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C18 monolithic silica capillary columns modified with octadecyl moieties
(ODS) and poly(octadecyl methacrylate) (ODM) were prepared for reversed-phase
capillary liquid chromatography (CLC). A high column performance was obtained
with plate height (H) nearly or less than 10 um and permeability in a range of
7.3x107%-9.4x10™ m? In comparison of ODM and ODS stationary phase
selectivities for halogenated compounds, such as halogenated benzenes and
chlorophenols, the ODM columns have greater preference and greater selectivity
for these compounds due to the greater dispersive interaction by more densely
packed C18 groups on ODM polymer coated column together with the
contribution of carbonyl groups in ODM side chain. In addition, the reversed-
phase ODS and mixed-mode ODS/AP; or ODS/AP, monolithic silica capillary
columns were prepared for capillary electrochromatography (CEC) with H in the
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aminoethylamino)propyl moieties, respectively. These mixed-mode columns have
the preference for phenolic compounds. Moreover, the separation selectivity was
compared in capillary electrophoresis with different modes. Capillary zone
electrophoresis with the addition of cyclodextrin (CD-CZE) showed the better
separation selectivity for chloro- and methylbenzoates than CZE without
cyclodextrin and micellar electrokinetic chromatography. The separation
selectivity patterns were also developed for the separation of fully charged achiral
compounds using a neutral cyclodextrin.
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CHAPTER I

INTRODUCTION

1.1 Miniaturization of separation techniques [Hernandez-Borges et al. 2007]

The miniaturization in chromatographic or electrophoretic separation techniques, such
as capillary liquid chromatography (CLC) and capillary electrophoresis (CE) in
various modes, has become very attractive in recent years. These systems are usually
performed in capillary columns with the internal diameter (i.d.) in the range of 25-200
um. In comparison with conventional systems, they provide a number of advantages,
such as higher efficiency, lower solvent consumption, possibility to work with
extremely small sample volumes, and better compatibility with mass spectrometry.

1.1.1 Introduction to capillary liquid chromatography (CLC) [Neue 1997,
Hernandez-Borges et al. 2007]

Liquid chromatography (LC) is one type of chromatographic techniques in which
analytes are distributed between a liquid mobile phase and a solid or a liquid
immobilized on solid stationary phase. High performance liquid chromatography
(HPLC) is the term to define LC that employs high pressure to force the liquid

through a column containing stationary phase materials.

Various i.d. columns (downscaling from millimeter to micrometer i.d. ranges) have
been used in HPLC system. So far, definitions of microscale HPLC columns have
been frequently suggested in the literatures [Chervet et al. 1996, Vissers et al. 1997,
Saito et al. 2004, Noga et al. 2007], but have not yet found a widely acceptance.
According to several literatures, Table 1.1 summarizes the most common names for
different HPLC techniques based on the ranges of columns i.d. and flow rate of

mobile phase. Generally speaking, the HPLC technique using capillary columns,



especially the i.d. less than 500 pum, is named capillary LC (CLC). However, 50-100
um capillary columns in HPLC is preferred to classify as nano LC according to the
flow rate of mobile phase in the levels of nL/min. In part of this work, HPLC
separation is performed using 200 um i.d. capillary columns, and therefore, the
method should be classified as “CLC”.

Table 1.1 Classification of LC techniques.

Proposed by [Chervet et al. 1996]

Column i.d. Flow rate Name
3.2-4.6 mm 0.5-2.0 mL/min Conventional HPLC
1.5-3.2mm 100-500 pL/min Microbore HPLC
0.5-1.5 mm 10-100 pL/min Micro LC
150-500 um 1-10 pL/min Capillary LC (CLC)
10-150 um 10-1000 nL/min Nano LC

Proposed by [Saito et al. 2004]

Column i.d. Name
3-5mm Conventional HPLC
2mm Narrow-bore HPLC
0.5-1mm Micro LC
100-500 pum Capillary LC
10-100 pm Nano LC

Proposed by [Noga et al. 2007]

Column i.d. Flow rate Name

8-20 mm > 2 mL/min Semi-preparative LC

4.6 mm 1-2.5 mL/min Analytical LC

1.1 mm, 2.1 mm 100-500 (1000) puL/min Microanalytical LC

0.75 mm, 0.8 mm 10-1000 pL/min Narrowbore/microbore LC
500 pum 0.5-10 puL/min Capillary/narrowbore LC
150 pm, 250 um 300-500 nL/min Capillary LC

75 um 100-300 nL/min Capillary LC




1.1.2 Introduction and modes of capillary electrophoresis (CE) [Li 1992]

Capillary Electrophoresis (CE) is a separation technique that the electromigration of
the analytes is performed in a small internal diameter capillary (typically 25- 100 um
i.d.) containing a background electrolyte (BGE) under the effect of an electric field.
The separation mechanism is based on the different electrophoretic mobilities (u) of

the analytes which depends on sizes and charges of the analytes.

Six modes in CE have been developed with different separation mechanisms. They
include capillary zone electrophoresis (CZE), micellar electrokinetic chromatography
(MEKC), capillary electrochromatography (CEC), capillary gel electrophoresis,
capillary isoelectric focusing and capillary isotachophoresis. Three modes of CE,
namely CZE, MEKC and CEC, are frequently used for the separation of a wide
variety of compounds. Therefore, a brief description of these three modes is given in

this section.

