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Preface

From the first separation performed by Tswett more than a century ago, a lot of changes have
occurred in liquid chromatography, starting with the recognition of the importance of dimension
and homogeneity of size and porosity of the chromatographic packing, which transformed classi-
cal liquid chromatography into an instrumental technique employing low permeability columns,
mechanical pumps to force the mobile phase through them, and sophisticated detection systems.
The transition from low to high efficient columns occurred in the early 1970s and the subsequent
development of a wide range of stationary phases operating under different separation modes have
progressively enlarged the area of application of HPLC. Another milestone has been the hyphen-
ation of HPLC with spectroscopic techniques, which is employed for the identification and the
structural elucidation of the separated compounds. Nowadays, HPLC is one of the most widespread
analytical separation technique used for both scientific investigations and industrial and biomedical
analysis.

The first edition of the Handbook of HPLC published in 1998 encompassed fundamental and
practical aspects of HPLC organized in four distinct parts, which comprised the theoretical treat-
ment of the chromatographic process, the description of the main separation modes of HPLC, an
illustration of the instrumentation, and applications of HPLC in different areas of industry and
applied research. This edition covers aspects of HPLC that have contributed to the further advance-
ments of this separation technique in the last 12 years, avoiding theoretical and practical aspects
that, due to the popularity of chromatography, are already part of the current background of practi-
tioners at any level. Nevertheless, most of the latest innovative aspects of the majority of the subject
matter covered by a specific chapter in the first edition are in any case discussed in this book. Hence,
for example, although reversed-phase HPLC is not the subject of a specific chapter in this book, as
it was in the first edition due to the large number of excellent publications on this topic, Chapters
2,5,9, 11, and 15 discuss several important aspects of RP-HPLC from different points of view.
Similarly, chapters devoted to size-exclusion and normal-phase separation modes have not been
proposed again in this edition, yet theoretical and practical aspects of these separation modes have
been discussed in Chapter 16. Therefore, this edition encompasses aspects of HPLC that were not
covered in the first edition and discusses them from a different perspective.

Emerging novel aspects of HPLC included in this edition comprise monolithic columns (Chapter
1), bonded stationary phases (Chapter 2), micro-HPLC (Chapter 3), two-dimensional comprehen-
sive liquid chromatography (Chapter 4), gradient elution mode (Chapter 5), and capillary electro-
migration techniques (Chapter 6), which, in the first edition, were restricted to the description of
a limited number of separation modes. Also not included in the previous edition are the chapters
related to gradient elution mode (Chapter 5), LC-MS interfaces (Chapter 8), nonlinear chromatog-
raphy (Chapter 10), displacement chromatography of peptides and proteins (Chapter 11), field-flow
fractionation (Chapter 12), and retention models for ions (Chapter 15), which discuss the separation
of either small or large ionic molecules. Part I (Fundamentals) includes chapters devoted to control
and temperature effects (Chapter 9), affinity HPLC (Chapter 13), and ion chromatography (Chapter
14). Part II (Applications) is focused on four of the most significant areas in which HPLC is suc-
cessfully employed, that is, chiral pharmaceutical (Chapter 17), environmental analysis (Chapter
18), food analysis (Chapter 19), and forensic sciences (Chapter 20). All chapters include extensive
reference lists in addition to explanatory figures and summarizing tables.

We have written this edition with the purpose of reporting updated and detailed information on
HPLC related to both conventional formats and more sophisticated novel approaches, which have
been developed to satisfy the emerging needs in analytical separation science. Nowadays, analysts

xiii



xiv Preface

and scientists are dealing more often with samples of very limited amount and extremely complex
composition, requiring the miniaturization of the analytical separation system or the enrichment of
the trace components, or both. Also increasing is the need for molecular identification and structural
elucidation of the separated compounds, necessitating the hyphenation of HPLC, or of a related
separation method, with a suitable spectroscopic analytical system. The two examples mentioned
above are explicative of the reasons that oriented us to write this book with particular attention to
emerging novel aspects of HPLC and to expand the information on the recent development of the
other two related separation methods based on the differential migration velocity of analytes in a
liquid medium under the action of either an electric field (capillary electromigration techniques) or
a gravitational field (field-flow fractionation).

We believe that this edition is suitable as a textbook for undergraduate college students having
a general background in chromatography and for new practitioners interested in improving their
knowledge on the current status and future trends of HPLC. Moreover, the book could be used as a
valuable source of information for graduate students and scientists looking for solutions to complex
separation problems, and for analysts and scientists currently using HPLC as either an analytical or
a preparative scale tool.

Danilo Corradini
Terry M. Phillips
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1.1 INTRODUCTION

1.1.1 BACKGROUND AND DEFINITION

Cross-linked polymer supports have been introduced in the 1940s as a result of rapidly growing
research interest on solid phase synthesis, catalysis, and combinatorial chemistry. The polymeriza-
tion of styrene in the presence of small amounts of divinylbenzene (DVB) as cross-linker resulted
in polymer beads that showed distinctive swelling in good solvents without being totally dissolved
[1]. However, the degree of swelling can easily be adjusted by varying the amount of DVB present
during polymerization.

Based upon those observations, a series of resins were prepared by free radical cross-linking
polymerization for various applications by using the suspension polymerization approach [2,3].
Even if these conventional (also referred to as gel-fype resins or homogeneous gels [4]) polymers
have been proven to be useful for many ion-exchange (IEX) applications, they are subject to a num-
ber of severe limitations.

The molecular porosity (porosity in the swollen state) of gel-like polymers, for example, is
indirectly proportional to the amount of cross-linker. However, since the content of cross-linker
is directly proportional to the chemical stability and degradation, the porosity has generally to be
kept low. Moreover, gel-like resins do only exhibit a negligible molecular porosity in poor solvents
[e.g., water or alcohols in the case of poly(styrene-co-divinylbenzene) (PS/DVB) supports], which
severely restricts the use of such materials, predominately in the field of solid phase synthesis and
combinatorial chemistry.

These problems were successfully solved in the late 1950s by the introduction of new polymer-
ization techniques, enabling the synthesis of macroporous (macroreticular) cross-linked polymer
resins. Their characteristics refer to the maintenance of their porous structure in the dry state and,
therefore, in the presence of poor polymer solvents [5-9]. The synthesis of rigid macroporous poly-
mer support is based on suspension polymerization in the presence of inert solvents (referred to as
diluents or porogens), which are soluble in the monomer mixture, but possess poor ability to dis-
solve the evolving copolymer particles. The inert diluents thus act as pore-forming agents during
the polymerization procedure, leaving a porous structure with sufficiently high mechanical stability
after removal from the polymer network.

The development of those macroreticular polymer resins provided the basis for the area of rigid
monolith research, since the manufacturing methods of monoliths and macroporous beads are
essentially identical with regard to polymerization mixture components and composition. The only
significant difference in their fabrication refers to the polymerization conditions. While beads and
resins are prepared by suspension or precipitation polymerization in a vigorously stirred vessel,
rigid monolithic structures evolve by bulk polymerization within an unstirred mold [10].

The structure of a typical rigid monolithic polymer is illustrated in Figure 1.1 (longitudinal sec-
tion of a monolithic column). A monolithic stationary phase is defined as a single piece of porous
polymer located inside the confines of a column, whereas the polymer network is crisscrossed by
flow channels (also referred to as gigapores or through-pores), which enable a solvent flow through
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FIGURE 1.1 Schematic representation of the structure and the morphology of a typical monolithic polymer
prepared in an HPLC column housing as an unstirred mold.

the entire monolith. The polymer network itself is structured by microglobules chemically linked to
each other to yield globule clusters (Figure 1.1). The polymer globules, which present the smallest
structural unit, are porous themselves, whereas the entire porosity can effectively be controlled by
the polymerization mixture composition as well as by the polymerization conditions.

1.1.2 HISTORICAL ABSTRACT

In the 1950s, Robert Synge was the first to postulate polymer structures, which were similar to
what is defined as monolith today [11,12]. However, the soft polymer materials available at that time
(gel-type polymers) did not resist permanent pressure conditions.

This was confirmed in 1967 by Kubin et al., who were the first to accomplish polymerization
directly in a glass column [13]. The resulting swollen poly(2-hydroxyethyl methacrylate-co-ethylene
dimethacrylate) gel, which was prepared in the presence of 1% cross-linker, was strongly compressed
after pressure application and consequently exhibited exceedingly low permeability (4.5 mL/h for a
25x220mm column) and poor efficiency.

In the 1970s, several research groups came up with foam-filled columns for GC and HPLC
[14-17]. These open pore polyurethane foam stationary phases, which were prepared via in situ
polymerization, were shown to possess comparatively good column performance and separation
efficiency. They could, however, not achieve general acceptance and broader application due to
insufficient mechanical stability and strong swelling behavior.

Based upon the initial observations of Kubin et al., Hjérten introduced the concept of compressed
gels in the late 1980s, which have also been referred to as continuous beds [18,19]. The copolymer-
ization of acrylic acid and N,N’-methylene bisacrylamide resulted in highly swollen gels, which
were deliberately compressed to a certain degree using a movable piston. Despite the high degree of
compression, the gels exhibited good permeability and enabled efficient separation of proteins.

In the mid-1980s, Belenkii et al. comprehensively studied the separation of proteins on particle-
packed columns of variational length and dimension under gradient conditions [20]. They concluded
that a short distance of stationary phase is sufficient to enable protein separation with an acceptable
resolution. With respect to that, Tennikova et al. came up with the concept of short monolithic separa-
tion beds, realized by copolymerization of glycidyl methacrylate as monomer and high amounts of
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ethylene dimethacrylate as cross-linker in the presence of different porogenic solvents in flat or tubular
molds with diameters in the centimeter range [21-23]. The resulting highly cross-linked (and thus
rigid) macroporous copolymer membranes or rods were then arranged in a pile or sliced into disks,
respectively. Svec et al. extended the process of preparing highly cross-linked, rigid polymer disks or
sheets in the presence of inert diluents to conventional HPLC column housings (§ mm L.D.), directly
employed as polymerization molds [10,24]. The simple fabrication process, together with promising
separation efficiency toward biomolecules, blazed for monoliths the trail to broader scientific interest.

Since 1992, a vast variety of rigid organic monolithic stationary phases with different chemistry, func-
tionality, and column geometry has been reported for HPLC as well as CEC applications, as summa-
rized by the number of excellent reviews [25-32,213]. The development and enhancement of monolithic
stationary phases is still a rapidly growing area of research with scientific and industrial interest.

Almost at the same time (1996), Tanaka and co-workers [33] and Fields [34] expanded the
research field of continuous polymer support by the introduction of (derivatized) inorganic silica
rods, which were prepared by sol-gel process of silane precursors [tetramethoxysilane (TMOS) or
dimethyloctadecylchlorosilane (ODS)] in the presence of poly(ethylene oxide) (PEO) as porogen.

A number of alternative names were introduced in literature to term the new types of station-
ary phases. Hjérten et al. used continuous polymer beds [18] to define the class of compressed
polyacrylamide gels. Later on, the denotation stationary phases with reduced discontinuity rose
for a single piece polymer support in order to express the diminishment of interparticulate voids,
compared with particle-packed columns. The group of rigid macroporous polymers with cylindri-
cal shape, being initiated by Svec in the early 1990s, have been referred to as continuous polymer
rods, whereas this expression has been adapted to inorganic monoliths (porous silica rods) [33]. The
term monolith, which probably is the most common expression for the new class of macroporous
polymers, was first introduced to describe a single piece of derivatized cellulose sponge for the
fractionation of proteins [35], but rapidly found general acceptance.

1.2  MONOLITHIC MATERIALS

As described in Section 1.1.2, modern monolith research was initiated by Tennikova and Svec, who
prepared rigid, mechanically stable copolymers by a simple molding process in the presence of
porogens, employing a high amount of cross-linking agent [10,21-23]. As almost all monolithic sta-
tionary phases are nowadays fabricated according to this basic concept, other (historical) approaches
are not further considered.

The huge variety of different monolithic supports being introduced for HPLC applications can
generally be divided into two main classes: monoliths based on organic precursors and monoliths
based on inorganic precursors.

1.2.1 ORGANIC MONOLITHS

Organic monoliths are based on copolymerization of a monofunctional and a bifunctional (uncom-
monly trifunctional) organic precursor in the presence of a suitable initiator and a porogenic solvent.
During the last 15 years, a vast number of different monomers and cross-linkers have been intro-
duced and copolymerized using different polymerization techniques and initiators. A general survey
of the tremendous amount of scientific contributions can be gained from numerous reviews [25-32].

Free radical copolymerization of a monovinyl compound and a divinyl cross-linker is by far the
most commonly employed mode of polymerization for the preparation of organic monoliths.

e Styrene monoliths—thermal initiation

* (Meth)acrylate monoliths—thermal, photochemical, or chemical initiation
* Acrylamide monoliths—thermal, photochemical, or chemical initiation

* Norbornene monoliths—chemical initiation
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In addition to thermally, photochemically, or chemically initiated free radical copolymerization of
styrene, (meth)acrylate, or (meth)acrylamide building blocks, other polymerization techniques have
been reported for the development of organic monolithic HPLC stationary phases. Ring-opening
metathesis polymerization (ROMP) of norbon-2-ene and 1,4,4a,5,8,8a-hexahydro-1,4,5,8-exo,endo-
dimethanonaphthalene (DMN-HG6) initiated by a Grubbs-type catalyst resulted in hydrophobic
monolithic rods, exhibiting chromatographic properties comparable to PS/DVB-based stationary
phases [36-39]. Heat-induced polycondensation reactions of diamines (4-[(4-aminocyclohexyl)
methyl]cyclohexlamine or trans-1,2-cyclohexanediamine) with an epoxy monomer (tris(2,3-
epoxypropyl)isocyanurate) have recently proven to yield mechanically stable monolithic stationary
phases applicable to HPLC analysis [40].

Table 1.1 gives a comprehensive, albeit fragmentary, summary of investigated organic monolithic
polymer systems (based on all different kinds of styrene, acrylate, methacrylate, (meth)acrylam-
ide building blocks, as well as mixtures thereof) together with their preparation conditions and
utilization as stationary phase.

Despite the variety of polymerization principles and monomer systems available for the prepara-
tion of organic monolithic supports, the resulting polymer structure and morphology is surprisingly
similar. Figure 1.2 illustrates the properties of a typical organic monolith in terms of surface mor-
phology and porosity. Independent on the type of initiation of the free radical polymerization, the
morphology of the resulting organic monolith is brush-like (Figure 1.2a) and reminds of the surface
of cauliflower, being pervaded by cylindrical channels (flow channels). The porosity of a typical
organic monolith is shown in Figure 1.2b, but it can be deduced that it is defined by a monomodal
distribution of macropores.

1.2.1.1 Styrene-Based Monoliths

Most of the research on styrene-based column supports is focused on PS/DVB monoliths. The
hydrophobic character of the monomers (styrene, divinylbenzene) results in a material, which can
directly be applied to reversed-phase chromatography without further derivatization. After the
introduction of rigid macroporous PS/DVB rods and their promising application to the separa-
tion of proteins in 1993 [41], the material has been employed for rapid separations of poly(styrene)
standards [42] as well as for the separation of small molecules like alkylbenzenes, employing rods
possessing a length of 1 m [43]. PS/DVB monoliths in capillary format—which have been commer-
cialized by LC-Packings, A Dionex Company—have been demonstrated several times to exhibit
high potential regarding efficient separation of proteins and peptides [44—46] as well as ss- and
dsDNA [47-51].

Beside borosilicate and fused silica capillaries, PS/DVB monoliths have been fabricated within
the confines of steel and PEEK tubings [52]. In order to increase the hydrophobic character of the
supports, a Friedel-Crafts alkylation reaction was used for the attachment of C-moieties to the
polymer surface. The derivatized material was demonstrated to be more retentive and to provide
more efficient peptide separations compared with the original, nonderivatized monolith.

1.2.1.2 Acrylate- and Methacrylate-Based Monoliths

The main feature of (meth)acrylate-based support materials is the broad diversity of monomers
that is commercially available and that can thus can be used for the fabrication of monoliths. The
resulting (meth)acrylate monoliths consequently cover a wide spectrum of surface chemistries and
properties. The scope of monomers includes hydrophobic, hydrophilic, ionizable, chiral, as well as
reactive (meth)acrylate building blocks [53]—the most popular being mixtures of butyl methacrylate
and ethylene dimethacrylate (BMA/EDMA) or glycidyl methacrylate and ethylene dimethacrylate
(GMA/EDMA) as cross-linker.

