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Abstract
Pharmaceutical enantiomers have distinctive stereoselective binding interactions with the
biological receptors and consequently enantiomers of a single drug may be considerably different
in their pharmacokinetic and pharmacodynamic properties. As chiral drugs constitute
approximately one-third of all drug sales worldwide, regulatory authorities such as the US Food
and Drug Administration (FDA) have strict requirements to approve new chiral entities.
Commercialization of enantiomerically pure drugs was previously considered a desirable
challenge with many practical limitations. Nowadays, the technical advances of chiral separation
and asymmetric synthesis allowed the availability of many single enantiomers on a commercial
scale. Compared to the various available techniques to access enantiomerically pure drugs,
separation of racemic mixtures has been demonstrated to be economically more feasible than
diastereomeric crystallization or asymmetric synthesis to produce single enantiomers on a
commercial scale.
Different separation techniques are available for the separation of racemic mixtures, such as Gas
Chromatography (GC), High Performance Liquid Chromatography (HPLC), Supercritical Fluid
Chromatography (SFC), Capillary Electrophoresis (CE) and Capillary Electrochromatography
(CEC). Among them, HPLC is the workhorse of chiral separations for industrial applications.
Miniaturization of conventional HPLC to nano-HPLC enables high throughput, reduced sample
size and small consumption of hazardous solvents and consequently the chiral separation can be
achieved under environmentally friendly conditions.
Monolithic stationary phases have been known for the past three decades. They are composed of
a single piece of porous material through which the mobile phase percolates leading to the
ix

chromatographic separation. Monoliths enable high mobile phase flow rate and hence faster
separation compared to the particle-packed columns.
This thesis is concerned with the development of new monolithic chiral stationary phases in hairthin columns called capillary columns for the chiral separation of thirteen classes of racemic
pharmaceuticals using nano-HPLC. In this research, three chiral selectors namely lipase, βcyclodextrin and single-walled carbon nanotubes were used for the preparation of polymer- or
silica-based monolithic chiral stationary phases in capillary format. Different approaches were
adopted for the preparation of the capillary columns; columns’ reproducibility was also
investigated to ensure their efficiency for industrial applications.
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Chapter 1
Monolithic capillary chiral stationary phases for the
enantioselective separation of pharmaceuticals
1.1. The mystery of chirality
A chiral object has a nonsuperimposable mirror image, in other words, its mirror image is not
the same as itself.1 The word chiral is derived from the Greek word cheir, which means “hand”
and this denotes a property of the entire object. Life on earth is based on chiral biomolecules:
all mammalian cells contain DNA in the form of a right-handed double helix; carbohydrates
are derived from D-sugar and proteins are composed of L-amino acids, where ‘D’ stands for
dextrum or ‘right’ and ‘L’ means laevum or ‘left’ in latin. These very complex molecules are
the building blocks for biological macromolecules such as proteins, DNA and RNA which
constitute living organisms. Receptors within the biological systems are proteins and they are
hence ‘chiral’ which consequently makes the internal biological environment chiral. Righthanded and left-handed forms are also called optical isomers as they rotate the plane of linear
polarized light passing through either to the right or to the left. The angle of rotation is specific
for the molecular property of the medium and it is measured using a polarimeter. These types
of optical isomers are called ‘enantiomers’, under the same conditions, the angle of rotation is
exactly opposite for each enantiomer (same magnitude and opposite sign).1
In an achiral environment, enantiomers have the same physical and chemical properties and
under identical external conditions they have exactly the same energy. At thermodynamic
equilibrium with their surroundings, both enantiomers would consequently have the same
probability of existing. However, from a physics perspective, there must be violating weak
forces accounting for very small energy difference favouring one enantiomer over the other
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and this could explain the observed biological homochirality where the biological systems are
based on D-sugars and L-amino acids rather than L-sugars and D-amino acids.2

1.2. Chirality in drug design and development
A drug’s pharmacological activity depends mainly on its interaction with the biological
matrices or drug targets such as proteins, nucleic acids and biomembranes (phospholipids and
glycoproteins).3 Since these biological matrices are composed of homochiral building blocks,
they are able to recognize specifically a chiral drug molecule in only one of the many possible
arrangements in space (Figure 1.1). Therefore, it is quite understandable how the opposite
enantiomer of a chiral drug often displays significantly different pharmacodynamics
(pharmacological and toxicological properties) and pharmacokinetics (ADME properties:
absorption, distribution, metabolism and excretion). Approximately one-third of all drug sales
worldwide are chiral drugs and it is expected that nearly 95% of the pharmaceutical drugs will
be chiral by 2020.4 Accordingly, regulatory authorities such as the US Food and Drug
Administration (FDA) impose strict requirements to approve new chiral entities. These include
full documentation of the pharmacological, toxicological and pharmacokinetic profiles for the
individual enantiomers as well as their racemates (1:1 mixture of enantiomers)5. These
requirements can also be extended to agrochemicals where the use of a non-active or less active
enantiomer will lead to increased levels of pollution without any noticeable benefit.5
Administration of single-enantiomer drugs would be therapeutically more effective with fewer
side effects.
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Figure 1.1: Schematic diagram showing the three-point receptor theory. Only an enantiomer with the
correct spatial arrangements of groups will provide effective complementary interactions with the
receptor6

1.2.1. Implications of drug chirality
The awareness of the impact of chirality in pharmaceuticals was raised after the tragedy caused
by thalidomide (Figure 1.2) in 1957, a drug marketed for treatment of morning sickness in
pregnant women owing to its sedative effects.7 Thalidomide caused birth defects in almost
10,000 children in 46 countries, marked by limb malformations and congenital defects
affecting ears, eyes, heart and kidneys leading to its withdrawal from the market in 1961. It
was then discovered that only one particular optical isomer of thalidomide ((S)-enantiomer)
caused the teratogenicity.

Figure 1.2: Chemical structures of thalidomide enantiomers

The pair of enantiomers, while mirror images of each other, cause different effects, although it
is now known that the "safe" enantiomer can be converted to the teratogenic enantiomer once
in the human body. The mechanism of teratogenicity is not fully clear but possible mechanisms
include anti-angiogenic and oxidative stress-inducing effects.8 However, there is a renewed
interest in restricted use of thalidomide because of its immunomodulatory and anti-
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inflammatory properties. Thalidomide showed impressive results in the treatment of erythema
nodosum leprosum, apoptosis, some autoimmune diseases such as chronic lupus
erythematosus, rheumatoid arthritis and some forms of cancer (multiple myeloma).7,9
It was only in February 2014 when a judge has formally approved an $89 million settlement
for Australians and New Zealanders living with severe physical deformities as a result of their
mothers administered thalidomide during pregnancy.10 More than a hundred Australian
survivors were involved in the case action.11
As a consequence of the advances in technology as well as increasing safety concerns, drug
chirality has become the highest priority for both the regulatory authorities and the
pharmaceutical industry. This in turn shifted the pharmaceutical industry toward the
development of single-enantiomer products. Commercialization of enantiomerically pure
drugs was previously considered a desirable challenge with many practical limitations. Today,
the situation has dramatically changed as the advances in technology allow the production of
many single enantiomers on a commercial scale. Many enantiomerically pure drugs have
successfully reached the market and many of them are among the top-selling drugs in the world.
For example, six out of the top 10 best-selling US prescription small-molecule pharmaceuticals
in 2009 were single enantiomers.3 The global sales of chiral technology products in 2011 were
5.3$ billion. The market is expected to expand at a compound annual growth rate (CAGR) of
6.5% to reach 7.2$ billion by 2016 (Figure 1.3).12
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Figure 1.3: Worldwide revenue of chiral technology market 2009-2016, reproduced from reference12

1.2.1.1.

Pharmacological implications

It has been proposed that the active enantiomer of a chiral molecule be termed eutomer, whilst
the less active enantiomer is called distomer.13 The eudismic ratio (ER) is the ratio of the
activity of the eutomer to that of distomer: the higher the ratio, the higher the potency of the
eutomer. The presence of the distomer in the racemic drug can have different implications
regarding the pharmacological activity as outlined below.13
Inactive distomer (high ER)
An example of an inactive distomer is the (S)-enantiomer of the β-blocker propranolol which
is 130 times more potent than the (R)-enantiomer as a β-adrenoceptor antagonist (ER = 130)
(Figure 1.4). A number of other β-blockers with similar structure show high ER, therefore,
these drugs are marketed as racemates as the distomer displays no side effects. However, recent
studies showed that prolonged administration of racemic β-blockers might induce diabetes in
hypertensive patients.14,15
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Figure 1.4: Chemical structures of propranolol enantiomers

Both enantiomers have independent therapeutic benefit
A classic example is quinine and quinidine which are extracted from cinchona bark13 (Figure
1.5). Quinine is used for treatment of malaria while quinidine is a class IA antiarrhythmic drug.
Quinine and quinidine are considered pseudo enantiomers.

Figure 1.5: Chemical structures of quinine and quinidine

Harmful distomer
A well-known example is thalidomide of which the (S)-enantiomer is teratogenic while the (R)enantiomer is sedative (Figure 1.2).
The eutomer and distomer have opposite pharmacological activity
One example is (S)-dobutamine which is an agonist for α-adrenoceptor while its (R)enantiomer is an antagonist for the same receptor (Figure 1.6). However, the (R)-enantiomer is
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10 times more potent than the (S)-isomer as a β1-adrenoceptor agonist and it is used to treat
cardiogenic shock.13

Figure 1.6: Chemical structures of dobutamine enantiomers

One enantiomer is converted into the other in the body
Thalidomide is a classic example of a eutomer which converts into a distomer inside the body.
Another popular example is the anti-inflammatory 2-arylpropionic acid class (profens), the
anti-inflammatory activity reside in the (S)-form which generally displays >100 times higher
potency compared to the (R)-form (Figure 1.7).16 Fortunately, the distomer is converted to the
eutomer in the body via metabolism.

Figure 1.7: General chemical structures for profens enantiomers

1.2.1.2.

Drug metabolism

Several studies demonstrated differential metabolism of enantiomers. First-pass metabolism
was observed to be predominant for the more potent enantiomer (R)-propranolol which resulted
in rapid inactivation of the drug. Therefore, avoidance of the first-pass metabolism as in
parenteral administration led to better efficacy. Another example is the preferential sulfation
of the more potent (R)-salbutamol (bronchodilator) upon oral administration compared to the
unmetabolized counterpart. This differential rate of metabolism was the basis for the
7
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discrimination of prohibited oral use of salbutamol from the authorized inhalation use for the
treatment of exercise-induced asthma (EIA) in athletes by the International Olympic
Committee (IOC).17

1.2.2. Economic consequences for bioactive drug development
Economic interests are essential driving forces for the development of new chiral
pharmaceuticals. Single-enantiomer drug sales show a continuous growth worldwide and, as
mentioned before, around 60% of the top 10 selling drugs in 2009 were single enantiomers.
The market is expanding and is expected to reach 5.1 billion USD by 2017.4 Moreover,
development of a single-enantiomer drug for a previously marketed racemate grants the
pharmaceutical companies patency and implies improved therapeutic efficacy.5 A clear
example is when AstraZenca marketed perprazole-the (S)-isomer of the world’s biggest selling
omeprazole used for the treatment of peptic ulcer (Nexium® vs Losec®).
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1.3. Different tools to access enantiomerically pure compounds
Various methods have been reported to access enantiomerically pure compounds, including
synthesis from a chirality pool, asymmetric synthesis from prochiral substrates and resolution
of racemic mixtures (Figure 1.8).18 For industrial applications, separation of racemic mixtures
has been considered the most feasible method compared to the more expensive and time
consuming synthetic approaches.19

Figure 1.8: Schematic diagram showing different methods to access enantiomerically pure compounds,
reproduced with permission from reference18

Due to the broad applications of chiral separations in pharmaceutical, agrochemical and fine
industries, various chromatographic techniques have been developed for the resolution of
racemates. Capillary Electrochromatography (CEC), Capillary Electrophoresis (CE), Gas
Chromatography (GC), Supercritical Fluid Chromatography (SFC), Countercurrent
Chromatography (CCC) and High Performance Liquid Chromatography (HPLC) are among
the most extensively used techniques in chiral separations.20 GC and SFC have some
disadvantages compared to HPLC, the most critical of which is temperature selection. High
temperatures can result in decomposition or racemization of the chiral analyte.20 On the other
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hand, CE and CEC cannot compete with HPLC in terms of scale-up to larger quantities of
analyte. For these reasons, HPLC is one of the most widely used techniques for the separation
of enantiomers.21
The fundamental basis for the discrimination of enantiomers in any chromatographic system is
their transformation to diastereomers. Hence, the presence of a chiral environment is essential
for the enantioselective separation. For this purpose, chiral catalysts, chiral auxiliaries or chiral
selectors are used. Two strategies are applied for the enantioseparation: the so called direct and
indirect methods. In the former approach, analytes are derivatized with an enantiomerically
pure reagent to yield a pair of diastereomers which can afterward be separated under achiral
conditions (diastereomers have different physical properties and chemical reactivities).
Potential racemization during derivatization, strict requirement of an enantiomerically pure
derivatizing agent and the demand of a straightforward and smooth derivatization render the
indirect approach less attractive. On the other hand, the direct approach is based on the
interaction between the analytes and a chiral selector (CS) and consequently results in the
formation of transient, nonconvalent diastereomeric complexes which will furnish the chiral
separation. The retention times of the enantiomers depend on the differences in stabilities of
these transient complexes, with the less stable complexes eluting earlier than the more stable
complexes.20
The CS can be physically adsorbed, covalently bound to a solid support (so called stationary
phase contained in the column) or dissolved in the mobile phase/background electrolyte as a
chiral additive (chiral mobile phase additive, CMPA). The chiral separation in this case is based
on different interactions between the analyte enantiomers and the CS which will be discussed
in the coming sections. Over the past two decades, many CS have been explored, developed
and used efficiently either as chiral stationary phases (CSPs) or as CMPAs. CS can be obtained
from natural resources or semisynthetic/synthetic pathways.5 The main types of CSs used for
10
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enantioseparation, along with the separation technique that was reported, and their suitability
for analytical or preparative scale are listed in Table 1.1.
Table 1.1: Main groups of chiral selectors arranged according to their origin and separation techniques

Origin

Type

Proteins

Oligosachharides
Natural
Polysachharides

Macrocyclic
Antibiotics
Small
molecules

Semisynthetic

Synthetic

Oligosachharides
derivatives
Polysachharides
derivatives
Small
molecules
Ligandexchange
selectors
Helical
synthetic
polymer

CS
Human/bovine serum
albumin
Ovomucoid
α1-acid glycoprotein
Cellobiohydrolase I
Avidin
Chemotrypsin
Ovotransferrin
α, β, γ-cylcodextrin
Cyclofructan
Disaccharides
Maltodextrins
Cellulose
Amylose
Dextran
Starch
Heparin
Pectins
Vancomycin
Teicoplanin
Ristocetin
Avoparcin
Amino acids
Alkaloids
Cholic acids, bile salts
Cyclodextrin
carbamates, esters
Cellulose/amylose
carbamates, esters
λ-Carrageenan
Chondroitin derivatives
Pirkle type selectors
Receptor molecules
Crown ether
Proline derivatives
Polyacrylates and
polyacrylamides
Cross-linked
tartaramides

Chromatographic
technique

Analytical/Preparative
scale

Ref.

HPLC, CE, CEC

Analytical

22-28

HPLC, CE, CEC,
GC

Analytical/Preparative
Analytical
Analytical
Analytical

29-31

CE

Analytical

32-35

HPLC, CE, CEC,
SFC

Analytical/Preparative

36-39

HPLC, CE, CEC

Analytical

40-42

HPLC, CE, CEC,
GC, SFC

Analytical/Preparative

29,43

HPLC, CE, CEC,
GC, SFC

Analytical/Preparative
44-46

Analytical

HPLC, CE, SFC

Analytical/Preparative

47

HPLC, CE

Analytical/Preparative

48,49

HPLC, CE, SFC

Analytical/Preparative

50,51
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1.4. Chiral recognition principles
As previously mentioned, a prerequisite for chiral separation is the formation of diastereomeric
associates between the analyte’s enantiomers and the CS with distinct association constants
(KS and KR).52 These diastereomeric associates possess different energies and hence different
retention times which enable their separation.
The interaction between the analytes enantiomers and the CS depends on the analyte/CS
functional groups and complementary spatial arrangements of analtyes/CS groups. For a long
time, the chiral discrimination mechanism remained vague and there is still a widespread
deficiency in understanding the underlying mechanism on the molecular level. The elution
order of the individual enantiomers is usually determined through reference standards of the
individual enantiomers. Whilst it is widely accepted that chromatographic conditions are
critical in determining the enantiomers elution order, the prediction of enantiomers elution
order has not been comprehensively understood till present. Nonetheless, mini-adjustments of
conditions (e.g. solvents polarity and pH) are not expected to change the dynamics of
separation and hence the elution order.53,54
A complete understanding of the chiral recognition mechanism would allow the prediction of
which CS would best separate the enantiomers of a certain racemate. However, considering
that a comprehensive mechanism has not yet been revealed, there is an immense need to
develop a wide range of CSs to allow the separation of a broad variety of chiral racemates with
diverse chemical structures. Nevertheless, recent studies addressed specific molecular
recognition phenomena of certain CSPs with modern spectroscopic, computational and
chromatographic methods.
Early attempts to explain the chiral recognition mechanism started in 1933.55 The proposed
“three-point attachment model” postulated that the three groups around the tetrahedron carbon
atom can only bind via specific sites to the receptor in which it is impossible for the other
12

Chapter 1
enantiomer to bind via the same three-contact points to all the receptor sites (Figure 1.9). This
model was later widely accepted to explain enzymes reactions in biology. However, three
points of attachment excluded the possibility of the substrate approaching the receptor from
the interior, not only from the surface, hence a fourth requirement was emphasised by Wilcox
et al.56 in a four-point contact model.

Figure 1.9: Schematic diagram showing the 1933 Easson–Stedman model, reproduced with permission
from references52,55. Priority sequence for groups around the tetrahedron carbon is a>b>c>d. The binding
sites for a, b, and c are represented as A, B, and C. In the Easson–Stedman model (A), the R-enantiomer
can bind at all three sites (perfect fit) and hence is capable of eliciting biological response. However in (B)
the S-enantiomer binding is limited to a single contact point. The alternative possibility for S enantiomers
is shown in (C), where steric hindrance of d blocks the binding due to the large distance (double arrow)
between a-A, b-B and c-C. From the interior, the approach of the S enantiomers is also not allowed (D)

It was not until the early 1980s when the research on the diastereomersim as the fundamental
prerequisite for three-point contact was emphasized. Consequently, the attention was shifted
toward the differential interaction energies between chiral tetrahedron molecules in homo- and
heterochiral situations with the conclusion of the necessity of having six-centre forces in order
for the chiral discrimination to take place.57 This modified three-point contact model was later
criticized and extended into a modified four-point contact (eight-centre interaction model).58
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It is worthy to mention that although there is some debate around the three-point attachment
model, it is still considered the simplest and the most prominent postulated model to explain
chiral recognition.52 As a rule of thumb, the three-point contact model is a special case of the
four-point contact model in the presence of a constraint. Attachment of the CS to a solid support
restrains the direction from which the enantiomer (selectand, SA) can approach and hence three
distinct interactions would be feasible for the chiral discrimination59. The three interactions do
not have to be only attractive forces: both attractive and repulsive forces may be involved to
generate seteroselectivity. The key factor is to have interaction forces strong enough to create
the diastereomeric associates.60 Some interactions are multipoint rather than single point, for
example, π-π stacking and dipole-dipole interactions which consequently may be worth at least
two interaction points each.61 Moreover, solvent molecules and adsorbent surfaces have a great
effect on strengthening or attenuating the interaction forces required for the chiral recognition.
The CSP is composed of a CS attached to a porous adsorbent via a spacer in most of the cases;
the enantiomers (SA) approach the CS which accommodates the active configuration. Driven
by physical forces and sterical constrains, only one of the enantiomers can bind ideally to the
CS leading to distinct binding constants KS and KR for the underlying equilibrium reactions
(Figure 1.10). Effective binding can be achieved by a number of non-covalent interactions such
as52:
·

Steric fit: size and shape is complementary between the CS (at the binding pocket or
cleft) and SA.

·

Electrostatic fit: favourable spatial and geometric orientation of the complementary
functional groups allows flexible electrostatic interactions such as ionic, H-bonds,
dipole-dipole, face-to-face, or face-to-edge π-π-interactions, cation-π or anion-π
interactions.
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·

Dynamic fit and induced fit: conformational adaptation to maximise binding
interactions.

·

Hydrophobic fit: When hydrophobic regions on CS and SA can spatially match each
other as to release, in aqueous media, their entropically unfavourable, structurally
ordered water molecules and eventually allow for close intermolecular contacts of the
hydrophobic moieties, thus leading to mutual saturation of their hydrophobic surfaces.

Figure 1.10: The “three-point interaction model” adapted to be relevant to the interactions occurring in a
theoretical liquid chromatographic system. Included are thermodynamic contributions to Gibbs free
energy of the CS-SA complexation according to the equation: ΔG(CS–SA/binding) = ΔGsolv + ΔGint +
ΔGconf + ΔGmotion. Proposed by and reproduced with permission from reference52. Shown is the
interaction of ideal fit between S-SA and the non-interaction of the R-SA

Binding interactions were classified into leading (dominating) interactions and secondary
(supporting) interactions. The former are stronger and bring the SA in close proximity to the
CS, while the latter are of short-range and determine the enantiorecognition. Since the leading
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interactions usually occur non-stereoselectively, they need to be balanced so that the
stereoselective secondary interactions gain impact.62
It is worth pointing out that the prediction of the enantioselectivity of a CSP is not a trivial
process since homologous compounds of closely related structures sometimes display poorly
correlated enantioselectivities.48,63 Although molecular simulation has provided invaluable
insights toward the chiral recognition mechanisms, predictions are still largely based on
speculation, empirical rules or intuition due to the complexity of the enantioselective
separations. Speculation is based on the nature of the CS and its substituents. For example, the
exceptional chiral recognition capabilities of polysaccharide selectors (cellulose and amylose
derivatives) arise from multiple chirality descriptors. Conformational chirality arises from the
helical twist of the polymer backbone, while molecular and supramolecular chiralities stem
from the presence of multiple stereogenic centres in the glucopyranose units and the alignment
of adjacent polymer chains respectively.52,64 Substitution of the polymeric backbones with side
chains (e.g. esters and carbamates) has a significant effect on the molecular and supramolecular
structures. Consequently cellulose and amylose derivatives accommodate a multitude of
structurally different cavities to fit structurally distinct SAs into them.65 Therefore, it is not
surprising that most of the commercial enantioselective analyses can be achieved using a
limited number of 3-4 distinct polysaccharide derivatives due to their complementary chiral
recognition profiles with respect to analytes structures and elution orders.66 The chiral
discrimination abilities of certain chiral selectors will be discussed in chapters 3-5.
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1.5. Enantioselective

separation

by

means

of

nano-liquid

chromatography (nano-LC)
Chiral separations with HPLC remain the workhorse for most of the enantioseparations where
the enantioselective separation can be achieved by CSPs or CMPAs. Liquid chromatography
separation technique allows the analysis of volatile and non-volatile samples and therefore
eliminates the hassle of sample derivatization required for GC. Moreover, methods for
enantiomeric separations in drug discovery using liquid chromatography have been established
for both analytical (enantiomer composition determination, quality control of enantiomeric
drugs or stereoselective pharmacokinetic analysis) and preparative purposes.19,67
A general trend of miniaturization in science and technology has been conveyed to the field of
separation science. Consequently, nano-LC has evolved where reduction in both column inner
diameter (10-300 μm) and flow rate (200-1000 nL/min) were combined68. Nano-LC was first
introduced in 1988 by Karlsson and Novotny to tackle technical problems and carry out
theoretical, technological and methodological experiments.69 As a consequence of shorter
analysis time, lower sample dilution, small consumption of mobile phase packing material and
easy coupling with mass spectroscopy (MS), nano-LC has established itself as a
competitive/complementary separation technique to conventional HPLC. Figure 1.11 shows
the difference between conventional HPLC and nano-LC systems and columns.
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b)

a)

c)

d)

Figure 1.11: Conventional HPLC a) with columns of 4.6 mm ID d) vs nano-LC b) with capillary columns
of 10-300 µm ID d). The droplet waste coming off the nano-LC system is also shown in c)

Solvent consumption has been reduced in analyses by 103-106 scale and sample volume is down
by 103 scale using nano-LC, changes that are beneficial for pharmaceutical industries especially
when expensive CSPs are used. Moreover, compared to the other miniaturized techniques such
as CE and CEC, nano-LC is characterized by higher reliability, reproducibility and universality
that make it more adequate for industrial applications governed by regulatory issues 21.
However nano-LC has a disadvantage of limited sensitivity compared to conventional HPLC.
Nevertheless, the use of appropriate detectors (such as MS, UV detection cell with high path
length) and/or on-column focusing can overcome this problem.70,71 Large numbers of recent
publications demonstrate that nano-LC is a powerful analytical tool in different fields such as
pharmaceutical, environmental, proteomics, food and enantioselective analyses.72,73
Capillary columns used in nano-LC are mostly made of fused glass of 10-300 µm ID. They can
either be particle-packed, open tubular or continuous bed (monolithic) in nature. Particulate
stationary phases used in conventional HPLC have been used to prepare particle packed
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capillary columns. Usually particles of 3-5 µm diameter are used, however, recently particles
of smaller size (sub 2 µm) have been employed to improve column efficiency and selectivity.73
However, the packing procedure is quite challenging and requires considerable experience, as
particles tend to aggregate while being packed in capillaries with small diameters. Retaining
frits at the capillary extremities are also required. Inlet and outlet frits are usually prepared by
sintering the glass with a heated wire which causes removal of the capillary polyimide coating
rendering it fragile. Bad sintering can compromise the mobile phase flow through the capillary
and might change the properties of the packing material when subject to heat.74 Open tubular
capillary columns are less complicated to prepare and do not require frits, but they are of poor
selectivity and low sample loading capacity.75
Continuous bed technology has been applied to nano-LC as an alternative to particle packed
and open tubular columns. Monolithic materials for applications as CSPs in nano-LC will be
elaborated in the coming sections. However, a prerequisite for the success of such applications
is the accurate and reliable delivery of the mobile phase at μL/min or nL/min flow rates under
applied backpressures. This has promoted the development of micro-pumps and fluid-handling
systems that are capable of meeting the required performing criteria.76
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1.6. Monolithic stationary phases
A monolith can be defined as a geological feature consisting of a single massive stone or rock
placed as such or within a mountain or boulder.77 Erosion usually exposes these geological
formations. An example of such formations is shown in Figure 1.12; this monolith is clearly
porous although it cannot be considered as a model for a monolithic column. Monolithic
stationary phases have been known for the last three decades. Although this is a short time
compared to over 100 years of chromatography, they have already created a significant impact
in separation science.78 Monoliths are columns that have a continuous homogenous stationary
phase layer (sealed against the wall of a tube) rather than a packed particles form and so the
mobile phase has to percolate through the continuous porous bed. Over the last decade,
monolithic materials have become the preferred packing material for microscale separation
techniques in capillaries.79

Figure 1.12: Photograph of the porous monolith erected at the entrance of the Summer Palace Park,
Beijing, China, reproduced with permission from reference 78
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Early attempts of using a single piece of material as a separation medium reported in the early
1950s were not successful, as the material used tended to collapse under the used pressure.80,81
In the 1970s, open-pore polyurethane foams were used in size-exclusion chromatography for
the separation of proteins but the permeability of these materials was too low.82,83 Extensive
studies on the preparation of monolithic materials in separation science have been reported
since the early 1990s and therefore, the legitimate “monolithic age” started at this time.84 A
number of alternative names has been postulated in the literature to describe the continuous
bed separation material, such as, continuous polymer bed85, macroporous polymer
membranes86, continuous porous rods87, porous silica rods88 or continuous column support89.
Nonetheless, the first appearance of the term “monolith” to describe the continuous bed was in
1993 and since then it has been widely used as a handier and more appealing term than the
multi-word expressions. Generally, depending on the nature of the monolithic materials, four
types are available, namely particle-fixed, molecularly imprinted, polymer-based and silicabased. The last two are the most widely used in separation science. As this thesis describes new
CSPs based on polymer or silica monoliths, literature will be reviewed regarding these types.

1.6.1. Organic polymer-based monolithic columns
Early work on highly cross-linked acrylamide-based monolithic beds was reported by Hjerten
et al. via the polymerization of N,N’-methylenebisacrylamide and acrylic acid in the presence
of ammonium sulphate (to induce precipitation of the polymer).85 The produced polymer was
then compressed in order to completely fill the chromatographic tube (column). Obviously, the
approach was complex as it required multiple steps. Later, the same polymerization mixture
was modified to include poly(oxyethylene) which induced the aggregation of acrylamide
chains and contributed to the formation of more porous structures.90 However, no
characterization of the pore structure was performed for these monoliths. Shortly after, in 1990,
Svec and Frechet introduced the concept for the original molded rigid monoliths based on
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methacrylate esters where one piece of porous organic polymer material filled the whole
volume of a cylindrical column.86,87
The structure of polymer monoliths can be described as an interconnected network of
micrometer-sized flow-through pores and smaller inner pores (mesopores).91 The former
provides good bed permeability and enables fast separation at mobile phase high flow rate,
while the latter is responsible for the retention and separation selectivity.92 Polymer-based
monoliths are prepared via in situ copolymerization of one or more monovinyl monomers with
a divinyl cross linker in suitable porogenic solvents (binary or ternary) in a single step process93
(Figure 1.13). The polymer is formed within the capillary via thermal or photo-initiated free
radical polymerization to form a continuous porous bed.

Figure 1.13: Schematic diagram showing the in situ preparation of polymer monolithic capillary columns
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Advantages such as the ease of in situ preparation in capillaries or narrow channels of
microfluidic devices made polymer monoliths ideal stationary phases for microscale separation
formats. Moreover, retaining frits are not required and therefore, problems such as fragility and
short life span are avoided. An additional advantage for CEC, monoliths benefit from large
surface area compared to the open-tubular columns and this consequently makes them less
prone to the overloading effects.94 It is worth mentioning that 3-(trimethoxysilyl)propyl
methacrylate (γ-MAPS) is used to vinylize the inner capillary walls allowing the polymer to
anchor with the capillary walls.95 This consequently produces capillary columns with good
mechanical stability and improved robustness.
Organic polymer monoliths have been used successfully in typical proteomic applications such
as separation of proteins or peptides using steep gradient elution96. However, for isocratic
elution of small molecules, organic polymer monoliths do not seem to be very successful. This
is attributed to their wide pore diameter and consequently low surface area (tens of square
meters per gram).92 Materials with pore size 7-12 nm and specific surface area of 150-400 m2/g
are suitable for the separation of small molecules. However, the separation of macromolecules
requires wide pores (at least 15-100 nm) and relatively low specific surface area (10-150 m2/g)
to allow easy access to the interactive surface within the adsorbent pores.92
In order to obtain high surface area required for the separation of small molecules, a large
number of smaller pores needs to be incorporated into the polymer. The major contribution to
the overall surface area comes from the micropores (with sizes <2 nm) followed by mesopores
(size 2-50 nm).84 Larger macropores and gigapores make only insignificant contribution to the
overall surface area. However, these pores are essential to allow the flow of the solvent at a
reasonable pressure which consequently depends on the overall porous properties of the
monolith. Therefore, the pore size distribution of the monolith should be adjusted properly
during monolith preparation in order to fit the desired application.84 Various approaches have
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been demonstrated to adjust column porosity, including careful optimization of the
composition of the polymerization mixture, adjusting polymerization temperature and
duration, post polymerization modifications such as hypercrosslinking and finally
incorporation of additional structural elements into the monolithic skeleton such as carbon
nanotubes.92,97
1.6.1.1.