Capillary zone electrophoresis is the most widely used techniques in CE. The
separation mechanism is based on the difference in electrophoretic mobilities of the
analytes, mainly depends on the ratio of charge to hydrodynamic radius of the
analytes at a given pH. In CZE, an uncoated fused silica capillary is typically used
and filled with BGEs which are a common buffer such as phosphate, borate and
acetate. According to the separation mechanism of CZE, cations and anions can be
separated by the difference in charge-to-size ratio of the analytes but not for neutral

compounds.

Micellar electrokinetic chromatography was developed by Terabe and co-workers in
1984. In MEKGC, the surfactant is added to buffer solution in concentration above its
critical micellar concentration to form micelles. The most commonly used surfactant
is sodium dodecyl sulfate (SDS) which is an anionic surfactant. Micelles serve as
pseudo stationary phases (PSP), similar to stationary phase in HPLC, but micelles can
be moved through the column under an electric field. The separation mechanism in

MEKC is based on the difference in partitioning of the analytes between the micelle



phase and the aqueous phase and also the difference in electrophoretic mobility of the
analytes. Therefore, this mode is suitable for separating both charged and neutral

compounds.

Capillary electrochromatography is a hybrid technique between CZE and HPLC. It
combines the selectivity of HPLC and high efficiency of CZE. Typically, the capillary
used in CEC is a column containing stationary phases similar to that in HPLC and the
analytes in CEC is moved to the detector by electro-driven flow, instead of pressure-
driven flow as in HPLC. The differential migration of the analytes in CEC is due to
interactions of the analytes between stationary and mobile phases plus electrophoretic

mobility of the charged analytes.

A) CZE H i=0
o
S -

B) MEKC %.j ofo ols of

C) CEC N [1O[®%%e 0000 0se0008,0 00 0 @0 o B
® g0 0090 0 g ..Ooooo. 0.0.o..o.o.
:: o.o.o ..: :.:.. :o.....o. o. :. :’:’.‘AA} : :..:':::.o t>0
+ EOF =

® —stationary phase material

Figure 1.1 Separation mechanism of several modes in CE: (A) CZE, (B) MEKC and
(C) CEC. Adapted from Weston and Brown [1997].



1.2 Monolithic columns [NUfiez et.al. 2008, Legido-Quigley et al. 2003, Unger et. al.
2011, Szumski et al. 2002, Yan et al. 2004]

Classical columns in CLC and CEC are particle-packed capillary columns. Like most
of LC columns, the packed capillary column consists of a capillary tube, a stationary
phase and the frits to retain the bed of particles, as shown in Figure 1.2. In order to fill
small particles into small diameter of capillary columns, several techniques have been
proposed, such as dry packing, slurry packing, supercritical fluid packing, or
electrokinetic packing. The selection of the method depends on particle size, column
diameter, the mechanical strength of the material, and material type. The columns
with smaller i.d. are usually equipped with in-column frits which can be obtained by
preparing porous silica plug or sintering the packed particles. The main drawback for
preparation of the packed capillary column is the difficulty to homogeneously pack
the capillary columns with small-sized particles and also the tricky manufacture of
frits.

The reduction of particle size can lead to better column efficiency because of smaller
eddy diffusion and shorter diffusion path length. However, in CLC, an increase in
backpressure has to be expected. The performance of a packed column is limited by
the pressure limit of a solvent delivery system, up to 40 MPa, with current HPLC
pumps. The 3-5 um particles are currently used in packed column due to the
compromise between the column efficiency and the backpressure. Otherwise, the
ultrahigh-pressure pump is required for the smaller particles size. In CEC, the
presence of frits in packed column can be responsible for bubble formation resulting
in the current breakdown and the stop of the mobile phase flow. As they are made
from sintered-packing material, they create zones of heterogeneities inside the packed

column. Some compounds may interact with the frits in addition to the packed bed.
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Figure 1.2 Particle-packed capillary column. Adapted from Szumski et al. [2002].

The use of monolithic stationary phase, instead of packing materials, is an alternative
approach to avoid or to minimize the abovementioned problems in capillary columns.
Monolithic columns are described as a single piece of porous material that fills
entirely the column space without any interparticular voids typical of packed column.
The monolith is created inside the capillary by in situ polymerization and covalently
attached to the capillary wall. In comparison with a particle-packed column, the major
advantages of monolithic columns include high efficiency separation, no need for a
frit system, adjustable porosity, high permeability and low column pressure drop at

higher mobile phase flow rates.

According to the nature of monolith network, the monolithic stationary phases can be
divided into two groups: organic and inorganic ones. Organic-based monolith can be
formed by polymerization of suitable organic monomers such as acrylamide, acrylate
and methacrylate. Polymerization reaction mixtures usually consist of a combination
of monomers and cross-linker, initiator and a porogenic mixture of solvents. Polymer-
based monoliths have such advantages such as simple polymerization procedure and
wide application range of pH values. However, they suffer from swelling and
shrinking when exposes the organic solvent, leading to the change of pore structure
and lack of mechanical stability. Moreover, the existence of micropores negatively
affects the efficiency and peak symmetry for small molecules. Inorganic-based
monolith is typically made of silica which can be prepared using sol-gel technology to
create a continuous network throughout the column formed by the gelation of a sol
solution within the column. Silica monoliths offer high mechanical strength, good

solvent resistance and easy transfer methods from silica-particle packed columns.



However, silica monoliths present the same drawbacks as silica particles, such as a
relatively narrow pH stability range. Figure 1.3 shows an example of scanning
electron microscope (SEM) image of silica monolithic stationary phase. Continuous
bed consists of skeleton and a bimodal pore size distribution: macropores and
mesopor