The former polymer system represents a reversed-phase material, providing C,-alkylchains,
which has most frequently been employed for protein separation [53], whereas the latter carries
reactive moieties that can easily be converted in order to yield the desired surface functionalities.
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TABLE 1.1

Summary of Organic Monolithic Polymer Systems That Have Been Introduced in
Literature Listed Together with Their Mode of Polymerization, Porogenic Solvent, and
Their Key Application in HPLC and CEC Separation

Monomers

S/DVB

S/DVB

S/DVB

S/DVB

4-Vinylbenzyl
chloride/DVB
MS/BVPE

GMA/EDMA

GMA/EDMA

BMA, AMPS/
EDMA

BMA/EDMA

BMA/EDMA

BMA/EDMA

BMA/EDMA

Initiator

Thermal, AIBN

Thermal, AIBN

Thermal, AIBN

Thermal, AIBN

Thermal, AIBN

Thermal, AIBN

Thermal, AIBN

Thermal, AIBN

Thermal, AIBN

Photochemical, DAP

Photochemical, AIBN

Thermal, AIBN

Chemical,
APS/TEMED

Porogens

Styrene Supports
1-Dodecanol

1-Dodecanol/toluene

MeOH, EtOH, propanol/
toluene, formamide
1-Decanol/THF

1-Decanol/toluene

THF, CH,C,,,
toluene/1-decanol

Methacrylate Supports
Cyclohexanol/1-decanol

1-Propanol,
1,4-butanediol/water

1-Propanol,
1,4-butanediol/water

Cyclohexanol/1-
dodecanol

MeOH or mixtures
MeOH with EtOH,
THF, ACN, CHCl,, or
hexane

1-Propanol,
1,4-butanediol/water

1-Propanol,
1,4-butanediol/water

Application

8mm L.D., protein
separation, separation of
synthetic polymers

8mm LD, protein
peptides and small
molecules

75 um L.D., application to
HPLC and CEC

200 um I.D. capillary
columns, IP-RP-
HPLC of nucleic
acids and RP-HPLC
of proteins and
peptides

8 mm I.D., derivatization
and hydrophilization

3mm, 1 mm, and 200 um
I.D., IP-RP-HPLC of
nucleic acids and
RP-HPLC of proteins,
peptides and small
molecules

5 and 8mm I.D., IEC of
proteins, MIC of
proteins by IMAC

250um I.D., IEC of
metal cations

100 and 150 um 1.D.,
CEC of small
molecules
(alkylbenzenes) and
styrene oligomeres

200pm I.D., HPLC
separation of proteins

Capillary format and
microchips, CEC
application

100pum I.D., HPLC
separation of proteins,
separation of small
molecules

320um L.D., HPLC of
small molecules

References

[24,134]

[135]

[136]

[49,137]

[138]

[139,140]

[141-144]

[145]

[146-148]

[149,150]

[151]

[150,152,153]

[154]
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TABLE 1.1 (continued)
Summary of Organic Monolithic Polymer Systems That Have Been Introduced in
Literature Listed Together with Their Mode of Polymerization, Porogenic Solvent, and
Their Key Application in HPLC and CEC Separation
Monomers Initiator Porogens Application References
HEMA/EDMA Photochemical, AIBN 1-Dodecanol/ Microfluidic devices, [155,156]
or DAP cyclohexanol or study of porosity,
MeOH/hexane hydrodynamic
properties and
on-chip SPE
HEMA, MAH/ Thermal, benzoyl Toluene Hydrophilic supports [157]
EDMA peroxide of AC
BMA, HEMA/ Thermal, AIBN 1-Propanol, 250 um L.D., HIC of [158]
BDDMA GDMA 1,4-butanediol, or proteins
cyclohexanol/1-
dodecanol
VAL, HEMA or Photochemical, DAP 1-Decanol/cyclohexanol 100 um LD. capillaries of ~ [159]
acrylamide/EDMA 50um L.D. Chips,
online bioreactors
Acrylamide, Thermal, AIBN Tetradecanol or 1mm LD., high [160]
VAL/EDMA dodecanol/oleyl throughput reactors
alcohol
GMA/TRIM Photochemical, Isooctane/toluene Study of porous [107]
benzoin methyl ether properties
SPE/EDMA or Photochemical, MeOH 2.6-2.7mm IL.D., IEC of [161,162]
TEGDMA benzoin methyl ether proteins
SPE/EDMA Thermal, AIBN MeOH 100 pum I.D., HILIC of [163]
polar compounds
Acrylate Supports
PEGMEA/PEGDA Photochemical, DAP Et,0/MeOH or 75um L.D., HPLC of [164]
cyclohexanol/ proteins and peptides
dodecanol/hexane
Butyl acrylate/ Thermal, AIBN EtOH/CH,Cl,/phosphate 75 and 100pm L.D., CEC  [165,166]
BDDA buffer, pH 6.8 of small molecules
Butyl acrylate mixed = Thermal, AIBN EtOH/ACN/phosphate 75 and 100um I.D., CEC ~ [166]
with #-butyl or buffer, pH 6.8 of small molecules
lauryl acrylate/
BDAA
AMPS/PEDAS Thermal, AIBN Cyclohexanol/ethylene 100 um I.D., CEC of [167]
glycol/water small molecules and
amino acids
Ethyl, butyl, hexyl, Photochemical, AIBN ~ EtOH/ACN/5SmM 100pm 1.D., CEC of [168,169]
lauryl acrylate/ phosphate buffer, small molecules, amino
BDDA pH 6.8 acids and peptides
HMAM, hexyl Chemical, Aqueous buffer 50um L.D., HPLC and [170]
acrylate PDA APS/TEMED CEC of small molecules
PA/1,2-phenylene Thermal, AIBN 2-Propanol/THF, 200 pum I.D., IP-RP- [171,172]
diacrylate CH,CI, or toluene HPLC of nucleic acids

and RP-HPLC of
proteins

(continued)
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TABLE 1.1 (continued)
Summary of Organic Monolithic Polymer Systems That Have Been Introduced in

Literature Listed Together with Their Mode of Polymerization, Porogenic Solvent, and
Their Key Application in HPLC and CEC Separation

Monomers Initiator Porogens Application References
(Meth)Acrylamide Supports
Acrylamide/MBAA Thermal, AIBN DMSO/(C,—C,,)- Hydrophilic supports of [106]
alcohols HPLC application
Acrylamide, butyl Thermal, benzoyl DMSO/(C,,—C,5)- 8mm I.D., HIC of [173]
acrylamide/MBAA peroxide alcohols proteins
MA, VSA, DMAA/ Chemical, 50mM phosphate buffer,  75um L.D., CEC of small [174,175]
PDA APS/TEMED pH7 molecules
Acrylamide/MBAA Chemical, Water 10mm I.D., [176-178]
acrylamide/AGE APS/TEMED SUpermacroporous
monoliths for
chromatography of
bioparticles
IPA, MA/PDA Chemical, 50mM (NH,),SO, 100 um I.D., NP-HPLC [179]
APS/TEMED of small molecules
Other Supports
NBE/DMN-H6 Chemical, Grubbs 2-Propanol/toluene Smm, 3mm, and 200 um [39-42]
type initiator 1.D., biopolymer
chromatography and
SEC of synthetic
polymers
BACM, CHD/ Thermal, — Poly(ethylene) glycol 100 um I.D., HPLC of [40]
TEPIC 200 and 300 small molecules, chiral
separations
MS/BVBDMS Thermal, AIBN 2-Propanol/THF, 200 pum I.D., IP-RP- [183]
CH,CI, or toluene HPLC of nucleic
acids and

RP-HPLC of peptides
and proteins

S, styrene; DVB, divinylbenzene; AIBN, o.,0’-azoisobutyronitrile; MS, methylstyrene; BVPE, 1,2-bis(p-vinylbenzyl)ethane;

GMA, glycidyl methacrylate; PEGMEA, poly(ethylene glycol) methyl ether acrylate; PEGDA, poly(ethylene glycol)
diacrylate; EDMA, ethylene dimethacrylate; BMA, butyl methacrylate; AMPS, 2-acrylamido-2-methylpropanesulfonic
acid; DAP, 2,2-dimethoxy-2-phenylacetophenone; APS, ammonium peroxodisulfate; TEMED, N,N,N’.N'-
tetramethylethylenediamine; HEMA, 2-hydroxyethyl methacrylate; MAH, N-methacryloyl-(L)-histidinemethylester;
EGDMA, ethylene glycol dimethacrylate; BDDMA, 1,3-butanediol dimethacrylate; GDMA, glycerol dimethacry-
late; VAL, 2-vinyl-4,4-dimethylazlactone; TRIM, trimethylolpropane trimethacrylate; SPE, N,N-dimethyl-N-
methacryloxyethyl-N-(3-sulfopropyl) ammonium betain; TEGDMA, triethylene glycol dimethyacrylate; BDDA,
butanediol diacrylate; PEDAS, pentaerythritol diacrylate monostearate; HMAM, N-(hydroxymethyl) acrylamide;
PDA, piperazine diacrylamide; PA, phenyl acrylate; MBAA, N,N’-methylenebisacrylamide; MA, methacrylamide;
VSA, vinylsulfonic acid; DMAA, N,N-dimethyl acrylamide; AGE, allyl glycidyl ether; IPA, isopropyl acrylamide;
NBE, norbon-2-ene; DMN-H6, 1,4,4a,5,8,8a-hexahydro-1,4,5,8-exo,endo-dimethanonaphthalene; BACM,
4-[(4-aminocyclohexyl)methyl]cyclohexylamine; CHD, trans-1,2-cyclohexanediamine; TEPIC, tris(2,3-epoxypro-
pyl) isocyanurate; BVBDMS, bis(p-vinylbenzyl)dimethylsilane.
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FIGURE 1.2 Morphology and porosity of a typical monolithic rod, prepared by copolymerization of organic
precursors. () SEM micrographs of organic monoliths, being fabricated by different polymerization tech-
niques: (1) thermally (AIBN) initiation, (2) photochemical (DAP) initiation, (3) chemical (APS/TEMED) ini-
tiation, and (4) norbornene monolith, Grubbs initiator. (Reprinted with permission from Wang, Q.C. et al.,
Anal. Chem., 65, 2243, 1993. Copyright American Chemical Society; Lee, D. et al., J. Chromatogr. A, 1051,
53, 2004; KornySova, O. et al., J. Chromatogr. A, 1071, 171, 2005; Mayr, B. et al., Anal. Chem. 73, 4071, 2001.
With permission from Elsevier.) (b) Differential pore size distribution curve of photochemically initiated
poly(butyl methacrylate-co-ethylene dimethacrylate) monoliths, showing typical monomodal macroporosity.
(Reprinted from Lee, D. et al., J. Chromatogr. A, 1051, 53, 2004. With permission from Elsevier.)

Several research groups, for instance, reported on the generation of weak anion exchanges by
reacting the epoxy functionalities with diethylamine [54-57]. The resulting diethylaminoethyl
monoliths—which are commercially available as CIM (Convective Interaction Media) in disk and
column format—have frequently been used for protein and oligonucleotide separation [58] as well
as for the purification of proteins and plasmid DNA [59-61].

On the other hand, cation-exchange monoliths based on GMA/EDMA monoliths have been real-
ized by grafting with 2-acrylamido-2-methyl-1-propanesulfonic acid or by modification of epoxy
groups using iminodiacetic acid [62,63].

In addition, the GMA/EDMA copolymer proved to serve as a basic unit for the fabrication of
highly permeable bioreactors in capillary format. Trypsin immobilization after epoxide ring open-
ing with diethylamine and attachment of glutaraldehyde is mentioned as the probably most promi-
nent example [64]. The immobilization of trypsin was also carried out using another class of reactive
monolithic methacrylate polymer, which is based on 2-vinyl-4,4-dimethylazlactone, acrylamide,
and ethylene dimethacrylate [65]. In contrast to GMA/EDMA, trypsin can directly be immobilized
onto this kind of monolith, as the 2-vinyl-4,4-dimethylazlactone moieties smoothly react with weak
nucleophils even at room temperature.

To conclude, it seems to be obvious that (meth)acrylate monolithic supports that can be prepared
by polymerization of a huge variety of chemically different monomers are very versatile due to their
broad diversity of surface chemistries.

1.2.1.3 Acrylamide-Based Monoliths

The first hydrophilic monoliths based on acrylamide chemistry were based on copolymerization of
acrylic acid and N,N’-methylene bis(acrylamide) in the presence of an aqueous buffer as porogen
[66]. Shortly after, the first hydrophobic capillary support for hydrophobic interaction chromatogra-
phy was fabricated by the substitution of acrylic acid by butyl methacrylate, whereas the monomer
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was copolymerized with N,N’-methylene bis(acrylamide) in a nonmodified (nonsilanized) capillary
[67], which caused material compression with water as mobile phase. In addition, the monolith
broke into several pieces and was therefore weak in performance. To solve the problem of support
compression, fused silica capillaries, which served as mold for polymerization, were pretreated with
a silanization agent in order to attach double bonds on the capillary inner wall. The modified capil-
lary was then used for the preparation of an IEX material, based on methacrylamide, acrylic acid,
and piperazine diacrylamide. As expected, the polymer was attached to the capillary inner wall and
enabled the separation of proteins without being compressed, when solvent pressure was applied
[68]. Since acrylamide-based monoliths generally represent polar support materials, they are pre-
dominately also used for separation in normal-phase mode. For that purpose, monolithic polymers
were prepared by polymerization of mixtures containing piperazine diacrylamide as cross-linking
agent and methacrylamide, N-isopropylacrylamide or 2-hydroxyethyl methacrylate, and vinylsulfo-
nic acid as monomers.

1.2.1.4 Norbornene-Based Monoliths

In contrast to the most frequently employed free radical polymerization technique, Buchmeiser
et al. introduced a novel class of monolithic polymer supports by employing ROMP [36,69]. This
approach employed mixtures of norborn-2-ene and DMN-H6 that were copolymerized in the pres-
ence of appropriate porogenic solvents and a Grubbs-type ruthenium catalyst as initiator. The
resulting hydrophobic polymers showed surprisingly similar morphological characteristics than
that known for other organic polymer monoliths, prepared by thermally or photochemically ini-
tiated free radical polymerization (Figure 1.2a). ROMP-derived monolithic supports have been
successfully applied to the separation of biopolymers in conventional column as well as in cap-
illary format [38,70-72]. In addition, high-throughput screening of synthetic polymers can be
accomplished [39].

1.2.1.5 Fabrication of Organic Monoliths

Because of the fact that organic polymers are known to suffer from swelling or shrinkage on chang-
ing the solvent [73,74], the inner wall of the column housings (fused silica capillaries or borosilicate
columns) has—prior to polymerization—to be derivatized in order to provide chemical attachment
of the monolith rod to the wall.

Even if this procedure does not influence (enhance) the swelling properties of the polymer itself,
it prevents the packing from being squeezed out of the column housing on employing a weak solvent
(e.g., water for hydrophobic polymers like PS/DVB) at high pressure. The most frequently employed
method for inner wall derivatization relies on the condensation of surface silanol groups with
bifunctional 3-(trimethoxysilyl)propyl (meth)acrylate according to the synthesis scheme, depicted
in Figure 1.3a and b [75].

“In situ” (Latin for “in the place”) polymerization means the fabrication of a polymer network
directly in the finally desired shape and geometry. In the context of monolithic separation columns,
the term in situ is referred to the polymerization in the confines of a HPLC column or a capillary
as mold.

The preparation of a polymer monolithic column is relatively simple and straightforward com-
pared with that of silica rod. Most frequently employed method of polymerization is the thermally
initiated, free radical copolymerization. A mixture consisting of the monomer, a cross-linking
agent, an initiator (often AIBN), and in the presence of at least one, usually two inert, porogenic
solvents is put in a mold (typically a tube) or in a capillary column. Then the filled columns are
sealed on both ends. The polymerization is started by heating the column in a bath at a temperature
of 55°C-80°C or by UV light, depending on the initiator agent (see Figure 1.3c considering PS/DVB
as example). After completion of the polymerization, the column is flushed with a suitable solvent
to remove porogens and nonreacted residues.
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FIGURE 1.3 Schematic representation of the silanization procedure of borosilicate or fused silica capil-
lary column inner walls. (a) Surface etching under alkaline conditions, (b) attachment of reactive groups by
condensation with silanol, (c) chemical linkage of polymer (PS/DVB considered as example) by free radical
polymerization.

1.2.2 INORGANIC MONOLITHS

1.2.2.1 Silica-Based Monoliths

The basic studies dealing with the preparation of continuous porous silica materials date back to
1991 [76-78]. Two years later, Nakanishi and Saga applied for a patent describing the fabrication of
monolithic silica rods for chromatographic application [79-81], whereas a second protocol for the
preparation of continuous silica rods was independently filed by Merck KGaA in Germany [82].

First comprehensive investigations with respect to the properties of continuous porous silica rods
were, however, carried out by Tanaka and Fields in 1996 [33,34,83], who reported on two different
methods for the preparation of silica monoliths.

Fields used an approach similar to that of casting column end frits in fused silica tubings for
particle-packed capillary HPLC columns. A monolithic reversed-phase column was fabricated by
filling a fused silica capillary with a potassium silicate solution, followed by heating at 100°C and
drying with helium at 120°C. Derivatization with hydrophobic end groups was accomplished flush-
ing the column with a solution of ODS in dry toluene while heating at 70°C [34]. Unfortunately, the
morphology of the silica material produced by this method was heterogeneous.

Silica monolith fabrication by a sol—gel approach was reported by Tanaka at the same time [33].
Following this protocol, the preparation of more uniform and homogeneous monolithic structures
have been achieved, yielding continuous rods with 1-2 um through-pore size, 5-25 um mesopore
size, and surface areas of 200—400 m?/g. Because of the capability of precisely controlling and vary-
ing the morphology and porous properties of the evolving inorganic monolithic structure, the sol—gel
approach is nowadays most commonly applied for the preparation of silica-based monoliths.

The morphology of a typical inorganic monolith is fundamentally different from that of organic
polymers (Figure 1.4a). The structure is rather sponge- than brush-like and is constructed by inter-
connected silica rods in the low micrometer size. This composition leads to a discrete distribution of
flow channels, which can be deduced by comparison of macropore distribution of a typical organic
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FIGURE 1.4 Morphology and porosity of a typical monolithic rod, prepared by copolymerization of silane
precursors. (a) SEM micrograph of the fractured surface of a monolithic silica gel rod. (b) Pore size distribu-
tion of a representative monolithic silica rod. (Reprinted from Guiochon, G., J. Chromatogr. A, 1168, 101,
2007. Copyright 2007, with permission from Elsevier.)

(Figure 1.3b) and inorganic (Figure 1.4b) monolithic rod. The most important difference between
the two types of monoliths, however, is directed to the distribution of mesopores. While organic
monoliths do only possess a noteworthy amount of small pores (<50 nm), silica-based supports are
characterized by a distinct bimodal pore size distribution of macropores (low micrometer range)
and mesopores (5-30nm, dependent on the conditions of polymerization) (Figure 1.4b).

Although inorganic, monolithic columns attracted considerable attention in the last 10 years, the
preparation of silica-based monoliths does not yet offer the broad chemical variety of precursors
and porogens for specific adjustment of separation compared with their organic counterpart. The
preparation of silica monoliths uses the classical sol—gel process of hydrolysis and polycondensation
of organosilicium compounds.

1.2.2.2 Fabrication of Silica-Based Monoliths

Monolithic silica columns can be prepared either in a mold (6—9mm L.D. glass test tube) or in a
fused-silica capillary. A considerable volume reduction of the silica monolith appears by the fabrica-
tion of a mold. The diameters of products are approximately 4.6—7 mm when a glass test tube of 6 and
9mm L.D. was used. To cover the resulting silica rod, PTFE tubings or PEEK resins are frequently
applied to produce a column for HPLC. The length of these columns is limited to about 15cm or
shorter. PEEK-covered monolithic silica columns, so-called chromoliths, are commercially available
at 5-10cm length and can withstand inlet pressure of up to 120kg/cm? (Merck, Germany).

For capillary applications, the silica network structure must be grafted to the tube wall to fix the
monolith in a fused silica capillary in order to prevent shrinkage of the skeletons. Smaller diameter
tubes (5S0um 1.D.) performed better than larger-sized tubes.