Composition of the polymerization mixture

A typical organic polymer monolith contains functional monomer(s), cross-linking agent(s),
porogen solvents (binary/ternary) and a polymerization initiator (via thermal/photo/radiation
initiation).
Early pioneering work was based on methacrylate- and styrene-based copolymers87,98.
Generally a combination of monovinyl monomer(s) (functional monomer(s)) and divinyl
monomer(s) (cross-linker(s)) is used to achieve the necessary balance between sufficient
density and high degree of cross-linking suitable for the desired application or postmodification of the monolith. Theoretically, any monomer can be used to form a monolith
including water-soluble hydrophilic monomers which are not suitable for standard
polymerization in aqueous suspensions.84 Consequently, monoliths with broad and diverse
chemistries can be prepared, for example hydrophilic (using acrylamide 1 or 2hydroxyethylmethacrylate 2), hydrophobic (using styrene 3 or butyl methacrylate 4), ionizable
(using 2-acrylamido-2-methyl-1-propanesulfonic acid 5), reactive (using glycidyl methacrylate
6 or 2-vinyl-4,4-dimethylazalactone 7) and chiral (using (R)-acryloyloxy-β-β-dimethyl-γbutyrolactone 8)84. Examples of some monomers used for organic polymer monoliths are
shown in Figure 1.14.
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Figure 1.14: Examples of some monomers used in the preparation of organic polymer monoliths 84

The use of alkylmthacrylate monomers with different hydrophobicities (C2-C18) produced
monolithic columns of high separation efficiencies for alkylbenzenes. Moreover, lauryl
methacrylate (C12) showed the highest separation efficiency with improved pore
morphology.99 Styrenes are more hydrophobic monomers than methacrylates, therefore,
addition of methacrylic acid into a polymerization mixture composed of styrene and
divenylbenzene tunes the hydrophobicity of these monomers and produce a significant number
of small pores and consequently high surface area for the separation of alkylbenzenes. 100
Similarly, the addition of the hydrophilic 2-hydroxyethyl methacrylate into a polymerization
mixture composed of ethylvinylbenzene and divinylbenzene significantly increased the surface
area of the monolith.101
A typical cross-linker possesses two or more double bonds and this consequently leads to
higher incorporation rates compared to the monovinyl (functional) monomer, forming highly
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cross-linked nuclei in the early stages of the polymerization reaction and consequently rapid
phase separation.102 A higher content of divinyl monomer directly translates into the formation
of a more cross-linked polymer. Monoliths prepared from polymerization mixtures of higher
percentage of ethylegylcol dimethacrylate and divinylbenzene clearly demonstrated the shift
in pore size distribution toward smaller pore size.103 This approach is useful for the preparation
of monoliths with large surface areas. Moreover, the size and polarity of the cross-linker affect
the size of mesopores and gel porosity, respectively.92 Examples of some cross-linkers used for
organic polymer monoliths are shown in Figure 1.15. They include ethyleneglycol
dimethacrylate (EDMA) 9 which is most often used in the acrylate/methacrylate family of
monoliths, and divinylbenzene 10 typically used with styrenes.84

Figure 1.15: Examples of some cross-linkers used in the preparation of organic polymer monoliths84

The third component of the organic polymer monolith is the pore-forming solvents or the so
called, porogens, at least two of which are required i.e. macroporogen and microporogen. 104
Pore size distribution and chromatographic properties of the monolithic columns are controlled
by the nature and ratio of the porogens. The porogens control the porous properties through the
solvation of the polymer chains in the reaction mixture during the early stages of
polymerization.103,105 In general, larger pores are obtained using more macroporogen due to an
early onset of phase separation. It is worth highlighting that until now, the choice of the
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porogens has been an art rather than science. Few porogens have been used repeatedly as they
were proven for generating optimum porous structure such as the binary porogenic system
composed of cyclohexanol and dodecanol and the ternary system composed of water, 1,4butanediol and 1-propanol.96,106 It is also noteworthy that the morphology of the monoliths is
closely related to their porous structure and it is directly related to the quality of the porogenic
solvent as well as the percentage of the cross-linker and the ratio between the monomer and
the porogen phases.107
An important and final component of an organic polymer monolith is the polymerization
initiator. Free radical polymerization is the common polymerization mechanism and the
reaction can be initiated by heat (in a water bath)85, light (using UV source)108 or radiation (γirradiation).109 As the latter technique requires considerable safety precautions, it is not among
the commonly used techniques for organic polymer monolith preparation. Thermally initiated
free radical polymerization was the first method used for their preparation.85,86 Examples for
the most commonly used initiators for organic polymer monoliths are shown in Figure 1.16
(azobisisobutyronitrile (AIBN) 13 and 2,2-dimethoxy-2-phenyl-acetophenone (DMPAP) 14).

Figure 1.16: Examples of some free radical initiators used in the preparation of organic polymer monolith 84

AIBN 13 is quite popular and interestingly decomposes upon UV irradiation at 365 nm to
generate free radicals.108 Consequently, comparative studies of monoliths prepared via AIBN
thermal and photo-initiation were conducted. They revealed only small differences in
chromatographic performance of both types of monolithic capillary columns (Figure
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1.17).106,110 However, the photo-initiated columns displayed higher backpressure indicating
different porous structure. The polymer monoliths in this thesis were prepared using AIBN
using the thermal initiation method.

Figure 1.17: Chromatographic separation of three model proteins using poly (butyl methacrylate-coethylene dimethacrylate) capillary columns prepared by (A) thermal initiation and (B) photo initiation.
Dashed lines represent overall backpressure in the system, reproduced with permission from reference 106

1.6.1.2.

Polymerization temperature

Polymerization temperature affects the kinetics of polymerization and consequently is an
effective tool for controlling pore size distribution of the organic polymer monolith.
Macroporous polymers with different pore size distributions can be prepared using the same
polymerization mixture at different temperatures.111 At high temperature, the radical initiator
decomposes faster and consequently a higher concentration of small initial nuclei is formed
resulting in a monolith with smaller globules, narrow pores and high surface area. 111
Nonetheless, a significant proportion of small nuclei can result in a monolith with very small
pores, low permeability, hindered diffusion and consequently low separation efficiency. The
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effect of the polymerization temperature on column efficiency has been studied using photoinitiated polymerization of butyl methacrylate and ethyleneglycol dimethacrylate at
temperatures ranging from -15-75°C.112,113 Decreasing the polymerization temperature
improved column efficiency and permeability for alkylbenzenes, probably due to the formation
of larger mesopores than at a higher temperature.
1.6.1.3.

Polymerization time

Polymerization time significantly affects the pore formation, as the formation of the polymer
network proceeds most rapidly at the early stage of the polymerization reaction.102 Early studies
of the preparation of glycidyl methacrylate-co-ethyleneglycol dimethacrylate monolithic rods
formed after 1 and 22 h showed a significant difference in both surface area and pore volume
of both columns.102 The monolith prepared after 1 h contained significant amounts of small
mesopores (diameters < 50 nm) and also a substantial amount of very large pores (diameters
up to 10 um). The surface area dropped from 500 m2/g after 1 h conversion to 120 m2/g after
22 h. Similar recent studies for poly(butylmethacrylate-co- ethyleneglycol dimethacrylate)114
and poly(styrene-co-divinylbenzene)95 showed a similar pattern of improved efficiency and
selectivity for the separation of alkylbenzenes using the monoliths prepared using shorter
polymerization times. The improved separation at shorter polymerization times can be
attributed to the higher gel porosity of the polymer material. However, the exact timing of the
polymerization reaction necessary for the preparation of reproducible columns may be the
reason for this approach not considered ideal in controlling the porous properties.
1.6.1.4.

Post polymerization modifications

Post polymerization modification for knitting the loose polymer chains via hypercross-linking
is one of the effective approaches to produce organic polymer monoliths with large surface
area. Hypercross-linking is considered an old approach since it was developed more than 40
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years ago for soluble polymers and slightly cross-linked beads.115 However, the new
modification is in extending the approach to prepare highly cross-linked poly(styrene-cochloromethylstyrene-co-divinylbenzene) monoliths. At the end of the polymerization reaction,
a residual layer of styrene and chloromethylstyrene chains on the monolith surface can be
subject to Friedel-Crafts alkylation and therefore, the loose polymer chains can be knitted.
Monolith prepared by hypercross-linking displays a primary distribution of large flow-through
pores of the generic material and a relatively thin hypercross-linked layer on the pore surface
showing independent distribution of small pores.116 The newly created network of small pores
enhanced the surface area of these monoliths from tens m2/g up to 600 m2/g117 which is
significantly higher than the surface area for a silica monolith (300 m2/g).
1.6.1.5.

Incorporation of additional structural elements

The incorporation of nano-materials such as carbon nanotubes significantly improved the
efficiency of monolithic capillary columns for alkylbenzenes.118 Also, incorporation of C60
fullerene into methacrylate-based monoliths increased column efficiency for the separation of
small molecules.119

1.6.2. Silica-based monolithic columns
The second contribution in the family of monolithic materials was developed in the early-1990s
based on silica, the most popular inorganic material used in liquid chromatography. The
pioneering work was by Nakanishi and Soga where they demonstrated the preparation of
continuous porous silica material with a bimodal pore size distribution.120 They developed a
procedure that combined the sol-gel chemistry of silica with the phase-separation mechanism
of a system of slow dynamics resulting from the addition of hydrophilic polymers. The first
paper discussing the successful application in HPLC was reported by Tanaka’s group in 199688
and was based on the sol-gel process described earlier by Nakanishi and Soga.120 The in situ
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preparation of silica rods of 4-4.6 mm ID was difficult due to the significant shrinkage of silica
during the polycondensation reaction, aging and heat treatment.121 Fortunately, researchers
from Merck KGaA, Darmstadt, solved the problem in 2000 by a cladding process using
poly(ether-ether-ketone) (PEEK).122 Monolithic silica columns are now commercially
available in different diameters from 4.6 mm ID down to 100 µm ID.123 The capillary silica
monoliths do not require cladding as they are prepared in situ in fused silica capillaries.
The preparation of a silica monolith employs the classical sol-gel process of sequential acid
hydrolysis and polycondensation of organo-silicon compounds that is used for the preparation
of porous silica particles (gelation).78 The procedure starts by hydrolyzing a silane precursor(s)
(e.g. tetraalkoxy silanes mostly tetramethoxysilane (TMOS), tetraethoxysilane (TEOS) or
methyltrimethoxysilane (MTMS)) in the presence of a porogen (e.g., polyethylene glycol,
polyethylene oxide or polyacrylic acid). During the condensation of silica (gelation) in the
presence of the porogen, a phase separation takes place between silica/porogen system and
water, generating a bicontinuous network of macropores and a micrometer-sized silica
skeleton.124 Depending on the experimental conditions, the polycondensation product can
precipitate as particles or a monolithic mass with large throughpores. It is a noteworthy that the
concentration of the silane precursor(s) and the porogens control the size distribution of the
throughpores.
In the second step, mesopores are tailored inside the silica skeleton by a dissolutionreprecipitation process in a moderate alkaline medium (using urea or ammonia) at temperature
close to 120°C (aging step).125 Finally, a drying and calcination step is carried out at 330 °C or
higher in order to remove the organic moieties from the monolith (sintering step).124 The
monolithic columns are then ready for characterization or further modification to introduce
different surface chemistries.
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When silica monoliths are prepared in wider tubes (ID >500 µm), the solid mass shrinks
markedly after phase separation which leads to snapping of the gel from the molding column.
Consequently, the rod then has to be fitted into a container in a way that avoids the mobile
phase bypassing the porous bed. However, when the sol-gel reaction is performed in a
sufficiently narrow capillary (ID <100 µm), the gel remains glued to the capillary walls and
long columns can be prepared. A schematic procedure for the preparation of the silica monolith
is illustrated in Figure 1.18; however the last sintering step is not shown in the diagram.

Figure 1.18: Schematic diagram for the preparation of a silica monolith, reproduced with permission from
reference78

One of the most interesting features of the silica monoliths is their hierarchical pore structure
with sharp bimodal pore size distribution and consequently, large total surface area (150-370
m2/g depending on the preparation conditions).125,126

1.6.3. Organic polymer versus silica monoliths
Apart from their backbone chemistries and preparation protocols, organic polymer and silica
monoliths differ significantly in their pore structure. Both materials show internal structures
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with dominant flow-through pores but vary in the surface roughness and concentration of small
pores (Figure 1.19).92 In contrast to polymer monoliths, having a typical agglomerated interadhered globule morphology, silica monoliths consist of a highly porous bicontinuous
inorganic skeleton with a permanent mesoporous pore space.95 It should be emphasized that
the surface area of the polymer monoliths is significantly lower than that of the silica (tens m2/g
vs 300 m2/g for the polymer and silica, respectively).92

Figure 1.19: Comparison between the internal structure of silica-based (a) and polymer-based (b)
monolithic backbones, reproduced with permission from reference 92

As can be inferred from the preparation protocol of the silica monoliths (Section 1.6.2.), the
control of the size of the meso- and macropores can be achieved independently as they are
generated via two sequential steps.124 Nevertheless, the independent control of the pore size
distribution of the large flow-through pores and the small mesopores in the organic polymer
monoliths is quite challenging and usually the tailored mesoporous structure significantly
impairs column permeability.127 Moreover, the differences in pore morphology have a
significant impact on the chromatographic performance of both materials. Silica monoliths
allow fast separation of low molecular weight samples with columns efficiencies up to 100,000
plates/m128, whereas organic polymer monoliths display lower separation efficiencies for small
molecules. This is because the mesopore size in silica monoliths allows easy penetration of
small molecules to the adsorption sites and fast diffusion (through macropores) resulting in
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high separation efficiency. The diffusion of large molecules into the mesopores is much slower
and therefore the efficiency is lower for high molecular weight compounds.92 Moreover, the
pores in the microglobules of the organic polymer monoliths are small enough not to allow the
penetration of large molecules (e.g. proteins and peptides) but to hinder the diffusion of small
molecules, resulting in reduced separation efficiency for small molecules compared to large
molecules (Figure 1.20).79

Figure 1.20: Scanning electron microscopy images of (a) hierarchically-structured silica-based monolithic
materials with macropores and a relatively thin skeleton containing permanent mesopores, and (b) typical
polymer-based monolithic materials with globular structures composed of cross-linked polymer,
reproduced with permission from reference79.

Another major difference is based on the nature of the matrix backbone: silica monoliths have
a rigid inorganic skeleton and consequently have very similar pore characteristics in the dry
state and when wetted by the mobile phase. Therefore, silica monoliths display only limited
swelling by solvents, which does not significantly change the pore morphology of the silica
support.92 On the other hand, the organic skeleton forming the base of mesopores in the organic
polymer monoliths swell in organic solvents, hence, their porosity in the dry state (determined
by mercury intrusion porosimetry) differs largely from that swollen by the organic solvents, a
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term called “gel porosity”. This is demonstrated by the large difference between the porosity
determined by mercury intrusion porosimetry and by inverse size-exclusion chromatography.92
Finally, organic polymer monoliths display higher thermal and pH stability compared to the
silica monoliths.129

1.7. Monolithic capillary chiral stationary phases
Chirality in monoliths can be induced via four general approaches: a) adsorption of the CS onto
the surface of the polymer/silica monolith130, b) incorporation of the CS into the polymer/silica
matrices (encapsulation)24, c) molecular imprinting with a single enantiomeric template leading
to the formation of a chiral cavity131 and d) post modification in which the CS is introduced
into a reactive monolith surface (reactive functional groups such as epoxy, amino,
azalactone).132 The first approach is considered the simplest as it is applicable for all CSs; a
prerequisite is the solubility of the CS in a suitable volatile solvent. Approaches b) and c) are
also considered simple and straightforward from a technical point of view. The last approach
is the most time consuming and produces columns of poor reproducibility.133

1.7.1. Organic polymer-based monolithic CSPs
Various organic polymer monolithic CSPs have been developed in capillary format for
applications in CEC, CLC, nano-LC. CEC is a miniaturization separation technique, a hybrid
between CE and LC, and considered a powerful and practical chiral analytical tool.134 The first
application of organic polymer continuous beds for chiral separation was reported by Hjerten
et al in 1993 using conventional HPLC.129 The CSP was prepared via entrapment of fungal
cellulase in the continuous bed during its preparation or immobilization on an epoxy-activated
continuous bed. The prepared beds were used for the enantioselective separation of some βblockers.
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Pioneering studies of the use of organic polymer monoliths in capillary format for the
preparation of CSPs were reported using molecularly imprinted monoliths with CE 40 and
CEC.135 In this approach, an enantiomer (the template) is mixed with functional monomer(s),
cross-linker(s) along with porogens and the radical initiator. If the polymerization mixture was
selected carefully, complexes between the template and the functional monomer(s) would be
obtained. After the completion of polymerization, the template molecule is extracted and the
resulting imprint will be able to rebind the template with high selectivity (Figure 1.21).

Figure 1.21: Schematic diagram showing MIP preparation. Functional monomers, cross-linker, template
and radical initiator are mixed with the porogens. (1) The monomers form complexes with the template
molecule (2) after polymerization the monomers are fixed in position by reaction with the cross-linker. (3)
After extraction the recognition cavity, complementary to the template in size, shape, orientation and
chemical functionality. The imprint is able to rebind the template with high selectivity, reproduced with
permission from reference135

A typical example is the use of (S)-ornidazole as a template molecule which was mixed with a
polymerization mixture composed of methacrylic acid, 4-vinylpyridine and EDMA in the
presence of a binary porogenic system composed of toluene and dodecanol. The effect of the
polymerization composition on the chiral recognition of (S)-ornidazole was evaluated and
optimized.136 Similarly, L-tyrosine was used as template with the same polymerization mixture
to generate molecularly imprinted polymer (MIP) monoliths for the chiral separation of
tyrosine and its amino acid derivatives using CEC.137 (R)-mandelic acid was used as a template

36

Chapter 1
in a polymerization mixture composed of 4-vinylpyridine and EDMA along with a ternary
porogenic system composed of the ionic liquid 1-butyl-3-methylimidazolium tetrafluoroborate,
DMSO and DMF in the presence of different metal ions such as cobalt, copper, nickel and
zinc.138 Similarly, (S)-naproxen139, (R)-1,1'-bi-2,2'-naphthol131, (S)-ketoprofen140 and (S)propranolol141 were used as templates in MIP monoliths for the chiral separation of their
corresponding racemates.
The first use of non-imprinted organic polymer monolithic CSP in capillary format was
reported by Svec and coworkers in 1998. The CSP was prepared via the direct
copolymerization of the chiral monomer 2-hydroxyethylmethacrylate (N-L-valine-3,5dianilide)carbamate (Figure 1.22) along with EDMA, BuMA or GMA and 2-acrylamido-2methyl-1-propanesulfonic acid in the presence of a ternary porogenic system composed of
water, 1,4-butanediol and 1-propanol.142 The prepared capillaries were used for the
enantioselective separation of N-(3,5-dinitrobenzoyl)leucine diallylamide enantiomers with
high efficiency.

Figure 1.22: 2-hydroxyethylmethacrylate (N-L-valine-3,5-dianilide)carbamate functional monomer

Similarly, Aydoğan et al. reported the in situ incorporation of the CS as a functional monomer.
N-methacryloyl-L-histidine methyl ester (Figure 1.23) was copolymerized with BuMA and
EDMA in the presence of DMF and phosphate buffer as porogens143. The prepared monolithic
capillaries were used for the enantioselective separation of various aromatic amino acids using
CEC. Also, N-(2-hydroxy-3-allyloxypropyl)-L-4-hydroxyproline was copolymerized with
methacylamide, piperazine diacrylamide, vinyl sulfonic acid to produce monolithic capillaries
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for the enantioselective separation of amino acids and hydroxyl acids in ligand-exchange
separations.144,145

Figure 1.23: N-methacryloyl-L-histidine methyl ester functional monomer

Similarly, β-CD functional monomer (prepared via the reaction of β-CD with GMA) was
copolymerized with EDMA and vinylbenzyl trimethylammonium (VBTA) in the presence of
a ternary porogenic system composed of 1,4-butanediol, 1-propanol and DMSO (Figure 1.24).
The monolithic capillaries were used for the enantioselective separation of 41 pairs of
structurally diverse anionic chiral analytes using CEC.146
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Figure 1.24: Schematic diagram for B-CD/GMA polymer monolithic columns, adapted from reference 146

Another β-CD monomer, namely allyl-hydroxypropyl-β-CD was copolymerized with
methacrylamide, N-isopropylacrylamide and 1,4-bis(acryloyl)piperazine in the presence of
aqueous buffered solution. The polymerization mixture was optimized and the prepared
capillaries were used for the enantioselective separation of nomifensine, praziquantel, 5methyl-5-phenylhydantoin and alprenolol using nano-LC.72
However, one major drawback of the in situ copolymerization is the difficulty optimizing the
morphology of monoliths as well as their characterization. Therefore, an alternative approach
that benefits from the use of pre-optimized monolithic backbones is via the post modification
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approach147. Nonetheless, a prerequisite for this approach is the presence of a reactive
monolithic surface. For example, an alkyne terminated polymer monolith was prepared via the
copolymerization of N-acryloxysuccinimide and EDMA followed by reaction with
propargylamine. Finally onto the reactive monolith surface, mono-(6-azido-6-deoxy)β-CD was
grafted via click chemistry. The prepared capillary columns were used for the enantioslective
separation of flavanone using nano-LC and CEC (Figure 1.25).148

Figure 1.25: Schematic diagram for β-CD polymer monolithic columns prepared via click chemistry,
reproduced with permission from reference 148

Poly(GMA-co-EDMA) monoliths have been used extensively for post modification
approaches as the monolith surface bears reactive epoxy groups that are susceptible to reaction
with various nucleophiles. Affinity monoliths were frequently reported using this monolithic
backbone where proteins can be covalently immobilized on the surface via a simple
nucleophilic reaction.149-151 Poly(GMA-co-EDMA) monolith was also utilized for the
immobilization of β-CD-modified gold nanoparticles (CD-GNP) on a surface of a thiolated
porous polymer monolith (Figure 1.26). The prepared capillary columns were used for the
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enantioselective separation of chlorpheniramine, zopiclone and tropicamide using CEC with
satisfactory reproducibility.152 The same monolithic backbone was used for the immobilization
of the ergot alkaloid CS, (+)-1-(4-amionobutyl)-(5R,8S,10R)-terguride via the same approach.
The monolithic capillary columns were used for the enantioselective separation of 2phenoxypropionic acid derivatives.153

Figure 1.26: Schematic diagram for CD-GNP-modified monolithic columns, reproduced with permission
from reference 152

Similarly, 4-dimethylamino-1,8-naphthalimide functionalized β-CD154, amino-β-CD and other
β-CD derivatives155

were immobilized on poly(GMA-co EDMA) via nucleophilic ring

opening reaction. The monolithic capillary columns were used for the enantioselective
separation of ibuprofen and naproxen.
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A different organic polymer monolithic backbone was prepared via the copolymerization of
N,N-diallyltartardiamide, N-(hydroxymethyl)acrylamide, piperazine diacrylamide and vinyl
sulfonic acid. The prepared monolith bears diol groups on its surface which is subject to
oxidation to aldehyde groups via periodate treatment. The macrocyclic antibiotic vancomycin
was immobilized on the activated monoliths by a reductive amination process.36,156 The
prepared monolithic capillaries were used for the enantioselective separation of thalidomide,
bupivacaine and warfarin.
Another less popular approach for preparing organic polymer monolithic CSPs is the coating
method. Cellulose tris(3,5-dimethylphenyl-carbamate) (CDMPC) was used to coat a
hydrophilic monolith prepared via the copolymerization of acrylamide and N,N’- methylenebisacrylamide in a binary porogenic system composed of 1-dodecanol and DMSO. The coating
conditions were optimized to obtain a stable and reproducible CSP. The monolithic capillaries
were used for the enantioselective separation of benzoin, indapamide, praziquantel, warfarin
and Tröger’s base.157

1.7.2. Silica-based monolithic CSPs
In 2000, Wistuba and Schurig prepared β-CD-based silica monolithic rods for CEC and CLC
applications158. Permethylated β-CD was used to coat the silica monolithic capillaries. The
enantioselective separation of small pharmaceutical racemates by rod-CEC was feasible and
was comparable to rod-CLC (Figure 1.27). The influence of the organic modifier and pressuredriven flow support on the electrochromatographic parameters was also investigated.
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Figure 1.27: Enantioselective separation of hexobarbital on Chirasil-Dex monolith by rod-LC and rodCEC, reproduced with permission from reference 158

Polysaccharide-based CSPs are considered the most widely applied and successful CSPs in
HPLC159, SCF160, CEC.44 Various amylose and cellulose derivatives have been coated or
immobilized on silica particles. However, the CSs suffer from solubility or swelling problems
in some solvents such as THF, acetone and chlorinated solvents when coated on the separation
phase.147 Therefore, chemically immobilized CSPs were prepared to circumvent this problem.
The same coating and immobilization approaches were extended to silica monoliths.
Accordingly, CDMPC was used to coat hybrid type monolithic silica. High efficiency
enantioseparations were achieved in a short time for atenolol, benzoin, flavanone, propranolol,
oxprenolol and trans-stilbene oxide under reversed phases and normal phase modes using
CLC.21 Later, the same group used amylose tris(3,5-dimethylphenylcarbamate) (ADMPC) to
prepare silica monolithic capillary columns using the same approach.161 Interestingly, the
authors compared the enantioseparation of the capillary columns to the conventional particle43
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packed column with the same CS. The authors concluded that the conventional column (250
mm × 4.6 mm) displayed stronger resolving power compared to the monolithic capillaries.
Consequently, the authors recommended attention be paid to the optimization of channel,
skeleton and mesopore size of monolithic silica columns in order to allow higher loading of
the CS.
As previously mentioned immobilization of the CS on the monolithic support provides high
robustness and stability. Although covalent attachment of polysaccharide derivatives on the
monolithic support requires additional steps compared to the simple coating approach, it may
result in columns with higher peak efficiency.147 The reason lies behind the usage of
concentrated solution (of high viscosity) of the polysaccharide derivative in the coating
approach which might create an inhomogeneous film on the silica surface inside the capillary.
The inhomogeneous coating of the surface has a great impact on peak symmetry and efficiency.
This problem can be avoided by the use of a less viscous polysaccharide solution as in the
immobilization approach which results in homogenous distribution of activated functional
groups on the surface of the silica monoliths.147 A prerequisite for the immobilization is the
presence of reactive surface groups which can bind covalently to the polysaccharide solution.
For example, CDMPC was immobilized on silica monolith capillaries after grafting the surface
with epoxy groups (Figure 1.28).162 The capillaries were used for the enantioselective
separation of benzoin, indapamide, pindolol, praziquantel and Tröger’s base. ADMPC and
CDMPC bearing vinyl groups were also immobilized on silica monolithic capillaries via the
copolymerization reaction.163 The effect of polysaccharide derivatives, substituents and
multiple covalent immobilization on the enantioseparation was also studied.
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Figure 1.28: Schematic diagram showing the immobilization of CDPMC on a silica monolith, reproduced
from reference 162

ADMPC164 and CDMPC165 bearing triethoxysilyl groups were immobilized on a silica
monolith surface by intermolecular polycondensation of the triethoxysilyl groups with the
monolith surface. The authors studied the effect of CS concentration, coating procedure and
mobile phase pH on the enantioseparation. The prepared monolithic capillaries were used for
the enantioselective separation of thirteen racemates.
Silica monolithic capillaries with grafted epoxy groups have been also used for the
immobilization of L-amino acids amides166 and L-hydroxyproline167 for the enantioselective
separation of dansyl amino acids, hydroxyl acids and free amino acids using CEC and nanoLC.
Proteins such as bovine serum albumin (BSA), human serum albumin (HSA), avidin, α1-acid
glycoprotein (AGP) and ovomucoid (OVM) have been used for the preparation of monolithic
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silica CSPs. BSA168 and OVM24 were encapsulated in tetramethoxysilane (TMOS)-based
hydrogel via sol-gel technique. The monolithic capillaries were used for the enantioselective
separation of tryptophan, benzoin, eperisone and chlorpheniramine with high efficiency.
Avidin was physically adsorbed onto silica monoliths, and the monolithic capillaries were used
for the enantioselective separation of dansyl serine, tryptophan, thereonine and
phenylthiohydantoins.169
β-CD-based silica monolithic stationary phases in capillary format have been prepared via
either single step one pot or multistep post modification approaches. For example, β-CD silicon
alkoxide copolymerized with tetramethyloxysilane afforded a well-controlled CSP (Figure
1.29).170 The monolithic capillaries showed good permeability and high efficiency for the
enantioselective separation of dansylamino acids, carprofen and baclofen.

Figure 1.29: Schematic diagram showing the preparation of β-CD-based silica monolith via one pot
approach

On the other hand, allyl-β-CD was immobilized onto a bifunctional silica monolith followed
by sulfonation with chlorosulfonic acid to generate sites for electrostatic interactions (Figure
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1.30).43 The monolithic capillaries were used for the enantioselctive separation of norephidrine,
chlortrimeton, dopa and three 1,4-dihydropyridine derivatives.

