives possessing axial chirality and certain chiral pharmaceuticals with
different functional groups. Some efficient enantioseparations of binaphthyl derivatives
were achieved on the three CF-based CSPs. DMP-CF7 performed exceptional
enantioselectivity toward this group of analytes. The application of the CF-based CSPs
to enantioseparations of selected chiral pharmaceuticals gave insight into the complex
retention and enantiorecognition process. The LFER model gave evidence of the forces
affecting the interaction mechanism on the CF-based CSPs. The same types
of interaction in a different extent were shown to be preferred, i.e., hydrogen bond
acidity and dipolarity/polarizibility, increasing the retention, and hydrophobicity
as a retention reducing factor. Some differences of the concerned stationary phases
due to different cyclofructan core size and/or the substituents were also shown
by the LFER model. Application of LFER to separation systems with RN-CF6 CSP
and RN-CD CSP revealed the fundamental difference derived from the different basic

structure of CF vs. CD and the consequences on the interaction mechanism.

The LFER model was shown to have potential to characterize the prevailing
interactions in HPLC separation systems. Based on the LFER results retention
of analytes can be estimated or even predicted if molecular descriptors are known.
Although the application of the LFER model to chiral separations is not explicit,
as it does not relate to information on enantioselective behaviour of analytes,
this approach can be wuseful for estimation of the interactions participating

in the enantiorecognition process.
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