The preferentially employed approach for the fabrication of inorganic (silica) monolithic materi-
als is acid-catalyzed sol—gel process, which comprises hydrolysis of alkoxysilanes as well as silanol
condensation under release of alcohol or water [84—86], whereas the most commonly used alkoxy-
silane precursors are TMOS and tetraethoxysilane (TEOS). Beside these classical silanes, mixtures of
polyethoxysiloxane, methyltriethoxysilane, aminopropyltriehtoxysilane, N-octyltriethoxysilane with
TMOS and TEOS have been employed for monolith fabrication in various ratios [87]. Comparable
to free radical polymerization of vinyl compounds (see Section 1.2.1.5), polycondensation reactions
of silanes are exothermic, and the growing polymer species becomes insoluble and precipitates
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at a certain stage, being referred to as phase separation, whereas the solubility of the oligomers
decreases with increasing degree of polymerization.

Even if Nakanishi and Soga initially employed polyacrylic acid as porogenic solvent [76-78],
silica monoliths are nowadays generally fabricated in the presence of a defined porogen system
including poly(ethylene glycol) and PEO [88]. The morphology of the macroporous monolithic sil-
ica network can effectively be controlled in wide ranges of volume fraction, pore connectivity, and
average pore size (macropore formation) by modifying the solvent composition (water/alcohol) and
the ratio of the porogen additive to monomers [88]. Other porogen additives have been reported.
The addition of urea was reported by Ishizuka et al. [89]; Saito et al. investigated D-sorbitol [90].
However, poly(ethylene glycol) and PEO are by far the most routinely employed porogens.

In order to increase column stability (enhancement in stiffness and strength of the rod) and to
increase the fraction of mesopores, the monolithic silica rods have to be subjected to an “aging”
procedure after polymerization [76,91]. Aging in the presence of alkaline solutions has a strong
influence on the size distribution of mesopores, whereas column treatment with acidic or neutral
solution shows less or no effects regarding mesoporosity. While the pH of the aging solution mainly
influences the average pore size of the support, increasing temperature during aging broadens the
pore size distribution by controlling the formation rate of the pore network. That way, large average
pore sizes have been obtained, but unfortunately being connected with in a considerable decrease of
internal porosity of the gel. In order to yield mesopores in the range of 14-25 nm, frequently employed
aging conditions are 0.01 M aqueous solution of ammonium hydroxide at 80°C-120°C [91].

The chemical procedure of attaching alkyl chains or other functional chemical group to bare silica
monoliths essentially is the same as for conventional silica particles, whereas the rod is immersed
in or flushed with an appropriate solution for the necessary period of time at a suitable tempera-
ture. For linking octadecyl groups on the silica surface, octadecyldimethyl-N,N-diethylaminosilane
(ODS-DEA) is frequently used [92]. A remarkable approach for octadecylation of bare silica rods
has recently been reported [93]. After derivatization of surface silanol groups with 3-methacryloxy-
propyltrimethoxysilane, the silica capillary monoliths were grafted with octadecyl methacrylate
to result in a inorganic poly(octadecyl methacrylate) (ODM) column. Comparison of the chro-
matographic characteristics of these ODM columns with ODS-DEA derivatized silica monoliths
revealed that aromatic compounds with rigid and planar structures and low length-to-breadth ratios
as well as acidic analytes seem to have more retention for polymer-coated stationary phase (ODM).
That way, the polymer-coated octadecyl column enabled separation of some polycyclic aromatic
hydrocarbons (PAHs), alkyl phthalates, steroids, and tocopherol isomers that could not be separated
under the same conditions on ODS columns.

1.2.2.3 Metal Oxide and Carbon Monoliths

Metal oxides are inert materials that exhibit higher stability under strongly acidic, basic, or oxidiz-
ing solutions then conventional silica materials. They are even stable at elevated temperatures. All
these advantageous properties attract scientific attention on metal oxide materials as new supports
for enhanced HPLC application.

Monolithic columns consisting of various oxides, in particular aluminum, hafnium, and
zirconium oxides [94,95], have recently been introduced. The authors report on the preparation of
monolithic 50 wm capillary columns by in situ copolymerization of an aqueous solution of hafnium
or zirconium chloride with propylene oxide in the presence of N-methylformamide as porogen. The
polycondensation reaction was carried out in pretreated and sealed capillary tubes at 50°C. SEM pic-
tures of fabricated hafnia and zirconia columns revealed microglobular, interconnected structures
(one to a few micrometers in diameter), being criss-crossed by through-pores. NP chromatography
of pyrazole and imidazole, however, exhibit exceedingly strong peak-tailing, which may indicate
insufficient specific surface area and/or a heterogeneous surface of the stationary phase [95].

Randon et al. reported on an alternative approach for the preparation of zirconia monoliths [96].
The sol—gel process is initiated by hydrolysis of an ethanolic zirconium alkoxide solution, on addition
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of an aqueous solution of acetic acid at 30°C. Mixtures of polyethylene glycol and n-butanol have
been employed as porogen. The resulting metal oxide monolithic rods were structures by porons in
the range of 2 um, resulting in average through-pore diameter of 6 um.

Taguchi et al. [97] and Liang et al. [98,99] reported on the preparation of monolithic carbon
columns, which exhibit a hierarchical, fully interconnected porosity. Silica particles (10 um) have
been suspended in an aqueous solution, containing ethanol, FeCl,, resorcinol, and formaldehyde.
After polymerization, the solid rod was dried, cured, and carbonized by raising temperature to
800°C and finally up to 1250°C. Finally, concentrated HF was used to remove silica and iron chlo-
ride. Even if carbon have been shown to possess a high specific surface area (up to 1115 m?/g), their
chromatographic efficiency is moderate (HETP of 72 um).

1.2.3 CHROMATOGRAPHIC CHARACTERISTICS OF MONOLITHIC COLUMNS

Monolithic stationary phases have to be regarded as the first substantial further development of
HPLC columns, as they present a single particle separation medium, made up of porous polymer. As
a consequence of their macroporous structure, they feature a number of advantages over micropar-
ticulate columns in terms of separation characteristics, hydrodynamic properties, as well as their
fabrication:

*  Monolithic columns are comparatively easy to prepare. This is particularly true for capil-
lary columns, which are known to be tedious to pack with particles. Furthermore, the
reproducibility of microcolumn packing is low.

e Due to the fact that the polymer can chemically be attached to the column wall during
polymerization, monolithic stationary phases do not necessitate frits to retain the column
packing.

* Monolithic stationary phases do not possess interparticulate voids, which results in
enhanced separation efficiency due to reduced band broadening.

e Due to the macroporous structure of monolithic stationary phases (flow channels), the
solvent is forced to pass the entire polymer, leading to faster convective mass transfer
(compared to diffusion), which provides for analyte transport into and out of the stagnant
pore liquid, present in the case of microparticulate columns.

*  Monolithic materials exhibit reduced flow resistance, which results in high permeability
and consequently high speed of separation.

Even if the diminishment of interparticulate voids as well as the convective mass transfer are gen-
erally assumed to be the main reasons for the enhanced chromatographic properties of monolithic
columns, the characteristics of organic and inorganic monolithic supports have to be separately
discussed and evaluated, since they have been shown to complement one another regarding their
applicability [29,100].

Organic monoliths have been proven to be efficient stationary phases for the separation of
biomolecules, including proteins, peptides, oligonucleotides, as well as DNA fragments. This can
be ascribed to their monomodal macropore size distribution (see Figure 1.2b), which satisfies all
requirements for the resolution of high-molecular-weight compounds. Their chromatographic effi-
ciency toward small molecules, however, has been shown to be extensively poor, due to missing or
insufficiently available fraction of mesopores.

Inorganic silica monoliths, on the other hand, possess a bimodal pore size distribution of flow
channels and mesopores (see Figure 1.4b), which substantiate their potential for the separation of
low-molecular-weight compounds with high speed and resolution power. The analysis of biopoly-
mers (especially biomolecules of high molecular weight, like proteins or DNA fragments), how-
ever, is limited due to the absence of macropores, being necessary for resolution of large analytes
(average pore diameter: 50 to several 100 nm).
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1.3 PORE FORMATION OF ORGANIC AND INORGANIC MONOLITHS

1.3.1 GEeNERAL PORE FORMATION MECHANISM OF ORGANIC MONOLITHS

Due to the fact that thermally initiated free radical copolymerization is by far the most routinely
employed method for fabrication of organic monolithic stationary phases, the pore formation
mechanism is discussed for this particular kind of polymerization.

Other modes of copolymerization, like photochemically or chemically initiated free radi-
cal polymerization, ROMP, or polycondensation reactions, in the presence of inert diluents are,
however, supposed to be comparable with respect to the formation of support porosity.

The polymerization mixture for the preparation of rigid, macroporous monolithic materials in an
unstirred mold generally contains a monovinyl compound (monomer), a divinyl compound (cross-
linker), an inert diluent (porogen), as well as an initiator. The mechanism of pore formation of such
a mixture has been postulated by Seidl et al. [101], Guyot and Bartholin [102], and Kun and Kunin
[103] and can be summarized as in the following text.

The thermal initiator, present in the polymerization mixture, decomposes at a certain temperature
accompanied by disposal of radicals that initiate the polymerization reaction of monomer as well
as cross-linking molecules in solution. After becoming insoluble in the employed polymerization
mixture (strongly dependent on the nature of porogenic solvent and on the degree of cross-linking),
the polymer nuclei precipitate.

This early stage of polymerization is referred to as phase separation or gel point and describes
the transition from liquid to solid-like state. At this point in time, nonreacted monomers are thermo-
dynamically better soluble in the swollen polymer nuclei than in the solvent, which causes the rate
of further polymerization in the polymer globules to be larger than in the surrounding liquid (higher
local monomer concentration in the swollen nuclei than in solution). The precipitated, insoluble
nuclei thus increase in size as a result of polymerization in the polymer microspheres as well as of
adsorption of polymer chains from the surrounding solution, whereas the high cross-linking charac-
ter of the globuli prevents their mutual penetration and loss in individuality due to coalescence.

At a certain volume extension, the nuclei are subjected to chemical association (reaction of
cross-linking agent) with other nuclei in their immediate vicinity in order to form polymer clus-
ters (see Figure 1.1). These clusters still keep dispersed in the liquid porogen mixture, until their
increase in size due to proceeding polymerization enables their mutual contact, thereby building a
scaffolding structure that pervades the whole porogen mixture. Comparable to the polymer clus-
ters, the development of the polymer scaffold is ascribed to cross-linking reactions that provide for
chemical linkage among the clusters. Finally, the polymer skeleton is tightened by further capture
and addition of polymer chains that still evolve in solution.

The resulting porosity of the monolithic polymer is thus defined as the space inside the poly-
mer being occupied by porogens and—in case of uncomplete monomer conversion—nonreacted
monomer as well as cross-linker. Consequently, the overall porosity is composed by three different
contributions (listed in their chronological order of development during polymerization and in the
order of increasing mean pore size):

* Free space inside the polymer microglobules that precipitate at early stages of polymeriza-
tion as (monomer) swollen globules

* Free space inside the polymer clusters, arising after chemical linkage of microglobules in
solution

e Space between the polymer clusters that build the scaffold by chemical linkage at late
stages of polymerization

As being indicated above, the resulting overall porosity of the monolithic polymer can be influenced
and controlled by the nature and composition of the porogenic solvent as well as the amount of
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cross-linker. Furthermore, a number of additional parameters have been described and discussed in
literature in order to tailor and fine-tune the porous properties of organic monoliths.

1.3.2 CoNTtROL OF THE POROUS PROPERTIES

1.3.2.1 Influence of the Monomer to Cross-Linker Ratio

Increasing the amount of cross-linking agent (divinyl compound) at expense of monomer causes
a decrease in pore size, which is accompanied by a distinct increase in surface area [101-104].
Even if this has been observed for macroporous beads prepared by suspension polymeriza-
tion, the results can directly be transferred to the fabrication of rigid monolithic materials in
an unstirred mold by thermally [105,106] as well as photochemically [107] initiated free radical
copolymerization.

The experimentally elaborated effect of cross-linker on the porous properties of monolithic poly-
mers is in accordance with the postulated mechanism of pore formation, presented in Section 1.3.1.
The higher the amount of cross-linker, the higher the cross-linking degree of the dissolved polymer
chains at early stages of the polymerization. This in turn causes an early occurrence of phase sepa-
ration. Due to high cross-linking, the precipitated polymer globules exhibit a low degree of swelling
with monomers, which keeps the rate of polymerization within the globules and thus the growth of
the nuclei low.

On the other hand, the polymerization that occurs in the surrounding solvent (porogen mixture)
is comparatively high. Furthermore, the high amount of good solvating monomer in solution causes
the polymer chains to be subjected to a low probability of adsorption to the precipitated preglobules.
As a result, the mean globule diameter of the polymer scaffold is reduced with increasing cross-
linker content, leading to small interglobular voids and thus pore size.

1.3.2.2 Influence of the Porogenic Solvent

The formation of macroporous monolithic polymer supports is ascribed to a phase separation of
small polymer nuclei due to their limit of solubility in the surrounding polymerization mixture
(mixture of inert diluent and reactive monomers). The phase separation is thus a function of both the
ability of the porogens to dissolve the growing nuclei as well as the degree of polymer cross-linking.
At constant amount of cross-linking agent in the polymerization mixture, the point in time of phase
separation is consequently only dependent on the choice and composition of the porogens.

Generally, the lower the dissolving properties of the porogenic solvent for a given evolving
copolymer system, the larger the mean pore size of the polymer after complete monomer conver-
sion [105]. Figure 1.5 illustrates two examples. Figure 1.5a shows the effect of the 1-dodecanol
to cyclohexanol ratio on the pore size distribution of monolithic poly(glycidyl methacrylate-co-
ethylene dimethacrylate). As cyclohexanol is—due to higher hydrophilicity—known to be a better
solvent for this particular methacrylate system than 1-dodecanol, an increase in the fraction of the
latter results in an increase in pore diameter. Figure 1.5b illustrates a similar study for monolithic
PS/DVB. Regarding PS/DVB, 1-dodecanol is a poorer solvent than toluene, whose ability to dis-
solve styrene polymers is known to be excellent. Again, an increase in the solubility properties of
the porogenic solvent (addition of toluene to 1-dodecanol) results in a tremendous decrease in pore
size of the monolithic polymer.

Since the ability of the porogen or a porogen mixture to dissolve a certain polymer system can
usually hardly be estimated without experimentation, the effect of porogens on the overall porosity
of monolithic materials is widely empirical.

The fact that adding a better solvent to the mixture results in a shift of the distribution to smaller
pore sizes has been explained by the mechanism of pore formation, postulated for macroporous
resins in the late 1960s [101-103]. The addition of a poor solvent causes the phase separation to
occur early, whereas the precipitated polymer nuclei are swollen with monomers, which present a
better solvating agent than the porogen. Due to the high monomer concentration within the globuli,
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FIGURE 1.5 Influence of porogens on the porosity of poly(glycidyl methacrylate-co-ethylene dimethacry-
late) and poly(styrene-co-divinylbenzene) monoliths. (a) Effect of 1-dodecanol in the porogenic solvent on
differential pore size distribution curves of molded poly(glycidyl methacrylate-co-ethylene dimethacrylate).
Conditions: polymerization time 24 h, temperature 70°C, polymerization mixture: glycidyl methacrylate 24%,
ethylene dimethacrylate 16%, cyclohexanol and 1-dodecanol content in mixtures: 60% +0% (1), 57% +3%
(2), 54% +6% (3), and 45% +15% (4). (b) Effect of toluene in the porogenic solvent on differential pore size
distribution curves of molded poly(styrene-co-divinylbenzene) monoliths. Conditions: polymerization time
24 h, temperature 80°C, polymerization mixture: styrene 20%, divinylbenzene 20%, 1-dodecanol and toluene
content in mixtures: 60% +0% (1), 50% + 10% (2), 45% + 15% (3), and 40% +20% (4). (Reprinted with permis-
sion from Viklund, C. et al., Chem. Mater., 8, 744, 1996. Copyright 1996, American Chemical Society.)

the rate of polymerization there is higher than in the surrounding solution, which affects the nuclei
rapidly to gain in size. In addition, polymer chains, growing in solution, are subjected to a high
probability of adsorption to the chemically similar globules, which further increases their size.

The addition of a good solvent, on the other hand, causes the phase separation to occur at later
stages of the polymerization, whereas the better porogenic solvent competes with the monomers in
the solvation of the precipitated globules. As a consequence, the concentration gradient of mono-
mers is not in that high gear; the growth of the nuclei is decelerated, while the polymerization
in solution is promoted and the evolving polymer chains are subjected to a low probability for
adsorption to the preglobules. As a result, the porous polymers, fabricated in the presence of good
solvating solvents, exhibit smaller microglobules on average and thus a distinctive reduction in
pore size.

1.3.2.3 Influence of the Polymerization Temperature

An increase in polymerization temperature decreases the mean pore size diameter, as it has been
shown by bulk polymerization experiments with subsequent evaluation by mercury intrusion poro-
simetry (MIP) [108,109]. This is demonstrated in Figure 1.6a and b, where the overall porosity
of poly(glycidyl methacrylate-co-methylene dimethacrylate) copolymers, resulting from different
polymerization temperatures and polymerization techniques, is compared. The effect of the polym-
erization temperature is in accordance with the generally accepted mechanism of pore formation of
thermally initiated polymerization in the presence of a precipitant (porogen) [101-103]. The higher
the temperature, the faster the rate of initiator decomposition and the larger thus the number of
free radicals available in solution. Consequently, the number of polymer chains and the number
of precipitating globules at the point of phase separation is magnified. At constant monomer as
well as cross-linker content, a larger number of microglobules necessarily results in smaller nuclei
diameters, which in turn causes the interglobular voids as well as the voids between the chemically
linked clusters to decrease.
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FIGURE 1.6 Influence of the polymerization temperature on the porosity of poly(glycidyl methacrylate-
co-ethylene dimethacrylate) monoliths determined by MIP. (a) Differential pore size distribution curves of
the poly(glycidyl methacrylate-co-ethylene dimethacrylate) rods, prepared by 22h polymerization at a tem-
perature of 55°C (#), 12h at 70°C (M), and a temperature increased during the polymerization from 50°C to
70°C in steps by 5°C lasting 1h each and kept at 70°C for another 4h ([J). (Reprinted with permission from
Svec, F. and Fréchet, JM.J., Chem. Mater., 7, 707, 1995. Copyright 1995, American Chemical Society.) (b)
Differential pore size distribution curves of the poly(glycidyl methacrylate-co-ethylene dimethacrylate) rods,
prepared by 22h polymerization at a temperature of 55°C (3), 12h at 70°C (1), and a temperature increased
during the polymerization from 50°C to 70°C in steps by 5°C lasting 1h each and kept at 70°C for another 4h
(2). (Reprinted with permission from Svec, F. and Fréchet, J.M.J., Macromolecules, 28, 7580, 1995. Copyright
1995, American Chemical Society.)