Figure 1.30: Preparation of sulfonated β-CD silica monolith via post modification approach, reproduced
from reference 43

A brush type CS, namely (R)-acryloyloxy-β,β-dimethyl-γ-butyrolactone was immobilized on
an activated silica monolith via the same aforementioned copolymerization approach.171 The
monolithic capillaries were used for the enantioselective separation of a set of secondary
alcohols using µ-HPLC under normal phase conditions.
Reactive sulfhydryl groups were introduced onto a silica monolith surface via reaction with 3mercaptopropyltrimethoxysilane. These groups were used for the immobilization of (S)-N-(4allyloxy-3,5-dichlorobenzoyl)-2-amino-3,3-dimethylbutanephosphonic acid to produce a
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strong cation exchange CSP (Figure 1.31).172 The monolithic capillaries were evaluated for the
chiral separation of basic drugs and compared to capillary column analogs packed with 3.5 µm
silica particles attached to the same CS. The silica monolithic capillaries were further compared
to corresponding polymethacrylat-based organic polymer monoliths. Overall, the silica
monolithic capillaries showed highest robustness and excellent column longevity under non
aqueous CEC conditions. The same group immobilized trans-(1S,2S)-2-(N-4-allyloxy-3,5dichlorobenzoyl)aminocyclohexanesulfonic

acid

onto

sulfhydryl

monoliths

via

the

aforementioned approach (Figure 1.32). The monolithic capillaries were tested for the
enantioselective separation of basic chiral drugs using CEC and nano-LC.173

Figure 1.31: (S)-N-(4-allyloxy-3,5-dichlorobenzoyl)-2-amino-3,3-dimethylbutanephosphonic acid-based
silica monolith, reproduced from reference 172

Figure 1.32: Trans-(1S,2S)-2-(N-4-allyloxy-3,5-dichlorobenzoyl)aminocyclohexanesulfonic acid-based
silica monolith, reproduced from reference 173

Inspired by the immobilization of vancomycin on activated organic polymer monoliths, Dong
et al. immobilized vancomycin on silica monolithic capillaries in a similar manner. The
covalent immobilization was performed via reductive amination of aldehydic silica
monolith.174
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Interestingly, a MIP derivatized onto silica monolith surface was successfully developed.
Initially,

the

vinyl

groups

were

introduced

via

the

immobilization

of

γ-

methacryloxypropyltrimethoxysilane, then the MIP coating was copolymerized and anchored
onto the surface of the silica monolith.175 L-tetrahydropalmatine and (5S,11S)-Tröger's base
were used as templates, and baseline separation was achieved in 4 min under optimized CEC
conditions. Compared with a MIP organic monolith, the MIP-derivatized silica monolith
displayed better column efficiency and stability. Additionally, the comparison of these two
kinds of monolithic columns was performed by CLC. Nonetheless, the separation on MIPderivatized silica monolith was superior to that on the organic monolith.
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1.8. Objectives and aims of the study
The enhanced awareness of the importance of chirality and its strong association with
biological activity has created an immense need for development of enantiomerically pure
compounds at a reduced cost. Among the various methods used to access enantiomerically pure
compounds, separation of racemic mixtures has been considered the most feasible for industrial
applications in terms of time and cost.19 Consequently, this has created an immense need for a
robust, reliable, high throughput, environmentally benign and economically feasible separation
technique of chiral pharmaceuticals to enable their availability on a commercial scale.147,176
Nano-LC is one of the miniaturized techniques where reduction in both column inner diameter
(10-300 μm) and flow rate (200-1000 nL/min) are combined.68 The limited amount of
stationary phases required to pack the capillary columns offers great advantages especially
when expensive CSPs are used177. Combined with monolithic stationary phases, nano-LC
offers a platform for a fast, high throughput, environmentally benign and relatively cheaper
alternative for the pharmaceutical industry for quality control (QC) purposes where the
determination of the enantiomeric purity of raw materials and final products is required.
This research is concerned with the development of new capillary monolithic CSPs for the
enantioselective separation of racemic pharmaceuticals using nano-LC.
The specific research objectives include:
1. Preparation of lipase-based capillary monolithic CSPs
2. Preparation of β-CD capillary monolithic CSPs
3. Explore the potential use of SWCNTs as CS for the enantioselective separation of
racemic pharmaceuticals
Different approaches are adopted to prepare the monolithic CSPs. The influence of the nature
of the CS on the enantioselective separation of different classes of racemic pharmaceuticals
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will be investigated. Stability of the prepared monolithic capillaries will also be studied.
Moreover, the potential use of the prepared monolithic capillaries as micro-bioreactors will be
examined. Insights on the chiral discriminative mechanism of the investigated chiral selectors
will also be highlighted. Finally, the chromatographic performances of both conventional and
capillary columns packed with the same CS will be compared.
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Chapter 2

Experimental
This chapter describes the instrumentation, chemicals and procedures used throughout this
research, unless otherwise specified in a particular chapter.

2.1. Instrumentation
For the surface modification of the fused silica capillaries, preparation of the polymer monolith
in situ within the capillary and surface modification of reactive monolithic functional groups,
a Harvard syringe pump (Harvard Apparatus, Holliston, MA, USA) and a 250 mL gas-tight
syringe (Hamilton Company, Reno, NE, USA) were used. The fused-silica capillaries (150 mm
inner diameter (ID) and 360 µm outer diameter (OD)) were purchased from Polymicro
Technologies (Phoenix, AZ, USA).
Scanning electron microscopy (SEM) was performed on a Hitachi SU-70 field emission
(Hitachi High Technologies, Japan) equipped with a DX-4 X-ray detection system by EDAX.
The SEM provides secondary and backscattered electron imaging of biological, geological and
other specimens yielding surface information. The samples were coated with platinum using a
Bal-Tec SCD050 sputter coater.
Two HPLC systems were used in this thesis. For reversed phase and polar organic mode
chromatography, a Dionex Corporation (UltiMate® 3000 capillary LC system) which featured
an integrated flowsplitter connected to a continuously monitored flow meter and control valve
to maintain a constant flow rate in the range from 0.1 to 1.0 mL/min, was used. It also comprised
a binary pump, a vacuum degasser, an autosampler and a UV detector. The Chromeleon®
Chromatography Management System version 7.00 was used for the data processing and
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control of the HPLC system. For normal phase chromatographic conditions, the LC system
composed of a Shimadzu LC-10AD VP pump (Kyoto, Japan), Rheodyne injector model 7725i049 (Park Court, CA, USA), a GL Science UV-Vis detector model MU 701 UV-VIS (Tokyo,
Japan) and a Shimadzu CDM-20A communications bus module (Kyoto, Japan) was used. The
system flow was split after direct injection. The data was processed by the Shimadzu
LabSolutions software version 5.54 SP2 (Kyoto, Japan).
Surface area of the polymer monoliths was measured by CSIRO collaborators using liquid N2
adsorption isotherms using Micromeritics Tri-star 3020 Surface Area & Porosimetry System.
Micro-Raman spectra of the single-walled carbon nanotubes samples were also done by CSIRO
collaborators using Ranishaw inVia spectroscopy at the excitation wavelength of 514 nm with
a spot size of 1 µm2.

2.2. Reagents
All chemicals and reagents were of analytical grade, unless otherwise specified. Chemicals are
listed according to the experiment category.

2.2.1. Chemicals used for polymer monoliths preparations
Table 2.1: Chemicals used for methacrylate polymerization
Chemical

Formula

3-(trimethoxysilyl)propyl
methacrylate (γ-MAPS)

C10H20O5Si

3-Sulfopropyl methacrylate
potassium salt (SPMA)

H2C=C(CH3)CO2(CH2)3SO3K

Butyl methacrylate (BuMA)

H2C=C(CH3)CO2(CH2)3CH3

Supplier
Sigma-Aldrich, St.
Louis, MO,
United States
Sigma-Aldrich, St.
Louis, MO,
United States
Sigma-Aldrich, St.
Louis, MO,
United States
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Table 2.1 (cont.): Chemicals used for methacrylate polymerization
Chemical

Formula

Ethylene glycol
dimethacrylate (EDMA)

[H2C=C(CH3)CO2CH2]2

Methyl methacrylate
(MMA)

CH2=C(CH3)COOCH3

Glycidyl methacrylate
(GMA)

CH2=C(CH3)COOCH2(CHCH2-O)

2,2’-Azobis(isobutyronitrile)
(CH3)2C(CN)N=NC(CH3)2CN
(AIBN)
1-Propanol

CH3(CH2)2OH

1,4-Butanediol

HO(CH2)4OH

Formamide

CH3NO

Cyclohexanol

C6H12O

1-Decanol

C10H22O

1-Dodecanol

C12H26O

Dipotassium hydrogen
phosphate

K2HPO4

Potassium dihydrogen
phosphate

KH2PO4

Supplier
Sigma-Aldrich, St.
Louis, MO,
United States
Sigma-Aldrich, St.
Louis, MO,
United States
Sigma-Aldrich, St.
Louis, MO,
United States
Wako (Osaka, Japan)
Sigma-Aldrich, St.
Louis, MO,
United States
Sigma-Aldrich, St.
Louis, MO,
United States
Sigma-Aldrich, St.
Louis, MO,
United States
Sigma-Aldrich, St.
Louis, MO,
United States
Sigma-Aldrich, St.
Louis, MO,
United States
Sigma-Aldrich, St.
Louis, MO,
United States
Sigma-Aldrich, St.
Louis, MO,
United States
Sigma-Aldrich, St.
Louis, MO,
United States
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2.2.2. Chemicals used for silica monoliths preparations
Table 2.2: Chemicals used for silica monolith preparation and testing
Chemical

Formula

Poly(ethylene glycol) with
molecular weight of 10000

H(OCH2CH2)nOH

Urea

NH2(CO)NH2

Tetramethoxysilane (TMOS)

Si(OCH3)4

Methyltrimethoxysilane (MTMS)

CH3Si(OCH3)3

(3-Aminopropyl)triethoxysilane

H2N(CH2)3Si(OC2H5)3

3Glycidoxypropyltrimethoxysilane

C9H20O5Si

Toluene

C6H5CH3

Uracil

C4H4N2O2

Pyridine

C5H5N

Supplier
Merck, Darmstadt,
Germany
Sigma-Aldrich, St.
Louis, MO,
United States
Sigma-Aldrich, St.
Louis, MO,
United States
Sigma-Aldrich, St.
Louis, MO,
United States
Sigma-Aldrich, St.
Louis, MO,
United States
Wako (Osaka, Japan)
Sigma-Aldrich, St.
Louis, MO,
United States
Sigma-Aldrich, St.
Louis, MO,
United States
Sigma-Aldrich, St.
Louis, MO,
United States

2.2.3. HPLC solvents
Table 2.3: Organic solvents used for HPLC
Chemical

Formula

Supplier

Acetonitrile
Methanol
n-Hexane
2-Propanol
Ethylacetate
Tetrahydrofuran

CH3CN
CH3OH
C6H14
(CH3)2CHOH
CH3COOC2H5
C4H8O

tert-Buytl methylether
Ethanol

(CH3)3COCH3
C2H5OH

Merck, Darmstadt, Germany
Scharlau, Sentmenat, Spain
Scharlau, Sentmenat, Spain
Scharlau, Sentmenat, Spain
Scharlau, Sentmenat, Spain
Sigma-Aldrich St. Louis,
USA
Sigma-Aldrich, USA
Merck, Darmstadt, Germany
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2.2.4. Chemicals used as analytes
Tested racemic compounds:
β-blockers: alprenolol, celiprolol, metoprolol, pindolol, propranolol, acebutolol, carbuterol,
bufuralol, tertatolol and atenolol.
α-blockers: naftopidil.
Antiinflammatory drugs: ketoprofen, ibuprofen, naproxen, flurbiprofen, indoprofen,
cizolirtine, cizolirtine carbinol, carprofen, etodolac, desmethylcizolirtine oxalate and glafenine.
Antifungal drugs: hexaconazole, cyproconazole, tebuconazole, miconazole, diniconazole and
sulconazole.
Dopamine antagonists: eticlopride.
Norepinephrine-dopamine reuptake inhibitor: nomifensine.
Catecholamines: arterenol and normetanephrine.
Sedative hypnotics: aminoglutethimide, phenylglutethimide, N-acetylaminoglutethimide, 4bromogluthethimide, pentobarbital and p-hydroxyphenobarbital.
Diuretics: etozoline.
Antihistaminics: chlorpheniramine.
Anticancer drugs: ifosfamide.
Antiarrhythmic drugs: tocainide.
Flavonoids: flavanone, 6-hydroxy flavanone.
Miscellaneous: 1-Acenaphthenol, o-methoxy mandelic acid, 4-hydroxy-3-methoxymandelic
acid, 1-indanol, 1-(2-chlorophenyl)ethanol, 1-phenyl-2-propanol. Chemical structures of the
investigated racemates are listed in Table 2.4.
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Table 2.4: Chemical structures and suppliers of the investigated racemates
Class

Compound name
Alprenolol
alpenolol

and

L-

Celiprolol and SCeliprolol,
Carbuterol, Tertatolol
β-blockers

β-blockers

α-blockers

Structure

Supplier
3B
Scientific
Corporation,
USA
American
Custom
Chemicals
Corp., USA

Atenolol, Metoprolol,
Propranolol,
Acebutolol,
Bufuralol, Pindolol

SigmaAldrich, St.
Louis, MO,
United
States

Naftopidil

SigmaAldrich, St.
Louis, MO,
United
States
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Table 2.4 (cont.): Chemical structures and suppliers of the investigated racemates

Antiinflammatories

Ketoprofen,
Ibuprofen, Naproxen,
Carprofen, Etodolac,
Glafenine,
Flurbiprofen,
Indoprofen

SigmaAldrich, St.
Louis, MO,
United
States

Antiinflammatories

Desmethylcizolirtine,
Cizolirtine, SCizolirtine, Cizolirtine
carbinol

American
Custom
Chemicals
Corp., USA
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Table 2.4 (cont.): Chemical structures and suppliers of the investigated racemates
Class

Compound name

Antifungals

Hexaconazole,
Cyproconazole,
Tebuconazole,
Miconazole,
Diniconazole,
Sulconaole

3B
Scientific
Corporation,
USA

Eticlopride

American
Custom
Chemicals
Corp., USA

Nomifensine

SigmaAldrich, St.
Louis, MO,
United
States

Dopamine
antagonists

Norepinephrinedopamine
reuptake
inhibitors

Structure

Supplier
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Table 2.4 (cont.): Chemical structures and suppliers of the investigated racemates
Class

Compound name

Sedative
hypnotics

Aminoglutithimide,
Phenylglutethimide,
4-Bromoglutethimide,
N-acetylglutethimide,
Pentobarbital, pHydroxyphenobarbital

American
Custom
Chemicals
Corp., USA

Etozoline

American
Custom
Chemicals
Corp., USA

Chlorpheniramine

SigmaAldrich, St.
Louis, MO,
United
States

Ifosfamide

SigmaAldrich, St.
Louis, MO,
United
States

Tocainide

SigmaAldrich, St.
Louis, MO,
United
States

Arterenol,
Normetanephrine

SigmaAldrich, St.
Louis, MO,
United
States

Diuretics

Antihistaminics

Anticancers

Antiarrhythmics

Catecholamines

Structure

Supplier
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Table 2.4 (cont.): Chemical structures and suppliers of the investigated racemates
Class

Compound name

Flavonoids

Flavanone, 6Hydroxyflavanone

Miscellaneous

Structure

Supplier
3B
Scientific
Corporation,
USA

1-acenaphthenol, omethoxy mandelic
acid, 1-indanol, 4hydroxy-3methoxymandelic
acid, 1-(2chlorophenyl)ethane,
1-phenyl-2-propanol

SigmaAldrich, St.
Louis, MO,
United
States

2.2.5. Other chemicals
Table 2.5: Other chemicals used in this study
Chemical

Formula

Phenyl isocyanate

C6H5NCO

Trifluoroacetic acid (TFA)

CF3COOH

Sodium hydroxide

NaOH

Hydrochloric acid

HCl

Acetic acid

CH3COOH

Acetone
Ethanol

CH3COCH3
C2H5OH

Benzoyl peroxide

(C6H5CO)2O2

Supplier
Sigma-Aldrich, St.
Louis, MO,
United States
Sigma-Aldrich, St.
Louis, MO,
United States
Sigma-Aldrich, St.
Louis, MO,
United States
Sigma-Aldrich, St.
Louis, MO,
United States
Sigma-Aldrich, St.
Louis, MO,
United States
BDH, Vic., Australia
BDH, Vic., Australia
Sigma-Aldrich, St.
Louis, MO, USA
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Table 2.5 (cont.): Other chemicals used in this study
Chemical

Formula

Supplier

Methacryloyl chloride

CH2=C(CH3)COCl

Calcium hydride

CaH2

Sodium acetate trihydrate

CH3COONa · 3H2O

Sulphuric acid

H2SO4

Periodic acid

H5IO6

Sodium cyanoborohydride

NaBH3CN

Ammonium acetate

CH3CO2NH4

Glutaraldehyde

OHC(CH2)3CHO

Sodium borohydride

NaBH3

1-Butanol

CH3(CH2)3OH

Sigma-Aldrich, St.
Louis, MO,
United States
Sigma-Aldrich, St.
Louis, MO,
United States
Sigma-Aldrich, St.
Louis, MO,
United States
Sigma-Aldrich, St.
Louis, MO,
United States
Sigma-Aldrich, St.
Louis, MO,
United States
Sigma-Aldrich, St.
Louis, MO,
United States
Sigma-Aldrich, St.
Louis, MO,
United States
Sigma-Aldrich, St.
Louis, MO,
United States
Sigma-Aldrich, St.
Louis, MO,
United States
Sigma-Aldrich, St.
Louis, MO,
United States

2.2.6. Investigated chiral selectors
Table 2.6: Chiral selectors
Chemical
Novozym 525 L (CALB) (activity 5000
U/g)
Fermase CALB 10L
(activity 10000U/g)
β-Cyclodextrin
Single-walled carbon nanotubes- (6,5)
chirality, carbon, 0.7-0.9 nm diameter

Supplier
Novo Nordisk, Denmark
Fermenta Biotech Ltd, India
TCA, Tokyo, Japan
Sigma-Aldrich, St. Louis, MO,
United States
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2.3. Procedures
2.3.1. Sample preparations
Stock solutions of the racemic analytes at concentrations of 1 mg/mL in filtered HPLC grade
methanol were prepared. Prior to injection, the stock solutions were further diluted 10x with
the mobile phase and filtered through Sartorius Minisart RC 15 0.2 µm pore size filters
(Goettingen, Germany). Chemical structures of the investigated racemates are listed in Table
2.4.

2.3.2. Surface modification in fused silica capillaries for polymer monolith
In order to anchor the polymer monolith into the fused silica capillary wall (150 µm ID), surface
modification was done by using the same procedure of Schaller et al.1. Briefly, the fused silica
capillaries (25 cm sections) were rinsed using a Harvard syringe pump and a 250 mL gas-tight
syringe with acetone and water, activated with 0.2 mol/L NaOH for 30 min, washed with water
till neutral, then with 0.2 mol/L HCl for 30 min, rinsed with water and ethanol. A 20% (w/w)
solution of 3-(trimethoxysilyl)propyl methacrylate (γ-MAPS) in 95% ethanol adjusted to pH 5
using acetic acid was pumped through the capillaries at a flow rate of 0.25 mL/min for 1 h
(Figure 2.1). The capillary was then washed with acetone and dried with a stream of nitrogen
and left at room temperature for 24 h.

Figure 2.1: Vinylization of the inner capillary wall to enable polymer anchor, reproduced with permission
from reference 2
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2.3.3. Synthesis of polymer monoliths in surface modified capillaries
The monomer(s) and the cross linker were weighed and mixed in a 50 mL glass beaker. The
porogens were weighed and mixed in another 50 mL beaker. The thermal initiator (2,2’azobis(isobutyronitrile) was weighed and mixed with the porogens. Both beakers were
separately sonicated for 5 min then the monomers were added to the porogens with subsequent
mixing in the ultrasonic water bath for 5 min. The mixture was degassed with nitrogen for 510 min prior to capillary filling. A 250 mL gas-tight syringe was filled with the degassed
polymerization mixture which was pumped into the previously g-MAPS-modified fused silica
capillaries (~25cm in length) using a Harvard syringe pump at a flow rate of 0.25 µL/min. The
filled capillaries were then plugged with a rubber septum and placed in a 70°C water bath for
18 h for the polymerization reaction to take place. After polymerization was completed, the
rubber septum was removed and the prepared columns were connected to an HPLC pump for
4 h to wash out the unreacted monomers and excess porogens before being conditioned with
the mobile prior to the nano-LC separations. The polymer monolith preparation is illustrated
in Figure 2.2.
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1)

2)

3)

4)

5)

6)

Figure 2.2: Steps showing the preparation of polymer monolithic capillary columns:
1) Pump the degassed polymerization mixture through the capillary using a Harvard syringe
pump.
2) Seal the capillary ends with a rubber septum.
3) Thermal polymerization in a 70°C water bath.
4) Wash the unreacted monomers/porogens with methanol.
5) Examine the capillary for continuous monolith using light microscope.
6) Nano-LC analysis of the continuous monolithic capillaries.
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2.3.4. Surface modification in fused silica capillaries for silica monolith
Similar to the surface modification step which is required to anchor the polymer monolith to
the walls of the fused silica capillaries by covalent bonding, pre-treatment of the empty
capillaries is required prior to their filling with the silica monolith. In quadruplicate, 4-metre
long, 100 mm ID fused silica capillary columns (Figure 2.3) were pre-treated with 1 N NaOH
using N2 gas, dried in the oven ( BINDER APT.lineTM FP, Germany) at 40°C for 3 h and
washed with pure water until neutral pH was observed. The columns were subsequently treated
with 1 N HCl using N2 gas, dried at 40°C for 2 h, washed with water until pH neutral, washed
with acetone (2 mL) and flushed until dry with N2 gas (5-10 min). The capillaries were left to
dry in the oven for at least 24 h.

Figure 2.3: Four-meter silica coils surface modified prior to sol-gel reaction

2.3.5. Preparation of silica monolith
Inorganic silica-based monolithic capillary columns were prepared according to a previously
reported method involving in situ polycondensation of alkoxysilanes via a sol-gel process.3 To
a 20 mL covered and stirred solution of 0.01 M acetic acid, 0.900 g poly(ethylene glycol) (m.w.
= 10,000) and 2.025 g urea were added. The mixture was stirred at room temperature for 10
minutes, then at 0°C for 30 minutes. A 9 mL solution of tetramethoxysilane (TMOS) and
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methyltrimethoxysilane (MTMS) (3:1 ratio) was added while on ice and the mixture was stirred
for 30 minutes to form a homogenous sol. The solution was sonicated for 30 seconds and then
slowly stirred for 10 minutes at 40°C. The solution was filtered through Sartorius Minisart RC
15 0.45 mm pore size filters (Göttingen, Germany) and charged into the pre-treated capillary
columns which were submerged in a 40°C water bath. The total volume of silane solution
injected into each capillary was approximately 4 times the column volume (measured from
when a drip was observed). The capillaries were tightly sealed with parafilm and the silane
mixture was left to gelate for 24 h in the water bath. The capillaries were removed from the
water bath and each end was inserted into the septum of a 2 mL vial containing aqueous urea
solution (60 mg/mL). The temperature was raised, and the monolithic silica column was
treated for 4 h at 120°C to complete the formation of the mesopores with ammonia generated
by the hydrolysis of urea. Programed oven settings for the first heat treatment are shown in
Figure 2.4.
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Figure 2.4: First heat treatment to induce mesopores formation carried out in the presence of urea
solution. The program is finished once the temperature settles at 40°C
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After completion of the heat treatment, the capillaries were cut from the vials and washed with
freshly degassed methanol for one week on HPLC pump (LC-10AD VP pump, Shimadzu,
Kyoto, Japan). Finally, the capillaries were subjected to an extreme heat treatment for drying
and sintering of the monolithic media where they are kept at 330°C for 24 h to ensure the
decomposition of all organic materials within the capillaries. Programed oven settings for the
second heat treatment are shown in Figure 2.5.
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Figure 2.5: Second heat treatment: drying and sintering of the silica monolith. The program is finished
once the temperature settles at 40°C

Following preparation of the silica monolith and prior to any surface modifications, the
capillary columns were cut into 25-50 cm lengths and evaluated using reversed phase
chromatographic conditions with methanol/water (80/20, v/v) mobile phase and uracil as
analyte. Uracil was prepared in a concentration of 100 ppm solution in methanol and was
filtered through Sartorius Minisart RC 15 0.2 mm pore size filters prior to injection (injection
volume 0.2 µL). The UV-detector was set at 254 nm and the entire system was operated at
ambient temperatures. The flow rate was varied in the interest of optimising linear velocity
(0.8-1.2 mm/sec) calculated by the following equation:
 !"#$%& =

'#"() "*%ℎ ()))
.%%# /) (0$)
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The corresponding back pressures at optimal linear velocity, theoretical plate number (N) and
height (micron) were recorded for each monolith. The steps used to prepare the silica monolith
are illustrated in Figure 2.6.

1)

2)

3)

4)

5)

7)
6)

Figure 2.6: Steps showing the preparation of silica monolithic capillary columns:
1.
2.
3.
4.
5.

Stick the capillary coils to the stand.
Equilibrate the coils in a 40°C water bath.
Charge the capillaries with the warm silane solution.
Seal the coils with parafilm to avoid evaporation.
Formation of mesopores, heat the coils in program 1 with the coils immersed in urea
solution (60 mg/mL), first heat treatment.
6. Wash the coils with methanol for one week.
7. Dry and sinter the silica monolith, second heat treatment.
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2.3.6. Scanning electron microscopy (SEM)
The monolithic capillaries were cut into 1 cm sections that were mounted perpendicularly to a
12 mm pin-type aluminium stub using epoxy resin (Figure 2.7). High resolution images were
obtained by coating the capillary with platinum.

Figure 2.7: Preparation of the capillary sections for SEM

2.4. Calculations
2.4.1. Retention factors
Retention time is a function of mobile flow rate and column length and thus it is not suitable
for characterizing a compound. Therefore, the retention factor (k) is preferred, as k is
independent of the column length and mobile phase flow rate and represents the molar ratio of
the compound in the stationary phase and the mobile phase. Retention factors (k) were
calculated according to the following equation:
1=

%2 − %4
%4
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Where tR is the retention time of the analyte (time elapsed between sample injection and
recording of the peak maximum) and t0 is retention time of an unretained solute.

2.4.2. Column permeability based on Darcy’s law
The flow of mobile phase through a porous medium is directly proportional to the pressure
drop over a given distance. Column permeability, which represents the resistance of the mobile
phase to flow through the monolith, can be calculated by pumping the solvent through the
column at its optimum linear velocity.2,4 Column permeability (B0) was calculated according
to the following equation:
54 =

!ƞ
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Where v is the linear velocity (m/min), L is the column length (m), ƞ is the dynamic solvent
viscosity (Pa.sec) and ΔP is the pressure drop over the column (Pa).

2.4.3. Column efficiency
Column efficiency is a measure of the width of the eluting peaks as they pass through the
detector. The common popular definition assumes Guassian shape for the peaks, which is rare.
With this assumption however, the plate number; N can be calculated using the following
equation5:
%2 @
9 = 16 < ?
>
Where tR is the retention time of the peak considered and w is its baseline width (distance on
the baseline between its intersection with the two inflection tangents of the peak).
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2.4.4. Efficiency of the enantioselective separation
Efficiency of the enantioselective separation was measured in terms of separation (α) and
resolution (RS) factors for the two resolved peaks corresponding to the two enantiomers. The
separation factor is a measure of the chromatographic system’s potential for separating two
compounds (in this context, separation of the enantiomers’ peaks).6 Separation factors (α) were
calculated according to the following equation:
A=

1@
%2@ − %4
=
1B
%2B − %4

Where k2 is the retention factor of the second peak, k1 is the retention factor for the first peak,
tR2 is the retention time of the second peak, tR1 is the retention time of the first peak and t0 is
the retention time of an unretained solute. Separation occurs when k2 > k1. If α = 1, then no
separation takes place as the retention times for both peaks are identical.
The resolution factor (Rs) is another measure of separation efficiency; it is the ratio of the
distance between two peaks maxima, i.e. the distance between the two retention times (tR) and
the arithmetic mean of the two peak width (w)6. Resolution factors (Rs) were calculated
according to the following equation:
.=2

%2@ − %2B
%2@ − %2B
= 1.18
>B + >@
>B/@ B − >B/@

@

Where tR is the peak retention time, w is the peak width and w1/2 is the peak width at half height.
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Chapter 3
Preparation of lipase-based new chiral stationary phases for
enantioselective separation of pharmaceuticals using nano-LC
As previously elaborated in Chapter 1, various monomers/porogens combinations are available
for the preparation of polymer monoliths. Each produces a monolith with different
morphology, porous structure and mechanical stability. Therefore, in order to prepare polymer
monolithic CSPs with good analyte retention; it is essential to establish the polymer monolithic
backbone used for the immobilization of the CS. Thus, the first part of this study is concerned
with establishing the polymer monolith backbone which was used for the entire thesis.
Regarding the silica monoliths prepared in this thesis, the previously established silica
backbone prepared by Tanaka and coworkers1 was used.

Part A: Establishing polymer monolith backbone
3A.1. Introduction
The growing demand for high through-put analysis has stimulated the development of high
speed analytical techniques and tools. One of the strategies is the use of monolithic stationary
phases instead of particle-packed materials. Miniaturization techniques have also become
increasingly attractive in separation science, with current approaches based on the preparation
of uniform monolithic columns that can be used in different analytical modes such as µ-HPLC,
nano-LC or CEC. Rapid developments in areas such as genomics and proteomics have led to
the broad applications of monolithic columns.2 Monoliths allow the use of high flow rates of
the mobile phase compared to the conventional packed columns; their ease of preparation
contributes to their popularity. As previously elaborated in Chapter 1, two main categories of
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monolithic materials are available: silica monolith, which is prepared via the sol-gel technique,
and polymer monolith, which is prepared by in situ polymerization.
Polymer monoliths have been extensively used in separation science. They are most commonly
prepared using thermally initiated free radical polymerization in a planar or tubular mould,
yielding a sheet or cylinder, which is cut into disks and packed in a cartridge for
chromatography. This technique was replaced by a simpler and more versatile single step in
situ polymerization within the confines of a cartridge, chromatographic column, or capillary.3
Thus, in the presence of a monomer, cross-linker, photo- or thermal initiator and a porogenic
solvent, the polymeric monolithic material is formed. In addition to thermal and photo initiated
polymerization, ring-opening metathesis and polycondensation reactions have been shown to
be suitable for the preparation of monolithic materials.3
The relatively simple preparation of these materials in capillaries has led to their appeal in the
scientific community, especially for micro- and nano-LC which can have improved resolution,
and lower sample and mobile phase consumption when compared to conventional HPLC
systems.4 Although there are some concerns about using polymer monoliths for sample
preparation, such as small surface areas and the relatively poor chromatographic performance
for small molecules, the advantages of their materials outweigh the silica-based monoliths in
terms of pH stability and the broad surface chemistries available.5,6 Various approaches have
been used to increase the surface area of the polymer monoliths to suit the separation of small
molecules; such approaches were highlighted in Chapter 1.7-12
The pore size of the monoliths controls the specific surface area and the hydrodynamic
properties of the stationary phase. Therefore, tailoring and controlling the porous properties
and functionalities of the monoliths represent the main challenges to obtain high separation
efficiency. Moreover, the robustness and reproducibility of such material is a matter of debate
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in separation science. The control over the porous properties of monolithic stationary phases
can be performed by optimizing the polymerization temperature, composition of the porogenic
mixture and the amount of cross-linker.13,14 For example, a poorer porogenic solvent produces
earlier onset of the polymer phase separation and subsequently pores of larger diameter.15,16 In
comparison, increasing the proportion of the cross-linker usually leads to a decrease in the
average pore size.17
Methacrylates are one of the most widely used monoliths, originally introduced by Svec et al.
in 197818 and since then their different applications have been widely explored.19,20 In the
design of methacrylate monolithic capillary columns, special attention was paid to enable: a)
the preparation of a homogenous, single phase polymerization mixture from a water soluble
monomer and a hydrophobic monomer; b) direct incorporation of these monomers of different
polarities into a macroporous monolithic structure; c) precise control of monolith porosities
and d) a facile initial washing and equilibration of the capillary columns prior to their use in
the chromatographic application.21 These extensive studies have led to the development of a
ternary porogenic system composed of water, 1-propanol and 1,4-butanediol in different
proportions.22 These monolithic capillary columns were of high efficiency (N > 150,000
plate/m for aromatic compounds) and high stability under extreme pH values.23
The functionalities and surface chemistry of the monolith are also key factors that strongly
contribute to the analyte retention and chromatographic resolution of compounds by the
monolith. For example, mixed mode monolithic phases with positively charged and
hydrophobic functionalities have been reported by several groups to improve the retention of
small organic molecules.24-30 Moreover, the mixed mode strong cation exchange (SCX) and
reversed phase (RP) monoliths have been used for over 80% of the separation of target analytes
in pharmaceutical analysis.31 They can be prepared using a monolithic matrix containing active
groups followed by their functionalization with versatile surface chemistries.26-30 However, the
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post-functionalization strategy with multiple steps can be time-consuming and precise control
over the number of ionizable functionalities can be difficult to achieve. A more convenient
approach to obtain ion-exchange functionality is the direct incorporation of ionic moieties into
continuous polymer matrices by co-polymerization of suitable monomers and crosslinkers.24,25,32 Despite the high range of applications of mixed mode hydrophilic or hydrophobic
interaction/cation-exchange monoliths in CLC and pressure-assisted CEC32, their one-step
synthesis strategy for nano-LC applications was seldom explored. To broaden the scope of
applications, further effort is needed to develop novel stationary phases with charged and
hydrophilic or hydrophobic functionalities for highly efficient separation of small molecule
analytes.
Despite the significant importance of the reproducibility of analytical results in the
pharmaceutical industry, only a few studies have been conducted on the repeatability and
stability of polymer monolithic columns.33 Analyte retention time and column backpressure
are closely related to monolith chromatographic and porous properties.

Therefore, the

reproducibility of porous monoliths depends primarily on the backbone of the polymer as it is
the key element in column performance.34
In this regard and in order to prepare polymer monolithic CSPs with good analyte retention;
establishing a mixed mode SCX-RP polymer monolithic backbone is described in this part of
the study. The monolithic capillary columns were prepared via the copolymerization of two
functional monomers, namely 3-sulfopropyl methacrylate (SPMA) and butyl methacrylate
(BuMA) along with the cross-linker ethylene glycol dimethacrylate (EDMA) within the
confines of 150 µm ID fused silica capillaries. The effect of surface charge on the retention of
a mixture of some acidic and basic drugs was also demonstrated. This polymerization mixture
has not been previously reported in literature and therefore, it was necessary to establish
column efficiencies prepared from this polymer composition. Once the monolithic backbones
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demonstrate high separation efficiency for small pharmaceutical analytes, they will be
functionalized with different CSs to prepare new CSPs for the enantioselective separation of
different classes of racemic pharmaceuticals.

3A.2. Experimental
The general experimental details are described in Chapter 2, however, the preparation of
specific monoliths are elaborated in the coming sections. The prepared monolithic columns
were tested under reversed phase conditions using Dionex Corporation (UltiMate® 3000
capillary LC system).

3A.2.1. Preparation of porous polymer monoliths in fused silica capillaries
Surface modification in fused silica capillaries was done using the procedure of Schaller et al.35
which has been described in Chapter 2, Section 2.3.2. The short (~25 cm long) surface modified
capillaries were filled by a Harvard syringe pump with the degassed polymerization mixture
consisting of 40% w/w monomers, 60% w/w porogens together with 1% w/w AIBN (with
respect to monomers) at 0.25 mL/min. The filled capillaries were then sealed with a septum,
and placed in a 70°C water bath for 18 h for the polymerization reaction to take place. The
unreacted monomers along with the excess porogens were removed from the monolithic
columns by pumping with methanol at a flow rate of 100 mL/h for 4 h before being conditioned
with water and mobile phase, both for 1 h at 30 mL/h.
Three monoliths were prepared using the same monomers composition and varied porogens
composition, as described in Table 3.1. The ratio of the monomers to the porogens was fixed
at 40:60 w/w; the monomer composition comprised of 16% BuMA, 0.4% SPMA, and 23.6%
EDMA. A ternary porogenic system was used in this study and composed of 1,4-butanediol,
1-propanol and water. All percentages are w/w. AIBN was used as a radical initiator, as
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described in the general preparation section 2.3.3., to start the polymerization reaction and was
added in 1% w/w with respect to the monomers (Figure 3.1).
Table 3.1: Porogen composition of the prepared monoliths

Polymer
M1
M
M1P

1,4-butanediol
[%w/w]
30
20
10

1-propanol
[%w/w]
60
70
80

Water
[%w/w]
10
10
10

Figure 3.1: Schematic diagram showing the composition of the monolith backbone

3A.2.2. Sample preparations
Stock solutions of cizolirtine 21, hexaconazole 23, ketoprofen 12 and propranolol 7 at
concentrations of 1 mg/mL in filtered HPLC grade methanol were prepared. The selection of
analytes was guided by preliminary investigations. Prior to mixing and injection, the stock
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solutions were further diluted 10x and filtered through Sartorius Minisart RC 15 0.2 mm pore
size filters (Göttingen, Germany).

3A.2.3. HPLC conditions
The mobile phase A and B consisted of 0.1% TFA in water (v/v) and acetonitrile (v/v),
respectively. For all samples, the injected volume was 0.2 mL. Preliminary UV analyses were
performed at several different wavelengths (219-270 nm) for each compound, in order to select
the optimum wavelength for all the analytes and best utilise a single wavelength UV detector.

3A.3. Results and discussion
3A.3.1. Polymer monoliths preparation and characterization
As previously described in Chapter 1, organic polymer monoliths have been mainly employed
for the separation of macromolecules using the gradient elution liquid chromatography mode.
Their poor performance in the isocratic separation of small molecules is mainly attributed to
the absence of a significant amount of small pores and consequently low surface area.8 Recent
efforts have been made to adjust the porosity of organic polymer monoliths via different
techniques such as careful optimization of the polymerization mixture: careful selection of the
functional monomer(s)/cross-linker, porogens and adjustment of the polymerization
temperature.8
Since the composition of the polymerization mixture has a major effect on the pore distribution
and chromatographic properties of the prepared monolith, in this study, two functional
monomers were selected; SPMA for its strong cation-exchange properties and BuMA for its
reversed phase properties, while EDMA was selected as a crosslinking monomer. The ratio of
the monomers was 0.4% w/w, 16% w/w and 23.6% w/w for SPMA, BuMA and EDMA,
respectively. The ratio of the monomers to the porogens was fixed at 40:60 respectively; this
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ratio was selected to provide monoliths with a good balance of permeability, surface area and
mechanical stability.36,37 The size of the pores can also be controlled by changing the nature
and the ratio of the pore-forming solvents, thus, a ternary porogenic system composed of 1,4butanediol, 1-propanol and water was used in this study. As previously mentioned the porogens
constituted 60% (w/w) of the polymerization mixture. The amount of water was fixed as 10%
(w/w) while the ratio of 1,4-butanediol to 1-propanol was varied in an attempt to study its effect
on the porous properties of the prepared monoliths (Table 3.1). The selected porogenic solvents
favour early phase separation of the polymer and therefore create a large number of small nuclei
which will consequently generate a monolith of high microporosity and thus high surface
area.38,39
3A.3.1.1. Characterization of the prepared monoliths
The morphology of the prepared monoliths was examined by scanning electron microscopy
(SEM). The effect of varying the weight percentage of the porogenic solvent 1-propanol on the
morphology of the prepared monoliths was clearly illustrated in SEM images. The SEM images
of the capillary cross sections illustrated a uniform structure of the monolith bed with the
presence of interparticle spaces. SEM images also showed that the copolymerized monolith
was composed of a heterogeneous surface of spherical units agglomerated into larger clusters
interdispersed by large pore channels characteristic to porous monolithic structures. The
macroporous structure was clearly illustrated as well. Typically monoliths contain two types
of pores: mesopores (2-50 nm) and macropores (>50 nm). The former allow diffusive mass
transfer and interactions between the analyte and the adsorbent, while the latter allow the
mobile phase flow and convective mass transfer.40
Larger macropores and microglobules were observed in M1 resulting in higher permeability
compared to the other two columns (Figure 3.2). The macroporous structure facilitated the
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mobile phase flow, promoted effective solute/stationary phase interactions and allowed high
permeability of M1. In contrast, M and M1P columns showed relatively denser monolithic
structures with low interstitial porosity (Figure 3.3 and Figure 3.4). As can be seen from Figure
3.2-Figure 3.4, a major change in size of both flow-through channels and permeability was
evidenced along the 1,4-butandiol and 1-propanol variation range.

Figure 3.2: Scanning electron micrograph of M1 at 500x (left) and 25,000x (right) showing a homogenous
porous monolithic structure with large macropores and microglobules

Figure 3.3: Scanning electron micrograph of M at 500x (left) and 25,000x (right) showing a dense
monolithic structure with small macropores and microglobules
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Figure 3.4: Scanning electron micrograph of M1P at 500x (left) and 5,000x (right) showing a highly dense
monolithic structure with small macropores and microglobules

It was observed that increasing the concentration of 1-propanol led to a monolith with small
macropores and microglobules. Polymerization is initiated thermally where the generated free
radicals are added to the monomers in solution and begin to form polymer chains. The growing
nuclei are poorly soluble in the porogens and therefore precipitate (phase separation). Then,
the nuclei are solvated by the unreacted monomers and polymerization continues at the surface
of the nuclei rather than in the bulk of the solution.14 The growing nuclei capture polymer
chains from the surrounding solution and the near-by nuclei coalesce to form clusters. In the
late polymerization stage where the monomers are depleted from the solution, the clusters
aggregate to form a continuous interconnected structure composed of microglobules with voids
or macropores containing the trapped porogens.
In the studied monoliths, at high concentration of 1-propanol (80%) in M1P, the solubility of
both monomers and the growing polymer chains was high. The polymer chains remained
soluble for a long period of time prior to phase separation, and polymerization proceeded with
the formation of nuclei that remained individualized. Consequently, large numbers of
individual nuclei competed for the remaining monomers in solution and thus a large number
of small microglobules aggregated to form a macroporous structure with fine individual
microglobules and small pore sizes.14,41 On the other hand, using a lower concentration of 1-
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propanol (60%) in M1 led to earlier phase separation compared to M1P. The separated nuclei
preferentially extracted the monomers from solution, and consequently the enlarged nuclei
coalesced with the newly precipitated chains and further increased in size which led to the
formation of large microglobules with larger pores. This explanation was consistent with
previous studies about pore formation mechanisms.41 From these results it can be concluded
that a considerable amount of 1,4-butanediol is mandatory as a poor thermodynamic solvent
(macroporogen) to ensure the preparation of monoliths with adequate pore size.
3A.3.1.2. Hydrodynamic properties of the columns
The permeability of a column (B0) is a measure of its capacity to transfer a fluid driven by an
imposed pressure drop42. B0 determines how much pressure is needed to achieve a given flow
rate40, and can be calculated by Darcy’s law (Section 2.4.2.), it is directly proportional to the
column length, solvent viscosity and velocity, while it is inversely proportional to column
backpressure. Columns permeabilities were measured by injecting uracil as unretained material
using acetonitrile as mobile phase and was calculated according to the following equation:

 =

ƞ
!

Where v is the mean velocity (m/sec), L is the column length (m), ƞ is the dynamic solvent
viscosity (Pa.sec) and ΔP is the pressure drop over the column (Pa). Values of B0 are listed in
Table 3.2.
Table 3.2: Hydrodynamic flow properties of the monolithic columns

Column
M1
M
M1P

B0 (m2)
7.24*10-15
2.63*10-15
1.14*10-15

Table 3.2 shows that the highest permeability was observed for M1 column followed by M and
finally M1P, B0 reflects the through-pore size and the external porosity.43 This observation can
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be explained based on the role of 1-propanol weight ratio in the pore formation of the
previously mentioned monoliths, as it is well established that the pore size greatly influences
the column permeability.40
3A.3.1.3. Mechanical stability
The polymer monoliths were tested for mechanical stability by pumping a mixture of
acetonitrile/water (80:20 v/v) at varying flow rate (0.1-1 µL/min). The pressure drop as a
function of the mobile phase flow rate was linear, indicating that the packing monolith did not
collapse under high pressure values (Figure 3.5). The overlay plots of the backpressure versus
the mobile phase flow rate are shown in Figure 3.5, M1, M and M1P columns demonstrated
good stability over the pressure ranges confirmed by excellent linear velocity at a pressure
range 20-250 bar.
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Figure 3.5: Column backpressure versus mobile phase flow rate of different prepared monoliths, mobile
phase: acetonitrile/water 80:20 (v/v)
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3A.3.2. Chromatographic characterization of the prepared monoliths
3A.3.2.1. Separation mechanisms
By mixing SPMA (cation-exchange functional monomer) and BuMA (RP functional
monomer), a mixed-mode SCX-RP material was obtained, and a dual mechanism of separation
was expected from the prepared monoliths. The separation mechanism of M1 column was
examined as it showed good permeability and mechanical stability as previously illustrated.
3A.3.2.1.1. Reversed phase (RP) interaction
Monolithic materials with RP retention mechanisms have been widely explored in the
literature.8,11 RP retention is determined by the hydrophobicity of the stationary phase as well
as the percentage of the organic modifier in the mobile phase. The hydrophobic nature of the
prepared monolith was confirmed by using a mobile phase composed of various ratios of
acetonitrile/water mixtures. Three acidic analytes (i.e. ibuprofen, ketoprofen and naproxen)
were selected as they exist in their neutral forms under the investigated conditions, and
therefore their retention will merely be explained on the basis of RP interaction. The retention
factors of the analytes were plotted against the percentage of the organic modifier (acetonitrile)
in the mobile phase. As shown in Figure 3.6, as the percentage of acetonitrile was increased,
the retention factor of the investigated analytes decreased. The highest retention was observed
for the most hydrophobic ibuprofen (log P = 3.97), while the lowest retention was for the least
hydrophobic ketoprofen (log P = 3.12). The linearity of these plots confirms the RP nature of
the separation mechanism.41
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Figure 3.6: Retention factors of ketoprofen, naproxen and ibuprofen versus acetonitrile concentration,
mobile phase acetonitrile: water (0.1% TFA), separated on M1 column (150 µm ID, 25 cm), flow rate 0.3
µL/min, injection volume 0.2 µL, UV 219 nm

3A.3.2.1.2. Cation-exchange interaction
Cation-exchange interactions between the charged analytes and the stationary phase can be
influenced by altering the concentration of the competing ions in the mobile phase used. In
order to achieve variations in the ion-exchange interaction that contribute to the separation
mechanism, a competing ion (NH4+) was selected and its concentration was varied in an
attempt to study its effect on the retention of positively charged analytes. Three β-blockers
(i.e. atenolol, pindolol and propranolol) were selected as they exist in their positively charged
forms under the investigated conditions. A mobile phase composed of various concentrations
of ammonium acetate buffer (5-25 mM, pH 7.5) and acetonitrile (with 0.1% TFA) was used in
the ratio of 70:30 v/v. The retention factors of the analytes were plotted against the
concentration of (NH4+) ions in the mobile phase. As shown in Figure 3.7, as the concentration
of the competing ion was increased, the retention factor of the investigated analytes decreased.
This is due to the competition of the ammonium ions (+ve) with the analytes (+ve) on the
stationary phase (-ve) which resulted in the reduction of the ion-exchange interaction between
the analytes and the stationary phase.41 Similarly, the strongest retention was observed for the
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most hydrophobic β-blocker propranolol (log P = 3.48), while the weakest retention was for
acebutolol (least hydrophobic log P = 1.71). This observation reflects the dual separation
mechanism (i.e SCX-RP) for β-blockers under the aforementioned conditions.
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Figure 3.7: Retention factors of propranolol, pindolol and acebutolol versus ammonium ion concentration,
mobile phase ammonium acetate (5-25 mM, pH 7.5): acetonitrile (0.1% TFA) 70:30 v/v, separated on M1
column (150 µm ID, 25 cm), flow rate 0.3 µL/min, injection volume 0.2 µL, UV 254 nm

3A.3.2.2. Separation performance
Preparation of organic polymer monoliths suitable for the separation of small molecules is quite
challenging. Since most of pharmaceuticals bear acidic, basic or hydrophobic groups, the
design of mixed-mode stationary phases would be valuable for the separation of various classes
of pharmaceuticals of diverse chemical structures. In the investigated monoliths, hydrophobic
moieties of the analytes are expected to interact with the hydrophobic domain of the stationary
phase while positively charged groups will be retained via the ionic interactions with the SCX
domain in their positively ionized forms.
M1 column was selected on the basis of excellent permeability or external porosity. Two simple
mixtures were injected into M1: the first composed of ketoprofen 12 (pKa = 4.45, log P =
3.12)44 and propranolol 7 (pKa = 9.5, log P = 3.48)44 and the second comprised of cizolirtine
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21 (pKa > 7, log P = 1.6) 44, hexaconazole 23 (pKa = 2.3, log P = -3.9)44 and ketoprofen 12.
Analytes’ selection was arbitrary and was guided by preliminary investigations. Nano-LC
experiments were conducted under isocratic conditions; isocratic elution is preferred for
samples of less than 10 components where the retention factor of the last eluted peak is less
than 5.45 Optimum separation of sample components took place at a mobile phase composed
of acetonitrile:water:TFA 90:10:0.1 v/v/v for the binary mixture and acetonitrile: water: TFA
85:15:0.1 v/v/v for the ternary mixture. TFA was used as a mobile phase additive for pH control
and to minimize peak broadening. For the investigated compounds, propranolol 7 and
cizolirtine 21 existed in their positively charged forms while ketoprofen 12 and hexaconazole
23 existed in their neutral forms. Figure 3.8 shows the separation of ketoprofen 12 and
propranolol 7. Ketoprofen 12-the less hydrophobic- was eluted first (retention time 8.4 min)
by RP interaction mode, while a mixed-mode (SCX-RP) mechanism was involved in the
retention of propranolol 7 and caused its delayed elution (retention time 14.7 min). For the
ternary mixture, unexpected retention of the highly hydrophilic hexaconazole 23 compared to
the rapidly eluted ketoprofen 12 might suggest a hydrophilic interaction liquid chromatography
(HILIC) mechanism in the separation of this set of compounds especially because the
separation took place at high acetonitrile concentration which is in agreement with HILIC mode
stationary phases46 (Figure 3.9).
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Figure 3.8: Separation of ketoprofen and propranolol on M1column (150 µm ID, 25 cm), acetonitrile/water
(0.1% TFA) 90:10 v/v, flow rate 0.3 µL/min, injection volume 0.2 µL, UV 219 nm

Ketoprofen

Absoorbance (mAu)

50

40

30

Cizolirtine
20

Hexaconazole
10

0
0

10

20

30

40

Time (min)

Figure 3.9: Separation of ketoprofen, cizolirtine and hexaconazole on M1column (150 µm ID, 25 cm),
acetonitrile/water (0.1% TFA) 85:15 v/v, separated on M1 column (25 cm, 150 µm ID), flow rate 0.3 µL/min,
injection volume 0.2 µL, UV 219 nm

3A.3.3. Column repeatability
Column robustness in terms of the repeatability of separation retention times is a critical
parameter in the evaluation of monolithic columns.33 As the prepared monoliths will be used
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as a backbone for the CSPs, the repeatability study was conducted on M1. Therefore, two
columns were prepared on the same day using the same polymerization mixture to test columnto-column repeatability. Moreover, batch-to-batch repeatability was tested by preparing three
different batches at different days using identical polymer mixtures. Run-to-run, column-tocolumn and batch-to-batch repeatability in terms of percentage relative standard deviation
values (%RSD) are shown in Table 3.3. From Table 3.3, it was observed that the reproducibility
of retention times of all analytes ranged between 0.19% and 4.49% and was considered
satisfactory. These results suggest that these monolithic capillary columns can be used for
reproducible routine analysis. It is worth mentioning that the acceptable %RSD values for intrabatch and inter-batch are 2.5% and 15%, respectively.47
Table 3.3: Run-to-run, column-to-column and batch-to-batch repeatability of M1 column (25 cm, 150 µm
ID) for the analysis of ketoprofen, cizolirtine and hexaconazole mixture, mobile phase: acetonitrile/water
(0.1% TFA) 85:15 v/v, flow rate 0.3 µL/min, injection volume 0.2 µL, UV 219 nm
Run-to-run (n=5)

Column-to-column (n=2)

Batch-to-batch (n=3)

Retention time (mean),

Retention time (mean),

Retention time (mean),

min (%RSD)

min (%RSD)

min (%RSD)

Cizolirtine 21

14.1 (0.19)

14.3 (0.23)

14.4 (3.62)

Hexaconazole 23

19 (0.23)

19.2 (0.44)

19.5 (4.49)

Ketoprofen 12

10.2 (0.27)

10.4 (0.3)

10.5 (3.62)

Analyte

It is a noteworthy that stable retention times for the tested analytes were observed for up to 500
injections on M1. After achieving a monolithic capillary column with satisfactory efficiency,
good mechanical stability and high reproducibility, M1 polymer composition was further
explored in developing the new CSPs.
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Part B: Induction of chirality, preparation of lipase-based CSPs
3B.1. Introduction
Proteins are a well-acknowledged class of CSs; they demonstrate their enantioselective abilities
due to varieties of functional groups at their surface.48 They can be considered as polymers
composed of several chiral subunits (amino acids), characterized by a 3D structure where
hydrogen bonding, hydrophobic and electrostatic interactions guarantee chiral recognition. 49
Therefore, proteins can interact with chiral entities by forming not only weak, non-specific
bonds, but also strong and more specific interactions.50 Despite proteins’ ability to discriminate
chiral molecules, only a limited number of proteins has been investigated as CSs, not to
mention binding them on monoliths.51 The most extensively investigated protein ligands in
chiral monoliths are human serum albumin (HSA), bovine serum albumin (BSA) and α-acid
glycoprotein (AGP).52,53 Because of the structural complexity of these macromolecular
proteins, their chiral recognition mechanisms at the molecular level have remained unclear for
a long time. However, with the aid of new technologies such as protein NMR, X-ray
crystallography and docking studies, the controversial mechanisms are being revealed and the
binding modes of a number of protein-guest complexes have become known for many
proteins.54-56 Although protein phases are expensive, of low sample capacity, delicate in
handling and their performance is low compared to other CSPs, they impose excellent
enantioselectivities and broad substrate applicability.56
Protein-based CSPs can be prepared by simple adsorption or immobilization to the solid
support. However, special attention has to be paid during the immobilization process in order
to maintain the natural conformation of the protein responsible for the chiral discrimination.57
The preparation of monolithic protein-based CSPs has not been widely explored. Great
attention has been paid to HSA as it is the most abundant plasma protein and because of its
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important role as a drug transporting plasma protein which was also proved to be effective in
the separation of enantiomers.53 HSA has been immobilized on GMA polymer monoliths via
the nucleophilic attack of epoxy groups on the monolith surface by an amine residue of the
protein. Consequently, covalent bonding of the protein to the monolith surface was achieved.
This HSA-based monolithic phase was successfully used for chiral separation of D,L-amino
acids and warfarin enantiomers58 and for the quantitative analysis of D-amino acids.59 A similar
immobilization approach was adopted for the preparation of a HSA-based silica monolith
which was successful in the chiral separation of ibuprofen (Figure 3.10).52 Similarly, the
enzyme penicillin G acylase was immobilized on a silica monolith for the chiral separation of
ketoprofen.60

Figure 3.10: Chiral separation of ibuprofen on HSA-based silica monolith, reproduced with permission
from reference 52

Nonetheless, physical adsorption provides monolithic columns with a short life span due to the
CS being washed off under the effect of system pressure. Avidin (isolated protein from chicken
egg white) was used to coat a hybrid-type silica monolith. The prepared columns achieved a
baseline separation for 12 racemates. However, the physically-adsorbed columns were of short
life time (two weeks).61
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Another less frequently reported technique for the preparation of protein-based monolithic
CSPs is the protein encapsulation into a sol-gel matrix. BSA or ovomucoid (OVM) was mixed
with a fully or partially hydrolysed silica precursor, injected into a capillary and the protein
eventually trapped into the silica network. BSA and OVM encapsulated silica monolithic
capillary columns were employed for the chiral separation of D,L-tryptophan, benzoin and
some basic analytes in CEC (Figure 3.11).62,63

Figure 3.11: Chiral separation of benzoin on OVM-encapsulated silica monolith, reproduced with
permission from reference 62

Lipases (triacylglycerol ester hydrolases, E.C. 3.1.1.3) are ubiquitous enzymes which belong
to the serine hydrolase enzyme family. They catalyse hydrolysis of fats and oils to free fatty
acids and glycerol. Lipases from different sources (fungi, bacteria, animal or plants) are
different in size and amino acid sequence. However, they possess the same protein tertiary
structure which has the serine residue at the active site and accept a wide range of substrates
while maintaining high enantioselectivity.64,65 Lipases have been extensively employed in the

107

Chapter 3
preparation of enantiomerically pure/enriched alcohols, acids, esters or amines in asymmetric
synthesis in the course of kinetic resolution or dynamic kinetic resolution reactions.66-68
Lipases have been immobilized on solid supports to improve their enantioselectivity, catalytic
properties and to allow their reusability.67 Interestingly, they have been also immobilized on
epoxy silica and aminopropyl silica particles in conventional stainless steel columns (ID 2-4.8
mm) for the purpose of chiral separations.69-71 The prepared columns were used for the
enantioselective separation of secondary alcohols. Moreover, lipases have been immobilized
on monolithic supports and employed as microreactors for asymmetric catalysis 72-74 or
biodiesel production.75,76 However, the immobilization of lipases on monolithic materials for
the purpose of chiral separation has not been previously reported. Despite the early
investigations on the use of polymeric supports for protein immobilization to preserve their
catalytic activity, increase their stability and maintain their reproducibility77, there are still
limited publications on protein immobilization on monolithic supports. This might be owed to
the intermingled relations between chiral recognition mechanisms, non-specific adsorption,
retention balance, monolith rigidity and permeability and the difficulties in explaining their
mutual effects.78,79
Candida antarctica lipase B (CALB) is one of the widely used commercial lipases owing to its
high degree of selectivity and broad range of industrial applications. Such applications include
kinetic resolution, aminolysis, esterification and transestrification reactions.80 CALBimmobilization has been reported onto macroporous silica gel70,71 and siliceous monoliths.81
Furthermore, It has been encapsulated into highly ordered mesoporous silica monoliths
(HOMs) in an attempt to study enzyme activity in the hydrolysis of triglycerides.82
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As a consequence of the excellent performance of CALB-immobilized monolithic supports in
asymmetric catalysis, CALB-based monolithic CSPs for nano-LC were prepared in this study.
The new CSPs were prepared via immobilization or encapsulation approaches on polymer and
silica monolithic backbones. The immobilization approach was according to the epoxy method
previously reported for the immobilization of HAS.52,53 The encapsulation approach was via a
facile one pot in situ synthesis of affinity monolithic columns by incorporation of lipase in the
porogenic solvents used in the polymerization mixture which was established in part A of this
Chapter. Therefore, the lipase is entrapped/encapsulated in the monolith backbone.
Enantioselective separation of pharmaceutical racemates of thirteen pharmacological classes
using capillary columns prepared by the two approaches was compared. It is worth pointing
out that lipase has not been previously immobilized on monolithic support in situ fused glass
capillary (ID 150 mm) for the purpose of chiral separations. Moreover, the potential use of
CALB-immobilized silica monolithic capillaries for the enantioselective hydrolysis of
ibuprofen ester was investigated. Lipase-immobilized capillary microreactors have been
previously reported in biodiesel production76, lipid transformations83, transesterification
reactions74 and kinetic resolution of secondary alcohols.84

3B.2. Experimental
3B.2.1. Preparation of immobilized lipase-based monolith
3B.2.1.1. Polymer-based
Two GMA-based monoliths were prepared according to the literature.53,85 For the first column,
G, the polymerization mixture was composed of 19.1% monomers (8.9% MMA and 10.2%
GMA), 19.8% cross-linker (EDMA) and 61.1% porogens (54.2% formamide and 6.9% 1propanol); all percentages are w/w. AIBN (1% w/w with respect to the monomers) was used
as a radical initiator for the polymerization reaction. After monolith preparation and flushing
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with methanol, a solution of lipase in 250 mmol/L potassium phosphate buffer pH 7.2 (10
mg/mL) was pumped through the epoxy monoliths at 0.25 μL/min for 1 day and for 5 days to
produce GL1 and GL5 columns, respectively. The columns were then rinsed with 250 mmol/L
potassium phosphate buffer for 30 min, conditioned with the mobile phase for 30 min,
connected to the nano HPLC and the enantioselective analysis was investigated.
The second monolith, G1, was comprised of 20% w/w monomers (GMA), 20% w/w crosslinker (EDMA) and 60% w/w porogens (51.6% w/w cyclohexanol and 8.4% w/w 1-dodecanol)
and 1% w/w AIBN (with respect to monomers). Similarly, a solution of lipase in 250 mmol/L
potassium phosphate buffer pH 7.2 (10 mg/mL) was pumped through for 5 days (Figure 3.12).
The monoliths were then rinsed with 250 mmol/L potassium phosphate buffer for 30 min and
conditioned with the mobile phase for 30 min. Finally the capillary column G1L was connected
to the nano HPLC and the enantioselective analysis was carried out.

Figure 3.12: Schematic diagram showing the polymer composition of G1L monolith
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3B.2.1.2. Silica-based
After preparing the plain silica monolith according to the general procedure previously
described in Chapter 2, Section 2.3.5., lipase was immobilized to the monolith surface
according to the previously reported method for HSA-immobilization with slight
modifications52 (Figure 3.13). First, the silica monolithic capillary columns were flushed with
0.10 M sodium acetate buffer (pH 5.5) for 6 h then 3-glycidoxypropyltrimethoxysilane was
injected through the capillaries using a syringe pump at a flow rate of 0.25 µL/min for 6 h. The
capillaries were sealed at both ends with a rubber septum and placed in a 97°C water bath for
5 h. To ensure maximum grafting of the glycidoxypropyl groups on the silica surface, another
run of 3-glycidoxypropyltrimethoxysilane was passed through the previously grafted
capillaries at 0.25 µL/min for 6 h then the capillaries sealed at both ends and heated in the water
bath as previously described. At the end of the reaction, the capillaries were washed with water
then conditioned with 250 mmol/L potassium phosphate buffer prior to lipase immobilization.
Finally, a solution of lipase in 250 mmol/L potassium phosphate buffer pH 7.2 (10 mg/mL)
was pumped through the glycidoxypropyl-silica monoliths at 0.25 μL/min for 5 days. The
column, GSL, was then rinsed with 250 mmol/L potassium phosphate buffer for 30 min,
conditioned with the mobile phase for 30 min and connected to the nano HPLC and the
enantioselective analysis was investigated.
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Figure 3.13: Schematic diagram showing the preparation of the lipase-immobilized GSL monolith

3B.2.2. Preparation of encapsulated lipase-based monolith
3B.2.2.1. Polymer-based
Two monoliths were prepared where 10 mg/mL lipase in 250 mmol/L potassium phosphate
buffer was dissolved into one of the porogens.
The first column, G2, was an epoxy based monolith where the polymerization mixture was
composed of 20% w/w monomers (GMA), 20% w/w cross-linker (EDMA) and 60% w/w
porogens (48% w/w 1-propanol, 6% w/w 1,4-butanediol and 6% w/w lipase aqueous solution
in potassium phosphate buffer). The polymerization mixture was purged with N2 gas for 10
min then filtered through Sartorius Minisart RC 15 0.2 mm pore size filters (Goettingen,
Germany). The filtered solution was used to fill the short capillaries then polymerization was
started upon immersing the capillaries in a 70°C water bath for 18 h (Figure 3.14).
The second column, M1L, was comprised of 16.4% w/w monomers (16% w/w BuMA, 0.4%
w/w SPMA), 23.6% w/w cross-linker (EDMA) and 60% w/w porogens (36% w/w 1-propanol,
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18% w/w 1,4-butanediol and 6% w/w lipase aqueous solution in potassium phosphate buffer).
The column was prepared similarly to G2.

Figure 3.14: Schematic diagram showing the encapsulation technique

3B.2.2.2. Silica-based
The general sol-gel procedure described in Chapter 2, Section 2.3.5., was adopted for the
preparation of lipase-encapsulated silica monoliths. Lipase solution in phosphate buffer was
admixed with the silane solution to make a final concentration of 10 mg/mL then the capillaries
were filled according to the reported procedure. The prepared column SL was flushed with
methanol and conditioned with the mobile phase prior to connecting to the nano-HPLC.