1.3.2.4 Influence of the Initiator

The choice of initiator is closely associated with the porosity of the resulting monolithic support,
provided that the decomposition rates of the initiators at a given temperature are different [109].
Substitution of AIBN by benzoyl peroxide, for example, causes a shift in the pore size distribution
to higher pores, which can be ascribed to the decomposition rate of benzoyl peroxide being four
times slower than that of AIBN [110]. The impact of the type of initiator is thus based on the same
explanation than the effect of the polymerization temperature (see Section 1.3.2.3). The higher the
decomposition rate, the higher the amount of polymer chains, evolving in solution, which results
in a large number of precipitated microglobules and finally small voids between them. In addition,
the initiator content acts on the same principle, as—at a given point in time—the number of free
radicals in solution is directly proportional to the original amount of thermal initiator used. The
higher the relative percentage of initiator, the smaller the mean pore size of the monolithic polymer
network after complete polymerization.

1.3.2.5 Influence of the Polymerization Time

The polymerization time as a polymerization parameter for adjustment of the porous properties of
thermally initiated copolymers has recently been characterized [111]. A polymerization mixture
comprising methylstyrene and 1,2-bis(p-vinylbenzyl)ethane as monomers was subjected to ther-
mally initiated copolymerization for different times (0.75, 1.0, 1.5, 2, 6, 12, and 24 h) at 65°C. The
mixtures were polymerized in silanized 200 um L.D. capillary columns as well as in glass vials for
ISEC and MIP/BET measurements, respectively.

The results of the MIP analyses of the bulk polymers are illustrated in Figure 1.7. It could be dem-
onstrated that the polymerization time is capable of influencing the shape of the pore distribution
itself, rather than shifting a narrow macropore distribution (and thus the pore-size maximum) along
the scale of pore diameter (see effect of the porogenic solvent in Section 1.3.2.2 and Figure 1.5). On
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FIGURE 1.7 Influence of the polymerization time on the porosity of monolithic MS/BVPE polymer net-
works, determined by MIP. Reduction of the polymerization time converts a narrow monomodal pore distri-
bution into a broad bimodal distribution, comprising mesopores.

a severe decrease in the polymerization time, a typical monomodal macropore distribution (being
generated at a time >6h) is stepwise converted into a comparatively broad bimodal distribution (see
Figure 1.7, 60 and 45 min). At way, an initial pore maximum of 1.09 um (12, 6, and 2 h) is systemati-
cally split up into two pore maxima of 0.28 and 2.21 um in the case of a total polymerization time of
1h, and 0.075 and 2.21 um in the case of 45 min. As it can be derived from Figure 1.7, these addressed
displacements and departments of the initial main pore maximum, being characteristic for long time
free radical copolymerizations, are closely connected with a considerable increase in the fraction
of small macropores (in the range of 50-200nm) as well as in the fraction of mesopores (<50 nm),
which in turn should be associated with an increase in specific surface area of the materials.

BET measurements (Table 1.2) prove the increase in mesopores, as decreasing the total
polymerization time from 24 h to 45min causes S, to raise by a factor of 30, resulting in S,~80 m?/g,
which is comparable to silica particles with a mean pore diameter of 300 A [112,113].

Even if MIP and BET are widely accepted regarding the characterization of HPLC stationary
phases, they are only applicable to the samples in the dry state. In order to investigate the impact
of polymerization time on the porous properties of “wet”” monolithic columns, ISEC measurements
of 200 um L.D. poly(p-methylstyrene-co-1,2-bis(vinylphenyl)ethane) (MS/BVPE) capillary columns
(prepared using a total polymerization time ranging from 45 min to 24h) have been additionally
evaluated (see Table 1.2 for a summary of determined € values). On a stepwise decrease in the time
down to 45 min, the total porosity (g, is systematically increasing to about 30% in total (62.8% for
24h and 97.2% for 45 min). This is caused by a simultaneous increase in the fraction of interparticu-
late porosity (€,) as well as the fraction of pores (€,). The ISEC measurements are in agreement with
those of the MIP as well as BET analyses, as an increase in Sp should be reflected in an increase in
€, and as the relative increase in the total porosity (caused by decreasing the polymerization time
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TABLE 1.2

Influence of the Polymerization Time on the Porous Properties of
Monolithic MS/BVPE Networks, Considering Capillary Columns

(80 x 0.2mm 1.D.) for ISEC and Glass Vial Bulk Polymers for MIP and BET

Measurements

o Porosity Data Surface Area
Polymerization
Time (min) & (%)? & (%)P g, (%)® g, (%)° S, (m?/g)? S, (m?/g)*
45 89.9 97.12 71.39 25.73 75.5 77.2
60 81.4 91.12 68.18 22.94 50.3 524
90 78.4 89.03 67.49 21.54 49.5 48.2
120 76.0 82.21 60.99 21.22 33.3 43.7
360 67.9 76.55 55.61 20.94 25.1 30.0
720 67.0 70.20 49.76 20.44 23.8 27.2
1440 65.8 62.81 42.62 20.19 22.9 26.8

@ Calculated from MIP data.
b Calculated from ISEC retention data.
¢ Calculated from BET.

from 24h to 45 min) calculated from MIP as well as ISEC data is in the same order of magnitude
(36% and 54% for MIP and ISEC, respectively) (see Table 1.2).

Figure 1.8 shows the influence of the polymerization time on the separation efficiency and
resolution of MS/BVPE columns toward biomolecules (e.g., oligonucleotides) and small molecules
(e.g., phenols).

1.4 CHARACTERIZATION OF MONOLITHS AND DETERMINATION
OF THE POROUS PROPERTIES

Porosity is one of the most important properties of a stationary phase, since it severely influences the
chromatographic column performance, the speed of separation, as well as the specific surface area and
consequently loading capacity. Porosity refers to the degree and distribution of the pore space pres-
ent in a material [114]. Open pores indicate cavities or channels, located on the surface of a particle,
whereas closed pores are situated inside the material. The sum of those pores is defined as intrapartic-
ular porosity. Interparticular porosity, in contrast, is the sum of all void volume between the particles.
According to their diameter, pores have been internationally (IUPAC) classified as follows [114]:

Micropores—pore diameter smaller than 2nm
Mesopores—pore diameter bigger than 2 nm and smaller than 50 nm
Macropores—pore diameter bigger than 50nm

For means of determination and quantification of the material porosity, different methods like
mercury intrusion porosity, nitrogen gas adsorption, or inverse-size exclusion chromatography
(ISEC) have been established and are nowadays routinely employed for that purpose. As an alterna-
tive to these well-known methods, a new approach based on near-infrared spectroscopy (NIR) for
the characterization of monoliths is introduced in this chapter.

1.4.1 DETERMINATION OF THE POROUS PROPERTIES

1.4.1.1 Mercury Intrusion Porosimetry

MIP is a method for the direct determination of pore diameters (or a distribution of pore diameters)
based on the volume of penetrating mercury as a not-wetting liquid at a certain pressure being applied.
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FIGURE 1.8 Influence of the polymerization time on the separation efficiency and resolution of monolithic
MS/BVPE capillary columns (80x0.2mm I.D.) toward biomolecules (considering oligonucleotides as exam-
ple) and small molecules (considering phenols as example). Chromatographic conditions: oligonucleotides:
0%—-20% B in 1 min and 20%-35% in 7min, 7pL/min, 60°C, UV 254nm, inj.: 500nL, 5ng total; phenols:
0%-50% B in 5min, 10 puL/min, 50°C, UV 254 nm, inj.: 500nL, 10ng each.

The principle of measurement is based on the fact that mercury does not wet most substances and thus,
it will not penetrate pores by capillary action. Surface tension opposes the entrance of any liquid into
pores, provided that the liquid exhibits a contact angle greater than 90° [115,116]. Therefore, external
pressure is required to force the liquid (mercury in this case) into the pores of the material. The pres-
sure that has to be applied to force a liquid into a given pore size is given by the Washburn equation,

p:_2GCOS@ 1.1

r

where
p is the applied pressure
r is the pore radius
¢ is the surface tension
O is the contact angle of the liquid
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It has to be noted that this relation is only valid for pores, possessing cylindrical shape. From
Equation 1.1, it gets apparent that under zero pressure, none of the nonwetting liquid will enter
the pores of the immersed material. If now the pressure is raised to a certain level, the liquid will
penetrate pores possessing radii greater than that calculated from Equation 1.1. Consequently, the
higher the pressure that is applied, the smaller the pores that are penetrated by the liquid.

The experimental accomplishment of an MIP experiment can be summarized as follows: The
porous sample is placed in a dilatometer. After evacuation, the dilatometer is filled with mercury,
whereas it has to be taken care that no air bubbles remain. Finally, pressure is applied on the mer-
cury column. Depending on the size of the pores, mercury is intruding the fraction of open pores at
a given applied pressure. The change in volume, which is indicated on the scale of the dilatometer,
is registered at each applied pressure, resulting in a graph that presents the cumulative intrusion vol-
ume as a function applied pressure. Since the pressure is indirectly proportional to the pore radius
according to Equation 1.1, the size of pores can be plotted against the cumulative volume, which is
described as the total volume of mercury, penetrating the porous material at a given pressure.

These raw data, provided by an MIP measurement, enable the calculation of a number of param-
eters that are necessary and helpful for the interpretation of a porous structure:

* The volume pore size distribution, which is defined as the pore volume per unit interval of
the pore radius can be determined by building the first derivation of the cumulative volume
by the pore radius.

* The total pore volume can directly be determined by the raw data, as it is equal to the
cumulative volume at the highest pressure applied.

* The specific surface area is calculated as the area of the intrusion curve that results by
plotting the cumulative volume versus the pore radius [117].

e The mean pore diameter is described by the pore diameter occurring with highest
frequency and is the maximum of the volume pore size distribution curve and can be
calculated from the total pore volume and the specific surface [118].

1.4.1.2 Nitrogen Adsorption

Nitrogen sorptiometry, also referred to as BET method (named after their inventors Brunauer [202],
Brunauer and Emmet [203], and Teller and coworkers [204]), is an approach for the determination
of the specific surface area of a (porous) support material based on the multilayer adsorption of
nitrogen at the temperature of liquid nitrogen (77 K) according to following procedure:

Sample is placed in a U-shaped glass tube with defined weight, connected to the sorptiometer,
and baked out under a constant carrier (He) gas flow to remove all adsorbed water. Afterward, the
sample is cooled to RT and the volumetric flow rate of the carrier is determined. Adsorption gas
(N,) is added, the total volumetric flow is registered, and the sample is cooled to 77 K by means of
immersing the U-shaped tube into liquid nitrogen. After removal of the nitrogen dewar, the desorp-
tion peak is registered by an appropriate detection unit. Finally, a defined volume of calibration gas
(N,) is injected and detected. This procedure is repeated for different adsorption gas flow rates.

The mole fraction of the carrier as well as of the adsorption gas can be calculated by their volu-
metric flow rates and enable the determination of the N, partial pressure at a certain air pressure.
Desorption peak as well as calibration peak are integrated. The amount of injected calibration
gas can be calculated according to the ideal gas equation. By comparison of the peak areas of the
calibration and desorption signal, the adsorbed amount of N, can be determined. The measuring
points (partial pressure of N, versus adsorbed amount of N,) are then plotted according to the BET
theory [204]. The resulting linear plot allows the calculation of the amount of N,, being necessary
for monolayer coverage (n,,), which further enables the calculation of the specific surface area by
multiplication of n,, with the place, occupied by one adsorbed N, molecule at 77K (1.62 x 10-2°m?)
and the Loschmidt number.
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1.4.1.3 Inverse Size-Exclusion Chromatography

ISEC, which was introduced by Haldsz and Martin in 1978 [119], represents a simple and fast
method for the determination of the pore volume, the pore size distribution profile, and the spe-
cific surface area of porous solids. Generally, ISEC is based on the principle of SEC. SEC, also
referred to as gel permeation or gel filtration chromatography, is a noninteractive chromatographic
method that separates analytes according to their size by employing a stationary phase that exhibits
a well-defined pore distribution.

As per definition, ISEC represents the inverse approach. Well-defined (monodisperse) polymer
standards (e.g., PS standards) are employed for the determination of the porosity of a stationary phase,
whereas principles, apparatus, and measurement method in ISEC are equal to that of HPLC.

In order to enable the calculation of relevant porosity parameters, a number of assumptions have
to be defined:

1. The elution volume (V,) of a solute—for a given porous structure of the stationary phase—
is a function of the molecular size.

2. The solute does not adsorb at the surface of the support material.

3. A distribution equilibrium of the solute between the moving mobile phase and the stagnant
liquid present in the pores has to exist.

4. The feasibility of the solute to stay in the moving mobile phase and in the stagnant pore
liquid is proportional to the volume of moving mobile phase (interstitial volume) and to the
volume of the mobile phase present in the pores (pore volume).

5. The eluted peaks can be described by a Gaussian distribution.

6. Operating parameters like temperature and flow rate have to be constant during
measurement.

In order to satisfy all requirements, PS standards in “good solvents for polymers,” like tetrahydro-
furan (THF) or CH,Cl,, are used. Since PS is known to result in linear polymers that build random
coils in solution, their molecular size is strictly weight dependent [119]. THF as well as CH,Cl,
can easily dissolve PS standards up to M,, of several million. Furthermore, these solvents prevent
interactions between the polymer standards and the hydrophobic as well as hydrophilic support
materials.

Determination of a pore size distribution profile requires a defined relationship between M, and
the PS diameter (¢). For that purpose, PS standards have been measured in SEC mode, on different
silica materials with known porosity, employing CH,Cl, and THF as mobile phase, resulting follow-
ing correlation between M,, and ¢ (A) for CH,Cl, [119]:

M, =2.25¢" (1.2)
For THEF, the relation between M,, and ¢ [A] has been determined to be [120]
M, =10.87¢"" (1.3)

By determining the retention data of polymer standards with known M,, and thus molecular diameter
on a column with unknown porosity, a number of important parameters can be calculated:

* The interparticulate volume (V) is equivalent to the dead volume of the column and is
defined by the retention volume of the largest PS standard. The corresponding porosity (€,)
can be calculated by dividing V, by the volume of the empty column.
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¢ The pore volume (V,) can be evaluated by subtracting V, from the elution volume of the
smallest PS standard (usually benzene or toluene), which is generally supposed to access
all pores, being relevant for chromatography. The corresponding porosity (€,) is defined by
dividing V,, by the volume of the empty column.

* The total column porosity (€ is defined as the sum of €_and €.

¢ Pore distribution curves can be obtained plotting the change in the sum of residuals, which
can be calculated by experimental elution volumes of all standards against the mean diam-
eter of the PS standards [119].

1.4.1.4 Comparison between MIP, BET, and ISEC

There is no recommendation of one of the introduced methods (MIP, BET, or ISEC) as the most
accurate, reliable, and universally valid technique for the determination of the porous properties
of a stationary phase. MIP, BET, and ISEC have rather to be regarded as three independent meth-
odologies, those results complement one another to yield a precise estimation of the porosity of an
investigated column packing. The most important characteristics, limitations, and methodological
strengths of MIP, BET, and ISEC are intended to be discussed in this section.

The three techniques are characterized by severe differences in their range of measurement:

¢ Since determination of the pore diameter in case of MIP is proportional to the applied
pressure on the mercury column, the lower limit of MIP is defined by the maximal pres-
sure of the instrument. Typically, MIP instruments for routine analysis are constructed to
work up to 2000-2500 bar, which corresponds to a pore diameter about 6 nm. The strength
of MIP is focused on the macropore range, since it enables the precise determination of
pores up to 500 pwm.

e The lower limit of BET is set by the molecular diameter of the adsorption gas (N,).
Considering that the ratio of molecule diameter to pore diameter has to be lower then 0.2
for unrestricted excess [205], N, (assuming a molecular diameter of 3 A) can penetrate all
pores >1.5nm. The upper limit of BET cannot be defined, as adsorption of N, even takes
place at a plain (nonporous) surface.

¢ The measurement range of ISEC, finally, is defined by the PS standards, used for analysis.
While benzene, toluene, or styrene can be employed as the lowest PS standard, the upper
limit is characterized by the commercial availability of PS polymers with narrow distribu-
tion of M, (~10,000,000 g/mol), which corresponds to a lowest and a highest pore diameter
of 0.8 and 800 nm, respectively.

Figure 1.9 summarizes the measurement ranges for MIP, BET, as well as ISEC. In addition, the
range of pore diameters, which are of relevance for chromatographic separation media, is depicted.
It can be derived that none of the presented techniques is capable of providing information on all
relevant pores. Even if the multiplicative distribution of analytes in the chromatographic process
is limited to the fraction of intraparticular porosity (~3—100nm) only, the determination of inter-
particulate pores (~0.1-10 um) is of utmost significance for the evaluation of the quality of column
packings and their hydrodynamic properties.

ISEC enables the investigation of the porous structure under chromatographic conditions, whereas
MIP as well as BET determine pores in the dry state. Since it is known that particularly support
materials based on organic polymers exhibit a certain degree of swelling/shrinkage on changing the
solvent or drying (depending on their chemical properties and their degree of cross-linking) [24],
ISEC is able to reveal the “true, pristine porosity” of a stationary phase.

Compared with MIP and BET, ISEC is, however, the less comprehensively studied and developed
method. The differences in retention of the PS standards, which are proportional to the percent-
age of pores, present within a certain range, are minor. This makes great demand to the stability of
the employed chromatographic system and the constancy of the applied flow rate. This is particularly
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FIGURE 1.9 Schematic illustration of the measurement ranges of MIP, BET, and ISEC together with the
pore range, being relevant for chromatographic packings.

true for the evaluation of narrow bore columns, where flow split devices have to be used. The theoretical
applicability to capillary columns, however, has been reported in literature [140,172,206].

BET does not provide any information on the pore size distribution of the investigated medium.
Consequently, nitrogen sorptiometry is restricted to fast and reliable determination of specific
surface areas.

1.5 NEAR INFRARED SPECTROSCOPY

Absorbance signals seen in NIR consist of combination and overtone bands of hydrogen bonds such as
C-H, N-H, O-H, and S—H, which are aroused by large force constants and small mass. NIR spectra
thus cover precious information on chemical as well as physical properties of analyzed samples due
to characteristic reflectance and absorbance patterns [121-123], which makes this analysis method
applicable to the characterization of monolithic stationary phases.