3B.2.3. Combined immobilized and encapsulated lipase-based polymer
monolith
One column, G3, was prepared using this approach. The polymerization mixture was
comprised of 40% w/w monomers (20% w/w GMA and 20% w/w EDMA) and 60% w/w
porogens (48% w/w 1-propanol, 6% w/w 1,4-butanediol and 6% w/w lipase in phosphate buffer
as previously prepared). After polymerization was thermally completed, the column was
flushed with methanol then a solution of lipase in 250 mmol/L potassium phosphate buffer pH
7.2 (10 mg/mL) was pumped through the epoxy monoliths for 1 day in a similar way to the
preparation of GL1. The column was then rinsed with 250 mmol/L potassium phosphate buffer
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for 30 min, conditioned with the mobile phase for 30 min and connected to the nano HPLC and
the enantioselective analysis was carried out.

3B.2.4. Sample preparations
Stock solutions of the analytes were prepared at concentrations of 1 mg/mL in filtered HPLC
grade methanol. Prior to mixing and injection, the stock solutions were further diluted 10x and
filtered through Sartorius Minisart RC 15 0.2 mm pore size filters (Göttingen, Germany).
Chemical structures of the investigated drugs are shown in Chapter 2, Section 2.2.4.

3B.2.5. Preparation of ibuprofen butanoate
The preparation of ibuprofen butanoate was according to the previously reported conditions86:
to a solution of 0.1 g (0.5 mmol) of the racemic ibuprofen in 10 mL toluene, 0.1 g (1.5 mmol)
n-butanol was added followed by a few drops of concentrated H2SO4. The mixture was stirred
under reflux overnight then the solvent was evaporated under vacuum. The residue was
neutralized with 10% NaHCO3, the ester was extracted twice with diethylether and dried over
anhydrous Na2SO4. The ether fractions were then evaporated under vacuum to afford the
racemic ibuprofen butanoate (pale yellow oil, yield 80%). 1HNMR was matching with the
previously reported data.86

3B.2.6. Continuous flow kinetic resolution of ibuprofen butanoate using the
microreactor
The micro-bioreactor activity was evaluated offline; 20 mg/mL ibuprofen butanoate in tertbutyl methyl ether (TBME) was injected into the capillary micro-bioreactor at room
temperature at a flow rate of 1 µL/min using a Harvard syringe pump. The reaction products
were collected and analyzed with HPLC then continuously fed into the inlet of the capillary
micro-bioreactor for two weeks.
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3B.2.7. HPLC conditions
For the chromatographic characterization of the achiral monoliths, the mobile phase A and B
consisted of 0.1% TFA in water (v/v) and acetonitrile (v/v), respectively. Nevertheless, the
chiral separation on the lipase-based CSPs, the mobile phase A and B consisted of 0.1% TFA
in water (v/v) and methanol (v/v), respectively. For all samples, the injected volume was 0.2
mL. Preliminary UV analyses were performed at several different wavelengths (219-270 nm)
for each compound, in order to select the optimum wavelength for all the analytes and best
utilise a single wavelength UV detector.
Monitoring the enantioselective hydrolysis of ibuprofen butanoate was performed according to
the previously reported method86, the polysaccharide chiral column Chiralpak IB; immobilized
tris(3,5-dimethylphenylcarbamate)cellulose (250 mm × 4.6 mm ID Diacel Chemical Industry,
Japan) was used. Chromatographic conditions: mobile phase: n-hexane:TBME 90:10 v/v, 0.1%
TFA, flow rate 1 mL/min, UV absorbance 219 nm. The HPLC analysis was performed using a
Shimadzu XFLC model with autosampler SIL-20A, LC-20AD pump and SPD-20A UV/VIS
detector.

3B.3. Results and discussion
3B.3.1. Induction of chirality via lipase immobilization/encapsulation
For the immobilized lipase-based columns, a solution of lipase was pumped through the
capillaries for either 1 day (GL) or 5 days (GL5, G1L and GSL) and rinsed with potassium
phosphate buffer. Under this alkaline condition, the nucleophilic amino groups of lipase will
attack the reactive epoxy functional groups of the monolith surface leading to covalent bonding
of lipase to the monolith surface (Figure 3.12-Figure 3.13). To ensure adequate lipase coverage
for the epoxy surface groups, the lipase was pumped for 5 days. The unreacted epoxy groups
played a negligible role in the chiral separation which was concluded by running the plain
115

Chapter 3
epoxy-based columns. The polymer backbone (G1) used in the immobilization of lipase onto
monoliths was previously reported on HSA and provided reproducible columns with low back
pressure and a sufficient surface area for protein immobilization53 (Figure 3.15). The epoxy
method was selected to immobilize lipase as it provides a simple and effective approach for
protein immobilization, moreover. It also eliminates the potential for production of undesirable
by-products such as homoconjugates and various polymers.87

Figure 3.15: Scanning electron micrograph of G1 at 500x (left) and 5,000x (right) showing a homogenous
porous monolithic structure with sufficient surface area for protein immobilization

On the other hand, the encapsulated lipase-based monoliths were prepared via replacing the
6% w/w water in the porogens mixture of G2 and M1L columns by lipase (10 mg/mL) in
potassium phosphate buffer in the same ratio (6% w/w) or direct incorporation in the silane
solution prior to capillary filling. Once polymerization/gelation is complete, lipase gets
entrapped within the growing monolith network (Figure 3.14).
The morphology of the prepared monoliths was examined by SEM. Both the immobilized and
encapsulated columns showed uniform structure of the monolith beds with the presence of
interparticle spaces.
SEM images revealed that neither immobilization nor encapsulation of lipase into the polymer
matrix altered the monolithic porous structure. The monoliths maintained good attachment to
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the inner capillary wall after lipase has been grafted or encapsulated. There was no clear
difference in the porous structure of the lipase-grafted monolith (G1 vs G1L) (Figure 3.15 and
Figure 3.16). Nonetheless, the lipase-immobilized silica columns GSL showed a bimodal pore
structure with a significant portion of small pores and a relatively higher surface area
characteristic of silica monolithic structure (Figure 3.17).
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Figure 3.16: Scanning electron micrograph of G1L at 500x (top) and 25,000x (bottom)
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Figure 3.17: Scanning electron micrograph of GSL at 500x (top) and 25,000x (bottom)
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However, the SEM of M1L showed a finer monolithic structure with smaller microporosity
compared to M1. Incorporation of lipase into the porogens might have affected the rate at which
the primary nuclei grow leading to the formation of more individual nuclei (Figure 3.18).
Similarly, G3 that combined both immobilization and encapsulation approaches showed a
dense monolithic structure that was composed of a heterogeneous surface of microspherical
units (Figure 3.19).

Figure 3.18: Scanning electron micrograph of M1 (top) vs M1L (bottom) at 500x (left) and 25,000x (right)
showing a slight variation in the monolithic structure upon lipase encapsulation
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Figure 3.19: Scanning electron micrograph of G3 at 500x (left) and 5,000x (right)

Elemental analysis was used to determine the protein content in the columns. The protein
content was calculated by multiplying the nitrogen content by the conventional Kjeldahl factor
6.25, it is well established that this gives a rough estimate of the protein content and is usually
underestimated. Elemental analysis for a lipase-free column (G column) was also conducted to
ensure the relevance of the measured nitrogen to the protein content. The measured nitrogen
contents as well as their corresponding protein content are listed in Table 3.4. It can be inferred
from Table 3.4 that there is no significant difference in nitrogen content among capillaries
prepared by different approaches.
Table 3.4: Measured nitrogen content in different columns

Column

Nitrogen (% w/w)

Protein Content (g)

G1L

0.87

5.44

G2

1.22

7.63

G3

1.23

7.69

GSL

1.27

7.94

SL

1.29

8.06
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3B.3.2.

Chromatographic

Characterization:

Enantioselective

nano-LC

separation
The prepared columns were investigated for the enantioselective nano-LC separation of a set
of different classes of racemic pharmaceuticals namely: β-blockers, α-blockers,
antiinflammatory drugs, antifungal drugs, dopamine antagonists, norepinephrine-dopamine
reuptake inhibitors, catecholamines, sedative hypnotics, diuretics, antihistaminics, anticancer
drugs, flavonoids and antiarrhythmic drugs under reversed phase conditions. Initial testing was
carried out using a mobile phase composed of different acetonitrile/water mixtures; however,
this mobile phase composition did not furnish any chiral separation. Therefore, a mobile phase
composed of various methanol/water mixtures was tried. As it showed promising results in the
preliminary investigations, methanol/water mixtures were used thereafter.
In agreement with the previously reported immobilized protein stationary phases prepared via
the epoxy method52,53, the immobilized lipase phases (either polymer- or silica-based) GL1,
GL5, G1L and GSL did not provide any baseline separation of the investigated racemic
compounds under various chromatographic conditions. However, atenolol 5, arterenol 41,
chlorpheniramine 38, nomifensine 30 and tertatolol 4 showed partial enantioseparation on these
columns (Figure 3.20- Figure 3.22). It was also observed that the silica-based column GSL
provided a stronger retention for the analytes compared to the polymer-based columns (Figure
3.22 vs Figure 3.20). This can be explained in terms of the inherent distinctive nanoscopic
characteristics of silica monoliths with smaller mesoporous structure (6-20 nm).88 Nonetheless,
the stronger retention did not seem to contribute/improve the enantioselective separation as
none of the analytes was baseline resolved on GSL.
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Figure 3.20: Enantioselective nano-LC separation of atenolol on a blank lipase-free GMA column (top) and
GL1 capillary column (bottom) (150 µm ID, 25 cm length). Mobile phase: methanol/water (0.1% TFA)
30:70 v/v, UV: 240 nm, flow rate: 0.3 µL/min

123

Chapter 3

10

Absorbance (mAu)

8

6

4

2

0
0

5

10

15

20

Time (min)

Figure 3.21: Enantioselective nano-LC separation of arterenolol on GL1 capillary column (150 µm ID, 25
cm length). Mobile phase: methanol/water (0.1% TFA) 30:70 v/v, UV: 219 nm, flow rate: 0.3 µL/min
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Figure 3.22: Enantioselective nano-LC separation of chlorpheniramine on GSL capillary column (150 µm
ID, 25 cm length). Mobile phase: methanol/water (0.1% TFA) 50:50 v/v, UV: 219 nm, flow rate: 0.3 µL/min
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On the other hand, the encapsulated lipase-based chiral stationary phases provided baseline
separation for alprenolol 1, nomifensine 30, bromoglutethimide 33, cizolertine carbinol 22 and
carprofen 16 (Rs ≥ 1.5) on M1L and showed acceptable resolution (Rs = 1-1.5) for
chlorpheniramine 38, 4-hydroxy-3-methoxymandelic acid 48 and desmethylcizolertine 20 on
the same column (Figure 3.23-Figure 3.25). Similarly, baseline separation was observed with
G2 for celiprolol 2 (Rs = 1.98) and acceptable resolution for carbuterol 3, atenolol 5 and
normetanephrine 42 (Rs = 1.38, 1.36 and 1.37, respectively) (Figure 3.26 and Figure 3.27).
Moreover, baseline separation was achieved for chlorphenirmine 38 and miconazole 26 on SL
(Rs = 1.88 and 1.47, respectively) and acceptable resolution for nomifensine 30 (Rs = 1.27)
(Figure 3.28 and Figure 3.29).
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Figure 3.23: Enantioselective nano-LC separation of racemic-nomifensine overlaid on D-nomifensine on
M1L (150 µm ID, 25 cm length). Mobile phase: methanol/water (0.1% TFA) 30:70 v/v, UV: 219 nm, flow
rate: 0.3 µL/min
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Figure 3.24: Enantioselective nano-LC separation of desmethylcizolirtine on M1L (150 µm ID, 25 cm
length). Mobile phase: methanol/water (0.1% TFA) 30:70 v/v, UV: 219 nm, flow rate: 0.3 µL/min
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Figure 3.25: Enantioselective nano-LC separation of chlorpheniramine on M1L (150 µm ID, 25 cm length).
Mobile phase: methanol/water (0.1% TFA) 25:75 v/v, UV: 219 nm, flow rate: 0.3 µL/min
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Figure 3.26: Enantioselective nano-LC separation of celiprolol on G2 (150 µm ID, 25 cm length). Mobile
phase: methanol/water (0.1% TFA) 30:70 v/v, UV: 219 nm, flow rate: 0.3 µL/min
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Figure 3.27: Enantioselective nano-LC separation of normetanephrine on a blank lipase-free GMA column
(top) and on G2 (bottom) (150 µm ID, 25 cm length). Mobile phase: methanol/water (0.1% TFA) 30:70 v/v,
UV: 240 nm, flow rate: 0.3 µL/min
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Figure 3.28: Enantioselective nano-LC separation of chlorpheniramine plain silica column (top) and on SL
(150 µm ID, 25 cm length). Mobile phase: methanol/water (0.1% TFA) 80:20 v/v, UV: 219 nm, flow rate:
0.3 µL/min
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Figure 3.29: Enantioselective nano-LC separation of miconazole on SL (150 µm ID, 25 cm length). Mobile
phase: methanol/water (0.1% TFA) 40:60 v/v, UV: 219 nm, flow rate: 0.3 µL/min

To determine the enantiomer elution order (EEO), the enantiomerically pure form was either
injected in a separated run (Figure 3.23) or co-injected with the racemic analyte in another run
(racemic enriched) (Figure 3.30).
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Figure 3.30: Chromatograms a-c showing the UV traces of the enantioselective nano-LC separation of
atenolol on G2 capillary column (150 μm ID, 25 cm length). (a) Racemic atenolol, (b) (R)-atenolol, (c) coinjected (R)-atenolol with racemic atenolol: (R)+(R,S), Mobile phase: methanol/water (0.1% TFA) 30:70 v/v,
UV: 240 nm, flow rate: 0.3 μL/min.

For the combined immobilization/encapsulation approach, G3 column baseline separation was
achieved for sulconazole 28 (Rs = 1.52) and acceptable resolution for miconazole 26 (Rs =
1.22) (Figure 3.31). The separation (α) and the resolution factors (Rs) of all the
baseline/acceptably resolved compounds along with their chromatographic enantioseparation
conditions are shown in Table 3.5.
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Figure 3.31: Enantioselective nano-LC separation of sulconazole on G3 (150 µm ID, 25 cm length). Mobile
phase: methanol/water (0.1% TFA) 50:50 v/v, UV: 240 nm, flow rate: 0.3 µL/min
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Table 3.5: Chromatographic conditions, separation and resolution factors for the baseline/acceptablyresolved racemates

Separated
compound

Column

Chromatographic
conditions

Separation
factor (α)

Resolution
(Rs)

Alprenolol 1

M1L

M.P: methanol/water (0.1%
TFA) 25:75 v/v, UV: 219 nm

3.23

1.8

Atenolol 5

G2

M.P: methanol/water (0.1%
TFA) 30:70 v/v, UV: 240 nm

2.16

1.36

Bromoglutethimide 33

M1L

M.P: methanol/water (0.1%
TFA) 25:75 v/v, UV: 219 nm

3.3

1.79

Carbuterol 3

G2

M.P: methanol/water (0.1%
TFA) 30:70 v/v, UV: 219 nm

2.66

1.38

Celiprolol 2

G2

M.P: methanol/water (0.1%
TFA) 30:70 v/v, UV: 219 nm

2.6

1.98

2.77

1.38

2.14

1.88

3.53

1.8

M1L
Chlorpheniramine 38
SL

M.P: methanol/water (0.1%
TFA) 25:75 v/v, UV: 219 nm
M.P: methanol/water (0.1%
TFA) 80:20 v/v, UV: 219 nm
M.P: methanol/water (0.1%
TFA) 25:75 v/v, UV: 219 nm

Cizolertine carbinol 22

M1L

Desmethylcizolertine 20

M1L

M.P: methanol/water (0.1%
TFA) 30:70 v/v, UV: 219 nm

2.27

1.46

4-Hydroxy-3methoxymandelic acid
48

M1L

M.P: methanol/water (0.1%
TFA) 30:70 v/v, UV: 219 nm

2.16

1.03

G3

M.P: methanol/water (0.1%
TFA) 50:50 v/v, UV: 219 nm

1.85

1.22

SL

M.P: methanol/water (0.1%
TFA) 40:60 v/v, UV: 219 nm

2.87

1.41

Normetanephrine 42

G2

M.P: methanol/water (0.1%
TFA) 30:70 v/v, UV: 240 nm

2.25

1.37

Sulconazole 28

G3

M.P: methanol/water (0.1%
TFA) 50:50 v/v, UV: 240 nm

2.18

1.52

M1L

M.P: methanol/water (0.1%
TFA) 30:70 v/v, UV: 219 nm

3

1.5

SL

M.P: methanol/water (0.1%
TFA) 80:20 v/v, UV: 219 nm

3.72

1.27

Miconazole 26

Nomifensine 30

M.P: mobile phase
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The baseline resolved racemates were eluted under reversed phase conditions which allow the
use of less costly solvents and provide easier sample preparation from serum or plasma89. It is
also worth mentioning that the baseline-resolved racemates were previously resolved either
using capillary electrophoresis (CE)90 or conventional HPLC91 using particle packed chiral
columns (4.5 mm ID). The lipase-based capillary monolithic column is 10.000 times less in
internal diameter and operates with one million time less solvent volume than the conventional
column. Consequently, it consumes less solvent and produces faster reproducible separation.
M1L column showed stronger retention for the racemates compared to G2 column. This might
be attributed to the electrostatic attraction between the functional sulfopropyl anion of the
monolith and the positively charged basic b-blockers. These electrostatic forces are absent in
the GMA-based monolith which might explain the early elution of the same racemates.
Moreover, although the silica-based columns provided stronger analytes retention by the virtue
of their smaller mesopores, they did not show broad enantioselectivity compared to the polymer
counterpart using the same lipase concentration (SL vs M1L and G2). Thus, the stronger
retention did not contribute in the enantioselective separation of the analytes under the
investigated conditions.

3B.3.3. Insights into the chiral recognition mechanism
The prediction of the chiral recognition mechanisms of CSPs has mainly been based on
empirical rules or speculations due to the complexity of the enantioselective separation.92
Racemates of homologous series of closely related chemical structures tend to interact
differently with the chiral selectors resulting in large differences in both enantioselectivities
and elution order.93 It is well established that the formation of temporary diastereoisomeric
complexes between the enantiomers and the CSP is a prerequisite for chiral separation. The
diastereoisomeric complexes have different migration rates on the CSP resulting in their
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resolution. The enantiomer that fits easily (ideal fit) into the CS active site will form firm
diastereoisomeric interactions and therefore it will be strongly retained.
In order to investigate whether the chiral separation is influenced by the enzyme activity,
similar columns were prepared using Fermase CALB 10L by Fermenta Biotech Ltd (activity
10000U/g). The prepared columns showed a similar pattern of enantioselective separation
which denotes that the chiral recognition doesn’t rely on enzyme activity.
Additionally, in an attempt to improve the enantioselective separation of the lipaseimmobilized column G1L, the polar hydroxyl group on the monolith surface was substituted
with the hydrophobic methoxy group (Figure3.32). It was observed that the methoxy modified
columns achieved partial separations for normetanephrine 42, carbuterol 3, chlorpheniramine
38, metoprolol 6, miconazole 26 and sulconazole 28. The methoxy group might have provided
an extra-point of interaction (hydrophobic interaction) which assisted in the chiral
discrimination, as it is likely that the chiral separation was achieved due to the created stereogic
centre (upon epoxide ring opening) rather than the lipase.
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Figure3.32: Derivatization of G1L hydroxyl group into a hydrophobic derivative

Based on testing 50 racemates from different chemical and pharmaceutical classes (Chapter 2,
Section 2.2.4.) on lipase-based monolithic CSPs prepared by various approaches, it was
observed that 13 compounds were baseline/acceptably resolved (Table 3.5).
Eight of these compounds, namely, alprenolol 1, atenolol 5, arterenol 41, carbuterol 3,
celiprolol 2, cizolirtine carbinol 22, 4-hydroxy-3-methoxymandelic acid 48 and
normetanephrine 42 bear secondary alcohol moieties with alkyl side chains around the
stereogic centres. These groups probably play an important role in providing three points of
interaction which is required for the chiral recognition. Accordingly, the enantioselective
separation showed higher preference of CALB to resolve basic racemates (e.g. β blockers)
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under the investigated chromatographic conditions. This might imply that ionic interactions
might be the prevalent interaction mode in the chiral recognition mechanism. Nonetheless, the
chiral recognition abilities of CALB are thought to be probably based on ionic, hydrogen bond
donor/acceptor as well as hydrophobic interactions within the enzyme active site.

3B.3.4. Enantioselective hydrolysis of ibuprofen butanoate
Lipase catalysed enantioselective hydrolysis of racemic esters is a well-established method to
access enantiomerically pure NSAIDs.86,94 Moreover, the butyl ester has been considered the
most favourable ester to carry out enzymatic hydrolysis.95 CALB-immobilized silica
monolithic capillary GSL was selected as it displayed low column backpressure and
consequently, less resistance for the reagents to flow-through compared to the polymer
counterpart. It is worth pointing out that the progress of the reaction was monitored using the
chiral column Chiralpak IB which enabled a simultaneous baseline separation of ibuprofen and
its ester in one run with consequent accurate determination of enantiomeric excess (ee)86. The
enantioselective separation of ibuprofen and its ester was not achieved on any of the prepared
monolithic capillary columns.
The experimental design was reproduced from Ghanem et al.86 by using CALB-immobilized
silica monolith as a capillary micro-bioreactor for the biocatalysis. Ibuprofen butanoate was
continuously pumped through the micro-bioreactor for two weeks. After two weeks,
preferential hydrolysis of the (R)-ibuprofen ester was evident through the direct HPLC analysis
(Conversion = 38.9%, ees = 4.35%, eep = 22.44%) (Figure 3.33). Lipase activity was
determined spectrophotometrically by measuring the concentration of p-nitrophenol (pNP)
liberated from lipase catalyzed hydrolysis of p-nitrophenyl butyrate (pNPB)96. It was observed
that the micro-bioreactor maintained its activity until the termination of the reaction time (two
weeks).
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It is evident that CALB- immobilized on GSL is capable of hydrolysing ibuprofen butanoate
with moderate enantioselectivity. However, the enantiomeric ratio of the reaction was so low
(<1) so the micro-bioreactor is not considered a feasible way to conduct hydrolysis of ibuprofen
butanoate.68 Optimization of the lipase loading and screening of other lipases can be suggested
to improve the yield of the micro-bioreactor which is not in the scope of this thesis.
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Figure 3.33: Course of enantioselective hydrolysis
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capillary micro-bioreactor on Chiralpak IB (4.6 mm ID, 25 cm length). Mobile phase: nhexane/TBME/TFA 90:10:0.1 v/v/v, UV: 219 nm, flow rate: 1 mL/min
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3.4. Conclusions
As hundreds of procedures to prepare polymer monolith are available in literature, it was
necessary first to establish a polymer monolithic backbone that could be used for the
preparation of the CSPs. Therefore, a mixed mode cation exchange/reversed phase monolith
was prepared and its separation mechanism and robustness were established. The achiral
polymer monolithic backbone provided satisfactory retention for small molecules.
Consequently it was used for the preparation of lipase-based polymer monolithic CSPs.
New affinity monolithic capillary columns with 150 mm internal diameter were prepared in situ
fused glass capillaries via either immobilization or encapsulation of Candida antarctica lipase
B (CALB) on or within polymer/silica monoliths, respectively. The immobilized lipase-based
monoliths were prepared via epoxy method, where the nucleophilic amino residues of lipase
attacked the reactive epoxide groups on the monoliths surface leading to covalent bonding of
lipase to the monolith surface. The encapsulated lipase-based monoliths were prepared via
entrapment of lipase in the growing polymer network or silica gel. The prepared capillary
columns were investigated for the enantioselective nano-LC separation of a set of different
classes of racemic pharmaceuticals, namely α- and β-blockers, antiinflammatory drugs,
antifungal drugs, dopamine antagonists, norepinephrine-dopamine reuptake inhibitors,
catecholamines,

sedative hypnotics, diuretics, antihistaminics, anticancer drugs and

antiarrhythmic drugs. The encapsulated lipase-based capillary monolith showed better
enantioselective separations of most of the investigated compounds. Baseline separation was
achieved for alprenolol 1, atenolol 5, bromoglutithimide 33, carbuterol 3, celiprolol 2,
chloropheneramine 38, cizolertine carbinol 22, 4-hydroxy-3-methoxymandelic acid 48,
desmethylcizolertine 20, miconazole 26, nomifensine 30, normetanephrine 42 and sulconazole
28 under reversed phase chromatographic conditions. It appears that the chiral recognition
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mechanism of lipase-based monoliths toward the investigated racemates includes ionic,
hydrogen bond donor/acceptor as well as hydrophobic interactions.
In conclusion, CALB-based polymer monoliths prepared via the facile one pot procedure
showed promising results for the baseline separation of racemates of different classes of
pharmaceuticals. Encapsulation of CSs into polymer backbone opens the horizon for testing
different categories of chiral selectors, avoids the hassle of derivatization while maintaining
their chiral recognition abilities. Moreover, CALB-immobilized silica monolithic capillary
displayed a promising potential for the enantioselctive hydrolysis of ibuprofen butanoate.
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Chapter 4
Preparation of new β-cyclodextrin-based monolithic chiral stationary phases
for the enantioselective separation of pharmaceuticals using nano-LC

4.1. Introduction
Cyclodextrins (CDs) are torch-like cyclic oligosaccharides consisting of six, seven or eight Dglucopyranose units connected via α-1,4- linkage, this unique shape provides three points of
interaction required for the chiral recognition mechanism.1 The most widely characterized CDs
are α-CD (cyclohexamylose), β-CD (cycloheptamylose) and γ-CD (cyclooctamylose) (Figure
4.1). The internal diameter of α-CD is 4.5-6.0 Å and therefore it can complex a six-membered
aromatic ring, while that of β-CD is 6.0-8.0 Å and therefore it can accommodate the size of
two fused bicyclic aromatics.2 The internal diameter of γ-CD is 8.0-10.0 Å and it can fit larger
rings in the size of substituted pyrenes.2 As β-CD has an optimum cavity size, β-CD and its
derivatives are the most frequently used for the chiral separation of pharmaceutical racemates.2

Figure 4.1: Schematic diagram showing the structures of the most widely characterized CDs
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The native CDs structure is a hollow cone with secondary hydroxyl groups (at the 2- and 3positions of the individual glucose units) aligned at the “mouth” or wider opening of the CD
cavity, while the primary hydroxyl groups (at the 6-position) are located at the opposite
narrower rim. Since the polar hydroxyl groups are on the outside of the molecule, the cavity
inside the CD is relatively hydrophobic while the outside of the CD is hydrophilic. Therefore,
CDs can form inclusion complexes with a variety of molecules in aqueous solution or in a solid
state with organic, inorganic molecules or ions.2 CDs have been widely used for the chiral
separation of racemic compounds in pharmaceuticals, agrochemicals or food industries where
they can be either used as CMPAs3, 4 or CSPs.5,6
Derivatization of CD hydroxyl groups significantly alters CD enantioselectivity. It is
performed to improve CD solubility in certain medium, providing additional points of
interaction to improve its enantiorecognition and hence, optimizing the formation of inclusion
complexes. Moreover, derivatization can introduce reactive functional groups necessary for the
immobilization of CD on solid supports such as silica or polymer monoliths.7 Commercial CD
HPLC columns have been available since 19838; their enantioselectivities depend on the
coverage, the binding chemistry to the solid support, CD cavity size and the derivative groups
incorporated in the CD structure.7 In fact, most commercially available CD CSPs are derived
from β-CD. Derivatizing groups such as phenylcarbamates produce CSPs with different
enantiorecongnition abilities depending on the nature and positioning of the groups on the
phenyl ring.9,10
Monolithic β-CD CSPs have previously been prepared via physical adsorption or chemical
bonding. Early attempts to prepare coated β-CD monoliths were reported by Wistuba and
Schurig on silica monoliths prepared either by sintering silica particles at high temperature11
or in situ preparation using the sol gel process.12 The authors used Chiralsil-β-Dex (a
permethylated-β-CD derivative) to coat the silica monoliths. Thermal immobilization of
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Chiralsil-β-Dex on the coated capillaries was achieved via a heat treatment at 120°C for 48 h.
The authors believed immobilization resulted from the reaction of the residual Si-H groups
(still available from the synthesis of Chiralsil-β-Dex) with the free silanol groups of the silica
monolith.11,13 The monolithic capillaries displayed baseline separation for hexobarbital,
mephobarbital, benzoin and carprofen using CEC and CLC (Figure 4.2).

Figure 4.2: Enantiomer separation of barbituric acids on a Chirasil-Dex monolith by CEC, reproduced
with permission from reference 11

Another example for coated β-CD monoliths was reported using phosphated β-CD (PCD)coated on zirconia monolith. The monolithic capillaries provided baseline separation for
citalopram, sertaline and metoprolol and partial separation for atenolol in CEC.14 No
appreciable decline in column performance was observed after 20 injections and the coated
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columns were described as practically stable in the aqueous buffer eluents.14 Similarly,
sulphated-β-CD-coated zirconia monolith was used for the enantioselective separation of some
basic racemates.15
Bonding of β-CD into the monoliths has been previously achieved via the in situ
copolymerization of a β-CD functional monomer16 or the post-modification of reactive
monolithic groups.17 The former is considered a simple and less time consuming approach
compared to the latter. However, due to the diversity of monomer precursors, it is time
consuming and laborious to prepare different kinds of monolithic columns to establish a robust
monolithic backbone (as previously elaborated in Chapter 3). Thus, post modification of raw
monoliths with high robustness, tailorability and column efficiency becomes a good
alternative.18,19
Examples of the copolymerization approach include the functional monomer GMAethylenediamine- β-CD which was copolymerized with EDMA in a one pot approach in a
fused silica capillary for the enantioselective separation of mandelic acid derivatives using µHPLC.20 The same group adopted the facile one pot copolymerization approach to prepare
another β-CD polymer monolith using click chemistry.21 Unfortunately, the prepared columns
did not provide a satisfactory enantioseparation, although a typical HILIC retention was
observed for a set of polar analytes using nano-LC. Similarly, a GMA-β-CD monomer was
copolymerized with EDMA and vinylbenzyl trimethylammonium to provide anion exchange
CSPs for CEC. The capillary columns were tested for the chiral separation of 41 anionic
racemates and were successfully coupled to single and triple quadrupole mass spectrometers
for CEC-MS of several chiral racemates.16 Moreover, the one pot sol-gel approach was adopted
for silica monolith where the copolymerization of β-CD silicon alkoxide and
tetramethyloxysilane afforded a well-controlled monolithic CSP for CEC.22 The capillary
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columns demonstrated good permeability, a high number of theoretical plates and showed
baseline separation for dansyl-leucine and baclofen.
In contrast, β-CD or its derivatives can be grafted into a monolith of reactive functional groups
via the post-modification approach. For example, an alkyne-terminated polymer monolith was
prepared in a fused silica capillary followed by grafting CD via click chemistry.23 The prepared
columns demonstrated good enantioseparation of flavanone under reversed phase conditions
using nano-LC. Similarly, 4-dimethylamino-1,8-naphthalimide functionalized β-CD was
immobilized on a poly(GMA-EDMA) monolith via a ring opening reaction.24 The capillary
columns demonstrated good reproducibility, high stability and exhibited a baseline separation
for ibuprofen and naproxen using non-aqueous CEC. A poly(GMA-EDMA) monolithic
backbone was also used to immobilize different β-CD derivatives via direct and indirect
methods.25 Nonetheless, no significant differences were observed for both immobilization
approaches. The prepared columns were used for enantioseparation of eight amino acids,
mexiletine hydrochloride and oxybutynin chloride using CEC. Immobilization of β-CD
modified gold nanoparticles (CD-GNP) onto a thiolated porous polymer produced columns of
high enantioseparation efficiency for chlorpheniramine, zopiclone and tropicamide using
CEC.26
The post-modification approach was also reported for silica monoliths, for example, allyl-βCD was immobilized onto a bifunctional silica monolith via radical polymerization followed
by sulfation to produce sulphated poly-β-CD silica monolithic columns for CEC.27 The
described approach overcame the problem of desulfation encountered during the synthesis of
sulphated β-CD. The prepared columns were used for the enantioseparation of norephedrine,
chlortrimeton and dihydropyridine racemates. Another example for post-modification of a
silica monoliths was reported by Ishii et al., where a β-CD derivative with a vinyl functional
group was bonded to a silica monolith surface by radical polymerization.28 The prepared
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columns displayed a high number of theoretical plates and high separation efficiency for
flavanones.
The preparation of β-CD-based CSPs via the post-modification procedure requires long and
time consuming steps which can affect column reproducibility.29 The one pot strategy can be
considered a potential alternative to simplify column preparation and improve reproducibility.
Nonetheless, optimization of the polymerization mixture is crucial and often laborious to
minimize shielding of the CD in the entrapment procedure20. Few reports have demonstrated
higher enantioselectivities of the one pot procedure compared to the post-modification
approach.20,29-31 Other reports showed favourable enantioselectivity for the post-modification
approach.19
The purpose of this study is to prepare immobilized β-CD-based polymer and silica monolithic
CSPs representing the one pot and the post-modification approaches, respectively, and to
determine whether the immobilization of β-CD on polymer monolith show either similar,
broader or complimentary chiral discrimination ability compared to the silica counterpart. It is
worth mentioning that the one pot environmentally benign and economically feasible
preparation procedure of β-CD polymer monolith preparation has not been previously reported
in nano-LC.

4.2. Experimental
The general experimental details are described in Chapter 2, however, the preparation of
specific monoliths are elaborated in this chapter. The prepared monolithic columns were tested
under reversed phase conditions using a Dionex Corporation (UltiMate® 3000 capillary LC
system).
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4.2.1. Preparation of the monolithic columns
4.2.1.1.

Preparation of β-CD functionalized monomer

2,3,6-Tris(phenylcarbamoyl)-β-CD-6-methacrylate was prepared as shown in Figure 4.3. β-CD
(0.42 g, 0.37mmol) was dissolved in 9 mL dry pyridine, methacryloyl chloride (40 μL, 0.38
mmol) was added drop-wise. The solution was stirred at room temperature for 6 h, then excess
(1.9 mL) phenyl isocyanate was added drop-wise and the solution was refluxed for 1 day. After
evaporation of the solvent under vacuum, the product was purified by column chromatography
using silica gel to give a white solid (yield 90%).

Figure 4.3: Schematic diagram showing the preparation of 2,3,6-tris(phenylcarbamoyl)-β-CD-6methacrylate

4.2.1.2.

Preparation of the porous polymer monoliths in fused silica capillaries

Surface modification in fused silica capillaries was done using the procedure of Schaller et al.32
which was previously described in Chapter 2, Section 2.3.2. The short (~25 cm long) surface
modified capillaries were filled by a Harvard syringe pump with the degassed polymerization
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mixture consisting of 40% w/w monomers, 60% w/w porogens together with 1% w/w AIBN
(with respect to monomers) at 0.25 mL/min.
Three polymer-based monolithic capillary columns were prepared via the in situ
copolymerization of binary monomer mixtures consisted of the β-CD derived functional
monomer and EDMA as a crosslinker along with three porogens namely: 1-propanol, 1,4butanediol and water in the presence of 1% w/w AIBN (with respect to monomers). The filled
capillaries were then sealed with a septum and placed in a 70°C water bath for 18 h for the
polymerization reaction to take place. The unreacted monomers were removed from the
monolithic columns by pumping with methanol at a flow rate of 100 mL/h for 4 h before being
conditioned with water and mobile phase, both for 1 h at 30 mL/h. The ratios of the monomers
to the porogens were kept 40% w/w and 60% w/w, respectively. Porogens composition was
the same in all columns, while the ratio of the β-CD derived monomer varied with respect to
EDMA. Polymer composition in the prepared columns is shown in Table 4.1.
Table 4.1: Polymer composition used in the prepared monoliths

Entry
A1
A2
A3
4.2.1.3.

β-CD
monomer
(%w/w)
10
20
30

EDMA
(%w/w)

1-propanol
(%w/w)

30
20
10

48
48
48

1,4butanediol
(%w/w)
6
6
6

Water
(%w/w)
6
6
6

Preparation of the bare silica columns

Hybrid-type monolithic silica columns were prepared from a mixture (9 ml) of TMOS and
MTMS in a 3:1 ratio, poly(ethylene glycol) (0.9 g), and urea (2.025 g) in 0.01M acetic acid (20
ml) as described previously33 resulting in a monolithic silica having a through-pore size of 2.0
μm and a skeleton size of 1.5 μm. TMOS (9 ml) was added to a solution of poly(ethylene
glycol) (PEG, 0.9 g, M.wt = 10000) and urea (2.025 g) in 0.01 M acetic acid (20 ml) and stirred
at 0°C for 45 min. The resultant homogeneous solution was charged into a fused–silica
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capillary tube (100 µm ID), which had been treated in advance with 1 M NaOH solution at
40°C for 2 h, and allowed to react at 40°C. Gelation occurred within 2 h, and the gel was
subsequently aged in the capillary overnight at the same temperature. The temperature was
then raised, and the monolithic silica column was treated for 4 h at 120°C to complete the
formation of the mesopores with ammonia generated by the hydrolysis of urea, followed by a
methanol wash. After drying, heat treatment was carried out at 330°C for 24 h, resulting in the
decomposition of organic moieties in the capillary.34 Usually, 4-m long capillary columns were
prepared from the same reaction mixture. After preparation, each end (10–15 cm) of the
capillary was trimmed, and several 50 cm long columns were obtained.
Before further modification of the surface silanol groups, the monolithic silica capillary
columns were evaluated using methanol/water 80/20 (v/v) as a mobile phase and uracil as the
test analyte. Silica monolithic columns with optimum plate heights and theoretical plate
numbers were used for modification with 3-methacrylamidopropyltriethoxysilane (MAS)
followed by polymerization with 2,3,6-tris(phenylcarbamoyl) β-cyclodextrin-6-methacrylate.
4.2.1.4.

Bonding of MAS onto monolithic silica surface

The anchor group MAS was prepared as described by Ikegami et al.35, with slight modifications
(Figure 4.4). To a stirred solution of (3-aminopropyl)-triethoxysilane (3.33 g, 15 mmol) and
triethylamine (4 mL) in THF (10 mL) at 5°C, methacryloyl chloride (1.664 g, 16 mmol) in dry
THF (5 mL) were added drop-wise. Once the addition was complete, the solution was further
stirred at 5°C for 1 h. The solution was then filtered through THF washed Celite S Filter Aid
(Sigma Aldrich, St. Louis, MO, USA) and evaporated under reduced pressure to give the
desired product as a sticky, dark orange oil (4.63g, 98%). 1H NMR (300 MHz, CDCl3): d =
0.66 (t, 2H, CH2), 1.18-1.25 (t, 9H, 2CH3), 1.65-1.70 (m, 2H, CH2), 1.94 (s, 3H, CH3), 3.313.35 (q, 2H, CH2), 3.79-3.86 (q, 6H, 3CH2), 5.30 (s, 1H, vinyl), 5.67 (s, 1H, vinyl), 6.20 (br s,
1H, NH).
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Figure 4.4: Schematic preparation of the anchor group MAS

The bonding of the anchor group MAS onto the monolithic silica surface free OH in the
capillary column was carried as described by Ikegami et al. and Ghanem et al.35,36 with a minor
modification. Initially, the hybrid-type silica monolith was washed with dry THF and toluene
for 24 h each prior to modification to remove all moisture. Then, a mixture of MAS, dry toluene
and dry pyridine (1:1:1 v/v/v) was introduced into the capillary using nitrogen gas at a pressure
of 0.6 Mpa for 24 h at 80°C. The capillary was then washed with dry toluene followed by
methanol for 24 h each.
4.2.1.5.
The

In situ polymerization of the CS onto the MAS-modified silica surface

MAS-modified

silica

monolithic

columns

were

copolymerized

with

2,3,6-

tris(phenylcarbamoyl)-β-CD-6-methacrylate using AIBN as a radical initiator using the post
modification approach as illustrated in Figure 4.5.
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Figure 4.5: Schematic diagram for the preparation of β-cyclodextrin-modified silica monolith

In a HPLC vial, (2 mL), 2,3,6-tris(phenylcarbamoyl)-β-CD-6-methacrylate was dissolved in a
mixture of dry toluene/dry pyridine (1:1) along with AIBN (5 mg/mL). The MAS modified
silica columns were then filled with this mixture using a syringe pump or via N2 gas, and the
capillaries placed into an 80°C oven for 24 h to complete the polymerization reaction. Finally,
the modified columns were washed with toluene and methanol for 24 h each and conditioned
with the mobile phase prior to use. Three β-CD-based silica monolithic capillary columns were
prepared using different CS concentration (Table 4.2).
Table 4.2: Monomer concentration used in the prepared silica monoliths

Entry

β-CD monomer
(mg/mL)

SCD1
SCD2
SCD3

10
20
30
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4.2.2. Standard solutions and sample preparation
Stock solutions of the analytes were prepared at concentrations of 1 mg/mL in filtered HPLC
grade methanol. Prior to mixing and injection, the stock solutions were further diluted 10x and
filtered through Sartorius Minisart RC 15 0.2 mm pore size filters (Goettingen, Germany).
Chemical structures of the investigated drugs are shown in Chapter 2, Section 2.2.4.

4.2.3. HPLC conditions
The mobile phase A and B consisted of 0.1% TFA in water (v/v) and methanol (v/v),
respectively. For all samples, the injected volume was 0.2 mL. Preliminary UV analyses were
performed at several different wavelengths (219-270 nm) for each compound, in order to select
the optimum wavelength for all the analytes and best utilise a single wavelength UV detector.

4.3. Results and discussion
4.3.1. Polymer monoliths: preparation and characterization
Three polymer monoliths were prepared via in situ copolymerization of 2,3,6tris(phenylcarbamoyl)-β-CD-6-methacrylate as a functional monomer and EDMA as a cross
linker in the presence of a ternary porogenic system comprised of 1-propanol (48% w/w), 1,4butanediol (6% w/w) and water (6% w/w) (Figure 4.6). While the porogen composition was
kept constant, the ratio of the functional monomer to the cross linker was varied in an attempt
to study the effect of CS concentration and consequently column porosity on the
enantioselective separation (Table 4.1).
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Figure 4.6: Schematic diagram showing the preparation of β-CD functionalized polymer monolith
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4.3.1.1.

Evaluation of column performance

The quality of the polymer monoliths was evaluated as a function of the column total porosity
(ƐT) and efficiency (in terms of separation and resolution factors). It is well established that
total monolith porosity gives only partial characterization for the monolith while better
characterization is determined by the average pores size.37 However, the mesopores of an
organic polymer skeleton swell upon exposure to organic solvents which makes monolith
porosity in the dry state significantly different from that of the solvent exposed counterpart.38
Therefore, monoliths total porosity was determined using the capillary HPLC flow method
where the void volume of unretained marker (uracil) was measured using methanol as mobile
phase.16 The eluted volume of methanol was collected in a sealed vial to avoid errors due to
mobile phase evaporation and weighed out in a given time at 0.3 µL/min flow rate. The weight
was then converted to volume using methanol density and the total porosity was calculated
using the following equation:

Ɛ =


× 100
  !

Where ƐT is the total porosity, V (m3/sec) is the mobile phase volume, r (m) is the inner radius
of the empty capillary and u (m/sec) is the linear velocity of the mobile phase which is
determined by the unretained compound uracil. The linear velocity is calculated by dividing
the effective length of the column by the retention time of uracil. Measured ƐT values for the
columns along with the separation (α) and the resolution factors for propranolol a baseline
resolved compound, are listed in Table 4.3.
Table 4.3: Porosity and performance of the prepared polymer monoliths using propranolol, mobile phase:
methanol/water (0.1% TFA) 10/90, flow rate: 0.3 μL/min

Entry
A1
A2

ƐT (%)
24.5 ± 0.75
22 ± 2

t1/t2 (min)
13.2/13.8
13/13.6

α
1.39
1.52

Rs
2.22
2.53
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From Table 4.3, it was observed that β-CD methacrylate/EDMA weight ratio determined
column porosity since the porogens composition was kept constant. ƐT was expected to be equal
or close to the porogens volume fraction (60%), however, the polymer monoliths porosity is
strongly dependent on the polymerization conditions i.e. polymer composition, polymerization
time and temperature.39 Moreover, the polarity and size of the functional monomer, as well as
its concentration in the polymerization, affect the early stages of phase separation where the
formation of the early nuclei occurs and consequently have a major effect on the formed
monolith.40 Consequently, using a functional monomer of high molecular mass has
significantly influenced ƐT values. Additionally, it is well established that increasing the content
of the crosslinker EDMA leads to decreased column porosity.41
It

was

observed,

however,

that

increasing

the

functional

monomer

2,3,6-tris

(phenylcarbamoyl)β-CD methacrylate led to less permeable columns with smaller total
porosity. Moreover, the column was impervious upon using high concentation of the β-CD
functional monomer which impeded the flow of the mobile phase. This is probably attributed
to the agglomeration of the polymer at high CS concentration and the formation of lumps inside
the column which was confirmed by SEM (Figure 4.9). This finding of reduced coloumn
porosity with a high functional monomer and low crosslinker ratio could be explained in terms
of the high molecular mass of the CS, a similar observation of reduced electroosmotic mobility
was previously reported in CEC at high β-CD concentration as a consequence of its effect on
pore size.42
4.3.1.2.

Scanning electron microscopy (SEM)

SEM was used to study the effect of variation of the functional monomer/cross linker ratio on
the morphology of the prepared monoliths. Columns A1 and A2 showed homogenous porous
structure with interconnecting channels allowing the flow of the mobile phase under low

161

Chapter 4
column backpressure (Figure 4.7 and Figure 4.8). On the other hand, A3 showed much finer
structure with clusters of interconnected globules with monolith separation from the capillary
wall (Figure 4.9). A3 resisted the flow of mobile phase through and hence was excluded from
further investigations.

Figure 4.7: Scanning electron micrograph of A1 at 500x (left) and 25,000x (right) showing a homogenous
porous monolithic structure

Figure 4.8: Scanning electron micrograph of A2 at 500x (left) and 25,000x (right) showing a homogenous
porous monolithic structure
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Figure 4.9: Scanning electron micrograph of A3 at 500x (left) and 25,000x (right) showing a fine monolith
with separation from the capillary walls

4.3.1.3.

Column mechanical stability

The polymer monoliths were tested for mechanical stability by pumping a mixture of
methanol/water (80:20 v/v) at varying flow rates (0.1-1 µL/min). The pressure drop as a
function of the mobile phase flow rate was linear indicating that the packing monolith
maintained its integrity under high pressures. The overlaid plots of the backpressure versus the
mobile phase flow rate are shown in Figure 4.10, A1 and A2 columns demonstrated good
stability over the pressure ranges 20-250 bar as confirmed by the excellent linear velocity at
these pressures. However, linerarty was lost for the A2 column at high flow rates (0.9 and 1
µL/min) which is three times higher than the flow rate used for the enantioselctive separation
in this study. This might help in predicting column performance at high functional
monomer/crosslinker ratios.
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Figure 4.10: Overlay of A1 and A2 column backpressures versus flow rate

4.3.1.4.

Column repeatability

In order to investigate the repeatability of the prepared columns (the ability to prepare equally
performing columns at different locations)43; two columns were prepared on the same day using
the same polymerization mixture to test column-to-column repeatability. Batch-to-batch
repeatability was also tested by preparing three different batches at different days using
identical polymer mixtures. Run-to-run, column-to-column and batch-to-batch repeatability in
terms of percentage relative standard deviation (%RSD) values are shown in Table 4.4.
Propranolol 7 was selected to check columns’ performances in terms of repeatability as it was
baseline resolved on both columns. As shown in Table 4.4, reproducibility of retention times
of both propranolol peaks was satisfactory. Run-to-run repeatability using one column was also
favourable. %RSD of the retention times ranged between 0.36% and 4.4%, these results suggest
that these monolithic capillary columns can be used for reproducible routine analysis. It is
worth mentioning that the acceptable %RSD values for intra-batch and inter-batch are 2.5%
and 15%, respectively.44
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Table 4.4: Run-to-run, column-to-column and batch-to-batch repeatability of the monolithic columns
comparing the retention times of propanol, mobile phase: methanol/water (0.1% TFA) 10/90 v/v, flow rate:
0.3 μL/min

Column

Run-to-run (n=5)

Column-to-column (n=2)

Batch-to-batch (n=3)

Retention time, min (%RSD)

Retention time, min (%RSD)

Retention time, min (%RSD)

Peak 1

Peak 2

Peak 1

Peak 2

Peak 1

Peak 2

A1

13.01 (0.8)

13.6 (0.79)

13 (0.39)

13.6 (0.36)

13.1 (1.07)

13.7 (0.92)

A2

13.2 (1.05)

13.85 (0.56)

12.9 (4.4)

13.8 (1.08)

13.3 (0.23)

13.9 (1.07)

4.3.2. Silica monoliths: preparation and characterization
4.3.2.1.

Evaluation of the bare silica monolith

The prepared bare silica columns were evaluated by injecting uracil under reversed phase
conditions using methanol/water (80/20 v/v). The obtained theoretical plate number and height
at optimal linear velocity was in the range of 5,000-15,000 pl/m and 20-7 µm respectively.
The SEM of the prepared columns showed a continuous bimodal pore structure with a
significant proportion of small pores characteristic to silica monolith structure (Figure 4.11). It
is worth mentioning that percentage of small pores is higher in good quality silica (high number
of theoretical plates and low theoretical plate height). After chromatographic and morphologic
evaluation, monolithic silica columns exhibited plate numbers of 15,000 pl/m and heights of 7
µm were used for modification with MAS.
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Figure 4.11: Scanning electron micrograph of bare silica monolithic column at 500x (top) and 25,000x
(bottom) showing a homogenous porous monolithic structure

4.3.2.2.

Evaluation of MAS coverage

In order to attach the β-CD derivative on silica monolith via copolymerization, surface
activation of the bare silica silanol groups is required. Hence, at the first step of modification,
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an anchor group, MAS, was chemically bonded to the silica skeleton at 80°C. At that
temperature, no thermal polymerization of the anchor was detectable by a 1H-NMR
measurement of the residual MAS.35 Surface coverage of the anchor group was evaluated by
injecting toluene/benzanilide mixture into the MAS-modified capillaries to compare the dead
volume (toluene retention time) to benzanilide retention time using 15% THF in n-hexane
(Figure 4.12). Columns showed retention factors in the range of 1.5-2 were used for the β-CD
copolymerization to ensure optimum coverage of the chiral selector.

350000

Toluene (r.t. 4.06 min)
300000

Absorbance (mAu)

250000

Benzanilide (r.t. 10.27 min)
200000
150000
100000
50000
0
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0
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30

40

50

Time (min)

Figure 4.12: Evaluation of MAS coverage of the hybrid-type monolithic silica capillary (100 µm ID, 25 cm),
mobile phase: THF/n-hexane 15:85 v/v, UV: 254 nm, flow rate 0.005 mL/min, 2µL injection volume of 1:1
toluene: benzanilide (in mobile phase). k = 1.53

SEM was used to examine anchor-modified silica monoliths for agglomeration of the silane
solution during modification. The capillaries showed a homogenous porous structure without
any agglomeration (Figure 4.13).
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Figure 4.13: Scanning electron micrograph of MAS-modified monolithic column at 500x (top) and 25,000x
(bottom) showing a homogenous porous monolithic structure without any apparent agglomeration

4.3.2.3.

Evaluation of β-CD silica monolithic columns

The morphology of the prepared columns was investigated using SEM to ensure homogenous
polymerization of the monolith surface without agglomeration. SEM of SCD1 and SCD2

168

Chapter 4
revealed satisfactory homogenity of the monolith surface. On the other hand, SEM of SCD3
showed a non-homogenous surface with agglomeration of lumps at the capillary edges (Figure
4.14). Hence, SCD3 was excluded from further investigations.

Figure 4.14: Scanning electron micrograph of SCD1 (a), SCD2 (b) and SCD3 (c) at 500x (left) and
25,000x (right) showing the morphology of the prepared monoliths
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4.3.3. Enantioselective separation of different classes of pharmaceutical
racemates using polymer- and silica-based monoliths
Four monolithic capillary columns; A1 and A2, SCD1 and SCD2 were investigated for the
enantioselective nano-LC separation of a set of different classes of racemic pharmaceuticals
namely: β-blockers, α-blockers, antiinflammatory drugs, antifungal drugs, dopamine
antagonists, norepinephrine-dopamine reuptake inhibitors, catecholamines, sedative hypnotics,
diuretics, antihistaminics, anticancer drugs, flavonoids and antiarrhythmic drugs. The choice
of compounds was arbitrary and guided by preliminary investigations.30 Initially, the
enantioselective separation was investigated using the more polar solvent acetonitrile, a mobile
phase composed of acetonitrile and water mixture ranged from 10-90% (v/v) was tested. No
enantioselective separation was observed under this condition. However, when an aqueous
methanol-based mobile phase was used, baseline separation (Rs ≥ 1.5) was achieved for
propranolol 7, ifosfamide 39, alprenolol 1, tertatolol 4, 1-indanol 46, tebuconazole 25, omethoxymandelic acid 46, celiprolol 2 and cizolertine 21, while acceptable resolution (Rs 11.5) was achieved for diniconazole 27, ketoprofen 12, metoprolol 6 and 6-hydroxyflavanone
44 on the polymer-based monoliths A1 and A2 (Figure 4.15-Figure 4.17). It was observed that
increasing the percentage of water in the mobile phase increased the retention and improved
the enantioseparation. Separation (α) and resolution (Rs) factors for the baseline/acceptable
resolved compounds are listed in Table 4.5.
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Figure 4.15: Enantioselective nano-LC separation of propranolol on the polymer-based monolithic
capillary column A2 (150 µm ID, 25 cm length). Mobile phase: methanol/water (0.1% TFA) 10:90 v/v, UV:
219 nm, flow rate: 0.3 µL/min
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Figure 4.16: Enantioselective nano-LC separation of tertatolol on the polymer-based monolithic capillary
column A2 (150 µm ID, 25 cm length). Mobile phase: methanol/water (0.1% TFA) 10:90 v/v, UV: 270 nm,
flow rate: 0.3 µL/min
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Figure 4.17: Enantioselective nano-LC separation of metoprolol on the polymer-based monolithic capillary
column A2 (150 µm ID, 25 cm length). Mobile phase: methanol/water (0.1% TFA) 10:90 v/v, UV: 219 nm,
flow rate: 0.3 µL/min

To determine the enantiomer elution order (EEO), the enantiomerically pure individual form
was either injected in a separated run or co-injected with the racemic analyte in another run
(racemic enriched) (Figure 4.18 and Figure 4.19).
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Figure 4.18: Chromatograms a-c showing the UV traces of the enantioselective nano-LC separation of cizolirtine on
A2 capillary column (150 μm ID, 25 cm length). (a) Racemic cizolirtine, (b) (S)-cizolirtine, (c) co-injected (S)cizolirtine with racemic cizolirtine: (S)+(R,S), Mobile phase: methanol/water (0.1% TFA) 10:90 v/v, UV: 219 nm,
flow rate: 0.3 μL/min
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Figure 4.19: Chromatograms a-c showing the UV traces of the enantioselective nano-LC separation of alprenolol on
A2 capillary column (150 μm ID, 25 cm length). (a) Racemic alprenolol, (b) (S)-alprenolol, (c) co-injected (S)alprenolol with racemic alprenolol: (S)+(R,S), Mobile phase: methanol/water (0.1% TFA) 10:90 v/v, UV: 219 nm,
flow rate: 0.3 μL/min
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Figure 4.20: Enantioselective nano-LC separation of celiprolol on the polymer-based monolithic capillary
column A2 (150 µm ID, 25 cm length). Mobile phase: methanol/water (0.1% TFA) 10:90 v/v, UV: 219 nm,
flow rate: 0.3 µL/min

On the other hand, for the silica-based monolithic columns SCD1 and SCD2, baseline
separation was achieved for chlorpheniramine 38, miconazole 26 and nomifensine 30 (Figure
4.21-Figure 4.23). While partial separation was observed for alprenolol 1, atenolol 5, celiprolol
2, desmethyl cizolirtine 20, flavanone 42, metoprolol 6, normetanephrine 42 and tocainide 40.
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Figure 4.21: Enantioselective nano-LC separation of miconazole on the silica-based monolithic capillary
column SCD2 (100 µm ID, 15 cm length). Mobile phase: methanol/water (0.1% TFA) 20:80 v/v, UV: 219
nm, flow rate: 0.3 µL/min

In agreement with previous reports, increasing the concentration of the CS in the post
modification approach had a positive effect on the resolution (Rs)45. This was observed with
chlorpheniramine 38 which displayed Rs values of 1.19 and 1.38 on SCD1 and SCD2,
respectively (Figure 4.22). Similarly, miconazole 26 showed Rs values of 1.56 and 10.85 and
nomifensine 30 showed Rs of 0.95 and 1.2 on SCD1 and SCD2, respectively (Figure 4.23).
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Figure 4.22: Enantioselective nano-LC separation of chlorpheniramine on the silica-based monolithic
capillary column SCD1 (top) and SCD2 (bottom) (100 µm ID, 15 cm length). Mobile phase: methanol/water
(0.1% TFA) 80:20 v/v, UV: 219 nm, flow rate: 0.3 µL/min
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Figure 4.23: Enantioselective nano-LC separation of nomifensine on the silica-based monolithic capillary
column SCD1 (top) and SCD2 (bottom) (100 µm ID, 15 cm length). Mobile phase: methanol/water (0.1%
TFA) 80:20 v/v, UV: 219 nm, flow rate: 0.3 µL/min
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It should be noted that the enantioselectivity of the polymer monoliths prepared via the one pot
approach was found to be complementary to the silica monoliths prepared via the post
modification approach. Some of the baseline resolved racemates on the polymer monoliths
were partially resolved on the silica monoliths such as alprenolol 1, celiprolol 2 and metoprolol
6 (Table 4.5). This might be due to higher concentration of the CS in the one pot approach
compared to the post modification.
In an attempt to compare the lab-to-lab variation in preparing the β-CD-based silica monolith,
a column prepared in Kyoto Institute of Technology (KIT), Japan (JSPS/Endeavour program
2011, prepared by Dr. Ashraf Ghanem) was tested for the enantioselective separation of the
same racemates using reversed phase chromatographic conditions. Baseline separation was
achieved for alprenolol 1, celiprolol 2, cizolirtine 21, eticlopride 29, and metoprolol 6 (Figure
4.24-Figure 4.27), while acceptable separation was achieved for aretrenol 41. It was observed
that the column prepared at the KIT provided stronger analyte retention which implies better
mesoporous structure.
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Figure 4.24: Enantioselective nano-LC separation separation of celiprolol on the silica monolithic column
prepared in KIT (100 µm, 15 cm), mobile phase: methanol/water (0.1% TFA) 55:45 v/v, UV: 219 nm, flow
rate: 0.3 µL/min
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Figure 4.25: Enantioselective nano-LC separation of alprenolol on the silica monolithic column prepared
in KIT (100 µm, 15 cm), mobile phase: methanol/water (0.1% TFA) 55:45 v/v, UV: 219 nm, flow rate: 0.3
µL/min
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Figure 4.26: Enantioselective nano-LC separation of eticloprode on the silica monolithic column prepared
in KIT (100 µm, 15 cm), mobile phase: methanol/water (0.1% TFA) 55:45 v/v, UV: 270 nm, flow rate: 0.3
μL/min
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Figure 4.27: Enantioselective nano-LC separation of cizolirtine on the silica monolithic column prepared
in KIT (100 µm, 15 cm), mobile phase: methanol/water (0.1% TFA) 55:45 v/v, UV: 219 nm, flow rate: 0.3
μL/min
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Table 4.5: Chromatographic conditions, separation and resolution factors for the baseline/acceptablyresolved racemates

Separated
compound

Column

A1
Alprenolol 1
KIT silica
monolith
A2
Celiprolol 2
KIT silica
monolith
A2
Cizolirtine 21

KIT silica
monolith

Chlorpheniramine 38

SCD2

Arterenol 41

KIT silica
monolith

Ifosfamide 39

A1

Diniconazole 27

A1

Ketoprofen 12

A1

1-indanol 47

A1
A1

Propranolol 7
A2

Chromatographic
conditions
M.P: methanol/water
(0.1% TFA) 10:90 v/v,
UV: 219 nm
M.P: methanol/water
(0.1% TFA) 55:45 v/v,
UV: 219 nm
M.P: methanol/water
(0.1% TFA) 10:90 v/v,
UV: 219 nm
M.P: methanol/water
(0.1% TFA) 55:45 v/v,
UV: 219 nm
M.P: methanol/water
(0.1% TFA) 10:90 v/v,
UV: 219 nm
M.P: methanol/water
(0.1% TFA) 55:45 v/v,
UV: 219 nm
M.P: methanol/water
(0.1% TFA) 80:20 v/v,
UV: 219 nm
M.P: methanol/water
(0.1% TFA) 35:65 v/v,
UV: 219 nm
M.P: methanol/water
(0.1% TFA) 10:90 v/v,
UV: 219 nm
M.P: methanol/water
(0.1% TFA) 10:90 v/v,
UV: 219 nm
M.P: methanol/water
(0.1% TFA) 10:90 v/v,
UV: 219 nm
M.P: methanol/water
(0.1% TFA) 10:90 v/v,
UV: 219 nm
M.P: methanol/water
(0.1% TFA) 10:90 v/v,
UV: 219 nm
M.P: methanol/water
(0.1% TFA) 10:90 v/v,
UV: 219 nm

Separation
factor (α)

Resolution
(Rs)

1.89

2.2

2.1

1.76

1.52

1.93

2.08

2.06

1.72

2.62

1.69

2.09

2.72

1.38

1.65

1.36

1.44

1.65

1.65

1.26

1.46

1.32

1.76

2.46

1.39

2.22

1.52

2.53
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Table 4.5 (cont.): Chromatographic
baseline/acceptably-resolved racemates

Separated
compound

Column

Miconazole 26

SCD2
A2

Metoprolol 6
KIT silica
monolith
Tebuconazole 25

A2

6-Hydroxyflavanone 44

A2

o-Methoxymandelic
acid 46

A2
A1

Tertatolol 4
A2
Nomifensine 30

SCD2

Eticlopride 29

KIT silica
monolith

conditions,

separation

Chromatographic
conditions
M.P: methanol/water
(0.1% TFA) 20:80 v/v,
UV: 219 nm
M.P: methanol/water
(0.1% TFA) 10:90 v/v,
UV: 219 nm
M.P: methanol/water
(0.1% TFA) 55:45 v/v,
UV: 219 nm
M.P: methanol/water
(0.1% TFA) 10:90 v/v,
UV: 219 nm
M.P: methanol/water
(0.1% TFA) 10:90 v/v,
UV: 219 nm
M.P: methanol/water
(0.1% TFA) 10:90 v/v,
UV: 219 nm
M.P: methanol/water
(0.1% TFA) 10:90 v/v,
UV: 219 nm
M.P: methanol/water
(0.1% TFA) 10:90 v/v,
UV: 219 nm
M.P: methanol/water
(0.1% TFA) 80:20 v/v,
UV: 219 nm
M.P: methanol/water
(0.1% TFA) 55:45 v/v,
UV: 270 nm

and

resolution
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Separation
factor (α)

Resolution
(Rs)

3.55

10.85

1.54

1.23

1.65

1.81

1.45

2.5

1.67

1.18

1.71

1.58

1.67

2.56

1.65

2.56

2.31

2.3

1.81

1.52

M.P: mobile phase
It is worth mentioning that the enantioselective separation achieved in this study was under
reversed phase conditions that allow the use of less costly solvents and provide easier sample
preparation from serum or plasma.46 The baseline-resolved racemates investigated in this study
were previously resolved using conventional HPLC under normal phase conditions using nhexane-based mobile phases. Not only to mention the health hazards associated with n-hexane
use but also the high analysis cost. The β-CD-based capillary monolithic column is 10.000 less
in internal diameter and operates with one million time less solvent volume than the
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conventional column. Consequently, it consumes less solvent and produces faster and
reproducible separations.