In diffuse reflection spectroscopy, the spectrometer beam is reflected from, scattered by, or trans-
mitted through the sample, whereas the diffusely scattered light is reflected back and directed to
the detector. The other part of the electromagnetic radiation is absorbed or scattered by the sample
[124,125]. Changes in band shapes or intensity as well as signal shifts can be affected by mor-
phological and physicochemical properties of the sample or combinations thereof (e.g., chemical
absorptions, particle size, refractive index, surface area, crystallinity, porosity, pore size, hardness,
and packing density [126]). Therefore, NIR diffuse reflection spectra can be interpreted in depen-
dence of various physical parameters [127].

In-line measurements are frequently used to perform kinetic studies to follow chemical reactions
or to visualize emerging physical and chemical properties like quantities of analytes, particle, or
pore size.

The absorption fraction of a particle is related to the volume of the particle. Thus, the larger the
volume of a particle, the more of the incident light is absorbed. In contrast, reflectance is related to
the particles surface area, being in turn dependent on material porosity. The absorption/remission
function relates to the fraction of absorbed light, the fraction of remitted (or back scattered) light,
and the fraction of light transmitted by a representative layer

(=R -T) _ Ay2—As=2Ry) (14

ARRT)=
(R.T) R R,
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where
T is the transmission fraction
R denotes the measured remission fraction
A is the absorbed light fraction
Subscript d represents properties of a layer of thickness d

Generally, the surface of a particle or composite is not one mirror, but many, so for each reflect-
ing surface at a different angle to the light, reflectance signal changes. Therefore, the reflections
send light back in many directions; as a result diffuse reflectance occurs. There is no effect of sam-
ple absorption, thus the spectral character of the reflected light is the same as the spectral character
of the light incident on the sample [128]. Here, absorption only occurs due to different path lengths
traveled by the incident light due to scattering from the material. Therefore, changes in porosity and
particle size can be interpreted by the collected reflectance spectra [129,130].

1.5.1 MEcHANICAL STABILITY AND HYDRODYNAMIC PROPERTIES

Mechanical and chemical stability of novel stationary phases are basic requirements concerning
their application. A lack in stability generally causes a loss in resolution and thus reduces col-
umn efficiency. In addition, the reproducibility of retention times, being important for qualitative
analysis, may be affected. Evaluation of the mechanical stability of polymeric stationary phases is
usually accomplished by the determination of the pressure drop across the column, when employing
solvents of different polarity within a wide range of flow rates. A stationary phase can be considered
as mechanically stable if a linear relationship between applied flow rate and resulting back pressure
is obtained.

An important measure concerning column characterization in LC is the column permeability,
which represents the capacity of the support to transport the mobile phase as consequence of a
pressure drop occurring over the column. In other words, the permeability of a column determines
the required pressure to achieve the desired flow rate. The linear flow velocity (1) across an empty
cylindrical column is given by

U=—5— (1.5)

where
F is the volumetric flow rate
r is the radius of the column

Assuming a column filled with stationary phase, only a certain volume, namely the interparticulate
or interstitial volume (€,), is accessible to the mobile phase by convection. Thus, the volumetric flow
rate through a packed column can be formulated as

F

. (1.6)
€T

u=

Since chromatographic flow is laminar in nature, the specific permeability (B,) of a packed column
can be calculated using the Darcy equation [131,132]

unlL
Ap

B() = (17)
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where
Ap is the pressure drop across the column
L is the column length
1 is the viscosity of the mobile phase

Even if polymer-based chromatographic supports are generally known to be widely inert to
chemical degradation, they suffer from swelling or shrinkage caused by solvent changes. An ade-
quate measure regarding the swelling tendency of polymer-based packing materials is the swelling
propensity (SP) factor, which was introduced by Nevejans and Verzele in 1985 [133]:

Sp = Puov = Paroy (1.3)
Pm,0)

where p is defined as the ratio of back pressure to solvent viscosity (p=P/m). According to Equation
1.8, SP=0 for a nonswelling material. The higher the SP factor, the more a material swells and in
contrast, shrinkage is indicated by a value below 0. SP can be determined by measuring back pres-
sure versus flow rate curves for water and organic solvents. THF is frequently used for that purpose,
as it is known to be an excellent solvent for organic polymers, causing extensive swelling of the
support material. Additionally, acetonitrile (ACN) and methanol should be considered for the deter-
mination of the SP factor since they are frequently employed as mobile phase in chromatographic
application.

1.5.2 RePrODUCIBILITY OF MONOLITHIC STATIONARY PHASES

The application of HPLC in routine environments, like pharmaceutical, food, or environmental
analysis and particularly quality assurance, makes not only great demands on the robustness of
HPLC hardware, comprising pumps, column thermostats, and detection units, but in addition to the
column reproducibility. Column reproducibility can be investigated at different levels of complex-
ity: Run-to-run reproducibility compares consecutive chromatographic runs, whereas long-term
stability describes the column variance over several hundreds of injections. Column-to-column
(batch-to-batch) reproducibility finally explores the match of independently fabricated chromato-
graphic columns. Column characteristics that are routinely consulted for the determination of the
robustness are retention, selectivity, column efficiency, and peak symmetry.

Monolithic stationary phases as a comparatively young species of HPLC column can only be
accepted as a serious alternative to particle-packed columns if column robustness is in the same
order of magnitude than their microparticulate counterparts.

Kele et al. reported on a comprehensive reproducibility study of retention times, retention fac-
tors, selectivity factor, peak efficiency, hydrophobic and steric selectivities, as well as peak asym-
metry for 30 analytes on a set of 6 independently fabricated columns (Chromolith®, Merck) [207],
whereas the (bath-to-batch) reproducibility of the columns was characterized by calculation of rela-
tive standard deviations (RSD). For most of the analytes, RSD of the absolute retention time as well
as retention factors were smaller than 2% (~1.5% on average). In addition, reasonable %RSD have
been found with respect to the reproducibility of the column efficiency. With few exceptions (7 of 30
analytes), column-to-column reproducibility has been determined to be >7%. Long-term stability
of one selected column delivered considerably better results with deviations in retention time and
column efficiency of ~0.2% and ~2%, respectively. The short-term repeatability data on monolithic
silica column obtained in this study closely match to previously reported data of microparticulate
HPLC column [208-212], which indicates that the fabrication of inorganic silica monoliths, compris-
ing sol-gel polymerization, aging and monolith drying, cladding, as well as surface derivatization
and end-capping procedures, is a highly reproducible approach.
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1.5.3 PERMEABILITY OF MONOLITHIC STATIONARY PHASES

The absolute permeability (8 x 10~1°cm?) of currently available silica monoliths (Chromolith, Merck)
is similar to that of columns packed with 9 um particles [213]. To increase efficiency, columns are
usually packed with particles of 2, 3, and 5 um, which possess absolute permeabilities of approxi-
mately 4x 10711, 9x 10711, and 2.5x 10~19cm?, respectively. If we try to compare columns packed
with 5um particles and monolithic columns with through-pores of an average size of 1.5um, we
observe that the permeability of the monolithic columns is around three to four times larger than
that of packed columns.

A study of the influence of the average sizes of the through-pores on the performance of a series
of monolithic columns was carried out by Motokawa et al. [214]. This group found permeabilities
between 8 x 10719 and 1.3x 10-8cm?.

The permeability of organic monoliths differ very strongly, depending mainly on the chemical
nature of the monomers and porogens, the ratio of porogen to the initial solution, as well as the
polymerization time and monomer conversion (see Section 1.3.2.5). Generally, the flow characteris-
tics of organic monoliths are more than less comparable to that obtained for silica monoliths. Both
offer significantly higher permeabilities than packed columns with similar chemistry and are highly
applicable for high-speed separations.

For instance, Xie et al. prepared 50 and 150x4.6 mm PS/DVB columns to separate proteins and
peptides [180]. The permeabilities of these columns are 27 times larger than those of a column packed
with 10pum particles of a similar polymer. Moravcova et al. characterized a number of polymeric
narrow-bore (I.D. 320 um) monolithic columns, using methacrylic monomers [215]. They applied
polymer mixtures consisting of butyl methacrylate and ethylene glycol dimethacrylate as the mono-
mers; mixtures of water, I-propanol, and 1,4-butanediol as the porogens; and AIBN as the initiator of
the polymerization. The permeabilities of these columns varied between 8.4 x 10~°and 1.5 x 10~ cm?,
depending on the composition of the monomers and the ratio of the porogen to the monomers. Since
the decrease of the average sizes of the through-pores usually lead to enhanced column efficiencies,
optimizing efficiency is practically limited by the column permeability and vice versa.

1.6 CHROMATOGRAPHIC APPLICATIONS OF ORGANIC
AND INORGANIC MONOLITHS

A comprehensive survey of monolithic stationary phases that have been introduced in literature
together with their key applications in separation science can be found in Table 1.1.

Styrene monoliths have been prepared by thermally (AIBN or benzoyl peroxide) initiated
copolymerization of styrene and divinylbenzene to result mechanically stable, hydrophobic column
supports for RPC as well as IP-RP-HPLC and CEC application [24,49,134-140].

Methacrylate monoliths have been fabricated by free radical polymerization of a number of
different methacrylate monomers and cross-linkers [107,141-163], whose combination allowed the
creation of monolithic columns with different chemical properties (RP [149-154], HIC [158], and
HILIC [163]) and functionalities (IEX [141-153,161,162], IMAC [143], and bioreactors [159,160]).
Unlike the fabrication of styrene monoliths, the copolymerization of methacrylate building blocks
can be accomplished by thermal [141-148], photochemical [149-151,155,156], as well as chemi-
cal [154] initiation. In addition to HPLC, monolithic methacrylate supports have been subjected
to numerous CEC applications [146—148,151]. Acrylate monoliths have been prepared by free
radical polymerization of various acrylate monomers and cross-linkers [164—172]. Comparable
to monolithic methacrylate supports, chemical [170], photochemical [164,169], as well as thermal
[165-168,171,172] initiation techniques have been employed for fabrication. The application of
acrylate polymer columns, however, is more focused on CEC than HPLC.

Acrylamide monoliths as well as methacrylamide monoliths [106,173-179] have been intro-
duced as hydrophilic column support materials for CEC [175,176] of small molecules, as NPC [179]
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supports for the analysis of low-molecular-weight compounds, and as HIC supports for proteins
[106,173]. They have been prepared by thermally (AIBN, benzoyl peroxide) [106,173] as well as
chemically initiated (peroxodisulfate/N,N,N’,N’-tetramethylethylenediamine) [174,176-179] free
radical copolymerization.

Depending on the postpolymerization derivatization procedure, silica-based monolithic col-
umns have been employed for NPC [95] (see also Merck KGaA; Darmstadt, Germany), RPC
[189-193,196,197,200] (see also Merck KGaA; Darmstadt, Germany), IEX [194], and HILIC
[84,194,198] application. Additionally, their use as efficient bioreactors has recently been reported
[86,195].

Table 1.3 summarizes all commercialized monolithic columns that are currently available for
HPLC separation. The steadily growing number of commercially available products, based on
monolithic packings, express the potential of this kind of stationary phases in particular fields of
chromatography and the increasing demand from customer side.

1.6.1 ANALYsIS OF BIOMOLECULES

1.6.1.1 Biopolymer Chromatography on Organic Monoliths

Due to their defined monomodal macropore distribution (see Section 1.2.1), monolithic station-
ary phases, based on polymerization of organic precursors, are predestined for efficient and swift
separation of macromolecules, like proteins, peptides, or nucleic acids, as their open-pore structure
of account for enhanced mass transfer due to convection rather than diffusion. In fact, most of the
applications of organic monolith introduced and investigated in literature are directed to analysis of
biomolecule chromatography [29].

Monolithic PS/DVB, as the most prominent example of a hydrophobic stationary phase, has
been a subject of intense investigation over many years. In 1993, Wang et al. already reported on
swift reversed-phase separation of proteins on highly permeable 8 mm I.D. monolithic PS/DVB
rods (Figure 1.10a). Baseline separation of three proteins was achieved in less than 1 min, employ-
ing considerably high volumetric flow rates up to 25 mL/min [41]. Later on, Xie et al. reported on
successful RP chromatography of peptides, using PS/DVB rod columns (Figure 1.10b) [180]. The
applied 50 and 150x4.6 mm PS/DVB columns exhibited high permeabilities (up to 27 times lager
than that of a column packed with 10 um particles of a similar polymer) and external porosities (0.60
for the monolithic and 0.40 for the packed column). The fast mass transfer kinetics in polymeric
columns is confirmed by the high dynamic binding capacity of the columns and the low influence
of the flow rate on resolution.

Based on those promising results with respect to efficient separation of biopolymers, Huber
worked on the miniaturization of PS/DVB monoliths by means of 200 um L.D. fused silica capillaries
[44-51]. The resulting capillary columns have been proven to be highly homogeneous, enabling high-
resolution separation of the whole spectrum of biomolecules. Figure 1.11a and b exemplary illustrates
examples for the application of those monoliths to ion-pair reversed-phase separation of homologous
phosphorylated oligodeoxynucleotides and dsDNA fragments using tetra-alkylammonium acetate
salts as ion-pairing additives. In addition, successful hyphenation of chromatography, employing
monolithic PS/DVB columns, and electrospray ionization mass spectrometry have been demon-
strated for various applications in genomics and proteomics by different groups [44,181].

Recently, novel monolithic “styrene-like” polymer systems have been introduced in literature.
The copolymerization of MS and BVPE as cross-linking agent [139,140] yielded MS/BVPE capil-
lary monoliths (200 um I.D.) with enhanced stability and exceptionally low swelling in organic
solvents. These polymer supports have been applied to efficient protein, peptide, as well as oli-
gonucleotide separation and have successfully served as fast fractionation tool of highly complex
mixtures in proteome research studies, prior to MALDI-MS/MS analysis [182]. Silane-based
monoliths being synthesized by MS and bis(p-vinylbenzyl)dimethylsilane copolymerization
in capillary format excellently performed with respect to protein, peptide, and oligonucleotide
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TABLE 1.3

Summary of Commercially Available Monolithic HPLC Columns together with Their Preferred Field of Application

Support Material

Monolithic silica
Monolithic silica

Monolithic silica
Monolithic silica

Monolithic silica
Monolithic silica
Monolithic silica
Monolithic silica
Monolithic silica

Monolithic silica
Monolithic silica

Chemical Nature

C,g reversed phase

C, reversed phase

Underivatized
C,g reversed phase

C,4 reversed phase

Underivatized

C,g reversed phase

C,g reversed phase

C, reversed phase

Underivatized
C,g reversed phase

Brand Name
Chromolith® RP-18

Chromolith® RP-8
Chromolith® Si
Chromolith® SemiPrep
RP-18
Chromolith® Prep RP-18
Chromolith® Prep Si
Chromolith® CapRod
Onxy monolithic C,q

Onxy monolithic Cyg

Onxy monolithic Si
Onxy monolithic C,q

Company
Merck KgaA

Merck KgaA

Merck KgaA
Merck KgaA

Merck KgaA

Merck KgaA

Merck KgaA

Phenomenex, Inc.

Phenomenex, Inc.

Phenomenex, Inc.
Phenomenex, Inc.

Dimension

100x4.6 mm 50 x4.6 mm
25x4.6 mm
100x4.6 mm

100x4.6 mm
100x 10 mm

100%25 mm

100x25mm

150x0.1 mm

100x3mm 100x4.6 mm
50x4.6mm 25 x4.6 mm

100 x4.6 mm

100x 4.6 mm
100x 10 mm

Preferred Field of Application

Swift RP analysis of small molecules

Analysis of small molecules and
hydrophobic peptides

NP analysis of small molecules

Semipreparative chromatography of
small molecules

Preparative chromatography of small
molecules

Preparative chromatography of small
molecules

Proteome research, analysis of peptides
and protein digests

Swift RP analysis of small molecules

Analysis of small molecules and
hydrophobic peptides

NP analysis of small molecules

Semipreparative chromatography of
small molecules

D1dH J0 Jooqpuey



Monolithic silica

PS/DVB

PS/DVB
Polymethacrylate

Polymethacrylate

Polymethacrylate

Polymethacrylate

Organic polymer based

Organic polymer based

C,s reversed phase

Reversed phase

Reversed phase

Weak anion exchanger
(tertiary amine)

Strong anion exchanger
(quaternary amine)

Weak cation exchanger
(carboxylic acid)

Strong cation exchanger
(sulfonic acid)

Broad variety of surface
chemistry?

Broad variety of surface
chemistry?

Onxy monolithic C,g

PepSwift™

ProSwift™ RP
ProSwift™ WAX

ProSwift™ SAX

ProSwift™ WCX

ProSwift™ SCX

CIM®-dics

CIM®-tubes

Phenomenex, Inc.