4.3.4. Insights into the chiral recognition mechanism
As previously elaborated in Chapter 1, the prediction of the chiral recognition mechanisms of
CSPs has mainly been based on empirical rules or speculations due to the complexity of the
enantioselective separation.47 It is well established that CDs form transient diastereomeric
inclusion complexes with enantiomers by means of the cavity under reversed phase
chromatographic conditions. Additionally, derivatization of the external rim hydroxyl groups
affords CD derivatives with higher solubility and variable cavity depth with multiple
interaction sites.48 Phenyl carbamate derivatives have been widely explored for the
enantioselective separation, their enantioselectivity can be further modulated by introduction
of groups with different electronic effects on the phenyl ring. This suggests that the most
important adsorbing sites for the chiral discrimination of phenyl carbamate derivatives is the
polar carbamate group.49
As demonstrated from testing 50 racemates from different chemical and pharmaceutical classes
on five 2,3,6-tris(phenylcarbamoyl)-β-CD-based CSPs, 8 out of the 13 baseline resolved
racemates were for chiral centers with secondary alcohol moieties with an adjacent
electronegative nitrogen bearing alkyl side chain. This underlines the importance of these
groups in providing three points of interaction which is required for the chiral recognition as
the side chain on the chiral carbon is also thought to be concerned in the chiral recognition
mechanism.50 Hence, it can be speculated that the chiral separation was achieved via the
formation of hydrogen bond-stabilized inclusion complexes within the β-CD cavity and the
carbamate moiety. This was confirmed after derivatization of the secondary alcohol group of
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propranolol 7 into the corresponding methyl ether which led to loss of the chiral discrimination
mechanism of the β-CD derivative (Figure 4.28).
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Figure 4.28: Chromatogram showing the loss of chiral discrimination of A2 for propranolol acetate,
chromatographic conditions same as Figure 4.15

It was also observed that the enantioselective separation was mostly achieved using a high
water content mobile phase; this indicates that water improved the magnitude of interaction
between the racemates and the CSP. Aqueous mobile phases allow the inclusion of the whole
molecule or just its lipophilic part into the hydrophobic cavity of CD, it has been previously
reported that the resolution of this kind of CSP is improved by an increase in water content. 50
Interestingly, a mobile phase composed of a mixture of acetonitrile and water in the range of
10-90% v/v did not furnish any enantioselective separation. On the other hand, when a
methanol-based mobile phase was used, enantioselective separation was observed; this
underlines the importance of solvent polarity in determining retention and chiral separation
mechanism in terms of the inclusion complex stability. The use of buffers in the mobile phase
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was avoided because of their negative effect on the life time of the capillary columns as well
as its potential problems with nano-LC systems (e.g. precipitation into the pumps and valves).51
It was also demonstrated that the monolith backbone did not play a major role in the chiral
separation as mostly the same racemates were resolved on the polymer or the silica backbone.
It is worth noting that polymer monoliths are of smaller surface area and bigger pore size
compared to silica monoliths and this had affected the retention time of the racemates but not
the enantioselectivity.

4.4. Conclusions
New β-CD-based CSPs were prepared in this study via the in situ copolymerization of 2,3,6tris(phenylcarbamoyl)-β-cyclodextrin-6-methacrylate either in a one pot approach to prepare
the polymer-based monoliths or a post modification approach to prepare the silica-based
monoliths. The prepared capillary columns were investigated for the enantioselective
separation of 50 racemates from thirteen pharmaceutical classes. Baseline separation was
achieved for 13 racemates namely; alprenolol 1, celiprolol 2, cizolertine 21, eticlopride 29,
ifosfamide 39, 1-indanol 47, metoprolol 6, miconazole 26, o-methoxymandelic acid 46,
nomifensine 30, propranolol 7, tebuconazole 25, and tertatolol 4 under reversed phase
chromatographic conditions. The chiral discrimination is believed to be through the formation
of hydrogen bond-stabilized inclusion complexes within the β-CD cavity and the carbamate
moiety.
Preparation of the polymer monolith is less time consuming and can be easily reproduced
compared with the technically challenging silica monolith preparation. Enantioselectivity of
polymer-based and silica-based CSPs was observed to be very comparable and this opens the
field for the preparation of feasible, robust and reproducible polymer-based CSPs. With the
further option of varying the porogens/functional monomers ratio composition, tailoring of
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polymer skeleton will be possible for each separation problem. The enantioselective separation
was conducted under reversed phase conditions which augments the environmentally benign
nano-liquid chromatographic separations.
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Chapter 5
Preparation of single-walled carbon nanotubes-based new chiral
stationary phases for the enantioselective separation of
pharmaceuticals using nano-LC
5.1. Introduction
Single-walled carbon nanotubes (SWCNTs) were discovered in 1993 and since then they have
been of great interest owing to their extraordinary mechanical, chemical, thermal and electrical
properties and as building blocks in nanoscale science.1,2 The length varies from several
nanometres to several millimetres while the diameter is often between 0.4 and 2 nm, giving
rise to a high aspect ratio.3 They have been used for many purposes such as scanning probe
microscopy tips, actuators, sensors and molecular scale components for nanoelectronic
devices.4
The structure of SWCNTs can be envisaged as the folding of one single layer of graphite into
the tubular form with seamless joining of the edges.5 Due to their non-polar properties,
tremendous efforts have been made to overcome the major technical barrier of its poor water
solubility. Therefore, they have been functionalized to carboxylic derivatives known as
carboxylic single walled carbon nanotubes (c-SWCNTs) to improve their water solubility and
properties. The surface modification did not only improve their dispersion properties but also
provided better selectivity for bioanalysis and separation purposes.5 It is a noteworthy that
oxidation creates holes in SWCNTs structure which may significantly influence their
properties. Therefore, it was recommended that the functionalization do not exceed 10% of the
surface, which is a good compromise between the benefits of functionalization and the
deformation of the structure.6 Another technique used to improve the dispersion of SWCNTs
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is through mixing with surfactants or polymers as SWCNTs can form non-covalent aggregates
or supramolecular complexes that improve CNT solubility.7 With this technique, conjugation
of CNTs with biomolecules such as carbohydrates, DNA, proteins or enzymes is possible to
extend the applications of CNTs as biosensors or drug carriers for targeted drug delivery.8,9
One of the most attractive properties of SWCNTs is that their electronic properties strongly
depend on their diameter and orientation of the carbon hexagons that form their walls. 10
Moreover, one important aspect of SWCNTs –their intrinsic helicity- has not yet been
explored.11 The helicity of SWCNTs results from rolling up of the graphene sheet along any
chiral vector which is not parallel to the graphene lattice vectors. The length of the chiral vector
is defined by indices (n,m), while the handedness of the helical twist is notated as P (righthanded or plus) and M (left-handed or minus).11 The two-handed forms differ from each other
only by which side of the graphene sheet is curled inward to form a cylinder composed of a
hexagon at the walls and a pentagon at the cap (Figure 5.1). It is worth noting that the synthesis
method determines the distribution of the (n,m) species and it is quite challenging to produce
SWCNTs with specific (n,m) structures in much higher proportion than the other structures.12
Hence, the precise use of well specified SWCNTs (length, chirality) is crucial for their different
applications as it is based on the uniqueness of their electronic properties.13
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Figure 5.1: The helicity of SWCNTs defined by the roll-up vector (n,m) and yields two enantiomers P and
M, reproduced from reference 11

Owing to their high thermal stability, large surface-to-volume ratio, nano-scale structure and
helicity properties, SWCNTs attracted large attention as new stationary phases for GC, HPLC
and CEC. For example, SWCNTs improved enantioselective separation of the ionic liquid (R)N,N,N-trimethyl-2-aminobutanol-bis(trifluoromethanesulfon)imidate

using

GC.14

Two

capillary columns were prepared with and without the SWCNTs; ionic liquid/SWCNTs
columns showed enhanced enantioseparation for twelve racemates. Moreover, SWCNTs were
incorporated into organic polymer matrix to improve the separation of small molecules using
µ-HPLC.15 They were also used as pseudo-stationary phase for CEC for the same purpose.16
Additionally, the intrinsic helicity of SWCNTs has demonstrated a significant effect on the
formation of chiral molecules via the formation of transient complexes on their surface.11
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As previously elaborated in Chapter 1, the incorporation of nano materials such as SWCNTs
into the polymer monoliths has proven to be an efficient tool to increase the surface area of the
polymer monolith and consequently enhance the separation of small molecules.5,15,17 Two
approaches were generally adopted for the incorporation of the nanomaterials, the first involves
the entrapment of the nanomaterial in the polymer matrix, and the second involves the
attachment of the nanomaterial to the pore surface after the monolith is prepared.17 However,
the first approach showed a significant effect on the separation of small molecules compared
to the latter.17
The popularity of organic polymer monolithic columns in HPLC and CEC arises from the ease
of their in situ preparation, high permeability, broad available surface chemistries and good
porous properties.18,19 Polymer-based monoliths are prepared via the in situ copolymerization
of one or more monovinyl monomer with a divinyl cross-linker in suitable porogenic solvents
(binary or ternary) in a single step process.20 The polymer is formed within the capillary via
thermal or photo-initiated free radical polymerization to form a continuous porous bed.
Encouraged by the recent studies on SWCNTs chiral structures11,21, the influence of the
chirality of SWCNTs on the nano enantioselective separation of different classes of
pharmaceutical racemates when SWCNTs were encapsulated in different polymer monolithic
backbones is investigated in this chapter. The one pot environmentally benign and
economically feasible preparation procedure has not been previously reported for the purpose
of chiral separation in nano-LC.
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5.2. Experimental
The general experimental details are described in Chapter 2, however, the preparation of
specific monoliths are elaborated in this chapter. The prepared monolithic columns were tested
under multimodal elution.

5.2.1. Preparation of porous polymer monoliths in fused silica capillaries
Surface modification in fused silica capillaries was done using the procedure of Schaller et al.22
which was previously outlined in Chapter 2, Section 2.3.2. The short (~25 cm long) surface
modified capillaries were filled by a Harvard syringe pump with the degassed polymerization
mixture consisting of 40% w/w monomers, 60% w/w porogens together with 1% w/w AIBN
(with respect to monomers) at 0.25 mL/min. The filled capillaries were then sealed with a
septum and placed in a 70°C water bath for 18 h for the polymerization reaction to take place.
The unreacted monomers along with the excess porogens were removed from the monolithic
columns by pumping with methanol as previously described in Chapter 2, Section 2.3.3.
To study the combined effect of surface groups and SWCNTs on the retention of small
molecules, two different monolithic backbones were prepared, the first, S column, was
comprised of 16.4% monomers (16% BuMA, 0.4% SPMA), 23.6% cross-linker (EDMA) and
60% porogens (36% 1-propanol, 18% 1,4-butanediol and 6% SWCNTs aqueous suspension)
while the second, G column, was comprised of 20% monomers (GMA), 20% cross-linker
(EDMA) and 60% porogens (36% 1-propanol, 18% 1,4-butanediol and 6% SWCNTs aqueous
suspension). All percentages are w/w.
SWCNTs were sonicated in the deionized water for 1 h using Sonics vibra cell model VCX
130. The strong sonication forces can break the surface carbon networks and create defects on
the caps or sidewalls of SWCNTs. Upon exposing to the atmospheric ambience, oxygencontaining functional groups can then be grafted on SWCNTs. SWCNTs at a concentration of
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10 mg/mL was used to as the stock aqueous suspension. Further dilution of the stock solution
with water into 1:10, 1:50 and 1:100 v/v was also used as the porogens in the preparation of
the monolithic stationary phases.
To ensure homogenous dispersion of SWCNTs in the polymerization mixture, the porogens
mixture (including SWCNT suspension) was first sonicated along with AIBN followed by
addition of the monomers followed by 15 min sonication prior to capillary filling. The
polymerization mixture was greyish in colour which indicated homogenous dispersion and
demonstrated the surfactant-like properties of the polymerization mixture on the SWCNTs.

5.2.2. Sample preparations
Stock solutions of the analytes were prepared at concentrations of 1 mg/mL in filtered HPLC
grade methanol. Prior to mixing and injection, the stock solutions were further diluted 10x and
filtered through Sartorius Minisart RC 15 0.2 mm pore size filters (Göttingen, Germany).
Chemical structures of the investigated drugs are shown in Chapter 2, Section 2.2.4.

5.2.3. HPLC conditions
Three chromatographic modes were adopted in nano-LC experiments with SWCNT-based
polymer monolithic columns. For the reversed phase mode, the mobile phase A and B consisted
of 0.1% TFA in water (v/v) and methanol (v/v), respectively, while for the polar organic mode,
the mobile phase composed of different mixtures 2-propanol and methanol (v/v). Normal phase
mode composed of different composition of n-hexane and 2-propanol. For all samples, the
injected volume was 0.5 mL. Preliminary UV analyses were performed at several different
wavelengths (219-270 nm) for each compound, in order to select the optimum wavelength for
all the analytes and best utilise a single wavelength UV detector.
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5.3. Results and discussion
5.3.1. Characterizations of SWCNTs
SWCNTs can be conceptually viewed as the roll-up of a single layer graphene sheet into a
tubular structure. Depending on the rolling angle, the chirality of SWCNTs in the tubular
structure can vary. This chirality can be expressed as the (n,m) indices, where n and m are
coordination numbers of the carbon atoms in the hexagonal network.23 The SWCNTs used here
are one of the few examples which have an enrichment of (6,5) nanotubes in a direct synthesis
process with a chirality distribution

≥ 1.8 as determined from the optical absorbance

spectrum.24 This accordingly enables the study of their potential applications of as a CS for the
enantioselective separation of twelve classes of pharmaceutical racemates. It is worth
mentioning that the chirality-selective synthesis of SWCNTs has been of a great challenge for
several decades.
Figure 5.2a and 5.2b show the morphology of SWCNTs networks after sonication in water.
The entangled nanotubes had an average diameter of ~1 nm and a length of 1 – 10 µm. Figure
5.2c shows the typical Raman spectrum of the nanotubes. Three peak regions in the spectrum
can be clearly seen, namely, the radial-breathing mode (RBM) at Raman shift of 100 – 400 cm1

, the D-band at Raman shift of ~1340 cm-1, and the G-band at Raman shift of ~1600 cm-1 with

a shoulder at ~1550 cm-1. These peaks are fingerprints features of SWCNTs, where the
structural properties such as diameter, defect and disorder could be determined.25 The profile
of Raman spectrum obtained here is consistent with that given by the supplier, except that the
D-band peak intensity is slightly larger. This could be due to the induced structural disorder or
doping during the sonication process.26
Moreover, the XPS survey spectra and the narrows scans of C 1s and O 1s spectra shown in
figures 5.2d to 5.2f revealed that surface functional groups were grafted to the SWCNTs.
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Specifically, in addition to the strong carbon peak at the binding energy of ~284.5 eV, a small
oxygen peak also emerged in the survey-scan spectrum at binding energy of ~532 eV (Figure
5.2d). A variety of oxygen-containing surface functional groups such as C-O, C=O, and COOH
could be identified from the C 1s and O 1s spectra (Figures 5.2e and 5.2f). These functional
groups were the result of sample preparation process, where the strong sonication forces could
firstly break the surface bonds, and the surrounding oxygen atoms subsequently reacted with
the dangling carbon bonds to form surface hydroxyl or carboxylic groups.27,28

Figure 5.2: (a) SEM and (b) TEM images of SWCNTs. (c) Raman spectra of SWCNTs showing radialbreathing mode (RBM), D- and G-band regions. (d) XPS survey-scan of SWCNTs at (e) C 1s and (f) O 1s
regions
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5.3.2. Polymer monoliths: preparation and characterization
5.3.2.1.

Effect of SWCNTs on monolith properties

To investigate the effect of SWCNTs on column permeability and retention properties,
SWCNTs-free columns were prepared using the same polymerization mixtures. Two columns
were prepared PS (plain S) and PG (plain G). PS was prepared via the copolymerization of
16% BuMA, 0.4% SPMA, 23.6% EDMA along with the porogens: 36% 1-propanol, 18% 1,4butanediol and 6% water, while the second column, PG, was prepared via the copolymerization
of 20% GMA, 20% EDMA together with the porogens: 36% 1-propanol, 18% 1,4-butanediol
and 6% water. All percentages are w/w. The ratio of the monomers to the porogens was fixed
at 40:60 w/w respectively; this ratio was selected to provide monoliths with good balance of
permeability, surface area and mechanical stability.29,30
Column permeability (B0) is a measure of its capacity to transfer a fluid driven by an imposed
pressure drop.31 In this study, B0 was measured by injecting uracil as unretained material using
methanol as mobile phase and was calculated according to Darcy’s equation:

 =

ƞ
!

Where v is the mean velocity (m/sec), L is the column length (m), ƞ is the dynamic solvent
viscosity (Pa.sec) and ΔP is the pressure drop over the column (Pa). Values of B0 are listed in
Table 5.1.
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Table 5.1: Retention and hydrodynamic flow properties of the prepared monolithic columns
Column

Uracil retention time (min)

B0 (m2)

PS*

8.98

1.32 ˣ 10 -14

SNT50 (1:50)*

13.459

5.43 ˣ 10 -15

SNT10 (1:10)*

17.23

1.39 ˣ 10 -15

SNTS (stock)*

19.34

6.17 ˣ 10 -15

PG*

7.13

2.32 ˣ 10 -14

GNT50 (1:50)*

12.04

1.26 ˣ 10 -14

GNT10 (1:10)*

14.23

6.98 ˣ 10 -15

GNTS (stock)*

18.16

9.77 ˣ 10 -15

PS: plain SPMA-based monolith, SNT50: SPMA-based monolith prepared with 1:50 SWCNTs dilution, SNT10:
SPMA-based monolith prepared with 1:10, SNTS: SPMA-based monolith prepared with 10 mg/mL SWCNTs
stock suspension. PG: plain GMA-based monolith, GNT50: GMA-based monolith prepared with 1:50 SWCNTs
dilution, GNT10: GMA-based monolith prepared with 1:10, GNTS: GMA-based monolith prepared with 10
mg/mL SWCNTs stock suspension.

It was observed that incorporation of SWCNTs significantly lowered the permeability of the
monoliths compared to the blank ones (SNT10 vs PS and GNT10 vs PG) and increased the
retention of uracil. The permeability of the columns with the highest SWCNT concentration
showed higher permeability to those of lower SWCNT concentration (SNTS vs SNT10 and
GNTS vs GNT10) while maintaining the strongest retention properties. This observation was
consistent with the surface area measurements, which indicated that the GNTS had a slightly
higher BET surface area (39.8 m2/g) as compared to that of the GNT10 (31 m2/g). These results
implied the nonhomogeneous dispersion of SWCNT at high concentration throughout the
column which clearly altered the permeability of the prepared columns. The pore size
distribution for PG was calculated from the N2 absorption/desorption isotherms and found to
be broad (up to 150 nm) with a distinct peak at ca. 29 nm, demonstrating the mesoporous and
macropores structure of the prepared monolith. The low density of SWCNTs is less likely to
cause perturbation of the porosity distribution.
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Raman spectra of SWCNTs-based monoliths demonstrated the characteristic bands of
SWCNTs at ~1340 cm-1, ~1600 cm-1 and ~1550 cm-1, which were clearly absent in the plain
monoliths (Figure 5.3).

Figure 5.3: Raman spectra of SWCNT-monolith (left) vs a plain monolith (right)

5.3.2.2.

Scanning electron microscopy (SEM)

SEM was used to investigate the effect of SWCNTs on the morphology of the prepared
monoliths. All the prepared columns showed a uniform structure of the monolith bed with the
presence of interparticle spaces. SEM images also showed that the copolymerized monolith
was composed of a heterogeneous surface of spherical units agglomerated into larger clusters
interdispersed by large pore channels characteristic to porous monolithic structures. Larger
macropores and microglobules were observed in PS and PG which reflected higher
permeability compared to SWCNTs-columns Figure 5.4a and Figure 5.5a. Nonetheless,
SWCNTs-based columns showed relatively denser monolithic structures with a lower
interstitial porosity (Figure 5.4b and Figure 5.5b) and rough microglobular surface caused by
the deposited SWCNTs. Figure 5.4 and Figure 5.5 clearly illustrate a major change in size of
both flow-through channels and the mesopores as a consequence of SWCNTs incorporation
into the monolithic backbones.

201

Chapter 5

Figure 5.4: Scanning electron micrograph of a) PS (at 500x (top left) and 25,000x (top right)) vs b) SNTS
(at 500x (bottom left) and 25,000x (bottom right)) showing small microglobules with rough surface
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Figure 5.5: Scanning electron micrograph of a) PG (at 500x (top left) and 25,000x (top right)) vs b) GNTS
(at 500x (bottom left) and 25,000x (bottom right) showing small microglobules with rough surface

5.3.2.3.

Column mechanical stability

The columns were tested for mechanical stability by pumping a mixture of methanol-water
(80:20 v/v) at the column inlet at various flow rates. The pressure drop as in function of mobile
phase flow rate was linear, indicating that the packing structure did not collapse upon pressure
variation. The overlaid plots of columns backpressures versus the volumetric flow rate on
SPMA-based and GMA-based monoliths are shown in Figure 5.6 and Figure 5.7, respectively.
It is worth mentioning that the smaller the slope, the higher column permeability as it can be
concluded from Darcy’s law.31
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Figure 5.6 : Column backpressure vs mobile phase flow rate for SPMA-based columns
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Figure 5.7 Column backpressure vs mobile phase flow rate for GMA-based columns

5.3.2.4.

Column repeatability

In order to investigate the repeatability of the prepared columns (the ability to prepare equally
performing columns at different locations)32; two columns were prepared on the same day using
the same polymerization mixture to test column-to-column repeatability. Moreover, batch-to-
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batch repeatability was tested by preparing three different batches at different days using
identical polymer mixtures. Sulconazole 28 was selected to check columns performance in
terms of repeatability as it was baseline resolved on most of the columns. The run-to-run,
column-to-column and batch-to-batch repeatability in terms of percentage relative standard
deviation (%RSD) values are shown in Table 5.2. One can see that the run-to-run repeatability
of retention times of both peaks was satisfactory in all columns. However column-to-column
repeatability was not favourable at high SWCNTs concentrations (i.e. %RSD was 26.36, 32.51
for SNTS and GNTS, respectively). This is probably due to the non-uniform dispersion of
SWCNTs in the tested columns at high concentrations. Similarly, the batch-to-batch
repeatability was also satisfactory in columns with low SWCNT concentration. The %RSD of
the retention times ranged between 0.34% and 15.21% for the low SWCNTs concentration.
Stable retention times for both enantiomers were observed for up to 100 injections. These
results suggested that the SWCNT-based monolithic capillary columns can be used for
reproducible routine analysis upon the optimization of SWCNTs concentration within the
monoliths. It is worth mentioning that the acceptable %RSD values for intra-batch and interbatch are 2.5% and 15%, respectively.33
Table 5.2: Run-to-run, column-to-column and batch-to-batch repeatability of the SWCNTs- monolithic
columns comparing the mean retention times of sulconazole 28, chromatographic conditions in Table 5.3

Column

Run-to-run (n=10)

Column-to-column (n=2)

Batch-to-batch (n=3)

Retention time, min (%RSD)

Retention time, min (%RSD)

Retention time, min (%RSD)

Peak 1

Peak 2

Peak 1

Peak 2

Peak 1

Peak 2

SNT50

15.07 (0.55)

17.03 (1.37)

15.93(5.04)

16.25 (6.29)

15.86 (7.33)

18.07 (8.46)

SNT10

14.79 (1.47)

18.22 (1.08)

14.03(8.39)

16.47 (12.59)

15.14 (3.37)

17.87 (4.54)

SNTS

17.17 (0.58)

19.77 (0.76)

14.21 (26.36)

15.23 (24.01)

18.11 (15.88)

19.85 (16.11)

GNT50

14.14 (0.34)

15.2 (0.93)

10.73 (1.75)

12.16 (1.55)

12.11(15.21)

13.24 (14.13)

GNT10

16.42 (0.75)

17.72 (0.82)

12.73 (20.77)

13.68 (14.32)

12.43 (24.89)

13.36 (23.36)

GNTS

26.36 (1.13)

28.24 (1.16)

21.46 (32.51)

23.01 (31.86)

17.05 48.60)

18.54 (45.99)
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5.3.3. Enantioseparation of different classes of pharmaceutical racemates
under multimodal elution
SWCNT-based monolithic columns were investigated for the enantioselective nano-LC
separation of a set of different classes of racemic pharmaceuticals namely: β-blockers, αblockers, antiinflammatory drugs, antifungal drugs, dopamine antagonists, norepinephrinedopamine reuptake inhibitors, catecholamines, sedative hypnotics, diuretics, antihistaminics,
anticancer drugs, flavonoids and antiarrhythmic drugs. The choice of compounds was arbitrary
and guided by preliminary investigations.30,34 The enantioselective capabilities of SWCNTs
have not yet been explored; therefore, a multimodal elution approach was used as this provides
diverse interaction modes that have proven to be useful to unravel the chiral recognition
mechanism. In this study, the chiral recognition of SWCNTs-based monoliths was investigated
under reversed phase (RP), polar organic (PO) and normal phase (NP) chromatographic modes.
RP conditions are unfavourable for hydrogen bonding interaction between the analytes and the
CS because of the presence of water. Acetonitrile/water mixtures were initially used but no
chiral discrimination was observed. Therefore, mobile phase composed of methanol/water
mixtures was tried. In the present study, the analyses were conducted using mobile phases
composed of methanol/water mixtures. The concentration of water varied from 5-85% (v/v). It
was observed that with increasing water content, an increase in the enantioresolution of some
racemates was achieved. Moreover, a general trend of reduced enantioselectivity in terms of
separation (α) and resolution factors (Rs) upon increasing SWCNTs was also observed (Figure
5.8).
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Figure 5.8: Enantioselective nano-LC separation of racemic sulconazole on GMA-columns with different
SWCNTs concentrations (150 µm ID, 20 cm length) showing the effect of SWCNTs on the retention, α and Rs.
Chromatographic conditions: mobile phase: methanol/water (0.1% TFA) 45:55 v/v, UV: 240 nm, flow rate:
0.3 µL/min

Baseline resolution (Rs >1.5) was observed for celiprolol 2, chlorpheneramine 37, cizolirtine
21, etozoline 37, sulconazole 28, miconazole 26 and nomifensine 30. Partial separation (Rs ~
1-1.5) was observed for acebutolol 8, aminoglutithimide 31, atenolol 5, carprofen 16,
metoprolol 6, pindolol 10, teboconazole 25 and tocainide 40 (Figure 5.9-Figure 5.12). The
enantioselective separation was not achievable on the plain monoliths.
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Figure 5.9: Enantioselective nano-LC separation of chlorpheneramine on GNT50 (150 µm ID, 20 cm
length). Mobile phase: methanol/water (0.1% TFA) 40:60 v/v, UV: 219 nm, flow rate: 0.3 µL/min
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Figure 5.10: Enantioselective nano-LC separation of cizolirtine on GNT50 (150 µm ID, 20 cm length).
Mobile phase: methanol/water (0.1% TFA) 40:60 v/v, UV: 219 nm, flow rate: 0.3 µL/min
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Figure 5.11: Enantioselective nano-LC separation of miconazole on SNT10 (150 µm ID, 20 cm length).
Mobile phase: methanol/water (0.1% TFA) 25:75 v/v, UV: 219 nm, flow rate: 0.3 µL/min
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Figure 5.12: Enantioselective nano-LC separation of carbuterol on SNT10 (150 µm ID, 20 cm length).
Mobile phase: methanol/water (0.1% TFA) 20:80 v/v, UV: 219 nm, flow rate: 0.3 µL/min
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The enantiomer elution order (EEO) of the enantiomers was determined using the optically
pure individual form; the individual enantiomer was injected as such in a single run (Figure
5.13) or co-injected with the racemate (racemic enriched) in another run (Figure 5.14).
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Figure 5.13: Enantioselective nano-LC separation of racemic-nomifensine overlaid on D-nomifensine on
GNT50 (150 µm ID, 20 cm length). Mobile phase: methanol/water (0.1% TFA) 40:60 v/v, UV: 219 nm, flow
rate: 0.3 µL/min
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Figure 5.14: Chromatograms a-c showing the UV traces of the enantioselective nano-LC separation of
celiprolol on GNT50 capillary column (150 μm ID, 20 cm length). (a) racemic celiprolol, (b) (S)-celiprolol,
(c) co-injected (S)-celiprolol with racemic celiprolol: (S)+(R,S), Mobile phase: methanol/water (0.1% TFA)
20:80 v/v, UV: 219 nm, flow rate: 0.3 μL/min.
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Additionally, the enantioselective capabilities of SWCNTs columns were investigated using
the PO mode with a mobile phase composed of polar non aqueous solvents using methanol and
2-propanol mixtures (varying 90/10-60/40, respectively). This chromatographic condition
combines the advantages of RP mode such as increased solubility, ionic and polar interactions
with NP mode where more interaction modes between the analyte and the CSP (H-bonding,
dipole-dipole interaction) can be achieved.35 It was observed that with increasing 2-propanol
concentration, an increase in the retention time as well as the enantioseparation was achieved.
This can be attributed to high 2-propanol viscosity and its strong solvation through hydrogen
bonding. In general, polar organic solvent chromatography (POSC) enhances the capabilities
of hydrophobic interactions between the aromatic rings of the analytes and the sp 2 carbons of
the SWCNTs. Baseline separation was achieved for chlorpheneramine 38 and nomifensine 30
( Figure 5.15 and Figure 5.16) while partial separation was observed for cizolirtine 21,
glaphenine 17, o-methoxymandelic acid 46, sulconazole 28 and tocainide 40.
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Figure 5.15: Enantioselective nano-LC separation of chlorpheneramine on SNT10 (150 µm ID, 20 cm
length). Mobile phase: methanol/2-propanol (0.1% TFA) 50:50 v/v, UV: 219 nm, flow rate: 0.3 µL/min
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Figure 5.16: Enantioselective nano-LC separation of nomifensine on SNT10 (150 µm ID, 20 cm length).
Mobile phase: methanol/2-propanol (0.1% TFA) 80:20 v/v, UV: 240 nm, flow rate: 0.3 µL/min
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Finally, the enantioselective separation was carried out under NP conditions using a mobile
phase composed of n-hexane and 2-propanol mixtures (90/10- 60/40, respectively) containing
0.1% TFA. It is worth mentioning that in the NP mode, the chiral recognition is due to π-π,
dipole-dipole interactions and hydrogen bonds between the analytes and the CSP.35 No baseline
resolution was observed for any of the investigated racemates. Nonetheless, partial separation
was observed for metoprolol 6 and sulconazole 28. These results highlight the role of solvent
polarity in providing the molecular environment suitable for the chiral discrimination.
Separation (α) and resolution (Rs) factors for the baseline resolved compounds and their
resolution chromatographic conditions are listed in Table 5.3.
Table 5.3: Chromatographic conditions, separation and resolution factors for the baseline-resolved
racemates