Dionex Corporation

Dionex Corporation
Dionex Corporation

Dionex Corporation

Dionex Corporation

Dionex Corporation

BIA separations

BIA separations

150x 0.1 mm
50%0.1 mm 50x0.2mm
50x0.5mm
50x4.6 mm
50%x4.6mm 50% 1 mm
50%x4.6mm 50x 1 mm
50x4.6mm 50x 1 mm
50x4.6mm 50 1 mm
3x 16 mm

105 %45 mm (8 mL)

15% 110mm (80mL)
65x 150mm (800mL)

Proteome research, analysis of peptides
and protein digests

Nano and cap-HPLC of peptides,
protein digest and intact proteins

Swift separation of proteins

Ton exchange chromatography of
proteins

Ton exchange chromatography of
proteins

Ton exchange chromatography of
proteins

Ion exchange chromatography of
proteins

Purification and fast fractionation of
bioploymers and biological products

(Semi)Preparative chromatography of
bioploymers, purification and
bioconversion

2 Available chemistry: quaternary amine, diethylamine, ethylenediamine, ethyl, butyl, hydroxyl, sulfonyl, carboxymethyl, epoxy, protein A, protein G, IDA, revered phase.
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FIGURE 1.10 Examples for the application of conventional monolithic PS/DVB columns for fast separa-
tion of proteins and peptides. (a) Separation of cytochrome ¢, myoglobin, and ovalbumin (order of elution)
by reversed-phase chromatography on the continuous PS/DVB rod column at different flow rates separation
conditions: column, 50 x 8§ mm, mobile phase, linear gradient from 20% to 60% acetonitrile in water; flow rate,
SmL/min (A), 10mL/min (B), 15mL/min (C), and 25 mL/min (D). (Reprinted with permission from Wang,
Q.C.etal, Anal. Chem., 65, 2243, 1993. Copyright 1993, American Chemical Society.) (b) Rapid separation
of peptides at a flow-rate of 5mL/min. Column: PS/DVB monolith (50 x4.6 mm 1.D.); mobile phase gradient:
acetonitrile in 0.15% aqueous trifluoroacetic acid solution in 1.5 min. Peaks: bradykinin (1), leucine enkepha-
lin (2), methionine enkephalin (3), physalaemin (4), and substance P (5). Detection: UV 214nm. (Reprinted
from Xie, S. et al., J. Chromatogr. A, 865, 169, 1999. Copyright 1999, with permission from Elsevier.)
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FIGURE 1.11 Application of monolithic PS/DVB capillary columns to the high-resolution separation of
nucleic acids. (a) High-resolution capillary IP-RP-HPLC separation of phosphorylated oligodeoxynucleotide
ladders in a monolithic capillary column. Column, continuous PS-DVB, 60x0.20mm [.D.; mobile phase,
(A) 100mM TEAA, pH 6.97, (B) 100mM TEAA, pH 6.97, 20% acetonitrile; linear gradient, 15%—45% B
in 3.5min, 45%-55% B in 2.5min, 55%-65% B in 4.0 min; flow-rate, 2.5 uL./min; temperature, 50°C; detec-
tion, UV, 254 nm; sample, p(dA),,_;s, p(dT);,_39, 40-98 fmol of each oligodeoxynucleotide. (b) High-resolution
capillary IP-RP-HPLC separation of a mixture of double-stranded DNA fragments in a monolithic capillary
column. Column, continuous PS-DVB, 60x0.20mm I.D.; mobile phase, (A) 100mM TEAA, pH 7.00, (B)
100mM TEAA, pH 7.00, 20% acetonitrile; linear gradient, 35%-75% B in 3.0 min, 75%—-95% B in 12.0 min;
flow-rate, 2.2uL/min; temperature, 50°C; detection, UV, 254nm; sample, pBR322 DNA-Hae III digest,
1.81fmol of each fragment. (Reprinted from Premstaller, A. et al., Anal. Chem., 72, 4386, 2000. Copyright
2000, with permission from Elsevier.)
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fractionation [183]. In addition, the silane group on the cross-linker can serve as functional group
for further derivatization, either in situ (on column) as well as prior to polymerization. Marti pre-
pared an acrylic acid-functionalized PS/DVB monolith, which has been utilized as a weak cation
exchanger. Steep breakthrough curves have been observed for IgG; however, low specific surface
area of the polymer support caused relatively low saturation capacities [184].

Even if a number of reversed-phase and ion-pair reversed-phase separations of biomolecules
have been illustrated [mainly on poly(butyl methacrylate-co-ethylene dimethacrylate) or on
poly(phenyl acrylate-co-1,4-phenylene diacrylate)] [171,172], monolithic (meth)acrylate columns
are more directed to chromatographic applications, which separate biomolecules on the basis of
weak hydrophobic (HIC) or (IEX) interactions. Figure 1.12 illustrates two examples for success-
ful separation of oligothymidylic acids on diethylamino functionalized methacrylate monoliths by
anion-exchange chromatography [55,185], whereas Figure 1.12a and b demonstrate the respective
chromatograms obtained on a conventional IEX HPLC column (50x8mm I.D.) and an IEX cap-
illary column (80x0.2mm I.D.), respectively. It can be concluded that miniaturized monolithic
columns exhibit considerably better chromatographic performance than monoliths being prepared
in conventional column housings, allowing fast and baseline separation of oligonucleotides within
a couple of minutes. Similar observations have recently been published for reversed-phase and ion-
pair reversed-phase separation of biomolecules on styrene monoliths [140].

Most applications of continuous hydrophilic gel columns are of biochemical nature. Hjerten
and his group desorbed serum proteins from agarose gels by ethylene glycol, even in the presence
of high salt concentrations, which generally weaken the hydrophilic interaction with the station-
ary phase. Aqueous solution of ethylene glycol and salts were used to suppress simultaneously
hydrophobic interactions and electrostatic interactions, leading to the dissociation of antigens and
antibodies bonds as well as bonds between membrane proteins. This method is suited to purify the
human growth hormone and to solubilize membrane proteins [186].

Rezeli et al. synthesized antigen (e.g., a protein)-imprinted polymers by adding the protein to the
monomer solution. After polymerization, the antigen is washed off by a solution applied to clean the
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FIGURE 1.12 Anion-exchange separation of oligonucleotides diethylamino-functionalized methacrylate
monoliths: (a) Conventional GMA/EDMA monolith (50x8mm 1.D.): separation of oligothymidylic acids
[d(pT),,_4], conditions: mobile phase gradient from 28% to 41% buffer B in A (A: 20% acetonitrile and 80%
20 mmol/L phosphate buffer, pH 7.0; B: 1 mol/L sodium chloride solution in A) in 90 min; flow rate 1 mL/
min; UV detection at 260 nm. (Reprinted from Sykora, D. et al., J. Chromatogr. A, 852, 297, 1999. Copyright
1999, with permission from Elsevier.) (b) Capillary GMA/DVB monolith (80x0.2mm I.D.): separation of
oligothymidylic acids [d(pT),,_s], conditions: mobile phase A: 20mM KH,PO,, 20% ACN, pH 7.0; B: 1M
NaCl in A; gradient: 25%—55% B in 2min, 55%—-100% B in 7 min; flow rate: 2.3 uL./min; temperature: 25°C;
detection: UV 260nm.
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column [187,188]. A prepared column that initially incorporates hemoglobin showed high selectivity
toward hemoglobin leading to complete retaining, whereas cytochrome ¢ and ribonuclease were
only slightly retained and separated.

1.6.1.2 Biopolymer Chromatography on Inorganic Monoliths

In the field of biopolymer chromatography, monolithic columns, based on copolymerization of
silane precursors, have predominately been investigated regarding separation of peptides and com-
plex protein digests, whereas their application to analysis of high-molecules-weight analytes like
proteins or dsDNA fragments is scarcely reported.

Minakuchi et al. investigated the separation of polypeptides on silica rod columns. They have
been able to show that the separation of polypeptide mixtures could be carried out approximately
three times faster on a silica rod columns than on conventional packed columns [189], which has
been ascribed to extraordinarily low mass transfer resistance in monolithic column. Figure 1.13
demonstrates a comparison of a monolithic silica rod column (a) with conventional microparticu-
late columns with respect to peptide separation at a high linear flow velocity of 4 mm/s. The silica
monolith delivered comparable results to that of a 1.5 wm nonporous silica column (Figure 1.13d)
and succeeded all investigated porous 5um particle-packed columns with respect to resolution
and efficiency. The authors concluded that the increase in band broadening with increasing mobile
phase flow velocity due to mass transport restriction is less distinctive in case of monolithic rods
than in their packed counterparts. A steep gradient can thus be applied for the separation to reduce
analysis times at minor expense of resolution. On the basis of these investigations, monolithic silica
columns have successfully applied to a number of applications in proteome research, including
RP separations of peptides and proteins digests [190]. Kimura et al. worked on a 2D chromato-
graphic approach, employing a 5-cm-long packed IEX column in the first dimension and a 2.5-cm-
long silica rod column or a 10-cm-long narrow-bore silica column in the second dimension [191].
Investigation of BSA digests fragments revealed peak capacities around 700. Rieux et al. reported
fast fractionation of peptides applying a 56-cm-long silica column (I.D. 50 um) filled with a mono-
lithic bed [192,193]. Observations of tryptic digests of cytochrome c resulted in high efficient and
fast separation of peptides. Again, high mobile phase velocity and steep gradients were employed in
order to decrease analysis time without loss of resolution.

In addition to classical reverse phase separation of peptides on octadecyl derivatized silica mono-
liths, sugars and peptides as well as proteins and nucleosides have been analyzed on a 20-cm-long
silica-based poly(acrylic acid) column (I.D. 200 um), employing HILIC and weak cation-exchange
chromatography, respectively [194]. Furthermore, HILIC fractionation of polysaccharides delivered
remarkable and promising results [84,194].

On-line hydrolysis of proteins catalyzed by trypsin or pepsin immobilized on monolithic silica
beds was described by Kato et al. [86,195], whereas pepsin was encapsulated into the silica-gel
matrix (75 um capillary column), without loss in enzymatic activity [195].

1.6.2 ANALYSIS OF SMALL MOLECULES

1.6.2.1 Separation of Small Molecules on Organic Monoliths

In comparison to their silica counterparts, organic polymer monoliths generally exhibit lower
efficiencies in the reversed-phase HPLC separation of small molecules. This reduced performance
is primarily due to the lack of mesopores (see Section 1.3.2.5) and the presence of micropores in the
polymer matrix, which cause slow internal diffusion. However, there are some promising approaches
trying to accomplish the chromatography of small molecules on organic polymer monoliths.
Sinner and Buchmeiser prepared a new class of functionalized monolithic stationary phases
(norbornene monoliths) by a ROMP process that tolerates a huge variety of functional monomers
[69]. They used this approach in order to chemically attach (3-cyclodextrin onto the monomer prior
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FIGURE 1.13  Gradient separation of polypeptides on silica rod column and particle-packed columns. Mobile
phase velocity: 4mm/s, gradient 5%—-60% ACN in the presence of TFA, gradient time: 5min, columns: (a)
silica rod column, (b) Capcellpak C;; SG (Sum), (c) LiChrospher WP 300 RP-18e (5pum), (d) nonporous
NPS-ODS-1 HPLC column (1.5um) (e) polymer-based TSKgel Octadecyl-NPR (2.5pum). (Reprinted from
Minakuchi, H. et al., J. Chromatogr. A, 828, 83, 1998. Copyright 1998, with permission from Elsevier.)
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FIGURE 1.14 Reversed-phase separation of a homologous series of alkylbenzenes on a MS/BVPE capillary
monolith (80x0.2mm I.D.), being polymerized for 45min. (a) Gradient separation; conditions: solvent A:
water, solvent B: ACN, 30%—-100% B in 10 min, 10 uL/min, separation at 25°C, 500nL injection, UV 210nm,
2.5ng each alkylbenzene. (b) Isocratic separation; conditions: solvent A: water, solvent B: ACN, isocratic at
60% B, 7uL/min, separation at 25°C, 500nL injection, UV 210nm, 2.5 ng each alkylbenzene.

to metathesis polymerization. The resulting monolithic rods have been successfully applied for
enantioselective separation of proglumide in less than 3 min.

Hydrophobic monolithic methacrylate capillary columns have been introduced by copolymeriza-
tion of butyl methacrylate and EDMA as cross-linking agent. The polymerization, however, was
not thermally or photochemically but chemically initiated ammonium peroxodisulfate [154]. The
resulting monolithic columns were applied to RP separation of small analytes like uracil, phenol, or
alkylbenzenes. Reasonable results have been obtained under isocratic conditions, delivering typical
values for theoretical plate height ranging between 40 and 50 um.

Recently, polymerization time as a novel tool for control of pore size distribution was introduced
[111]. By reducing the polymerization time, a broadening of pore size distribution together with the
transition of a monomodal to a bimodal distribution curve has been observed, considering styrene-
like MS/BVPE monolithic columns (see Section 1.3.2.5). That way, the fraction of mesopores could
be increased, still keeping up sufficient macropores and flow channels in the micrometer range to
apply high flow rates for fast separations. Figure 1.14 illustrates the performance of an MS/BVPE
capillary monolith that has been polymerized for 45min regarding the separation a homologous
series of alkylbenzenes under gradient (a) as well as under isocratic conditions (b). Column effi-
ciency in terms of plates per meter has been shown to range between 50,000 and 60,000, which is
comparable with standard 5 um particle-packed C,5 columns.

1.6.2.2 Separation of Small Molecules on Inorganic Monoliths

Many contributions regarding silica monolithic columns were published by the group of Tanaka
[93,189,196]. In their early work, they reported on the successful separation of alkyl benzenes, which
are representative for the separation of many low-molecular-weight compounds, containing aromatic
groups. Tanaka et al. also combined a conventional column in the first dimension with a silica rod col-
umn for the fractionation of aliphatic and aromatic hydrocarbons [197]. The successful separation of
the 16 EPA priority pollutants PAHs was carried out by Nunez et al. [93] and is shown in Figure 1.15.

2D chromatography with silica rod columns for the separation of polar aromatic compounds was
also employed by Ikegami et al. [197].

Inorganic ions (e.g., Li*, Na*, and K*) were separated by a silica rod column under hydrophilic
interaction mode (HILIC) [198]. The studies of Pack and Risley showed amazing high efficiencies at
high mobile phase flow rates by applying HILIC conditions toward separation of inorganic ions.
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FIGURE 1.15 Separation of the 16 EPA priority pollutants PAHs with ODS column using an acetonitrile:water
70:30 (v/v) solution as mobile phase. Thiourea was used as f; standard. Detection performed at 254 nm and 30°C.
PAHSs: 1, naphthalene; 2, acenaphtylene; 3, fluorene; 4, acenaphthene; 5, phenanthrene; 6, anthracene; 7, fluo-
ranthene; 8, pyrene; 9, chrysene; 10, benz(a)anthracene; 11, benzo(b)fluoranthene; 12, benzo(k)fluoranthene; 13,
benzo(a)pyrene; 14, dibenz(a,h)anthracene; 15, indeno(1,2,3-cd)pyrene; and 16, benzo(g,h,i)perylene). (Reprinted
from Nunez, O. et al., J. Chromatogr. A, 1175, 7, 2007. Copyright 2007, with permission from Elsevier.)

Chankvetadze et al. prepared a 20-cm-long silica capillary column modified by in situ coating
with amylase tris(3,5-dimethylphenylcarbamate) [199] for the fast separation of enantiomers. They
showed the separation of 10 pairs of enantiomers. The monolith columns exhibit a slightly lower reso-
lution but significant faster separation compared with a conventional 25 cm packed HPLC column.

The rapid separation of iridoid glycosides from extracts of medicinal plants on silica-based
monolithic RPLC columns was investigated by Schmidt [200]. He studied the performances of
these substances on packed and monolithic columns. While keeping the same degrees of precision
and accuracy, and the same detection limit, higher efficiency at a higher flow rate could be achieved
with the monolithic columns. Similar results were reported by McFadden et al. who investigated
constituents of ecstasy tablets. He was able to separate these components in much less time by using
silica-based monolithic columns.

Jia et al. reported of the fractionation of riboflavin and two of its derivatives applying a 25-cm-
long ADS-silica monolithic column with 100 um L.D. [201].

Merck KGaA (Darmstadt, Germany) designed a number of silica monolithic columns
(Chromolith) with different dimensions (0.1, 3, 4.6, 10, and 25 mm 1.D.; 10—15 cm in length), chem-
istries (Si, C,q, Cy), and applications (chromatography of biomolecules as well as chromatography
of small molecules). They are commercially available and offer a broad range of chromatographic
usage. Especially for the separation of small molecules like phenols, alkyl benzenes, alkaloids, sul-
fonamides, steroids, and so on, these types of monoliths show excellent results regarding resolution
and separation time.

1.6.3 CoOMPARISON OF SiLICA-BASED MONOLITHS AND ORGANIC MONOLITHS

The strict distinction between silica-based monolithic columns and polymeric columns in most
papers and reviews is likely attributed to obvious differences with respect to preparation chemistry
and consequently fabrication procedure. Because of the simplicity of the fabrication of organic
monoliths, a huge number of monomer chemistry and a wide variety of different columns for a
multitude of promising applications have been described in literature. Even the basic synthesis pro-
tocol of organic polymers seems to be straightforward, adjusting (fine tuning) the porous properties
in order to yield the desired chromatographic characteristics toward the target analytes is criti-
cal and demands experience as well as know-how and scientific patience. Silica monoliths, on the
other hand, are more difficult and challenging to prepare, in particular with respect to the sensitive
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“ageing” procedures, which have to be employed after the actual polymerization in order to obtain
the desired mesoporous structure and pore-size distribution. Few groups reported on successful
attempts for reproducing the preparation methods, initially introduced by Nakanishi et al. Up to
now, literature on silica monoliths is mainly restricted to bare silica or C, derivatized silica rods,
lacking the huge range of different chemistries offered by their organic counterpart.

The second distinction between organic and inorganic (silica) monolith refer to the typical and
preferred column dimension. Even if mechanically stable organic monolithic materials have been
fabricated in almost every column dimension, ranging from nanocolumns (20 um I.D.), over capil-
lary columns to conventional column (2—8 mm I.D.) and even to the preparative format, their main
focus with respect chromatographic application is put on capillary column with an I.D. >200 um.
This might be explained by the fact that free radical polymerization, which is a strongly exothermic
reaction, creates a radial temperature gradient across the column, which is the more pronounced the
larger the diameter of the column mold is [58]. This temperature gradient, in turn, influences the
rate of polymerization and thus causes inhomogeneity of the resulting monolith porosity, which are
closely associated with decreased column performance. In fact, a direct comparison of conventional
HPLC columns (3 mm I.D.), based on a monolithic styrene network, has revealed a considerable loss
in efficient than their capillary counterparts (200 um 1.D.) [140]. Silica monoliths, on the other hand,
are mainly produced as conventional sized HPLC columns, even if recently Merck commercialized
a silica monolith in a 100 um fused silica capillary. However, narrow pore and capillary columns
within a diameter range of 100-500um are scarcely reported in literature. This is attributed to
the extensive shrinkage of the monolithic skeleton during the drying process, which demands for
a cladding (leakproof fit into a column housing) procedure after polymerization. In case the silica
rod is prepared in a sufficiently narrow (I.D. < 100 um) silica tube, the gel remains glued to the
wall. As the cladding process is from a technical point of view exceedingly difficult to realize for
capillary columns up to 500 um, miniaturized column between 100 and 500 um L.D. cannot be
prepared following the classical sol-gel approach. However, recently, alternative polymerization
procedures have been introduced that allow the preparation of narrow pore and capillary silica
monoliths without wall detachment [213].

Finally, silica and polymer monoliths significantly differ in their preferred field of application.
While organic monoliths numerous times proved to enable highly efficient and swift resolution of
large biomolecules, silica monoliths focus on the application of monolithic stationary phases by
providing powerful and promising result for fast and high-resolution separation of low-molecular-
weight compounds. The characteristic bimodal pore size distribution of silica monoliths establishes
separation performance for small molecules, ascribed due to a high fraction of accessible mesopo-
res, whereas the monomodal macropore distribution of typical organic monoliths comply with the
requirements of macromolecule chromatography, mainly by reducing resistance to mass transfer by
substituting analyte diffusion by solvent convention.

However, silica monoliths and organic polymers both exhibit very advantageous chromatographic
characteristics: enhanced mass transfer characteristics, high reproducibility, and versatile surface
chemistry, which make monolithic column attractive for a variety of forward-looking applications.
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2.1 INTRODUCTION

High-performance liquid chromatography (HPLC) has become the dominant analytical technique
in pharmaceutical, chemical, and food industries, as well as in environmental laboratories, in clini-
cal chemistry for therapeutic drug monitoring, and in bioanalysis [1]. The rise of HPLC to the most
widely used instrumental analytical systems originates in part from the broad variety of selectivities
introduced by the enormous number of stationary phases available and the easy adjustment of selec-
tivity by changing the composition of the mobile phase. The classical separation systems based on
pure silica or alumina—now called normal phase chromatography—with nonpolar mobile phases
would not have provided the variety and the simplicity of separation methods, and the reproduc-
ibility, now state-of-the-art in HPLC. The availability of the so-called reversed phases (RPs) based
on chemically modified silica, where adsorption is the highest from aqueous solutions, opened for
HPLC direct access to aqueous, and hence, bioanalytical systems. These phases are the workhorses
in HPLC. Their diversity allows us to select appropriate columns for a wide variety of applications
ranging from separations of aromatic hydrocarbons, pharmaceuticals, and pesticides to applications
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in bioanalysis. All commonly used RP are based on silica. Their selectivity and efficiency depend
on the physical and chemical properties of the base material silica and on the type and means of
bonding of the alkyl groups for RP systems.

In literature there are many discussions on properties required for an optimal RP. According to
Melander and Horvath [2], the ideal stationary phase for RP chromatography (RPC) should have
the following properties:

* A high efficiency and allows for rapid analysis.

¢ Adequate stability and long life under widely varying operating conditions.

e The column should permit the modulation of retention behavior over a wide range of
conditions. This means that the stationary phase is inert and does not exhibit specific inter-
actions with certain functional groups of solutes with the concomitant advantage of rapid
adsorption—desorption kinetics. Well-prepared hydrocarboneous-bonded phases should
have properties that approach these requirements, which correspond to an ideal stationary
phase.

¢ The column material must be available with different mean pore diameters to allow effi-
cient separation of samples that fall in different molecular weight ranges.

¢ The homogeneity of the surface should be such that the free-energy changes and the
adsorption—desorption rate constants associated with the chromatographic process on the
molecular level fall within a narrow range.

The efficiency and the speed of analysis are related to the particle diameter of the stationary phase.
Nowadays, chromatographic columns are packed with stationary phases with average particle
diameters below 10um. The tendency is to use even smaller particles, down to less than 2um.
The required theoretical plates for a given separation are then generated in much shorter columns,
improving the speed of the analysis and the detection sensitivity. A discussion on the correlation of
the particle diameter, the speed of the analysis, the column length and the required pressure drop
is beyond the scope of this chapter and will be discussed elsewhere, e.g., in monographs on chro-
matographic theory [3].

Other properties postulated for an optimal stationary phase depend on the carrier material—
almost exclusively silica—its physical and chemical properties, the type of bonded group (mainly
octyl, C8 or octadecyl, C18), and the chemistry of the bonding reaction. There has been much
improvement in our knowledge of the preparation of silica and the binding process in the course of
RP development in the last 40 years approaching the desired goal. However, this is not a steady state
and new and better, or at least different RPs, will become available. It is estimated that presently
about more than 500 different RPs are on the market. Therefore, it will be beyond the scope of this
chapter to summarize the commercially available RPs in a type of market overview. A discussion on
the properties of RPs follows and an attempt is made to relate these properties to the type of silica
carrier, the type of bonded organic moiety, and the means of binding reaction. Of course, this would
not be possible without demonstrating and discussing the retention behavior of different classes of
analytes in RPC.

The properties of RPs are determined by the

¢ Properties of the silica
 Its specific surface area
» Its pore size distribution
» Its packing density
o Its surface chemistry

¢ Chemical modification
* The type of silane
e Its reactivity
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* The functional groups (alkyl; phenyl; fluoro; etc.)
* The course of reaction leading to

— Different carbon content

— Surface coverage

— Residual silanols concentration
* End-capping or otherwise

2.2 THE BASE MATERIAL: SILICA

Different types of silica are used in the preparation of RPs. Silica are prepared by a condensation
processes of soluble silicates like water glass, by destabilization of colloidal dispersions, or by
polycondensation of ortho esters of silicic acid [4—6]. The formed hydrogels are aged, purified, and
dehydrated to form xerogels. In the beginning (late 1960s) irregular silica prepared from sodium
silicate was used (brand names, e.g., Lichrosorb, Bondapak, etc.). When these processes are per-
formed in suspension between two immiscible liquids, spherical particles are obtained. The particle
size can be adjusted by the stirring velocity. Spherical silica particles have also been prepared by
emulsion polymerization in organic polymers. The organic part is removed by high temperatures,
inducing a sintering process of initial nanospheres resulting in silica with much smaller porosities
and higher packing densities (brand names, e.g., Hypersil, Spherisorb, Zorbax, etc.). The starting
materials for these silica may contain heavy metals like iron, titanium, and alumina; consequently
they have to be purified before use. As silica is a colloidal system, it changes its properties through
weathering. To circumvent these problems, acid wash and rehydroxylation became popular in the
1980s. In the 1990s, very pure and metal-free silica were prepared, beginning with tetraethoxysi-
lane (TEOS). These materials are optimal for RPC of basic solutes (brand names, e.g., Kromasil,
Prontosil, Symmetry, etc.). By polycondensation of TEOS with alkylethoxysilanes, silica with an
improved stability in alkaline solution can be obtained [7] (brand name, e.g., Xterra).

The physical properties of silica are determined by its specific surface area, pore volume, aver-
age pore diameter, porosity, and the particle diameter and shape [8]. The latter two are responsible
for the efficiency, the physical stability and the pressure drop of the packed columns and do not
contribute to retention and selectivity.

2.2.1 PHysICAL PARAMETERS

Mostly fully porous particles are used in HPLC. The specific surface area and the pore diameter
are interconnected in such a way that with an increasing surface area the average pore diameter
decreases. Standard silica for HPLC have specific surface areas between 200 and 350 m?/g and aver-
age pore diameters of 10—12nm (100-120 A). The surface area is exclusively within the pores. The
outer surface of the spheres (geometrical surface) is negligible (<0.1%) for particles with diameters
>3 um. For special applications, like in protein analysis, wide pore silica has to be applied with
pore diameters from 30 up to 100nm and corresponding surface areas between 100 and 10 m?/g. As
wide pore materials are prepared from standard 10 nm materials by a hydrothermal process, these
materials still contain a portion of smaller pores. The average pore size is given by a distribution
often spanning one decade.

The pore volume of the silicas is in the range of 0.7-1.0mL/g. In connecting these physical
parameters, it becomes obvious that the wall between the pores is extremely thin. Calculations
demonstrate [9] that the wall thickness (spread to a two-sided sheet) would be around 2.5nm, or
more realistically, as silica is formed by the condensation of nanoparticles, the wall is composed of
spheres with a diameter of 8 nm. The model of plain cylindrical pores is used for calculations only
and does not reflect a real picture.

The specific pore volume is important in size-exclusion chromatography (SEC) [10] because the
separation takes place there. In retentive chromatography, it is necessary to provide the surface area
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within the column for separation. As various silica differ in porosity and, hence, in their packing
densities, for a comparison of their retentive properties, the surface area per unit column volume
and not the specific surface area is important. The specific pore volume determines the packing
density, and hence, the specific surface area per unit column volume. The latter value governs the
strength of retention, i.e., proportional to the phase ratio. Silica (irregular) prepared in the classi-
cal way have packing densities of around 0.35-0.4 g/mL, whereas dense (spherical) materials have
packing densities between 0.5 and 0.6 g/mL. Standard silica particles are of sufficient strength to
withstand the rarely achieved pressure drops in HPLC of 2 MPa/cm. Breakage may occur only when
the shear forces are high, e.g., at the beginning of column packing.

Non porous silica particles (NPS) with diameters of around 1.5um are used in high-speed
separations [11]. Retention takes place here only at the geometrical surface, which amounts to 3 m?/g.
By the preparation process, uniform spherical particles with narrow size distribution are obtained.

2.2.2  MEASUREMENT OF PHYSICAL PARAMETERS

The specific surface area is determined by the adsorption of liquid nitrogen at 77 K and by apply-
ing the BET equation. Under standardized conditions, the accuracy of the surface areas is around
5-10% [5]. By measuring the adsorption and the desorption curve over the whole range, the pore
volume and the pore diameter distribution can be obtained by applying the Kelvin equation (cylin-
drical pores are assumed). However, when the pore diameter exceeds 15 nm, mercury intrusion has
to be used. Here, the pore volume distribution is calculated from the volume of mercury intruded as
a function of the pressure. The surface tension of mercury or nitrogen and their wetting angles with
the surfaces (assuming a glass surface) are usually kept constant irrespective of whether plain silica
or bonded phases are used. Consequently, data obtained for the RP by this means may not always
reflect the reality. The data on the physical parameters are usually available from the manufacturer.
With packed columns, the pore size distribution can also be obtained by inverse size-exclusion chro-
matography [12]. This technique gives a more realistic picture of the “real” pore size distribution
within a chromatographic column.

From the standard silica with 10nm pore diameter, polystyrene molecules with a molecular
weight of 40,000 are totally excluded from the surface, while those with an MW < 10,000 have
access to 50% of the surface area. For protein separations, silica with a pore diameter >30nm is
recommended. For the RP, the average pore diameter is always smaller than that of the parent silica
(with RP, C18 the pore diameter is reduced by about 2nm) [13].

2.2.3  CHEeMICAL PROPERTIES OF SILICA

Silica is an amorphous product with several types of silanol groups on its surface [4,5]. In
Figure 2.1, the different types are shown. From the IR data, the presence of isolated silanol groups
with a sharp absorption band at 3746 cm™' is evident. These isolated silanol groups are the more acidic
ones (pK~5) and can act as the cation exchanger. Their acidity depends on the surface impurities

OH o HO o M
| | | HO\ /OH \S. / 0 S./
Si Si —Si i—
~ . ;
e | /Sll\ /Sll - - /
Isolated Vicinal Geminal Siloxane

bonds
Silanols

FIGURE 2.1 Type of silanol groups on the silica surface.
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and is increased in the presence of alumina, titania, etc. surface ions. At pH values below 2.5, the
silanols are no longer dissociated. Besides the isolated silanols, hydrogen-bridged silanol groups
(vicinal silanols with a broad IR band at 3720-3730cm™) (pK~8.5) can be found. From NMR
measurements also, the presence of geminal silanol groups (IR absorption at 3742 cm™!) is made
feasible. On all silanol groups water can be adsorbed physically (IR absorption at 3500-3400cm™).
By heating silica to temperatures below 400K, only the physically adsorbed water is lost. In the
temperature range between 400 and 900K, the surface is dehydroxylated primarily by the reaction
of vicinal silanol groups. This process is reversible. By boiling with water, the surface is rehydroxy-
lated resulting in a more even distribution of silanols [14]. At temperatures above 900K still more
water is lost, however accompanied by irreversible structural changes (e.g., sintering). A totally
dehydroxylated silica (heated to 1500 K) exhibits at the surface only siloxane groups (IR absorption
1250-1020 cm™), is hydrophobic, and is no longer wetted by water.

Due to differences in the preparation silica may contain different amounts of metal ions.
Consequently, in aqueous suspension they show different pH values ranging from 3.9 (Zorbax) to
9.5 (Spherisorb). These differences are noticeable in NPC [15] and play an important role in RPC
[16]. In Table 2.1, the metal content of different silica gels are summarized [16]. As can be clearly
seen, the newer silicas based on TEOS are relatively free of metallic contaminations.

There are extensive and in part controversial discussions in literature about the overall concen-
tration of surface silanols and the distribution between isolated and vicinal ones [17,18]. It is gener-
ally accepted that the overall concentration for fully hydroxylated silica is around 8 pmol/m? (or 4.6
groups/nm?). The place requirement for a silanol group is 0.2nm?, which leads—assuming a planar
surface—to an average distance of two silanol groups of approximately 0.4 nm. The relation between
the isolated and the vicinal silanol groups is still under discussion. In earlier papers [19]—based
on reactivity—an almost even distribution between isolated (reactive) and vicinal silanols is given
(4.3 umol/m? vs. 3.7 umol/m?), whereas newer papers [20], based on spectroscopic data, give a rela-
tionship of 1:4. The presence of geminal silanols is small compared to that of isolated and vicinal
ones. The concentration of silanols depends on the treatment (history) of the silica, and varies through
the aging processes. Before bonding, it is therefore advantageous to rehydroxylate the silica surface.

2.2.4 BoNDING TECHNOLOGY

The surface silanols are usually reacted with chloro- or alkoxy silanes, differing in substitution
(mono-, di-, and tri-chloro [or alkoxy] silanes) and alkyl chain lengths (C4—C30, dominating C18
and C8). The reaction can be performed in vacuum with the total exclusion of water or in an

TABLE 2.1
Metal Content of Old and TEOS Type Silicas Determined by ICP/AES after
Dissolution of Silica

Metal Content (ppm)

Column Na Al Fe Ti Zr Ca Mg Total X(-Na)
New

SymC18 1 1 1 ca. 3 ca.2
KroC18 25 <1 <0.2 2 <0.2 <1 <0.1 ca. 30 ca.5
IntODS3 4 <1 6 <1 ca. 12 ca. 8
Old

HypODS 2900 300 230 65 38 40 ca. 3573 673
ParODS1 23 80 445 235 216 79 ca. 1083 1060

LispRP18 2900 1100 445 246 ca. 4255 1780
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appropriate solvent (mostly toluene) without or with a catalyst (usually an amine) to remove the
hydrochloric acid. With alkoxysilanes, an acidic catalyst (p-toluene sulfonic acid) for propagation
of the reaction is used [21]. The presence of a small amount of water (<500 ppm) improves the speed
of reaction [21]. The reaction of the silica surface is unequivocal only with monofunctional silanes.
When di- or tri-functional silanes are used, a higher coverage can be achieved, but on an average
only 1.5 groups are able to react with the surface (for sterical reasons?) [22]. This leads to a better
phase stability but introduces new silanol groups after hydrolysis. This is also true with trifunc-
tional silanes when water is excluded from the reaction media. The longer the alkyl group of the
silane is, the smaller the surface concentration becomes. The surface coverage is calculated from
the carbon content measured by CHN combustion analysis. When bonding mono-chloro dimethyl
octadecyl silanes, the surface concentration seldom exceeds 2.5 pumol/m?2. With tri-chloro octadecyl
silanes, a surface coverage around 3.5 mol/m? can be achieved. End-capping leads to an additional
increase in the carbon content of about 1% [23], because “new” silanols are introduced. NMR tech-
niques allow the characterization of the bonded phases for type of bonded groups, end-capping or
not, and for remaining silanol groups. Regrettably quantitation is difficult to achieve here. A sche-
matic scheme of an RP representing all groups present is shown in Figure 2.2.

In the presence of larger amounts of water and di- or tri-functional silanes, a polymerization
of the silane may take place resulting in a higher coverage (up to 8 umol/m?). These stationary
phases have been called polymeric phases [24], despite their polymeric nature being debatable.
However, the selectivity of these phases for the separation of polynuclear aromatic hydrocarbons is
superior compared to standard RP. NMR studies indicate that the geminal silanols react first, fol-
lowed by the isolated ones [25]. Depending on the reaction conditions, the isolated silanols react
to a certain extent, whereas the vicinal silanols are still present in the final product. The use of
highly reactive silanes like organosilyltriflates [26], organosilylenolates [27], and N-(organosilyl)-
N,N-dimethylamine [28] did not increase the bonding density at the silica surface. Also, with such
silanes, the maximum coverage achievable is <4 wmol/m?. This value corresponds to the concentra-
tion of isolated silanols. Therefore, at least half of the silanols remain unreacted on the surface after
bonding. This applies to all bonded phases even when they are called “with maximal coverage”
or “fully endcapped.” These residual silanol groups are not accessible to additional bonding, but

HsC H,C HsC\ HsC \
\CH2 \CH2 CH, CH;
2 @ / 4
Octyl H,C H,C
H,C H,C 2 2
\ +—— Jgroups ——s \ \ \
/CH2 /(:H2 /CHz /CHz
HzC\ HZC\ HZC\ HZC\
CH
CH CH, 2
e Wk H,c”” H,C”” ™S
2 \ 2 \ end capping
Ha CH; CH, H.C |CH2 H.C |CH2 CH;
3
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FIGURE 2.2  Surface of a bonded C8 phase with TMS end-capping. The presence of 50% unreacted silanols
is indicated.
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they may interact with analytes and contribute to the retention mechanism of the analytes. End-
capping of bonded phases with more reactive small silanes (like hexamethyldisilazane) may help to
reduce the influence of the residual silanols; however, it is not possible to make all the silanols react
and exceed the concentration of bonded groups of 4 umol/m?. Even with the smallest silanization
reagent, trimethylchlorosilane (TMS-CI) only surface concentrations of 3.6—4.0 umol/m? can be
reached. This value corresponds to 2.2-2.45 TMS groups/nm?.

There has been a long discussion in literature about the reasons why not all surface silanols can
react and be covered. The maximum bonding yield corresponds to the amount of isolated, more
acidic silanols. The vicinal groups are not reactive. Steric reasons, however, give better arguments.
When one calculates the portion of the surface which is covered by the projection of a TMS-group
one gets a value around 0.43 nm? (corresponding to a coverage of 4.6 umol/m?). This number should
be compared to the space requirement of 0.2 nm? for a silanol group. The average distance between
two adjacent silanol groups is 0.4 nm and that between two TMS groups is 6.5-7 nm on the surface.
Consequently around 50% of the surface silanols are still present but should be totally shielded by
the TMS group. However, the assumption of a planar silica surface is far from reality. The mystery
with surface silanols is, however, that it is easy to demonstrate their influence and to describe their
contribution to analyte retention and separation selectivity, but it is extremely difficult to measure
their concentration accurately. The quantization, e.g., with break through curves—a technique used
with ion exchangers—for “naked” silica as well as for RP is possible, however, the concentrations
measured are at least one order of magnitude too low [29].