Separated
compound

Column

Chromatographic
conditions

Separation
factor (α)

Resolution
(Rs)

Etozoline 37

GNT50

Mobile phase:
methanol/water (0.1% TFA)
40:60 v/v, UV: 219 nm

2.44

1.99

Celiprolol 2

GNT50

Mobile phase:
methanol/water (0.1% TFA)
20:80 v/v, UV: 219 nm

1.67

1.68

Cizolirtine 21

GNT50

Mobile phase:
methanol/water (0.1% TFA)
40:60 v/v, UV: 219 nm

2.04

1.46

Miconazole 26

SNT10

Mobile phase:
methanol/water (0.1% TFA)
25:75 v/v, UV: 219 nm

1.29

1.57

SNT10

Mobile phase:
methanol/water (0.1% TFA)
45:55 v/v, UV: 240 nm

1.29

1.41

SNTS

Mobile phase:
methanol/water (0.1% TFA)
40:60 v/v, UV: 240 nm

1.18

1.34

GNT50

Mobile phase:
methanol/water (0.1% TFA)
45:55 v/v, UV: 240 nm

1.57

1.47

Sulconazole 28
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Table 5.3 (cont.): Chromatographic conditions, separation and resolution factors for the baseline-resolved
racemates

Separated
compound

Column

Chromatographic
conditions

Separation
factor (α)

Resolution
(Rs)

SNT10

Mobile phase: methanol/2propanol (0.1% TFA) 50:50
v/v, UV: 219 nm

1.19

2.11

GNT50

Mobile phase:
methanol/water (0.1% TFA)
40:60 v/v, UV: 219 nm

2.89

2.16

SNT10

Mobile phase: methanol/2propanol (0.1% TFA) 80:20
v/v, UV: 240 nm

1.11

1.67

GNT50

Mobile phase:
methanol/water (0.1% TFA)
40:60 v/v, UV: 219 nm

2.77

2.87

Chlorpheneramine 38

Nomifensine 30

5.3.4. Insights into the chiral recognition mechanism
The structure of CNTs is composed of one or more graphene sheets that are rolled up into
cylinders of sp2 carbons. SWCNT is composed of a single sheet that is rolled up into a cylinder
of a diameter of the order of 1 nm while muliwalled-carbon nanotubes (MWCNT) are
composed of multiple sheets that are rolled up into concentric cylinders of interlayer spacing
of 3.4 Å and a diameter on the order of 10-20 nm.15 It was observed that SWCNTs have better
dispersion properties compared to MWCNTs; therefore, in the present study SWCNTs were
incorporated into the polymer monolithic backbone as the CS. The enantioselective capabilities
of the new CSPs were investigated under multimodal elution where diverse interaction modes
between the analytes and the adsorbent are provided. SWCNTs showed optimal
enantioselectivities under reversed phase conditions using mobile phase composed of
methanol/water mixtures. Initial testing with mixture of acetonitrile and water as mobile phase
in the range of 10-90% v/v did not furnish any enantioselective separation. However, when a
methanol-based mobile phase was used, enantioselective separation was observed. This
underpinned the importance of solvent polarity in determining the retention and chiral
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separation mechanism. The use of buffers in mobile phase was avoided because of their
negative effect on the life time of the capillary columns as well as its potential problems with
nano-LC systems (e.g. precipitation into the pumps and valves).36
It was observed that the baseline-resolved racemates were composed of multiple aromatic
rings. This implied the strong π-π and hydrophobic interactions between these compounds and
the sp2-bonded carbons in the SWCNTs which were favoured under RP and PO elution modes.
The higher the number of aromatic rings, the higher the enantioselectivity, this underlined the
importance of these groups in providing three points of interactions which is required for chiral
recognition.37 Figure 5.17 shows the speculative interactions between chlorpheneramine and
SWCNT when the aromatic groups are properly oriented on SWCNTs surface.

Figure 5.17: Schematic diagram showing the speculative mechanism of interaction between
chlorpheneramine and SWCNTs

Moreover, it was observed that the retention of the analytes was stronger on SPMA-based
monoliths compared to the GMA counterparts under the same chromatographic conditions.
This was consistent with the previously reported findings where mixing SPMA (cationexchange functional monomer) and BuMA (reversed phase functional monomer) provided a
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mixed mode cation-exchange/reversed phase polymeric material which afforded a satisfactory
retention for small molecules.38,39 It was also observed that the enantioselective separation was
mostly achieved using high water content mobile phase indicating that water may have
improved the strength of interaction between the racemates and the CSP.
To investigate the impact of chirality indices on the chiral discrimination mechanism, SWCNTs
(7,6) chirality were used in the preparation of polymer monoliths at optimum SWCNT
concentrations (i.e. SNT10 and GNT50). The enantioselective analysis was carried out under
RP conditions using mobile phase composed of methanol/water mixtures. No chiral separation
was achieved for the previously resolved racemates using SWCNTs of (6,5) chirality. This
implied a significant effect of SWCNTs helicity on the enantioselective separation. The
enantioselective separation in this study might have been mainly achieved via the formation
stacking π-π and hydrophobic interactions between the π electron-rich analytes and the CSP.

5.4. Conclusions
This study demonstrates that the encapsulation of small amount of SWCNTs into polymer
monolithic backbone can create a CSP with good enantioselectivity. Column repeatability was
achievable at optimum SWCNTs concentration and it indicated no leaching of the nanotubes
out of the columns even at higher mobile phase flow rates. The optimization of SWCNTs
concentration was found to be crucial as SWCNTs tended to aggregate at high concentrations
which may interfere with its chiral discrimination abilities as well as impede the repeatability
of the analysis. The highest enantioselectivity was achieved under reversed phase conditions
using mobile phase composed of methanol and water which eliminates the use of drastic and
expensive solvents. Baseline separation was achieved for celiprolol 3, chlorpheniramine 38,
etozoline 37, miconazole 26, and nomifensine 30. Moreover, chirality indices were found to
determine the enantioselectivity of the prepared CSPs. (6,5) SWCNTs displayed higher
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enantiselectivity compared to the (7,6) counterpart. Consequently, the newly prepared capillary
columns augment the scope of benign separation techniques where reversed phase analytical
mode works in tandem with nano-LC.
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Chapter 6
Amylose tris-(3-chlorophenylcarbamate) for the enantioselective separation
of pharmaceutical racemates using conventional HPLC and capillary-LC

6.1. Introduction
Since the thalidomide tragedy in late 1950s, the pharmaceutical community has been aware of
the hazardous implications of chirality.1 Consequently, regulatory bodies such as the US FDA
recommends complete pharmacological and toxicological evaluation of each individual
enantiomer even if the drug product will be marketed as a racemate.2 Therefore, pharmaceutical
companies are now shifting toward the development of single pure enantiomer drugs via
preparative chiral separation techniques rather than the time-consuming chiral syntheses.3 This
in turn has created an immense need for a robust, reliable, high throughput, environmentally
benign and economically feasible separation technique of chiral pharmaceuticals to enable their
availability on a commercial scale.4,5
Chiral separations utilising HPLC remain the most common technique of the
enantioseparations where the separation can be achieved by the use of CSPs or CMPAs.6 Liquid
chromatography separation technique allows the analysis of volatile and non-volatile samples
and therefore eliminates the drawbacks of sample derivatization often required for GC.
Conventional HPLC with chiral columns of 4.0-4.6 mm ID is the most widely used technique
for analytical scale enantioseparation for industrial applications.7 Nonetheless, conventional
chiral columns are expensive, consume large volumes of hazardous solvents and due to the
large columns dimensions, they are of limited throughput. Furthermore, they are less suitable
for parallel and multidimensional analysis which has become increasingly important due to
increasing sample complexity.7 One of the possible solutions to enhance the speed of the
analysis is to use columns with smaller dimensions filled with a stationary phase of smaller
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particles and hence a smaller theoretical plates height.8 This will allow pumping of the mobile
phase at higher flow rates while maintaining column efficiency. Therefore, downscaling of 4.04.6 mm ID into smaller columns including the capillary format represents a promising approach
for high-throughput screening and multidimensional analyses.7
Polysaccharide CSPs are one of the most efficient CSPs for HPLC enantioseparations with
proven broad enantioselectivties under multimodal chromatographic conditions.7,9-12 Several
amylose and cellulose derivatives with structural differences are commercially available. These
structural differences lead to peculiar chiral resolving capabilities which expand the
possibilities to explore enantioselective conditions for diverse classes of chiral compounds.13
Moreover, immobilization of the polymeric chiral selector on the silica support is considered
an efficient tool to provide solvent versatility and therefore broaden mobile phase eluents to
cover harsh solvents such as dichloromethane (DCM), methyl tert-butyl ether (MtBE),
tetrahydrofuran (THF) and ethylacetate (EtAc).14
The aim of this study is to investigate the chromatographic performance of both conventional
and capillary columns packed with the same CS. Immobilized amylose tris-(3chlorophenylcarbamate) is selected as an example of a widely used polysaccharide CSP. The
CS was immobilized on 5 µm or 3 µm silica particles in conventional or capillary columns
respectively and the enantioselective analyses were carried out using conventional or CLC. So
far there is insufficient data about correlating CSPs performance in different columns
platforms.
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6.2. Experimental
6.2.1. Instrumentation
Conventional HPLC analysis was performed using a Shimadzu XFLC model with LC-20AD
pump, autosampler SIL-20A, and SPD-20A UV/VIS detector. CLC analysis was carried out
using a Prominence Shimadzu System that consists of an LC-10AD VP pump (Kyoto, Japan),
SIL-20AHT auto sampler, a GL Science UV-Vis detector model MU 701 UV-VIS (Tokyo,
Japan) and a Shimadzu CDM-20A communications bus module (Kyoto, Japan). All analyses
were performed at room temperature. Chiralpak ID (4.6 mm ID x 250 mm, 5µm silica gel) was
supplied by Daicel Corporation (Tokyo, Japan) and Chiralpak ID-3 (0.30 mm ID x 150 mm,
3µm silica gel) was gifted from Eskigent (California, USA).

6.2.2. Sample preparations
Stock solutions of the racemic analytes at concentrations of 1 mg/mL in filtered HPLC grade
2-propanol were prepared. For conventional HPLC analyses, stock solutions were used after
filtration through Sartorius Minisart RC 15 0.2 µm pore size filters (Göttingen, Germany)
without further dilution, injection volume was 10 µL. For CLC analyses, the stock solutions
were further diluted 10x and filtered, injection volume was 1 µL. Chemical structures of the
investigated drugs are shown in Chapter 2, Section 2.2.4.

6.2.3. HPLC conditions
The enantioselective analyses were conducted using mobile phase composed of n-hexane and
2-propanol mixtures. Preliminary UV analyses were performed at several different
wavelengths (219-270 nm) for each compound, in order to select the optimum wavelength for
all the analytes and best utilise a single wavelength UV detector.
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6.3. Results and discussion
Albeit the increased demand for green and less expensive analytical methods for chiral
separations, the development of commercial capillary columns is still in infancy and cannot
compete with their full-sized counterparts. In this study, the immobilized polysaccharide-type
CS amylose tris-(3-chlorophenylcarbamate) (Figure 6.1) was chosen to compare the column
performance in conventional size (4.6 mm ID x 25 cm) and capillary format (300 µm ID x 15
cm), both columns were provided by their commercial suppliers. Amylose tris-(3chlorophenylcarbamate) was immobilized on 5 µm or 3 µm silica particles for the conventional
column or the capillary counterpart, respectively. Immobilized CSPs provide robust adsorbents
with high compatibility to drastic solvents.9

Figure 6.1: Amylose tris-(3-chlorophenylcarbamate)

Polysaccharide CSPs displayed their highest enantioseparation under normal phase and polar
organic elution conditions where the formation of hydrogen bonding between the CSPs and the
analytes is highly predominant.15 However, the enantioselective separation of polysaccharide
CSPs was also achievable under reversed phase conditions.16,17 For pharmaceutical
applications, the enantioselective separation has mostly been reported under normal phase
elution.15 Consequently, both columns were investigated for the enantioselective separation of
thirteen classes of racemic pharmaceuticals (previously described in Chapter 2, Section 2.2.4)
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using conventional HPLC and CLC under normal phase chromatographic conditions using a
mobile phase composed of n-hexane-2propanol mixtures which was widely explored in
literature.10,12,15
Miniaturized polysaccharide-based CSPs have been explored for nano-LC and CEC
applications in both particle-packed and monolithic forms. Fast, sub-minute baseline separation
of enantiomers using few nanolitres of the mobile phase was accomplished in state of the art
capillary columns.7

6.3.1. Enantioselective separation of the pharmaceutical racemates
Chiralpak ID and ID-3 were investigated for the enantioselective liquid chromatographic
separation of a set of different classes of racemic pharmaceuticals namely: β-blockers, αblockers, antiinflammatory drugs, antifungal drugs, dopamine antagonists, norepinephrinedopamine reuptake inhibitors, catecholamines, sedative hypnotics, diuretics, antihistaminics,
anticancer drugs, flavonoids and antiarrhythmic drugs. The choice of compounds was arbitrary
and guided by preliminary investigations. Baseline separation (Rs ≥ 1.5) was achieved for 1acenaphthenol

45,

4-bromogluthethimide

33,

carprofen

16,

celiprolol

2,

1-(2-

chlorophenyl)ethanol 49, cizolirtine carbinol 22, flavanone 43, 6-hydroxyflavanone 44, 4hydroxy-3-methoxymandelic acid 48, 1-indanol 47, miconazole 26, pentobarbital 35, 1phenyl-2-propanol 50 and tebuconazole 25 on the conventional column chiralpak ID. On the
other hand, baseline separation was achieved for aminoglutethimide 31, naftopidil 11 and
thalidomide 51 on the capillary counterpart chiralpak ID-3 (Figure 6.2-Figure 6.7). Separation
(α) and resolution (Rs) factors for the baseline resolved compounds are listed in Table 6.1.
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Figure 6.2: Enantioselective separation of racemic flavanone on chiralpak ID (4.6 mm ID, 250 mm length).
Mobile phase: n-hexane/2-propanol 90:10 v/v, UV: 254 nm, flow rate: 1 mL/min
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Figure 6.3: Enantioselective separation of racemic carprofen on chiralpak ID (4.6 mm ID, 250 mm length).
Mobile phase: n-hexane/2-propanol 90:10 v/v, UV: 220 nm, flow rate: 1 mL/min. * is for 2-propanol

226

Chapter 6

1200000

Absorbance (mAu)

1000000

800000

600000

400000

200000

0
0

5

10

15

20

Time (min)

Figure 6.4: Enantioselective separation of racemic 1-acenaphthenol on chiralpak ID (4.6 mm ID, 250 mm
length). Mobile phase: n-hexane/2-propanol 90:10 v/v, UV: 254 nm, flow rate: 1 mL/min
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Figure 6.5: Enantioselective separation of racemic 1-(2-chlorophenyl)ethanol on chiralpak ID (4.6 mm ID,
250 mm length). Mobile phase: n-hexane/2-propanol 90:10 v/v, UV: 254 nm, flow rate: 1 mL/min
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Figure 6.6: Enantioselective separation of racemic 6-hydroxyflavanone on chiralpak ID (4.6 mm ID, 250
mm length). Mobile phase: n-hexane/2-propanol 90:10 v/v, UV: 254 nm, flow rate: 1 mL/min
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Figure 6.7: Enantioselective separation of racemic thalidomide on chiralpak ID-3 (0.3 mm ID, 150 mm
length). Mobile phase: n-hexane/2-propanol 30:70 v/v, UV: 219 nm, flow rate: 10 µL/min. Adapted with
permission from Marina Gwairgi (research project in Applied Science 2013, UC). * is for 2-propanol
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It was expected that a larger number of racemates will be resolved on the capillary column as
it was packed with smaller particles in agreement with a previous study which emphasized the
importance of free silanol groups in enhancing the resolution (more silanol groups in the
smaller particle size bed).18 However, none of the compounds resolved on the conventional
column showed any similar/comparable enantioselectivity on the capillary column (Figure
6.8). Naftopidil 11 showed partial separation on the conventional column (Rs = 1.17) and
baseline separation on the capillary counterpart (Rs = 2.78) (Figure 6.9). Moreover, the
conventional column could recognize pentobarbital diastereomers which was not achievable
with the capillary column. All these observations suggest the importance of the CS
concentration in achieving/enhancing enantiomer recognition in agreement with previous
studies.19,20
It was also expected that the peak efficiency will increase with decreasing the particle size due
to decreased longitudinal inhomogeneity of mobile phase flow with smaller particles.21
Nonetheless, due to insufficient baseline separations on the capillary column, conclusive
remarks about peak efficiency cannot be drawn.
It was clear that direct method transfer between the conventional column chiralpak ID and its
counterpart chiralpak ID-3 was not applicable in this study. However, this sheds light on the
potential use of miniaturized techniques to study the interactions between the CS and the
analytes from thermodynamics point of view and try to maintain the interactions on the larger
scale. The use of miniaturized techniques might help in better understanding the CS-analyte
interaction on the molecular level when the chiral selector is firmly immobilized on a solid
support.
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Figure 6.8: Enantioselective separation of racemic 1-indanol on the conventional chiralpak ID (top) vs the
capillary chiralpak ID-3 (bottom). Mobile phase: n-hexane/2-propanol 90:10 v/v, UV: 254 nm, flow rate: 1
mL/min and 10 µL/min respectively
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Figure 6.9: Enantioselective separation of racemic naftopidil on the capillary (top) vs the conventional
chiralpak ID (bottom). Mobile phase: n-hexane/2-propanol 90:10 v/v, UV: 219 nm, flow rate: 50 µL/min
and 1 mL/min respectively. * is for 2-propanol
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Table 6.1: Chromatographic conditions, separation and resolution factors for the baseline resolved
compounds on chiralpak ID (flow rate 1 mL/min) and ID-3 (flow rate 10 µL/min for aminoglutithimide and
thalidomide and 50 µL/min for naftopidil)

Column

Separated
compound
1-Acenaphthenol 45
Carprofen 16
Celiprolol 2
cizolirtine carbinol 22
Miconazole 26
Tebuconazole 25

Chiralpak ID

4-hydroxy-3methoxymandelic acid
48
1-indanol 47
1-(2chlorophenyl)ethanol
49
1-phenyl-2-propanol
50
Flavanone 43
6-hydroxyflavanone 44
4-bromogluthethimide
33
Pentobarbital 35
Aminoglutethimde 31

Chiralpak
ID-3

Naftopidil 11
Thalidomide 51

Chromatographic
conditions
M.P: n-hexane/2-propanol
90:10 v/v, UV: 254 nm
M.P: n-hexane/2-propanol
90:10 v/v, UV: 220 nm
M.P: n-hexane/2-propanol
88:12 v/v, UV: 254 nm
M.P: n-hexane/2-propanol
90:10 v/v, UV: 254 nm
M.P: n-hexane/2-propanol
85:15 v/v, UV: 254 nm
M.P: n-hexane/2-propanol
90:10 v/v, UV: 254 nm
M.P: n-hexane/2-propanol
90:10 v/v, UV: 254 nm
M.P: n-hexane/2-propanol
90:10 v/v, UV: 254 nm
M.P: n-hexane/2-propanol
90:10 v/v, UV: 254 nm
M.P: n-hexane/2-propanol
90:10 v/v, UV: 254 nm
M.P: n-hexane/2-propanol
90:10 v/v, UV: 254 nm
M.P: n-hexane/2-propanol
90:10 v/v, UV: 254 nm
M.P: n-hexane/2-propanol
85:15 v/v, UV: 219 nm
M.P: n-hexane/2-propanol
90:10 v/v, UV: 254 nm
M.P: n-hexane/2-propanol
40:60 v/v, UV: 219 nm
M.P: n-hexane/2-propanol
90:10 v/v, UV: 219 nm
M.P: n-hexane/2-propanol
30:70 v/v, UV: 219 nm

Separation
factor (α)

Resolution
(Rs)

2.11

2.67

4.69

6.05

1.94

1.61

1.59

3

2.83

2.2

2.73

4.22

3.52

5.34

1.92

1.53

1.46

1.33

1.74

1.88

2.41

4.71

3.48

6.17

3.23

7.71

1.24, 1.43

1.65, 1.18

3.34

2.25

2.7

2.78

2.75

3.85

M.P: mobile phase
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6.3.2. Miniaturization of chiral separations, a future perspective
Downscaling of the chromatographic techniques from conventional to micro to nano- HPLC is
considered a green analysis approach. Miniaturization of instrumentation results in small
solvent consumption and reduced waste production compared to the full-size laboratory
instruments.22 An early study attempted the simulatenous enantioseparation of thalidomide and
its hydroxylated metabolites using three different polysaccharide-type CSPs using
conventional HPLC, CLC and CE.23 Baseline separation of the six peaks in one run was
achieved using the conventional HPLC, however, for the CLC and CE this was not achievable
using the same column length. Hence, the length of the packed bed of the capillary was
increased to provide the same baseline separation previusoly displayed by the coventional
column. This implies the role of the CS content in providing a baseline resolution for the
racemates which denotes certain requirements for the chiral recognition ability of a CS.
Another insight involves the feasibilty of miniaturization from conventional HPLC to nano-LC
and CEC for the chiral separations upon taking the CS content into consideration. Another
study demonstrated high peak effciences in CEC upon reducing the particle diameter of the
packing material, although this observation was hardly detectable in CLC mode.24
A recent study investigated the separation performance of polysaccharide-based CSPs when
coated on superficially porous silica supports of different pore sizes.19 The authors investigated
the influence of varying the amount of CS (1%-5%) on the enantioselective separation of six
racemates using nano-LC and CEC. Similar results have shown that the resolution was
enhanced with increasing the amount of the CS, nonetheless, pore size affected the generation
of EOF required for CEC but it did not display any improvement in the separation performance
of nano-LC mode.

233

Chapter 6
Based on these results, one can assume that the preformance of the conventional column tested
in this study was not comparable to the capillary counterpart mainly because of the different
CS content. In order to expand the results of the previous investigations into the scope of this
thesis, it can be inferred that the amount of CS has an impact on the resolutin of the racemates
which depends on the type and nature of CS. The monolithic capillary columns prepared in this
thesis achieved baseline separation for 27/50 (54%) of the screened compounds. Consequently,
one can expect a larger number of racemates to be separated upon scale up to conventional
HPLC columns at the expense of large solvent consumption.

6.4. Conclusions
This study demonstrates that prediction of column performance when miniaturized cannot be
based

on

the

performance

of

its

conventional

counterpart.

Amylose

tris-(3-

chlorophenylcarbamate) immobilized on silica gel was investigated for the enantioselective
separation of a set of thirteen different classes of racemic pharmaceuticals using conventional
HPLC and capillary-LC under normal phase chromatographic conditions. Baseline separation
was achieved for 1-acenaphthenol 45, 4-bromogluthethimide 33, carprofen 16, celiprolol 2, 1(2-chlorophenyl)ethanol 49, cizolirtine carbinol 22, flavanone 43, 6-hydroxyflavanone 44, 4hydroxy-3-methoxymandelic acid 48, 1-indanol 47, miconazole 26, pentobarbital 35, 1phenyl-2-propanol 50 and tebuconazole 25 on the conventional column and for
aminoglutethimide 31, naftopidil 11 and thalidomide 51 on the capillary counterpart.
Parameters such as the content and conformation of the CS in both column formats need to be
considered. Further studies on different CSs/solid supports combinations is recommended so
that conclusions can be drawn regarding columns performance. The complexity of the chiral
recognition mechanisms could be simplified using miniaturized models to study the
mechanism on the molecular level and explore the possibilities of scaling up the results.
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Conclusions and future directions
Over the past two decades, there has been considerable interest in drug chirality enhanced by
the advances in technologies associated with the synthesis and separation of the individual
enantiomers, together with the regulatory requirements imposed by the approving authorities.1
Separation of racemic mixtures has been considered a more attractive tool to obtain the
individual enantiomers for industrial applications.2 However, the high cost and the limited
suppliers of the commercial chiral columns remained the main obstacles for expanding the
numbers of the marketed individual enantiomers. Nano-LC, as one of the microfluidic
techniques, along with monolithic capillary columns offer a cheaper alternative to conventional
HPLC.3 This combination allows short analysis time, reduced sample size and low
consumption of solvents which enables analysis under environmentally friendly conditions.4
Furthermore, compared to other miniaturized techniques such as CE and CEC, nano-LC has
the advantages of reliability, reproducibility and universality that makes it more adequate for
industries governed by regulatory authorities.3
The ease and flexibility of capillary columns preparation allows their wider applications for
pharmaceutical industry. Commercially available chiral capillary columns that can be used for
nano-LC are not yet available. The commercial provider of chiral conventional LC columns is
still reluctant to provide chiral capillaries for nano-LC applications as the instrument itself is
still unaffordable.5 Consequently, this limits the expansion into these separation platforms
which can utilise chiral capillary columns for nano-enantioselective separations.
In this thesis, new monolithic capillary CSPs have been prepared using three CSs namely
lipase, β-CD and SWCNTs. The capillary columns were investigated for the enantioselective
separation of racemic pharmaceuticals from thirteen different classes namely α- and β-blockers,
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antiinflammatory drugs, antifungal drugs, dopamine antagonists, norepinephrine-dopamine
reuptake inhibitors, catecholamines, sedative hypnotics, diuretics, antihistaminics, anticancer
drugs, flavonoids and antiarrhythmic drugs using nano-LC.
Lipase-based monolithic capillary CSPs have been prepared via two approaches; encapsulation
of the CS in the growing polymer/silica network or its immobilization on a previously
established polymer/silica backbones. The columns prepared via the encapsulation approach
displayed better enantioselectivities compared to those prepared by the immobilization
approach. Results were consistent for the polymer and the silica monoliths. Baseline separation
was achieved for alprenolol 1, atenolol 5, bromoglutithimide 33, carbuterol 3, celiprolol 2,
chloropheneramine 38, cizolertine carbinol 22, 4-hydroxy-3-methoxymandelic acid 48,
desmethylcizolertine 20, miconazole 26, nomifensine 30, normetanephrine 42 and sulconazole
28 on either polymer or silica monoliths under reversed phase chromatographic conditions
using a mobile phase composed of methanol/water mixtures. These promising results were
encouraging enough to justify the encapsulation of other CSs into polymer monolith backbone
and their immobilization on the silica monolith backbone, which was investigated in Chapters
4 and 5. Additionally, the immobilized lipase-based silica monolith was used as a capillary
micro-bioreactor for the biocatalysis where the enantioselective hydrolysis of ibuprofen
butanoate was furnished.
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β-CD was the second CS investigated in this thesis. 2,3,6-Tris(phenylcarbamoyl)-βcyclodextrin-6-methacrylate was synthesized and used as a functional monomer for the
preparation of new β-cyclodextrin (β-CD)-based polymer and silica monoliths. The polymer
monoliths were prepared via the copolymerization of β-CD methacrylate and EDMA in
different ratios in situ in fused silica capillary while the silica monoliths were prepared via the
copolymerization of β-CD methacrylate and MAS-modified silica monoliths. The effect of the
CS content on the enantioseparation was investigated in both backbones. Baseline separation
was achieved for alprenolol 1, celiprolol 2, cizolertine 21, eticlopride 29, ifosfamide 39, 1indanol 47, metoprolol 6, miconazole 26, o-methoxymandelic acid 46, nomifensine 30,
propranolol 7, tebuconazole 25, and tertatolol 4 under reversed phase chromatographic
conditions. The chiral discrimination is believed to be through the formation of hydrogen bondstabilized inclusion complexes within the β-CD cavity and the carbamate moiety.
Finally, the potential use of SWCNTs as CS when encapsulated in a polymer monolith
backbone was investigated. The effect of SWCNTs content on the enantioseparation was
investigated. SWCNTs displayed a promising enantioselectivity upon optimizing their
concentration within the monolith backbone. Chirality indices are also thought to play a crucial
role in the chiral recognition. The enantioselective separation was investigated under
multimodal elution conditions (i.e. reversed phase, polar organic and normal phase
chromatographic conditions). The optimum enanatioselectivity was observed under reversed
phase conditions. Baseline separation was achieved for celiprolol 3, chlorpheniramine 38,
etozoline 37, miconazole 26, and nomifensine 30.
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Lipase-based monolithic capillaries displayed very comparable enantioselectivities to the βCD columns. This might be attributed to the broad functionalities both CSs possessed that
assisted in providing multiple points of interaction required for chiral recognition. SWCNTs
showed lower enantioselectivities which can still be further optimized.
The ease and speed of preparation of polymer-based monoliths compared to the technically
challenging procedures for preparing silica-monoliths made polymer monoliths an attractive
alternative in the field of separation science. Nonetheless, polymer monoliths tend to swell or
shrink upon exposure to organic solvents compared to silica monoliths, while silica monoliths
show lower stability at temperature higher than 60ºC and pH higher than 8.5 compared to the
higher temperature and chemical stability of the polymer monoliths. Therefore, both polymer
and silica monoliths have their own merits and drawbacks and each of the stationary phases
could be tailored to obtain the optimum separation according to the nature of the sample. In
this thesis, it was evident that the polymer monolithic CSPs displayed very comparable
enantioselectivities to their silica counterparts. Moreover, encapsulation of the CSs into the
growing polymer network afforded capillary columns with good enantioselectivities, good
mechanical stability and a satisfactory repeatability. This eliminates the tedious procedures
required for the derivatization of the CSs prior to their immobilization and provides a facile
procedure for the preparation of reliable polymer monolithic CSPs for industrial applications.
The monolithic capillary columns prepared in this thesis achieved baseline separation for 27/50
(54%) of the investigated racemates. Taking into consideration the capillary dimensions and
the amount of enclosed CS, one can imply the possibility of resolving a larger number of
racemates upon scaling up the monoliths at the expense of solvent consumption. As previously
described, monolithic columns are highly permeable which allows the flow of mobile phase at
adequate column back pressure with reasonably short equilibration time and this in turn has a
great emphasis on the analysis time which is essential for industrial applications.6 It is worth
240

Chapter 7
pointing out that few monolithic columns (sizes up to 8L) are already commercially available
for the preparative and industrial separation of large biomolecules such as plasmid DNA,
proteins and protein aggregates.7 Nonetheless, there have not been available monolithic CSPs
for industrial applications. This thesis thus opens the field to investigate the potential scale up
of the described capillary monolithic CSPs for pharmaceutical industry. The capillary
monolithic CSPs described in this thesis could be also used for routine screening of the
enantiomeric purity of pharmaceuticals.
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