As the not-reactive silanols still contribute to stationary phase selectivity and may have an unde-
sired effect on the chromatographic retention (retention dependent on sample size) and on peak
shape of strongly basic analytes, attempts have been made to create stationary phases, where the
influence of the residual surface silanols is blocked chemically, either by end-capping with “hydro-
philic” reagents or by introducing strong hydrogen bonds between polar groups (amide, carbamate,
urea) in the alkyl chain and surface silanols [30,31]. RP with such polar-embedded groups close to
the surface are advantageous in the separation of basic analytes, but exhibit additional polar selec-
tivity, as will be shown later.

One disadvantage of all silica-based stationary phases is their instability against hydrolysis.
At neutral pH and room temperature the saturation concentration of silicate in water amounts to
100 ppm. Solubility increases with surface area, decreasing particle diameter drastically with pH
above 7.5. This leads also to a reduction of the carbon content. Hydrolysis can be recognized dur-
ing the use of columns by a loss in efficiency and/or loss of retention. Bulky silanes [32], polymer
coating [33], or polymeric encapsulation [34] have been used in the preparation of bonded phases to
reduce hydrolytic instability, but most of the RPs in use are prepared in the classical way, by surface
silanization. Figure 2.3 schematically shows these different types of stationary phases.

The nomenclature of the RP is not consequent. The RP most often used contains octyl (RP C8) or
octadecyl (RP C18) groups. There is no differentiation even when two methyl groups are introduced
additionally with the silane (as with monofunctional silanes) or only one (difunctional) or none
(trifunctional silane). Some manufacturer use silanes with bulky side groups (e.g., isopropyl groups)
to improve the hydrolytic stability of the bonded phases, but here also, only the longest alkyl group
is used in nomenclature. RP C8 and RP C18 are the work horses in HPLC. Shorter chains (RP4)
are used in protein separations, and special selectivity can be obtained with bonded phenyl, cyano,
amino or fluoro groups.

2.2.5 BoNDED PHAsEs witH FuncTioNAL GROUPS

Silanes with functional groups like amino, cyano, flour, phenyl, etc. are available commercially. The
introduction of other functional groups in the bonded moiety can be accomplished in two ways: The
silane with the functional group is prepared in situ. To prepare a silane with an amide group, tri-
alkoxy-3-aminopropyl silane is reacted with an acid chloride (C8 or C18). The thus prepared amide
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FIGURE 2.3 Schematic presentation of the different types of bonded phases.

silane is then (after purification) bonded to the silica (method A). The other way (method B) is to
bind in a first step a silane with a reactive group, e.g., 3-aminopropyl-tri-alkoxysilane to the surface
and then to react the amino-derivatized silica with the acid chloride. The direct way (method A) is
the method to be used, leading to highly reproducible stationary phases. Method B, with a second
coupling reaction at the surface, hardly yields reproducible stationary phases with an optimal and a
uniform coverage. (Reaction at surfaces gives, in many cases, only 50% of the yield usually achieved
with organic reactions in solution.) Similar findings have been made when 3-glycidoxy-propyl silane
is used as an active coupling reagent at the surface.

2.2.6 RP witH SHIELDING Grouprs (PoLAR-EMBEDDED RP)

To reduce the influence of not-reacting silanols groups, the concept of polar-embedded groups in
the alkyl chain has been developed. The not-derivatized silanols groups are able to form hydrogen
bonds to polar groups like carbamate [29] or amide [30] groups in the bonded alkyl chain close to
the surface. In most cases, these polar groups are separated with three methylene groups from the
silica atom. The shielding effect with this type of embedded functionalities is demonstrated for the
separation of strongly basic analytes (anti depressives) in Figure 2.4 with a classical RP column and
an amide-embedded column prepared from the same silica with an identical carbon content. As can
be seen, the peak shape of the basic analytes is significantly improved and the retention of all ana-
Iytes is reduced. This can be attributed to a blocking of surface silanols via hydrogen bonds by the
polar amide group and by the reduced hydrophobic selectivity of these polar-embedded stationary
phases.

The polar groups are, on the other hand, responsible for an induced polar selectivity. Analytes
able to form hydrogen bonds like phenols are retarded more strongly with polar-embedded sta-
tionary phases than with the corresponding classical RP of an identical carbon content. This is
demonstrated in Figure 2.5 for the separation of polyphenolic compounds present in red wine. The
retention time of the polyphenolic compound kaempferol with the shielded phase is more than three
times longer than with the corresponding RP column of an identical carbon content. The polar
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FIGURE 2.4 Separation of strong bases on a classical RP and on a shielded phase. Columns: Prontosil C18
H; Prontosil C18 ace EPS (150x4.0mm). Mobile phase: MeOH/phosphate buffer 20mM pH=7, 65/35 v/v,
40°C. Analytes: 1, uracil; 2, protriptyline; 3, nortriptyline; 4, doxepine; 5, imipramine; 6, amitriptyline;
7, trimipramine; 8, clomipramine.
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FIGURE 2.5 Separation of flavanoids on a classical RP and on a shielded phase. Columns: Symmetry C18;
symmetry shield RP18 (150 x4.6 mm). Mobile phase: ACN/10mM POj buffer pH 3, 30/70 v/v, 40°C.

influence of the shielding groups gives rise to a special selectivity with many analytes thus extend-
ing the use of RPC.

2.2.7 RP witH OTHER FuncTiIONAL GROUPS

Besides classical RPs with alkyl groups ranging from C4, frequently applied in peptide separations,
to the work horses in HPLC C8 and C18, and up to C30 for the separation of long chain analytes,
like carotinoids, many other organo silanes have been bonded to silica and used in HPLC.

Phases with phenyl groups are less retentive than C8 bonded phases. They show a pronounced
selectivity and retention toward solutes with aromatic ring systems, attributed to m—m interactions.
These n—m interactions can be improved when nitro substituted phenyl groups are bonded to silica. The
strongest interactions have been reported with tetra nitro or tetra chloro phthalimide substituents.
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Aminopropyl phases are also available commercially. They also show increased retention for
aromatic hydrocarbons and can act as weak ion exchangers. Due to the basic functionality close to
the surface they are not very stable against hydrolysis (self-catalyzed). As reactive groups, they can
react with analytes, e.g., with aldehydes. The amino phases show good selectivity for the separa-
tion of sugars in acetonitrile—water mixtures at high acetonitrile (>80%) concentrations. The reten-
tion mechanism here is the partitioning of the sugars between a water-rich phase within the pores
(caused by hydrate formation of the ionic groups) and the mobile phase that is higher in acetonitrile
content [35].

Diolphases are prepared by reacting the silica surface with 3-glycidoxy-propyl silane and the
opening of the epoxy ring. They are polar phases and show only weak retention under RPC condi-
tions. They are used in SEC of polar polymers (peptides, proteins) in aqueous systems. When used
in normal-phase chromatography, their retentive properties resemble that on plain silica without
showing the strong influence of traces of water in the eluent. They are the best choice of bonded
phases for reproducible normal-phase chromatography.

Cyano or nitrile phases are prepared by the reaction of silica with 3-cyanopropyl silane. They
are also polar with weak retention in RPC. It is difficult to determine whether the polar interaction
of this phase is caused by the dipole of the nitrile group or by residual silanols. There is a lack of
significant studies of retention mechanisms with this phase.

Fluoro phases prepared with perfluoro-carbosilanes [36], which are increasingly gaining inter-
est, show a significantly enhanced retention for fluorine-containing compounds through specific
fluorine—fluorine interaction. Their retentive properties for hydrocarbons are very weak [37]. On the
other hand, basic analytes are much more strongly retarded than classical or polar-embedded RP
columns. This is shown in Figure 2.6 where the retention time for propranolol (peak 2) is increased
from 4 to 6 min when compared to the RP and the fluoro phase where that of naphthalene (peak 5)
and acenaphthene (peak 7) is reduced from 9 or 21 min to values around 3 min with the fluoro phase.
These phases seem to also exhibit strong silanophilic interactions, because by end-capping with
TMS, the retention of hydrocarbons increases tremendously and that of the strong base amitriptyline
is reduced from 14 to 6 min as demonstrated in Figure 2.7. The high concentration of silanols groups

Embedded C18-packing
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2 5
34 6 7
\ M /M\
0 2 4 14 16 18 20 22 min

5 Naphthalene
7 Acenaphthene Fluor-packing
ProntoSIL 120-5-F-ace

2 Propranolol

A A\

0 2 4 6 8 10 12 14 16 18 min

FIGURE 2.6 Selectivity of fluor phases. Columns: ProntoSIL 120-3-C18 ace-EPS; ProntoSIL 120-5-F-ace
(150 x 4.0 mm). Mobile phase: MeOH/phosphate buffer 20 mM pH=7 65/35 v/v. Analytes: 1, uracil; 2, propra-
nolol; 3, butylparaben; 4, dipropylphthalate; 5, naphthalene; 6, acenaphthene; 7, amitriptyline.
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FIGURE 2.7 Selectivity of fluor phases; influence of end-capping. Conditions as in Figure 2.6.

makes these phases suitable for separations where normal-phase selectivity is required. Fluorous
reversed phase silica gel (FRPSG) was introduced as an alternative to separate perfluoro-tagged
compounds from non-tagged compounds by solid-phase extraction [38]. The fluorous-fluorous
interactions could be employed for the non-covalent immobilization of catalysts and reagents [39].
After reaction, catalysts and reagents could be isolated by a filtration step.

2.2.8 ALTERNATIVE BONDING TECHNOLOGIES

To diminish the influence of surface silanols on retention attempts have been made to coat the sur-
face with an insoluble polymeric layer. There are two different principles described in literature.
One way is to anchor a silane with an olefin group, e.g., a vinyl silane, at the surface in the classical
way. In a second step, the olefin silica is coated with a monomer and a radical starter by evaporat-
ing the solvent, and the polymerization reaction is started by increasing the temperature. Such
polymeric encapsulated silica [33] based stationary phases can be prepared with a variety of func-
tional groups and with improved hydrolytically stability. Polymethacrylates are also stable against
hydrolysis; in alkaline solution the silica is dissolved below the polymeric layer, leading to a loss of
efficiency (hole in the packing) at a constant retention. Improved efficiency is achieved when the
polymer is allowed to grow in solution [40].

The other possibility is to coat the silica with a polymer of defined properties (molecular weight
and distribution) and olefin groups, e.g., polybutadiene, and cross-linked either by radiation or with
aradical starter dissolved in the polymer [32]. This method is preferentially used when other carri-
ers like titania and zirconia have to be surface modified. Polyethylenimine has been cross-linked at
the surface with pentaerythrolglycidether [41] to yield phases for protein and peptide chromatogra-
phy. Polysiloxanes can be thermally bonded to the silica surface. Other technologies developed in
coating fused silica capillaries in GC (polysiloxanes with SiH bonds) can also be applied to prepare
RP for HPLC.

A totally different way has been used where the silica surface is reduced introducing SiH groups
and reacting these groups with olefins. Not-reacted SiH groups may once again form silanols in the
aqueous media. Consequently, these stationary phases contain a very high concentration of surface
silanols and can be used in RP as well as in normal phase chromatography [42].
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2.2.9  OTHER INORGANIC CARRIERS FOR BONDED PHASES

Hydrolytically stable inorganic carriers are alumina, titania, and zirconia. Their physical and
chemical properties are quite different from that of silica. Their application as a base for bonded
phases has been described in literature.

Alumina has been widely used in normal phase chromatography. Its surface exhibits amphoteric
properties (available as basic, acidic, and neutral alumina) and can react as a cation or an anion
exchanger. The surface area is in the usual range around 100 m?/g, however, the pore structure is not
very favorable as a relatively large portion of narrow pores (<2nm) is present.

Like alumina zirconia is amphoteric but also exhibits additionally strong Lewis acidic sites at the
surface, strongly interacting with analytes through a ligand exchange mechanism. The surface area
of zirconia is around 20 m?/g, but because of its 2.5 time larger packing density compared to silica,
a sufficient active surface is within the column.

For these three materials, covalent bonding technologies cannot be used. With silanes, mixed
anhydrides are formed lacking in hydrolytic stability. Coating with organic polymers [32] is the way
to go. A bonded phase based on zirconia has been studied widely [43]. Method development strate-
gies established with silica-based RP cannot be transferred to an RP bonded on zirconia. Selectivity
is dependent, e.g., on the type of buffer used. Anions in the mobile phase influence retention. The
kinetics of analyte interaction with the different active sites may lead to reduced efficiencies.

2.2.10 POLYMERS AS STATIONARY PHASES

The disadvantage of silica-based stationary phases is their hydrolytic instability at pH values >8.
Many chromatographic separations, especially of strong basic solutes would benefit when the
separations are possible at high pH values. Copolymers of styrene and divinyl benzene are stable
over the entire pH range. All polymer-based packings available today exhibit inferior efficiencies
when compared to well-designed silica-based packings in RPC. The reason for this seems to be
the presence of micro-pores. Alkylation with octadecyl groups improves efficiency by blocking the
micro-pores [44].

As carriers for ion exchangers they find application in HPLC. Cation exchangers are prepared
by sulfonation, anion exchangers are prepared by nitration. Reduction to amines and alkylation, are
achieved through quarternation and chloromethylation, respectively.

Polymeric stationary phases have many advantages when polymerized in capillaries (diameter <
0.5mm) as “rods” in the presence of porogens to yield channels for mobile phase transport. They
are frequently used in the analysis of peptides, proteins, and nucleic acids when directly coupled to
electro spray mass spectrometry.

2.2.11 Porous CARBON

Porous graphitized carbon, introduced in the 1980s [45], is fairly rigid and also stable over the whole
pH range. For purely hydrophobic analytes, it shows similar retention characteristics as RP C18.
However, with analytes with polar functionalities, already starting with aromatic rings, additional
interactions come into play and the adjustment of the eluent composition for optimization of separa-
tions is not as straightforward as with standard RP columns [46]. Polar surface groups (from surface
oxidation) and the m-electrons of the graphite structure may be responsible for these additional
interactions. Graphitized carbon also shows retention in nonpolar eluents.

2.3 RETENTION WITH RP

RPC is the most common and important separation system in HPLC. The popularity of this tech-
nique is due to the versatility and convenience of the system. The separation principle is readily
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understood. Aqueous eluents (as mixtures with acetonitrile or methanol) can be used to accomplish
almost all separation goals. Relative short time periods are required for an equilibration of the
system after changing the eluent composition. With standard nonpolar RPC8 or RPCI18 phases,
the retention is proportional to the hydrophobicity of the analyte (size of hydrophobic area of the
molecule), in a first approximation solute retention increases with its decreasing solubility in water.
The attractive interactions between solutes and the stationary phase are based on van der Waals’
forces (London dispersive forces). This “hydrophobic effect” plays a dominant role in the overall
energetic of equilibrium distribution in RPC. As these van der Waals interactions also play a role
between solute and eluent molecules, it is possible to adjust retention via changes in the eluent com-
position. Other contributions to retention like ionic interaction, hydrogen bonding, or other strong
non-covalent interactions, e.g., formation of charge transfer complexes, are not expected to contrib-
ute to retention. However, as polar silanols groups are always present, such interactions certainly
contribute to analyte retention and separation selectivity. The broad applicability of HPLC with the
RP would never have been achieved if only pure hydrocarboneous stationary phases are available.
The variability of RPC is caused by the wide differences of the RP columns on the market, dif-
fering in the basic properties of the carrier silica, the type of bonded silane, and last but not the
least, on the differences of the coating levels and thus the presence of surface silanols at varying
concentrations.

The theoretical treatment of the hydrophobic effect is limited to pure aqueous systems. To
describe chromatographic separations in RPC Horvath and Melander developed the “solvophobic
theory” [47]. In this theory, no special assumptions are made about the properties of solute and sol-
vent, and besides hydrophobic interaction electrostatic and other specific interactions are included.
The theory has been valuable to describe the retention of nonpolar [48], polar [49], and ionizable
[50] solutes in RPC. The modulation of selectivity via secondary equilibria (variation of pH, ion
pair formation [51]) can also be described. On the other hand, it is not a problem to find examples
of dispersive interactions in literature, e.g., separation of carotinoids with a long chain (C30) RP
gives a higher selectivity compared to standard RP C18; cyclohexanols are preferentially retarded
on cyclohexyl-bonded phases compared to phases with linear-bonded alkyl groups.

A discussion on the theories of retention mechanisms and the type of forces generating retention
and selectivity is not intended in this chapter. The interactions between solute, eluent components,
and stationary phases with inhomogeneous surfaces are based on molecular recognition, where our
understanding is still very limited. Therefore, an empirical description of retention and selectivity
is preferred.

2.3.1 HyproprHOBIC PROPERTIES OF RP

The retention of hydrocarbons is solely determined by the phase ratio (amount of “carbon” within
the column), which is a function of the surface coverage with alkyl groups, the chain length of
bonded silanes governing the carbon content, the packing density (porosity) of the silica gel, and
the hydrophobicity—size of molecule, alkyl chain length—of the solute. The retention factor k
increases linearly with the carbon content within the column, i.e., with the chain length of the
bonded alkyl group when identical coverage with the same silica has been achieved. When looking
carefully at the retention of a solute on the RP with different chain lengths it has been found that &
reaches a plateau at critical chain lengths between 6 and 10 methylene groups [52]. Therefore, with
RP C8 and RP CI18 the retention of hydrocarbons is not a function of the alkyl chain length of the
bonded phase. One reason for this may be that the C8 alkyl group has approximately the length of
the toluene molecule. For analytes with longer chains, stationary phases with alkyl groups longer
than C18 give better retention and selectivity. In these cases C30 alkyl groups are to be preferred.
Comparing commercially available RP C18 and RP C8 columns, it has been found that the
differences in k-values for hydrocarbons (toluene and ethyl benzene) are greater within the group
of RP C8 and RP C18 respectively than between RP C8 and RP C18 columns. From this it can be
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deduced that RP C8 and RP C18 can be exchanged without any problems only when neutral solutes
are to be separated. With polar analytes, differences in residual silanols group concentration influ-
ence retention significantly. Consequently, the method transfer from RP C8 to RP C18 is much more
complicated, especially when phases based on different silicas and/or from different manufacturers
are used.

The logarithm of the retention factor k of the analyte increases linearly with the chain length
of the sample within a homologous series. Every methylene group contributes the same increment
to the retention factor. Other groups contribute smaller increments (CH of double bond) or reduce
retention, e.g., polar groups like double bonds, hydroxyl, or carboxyl groups. The curves for dif-
ferent homologous series are parallel to each other. The differences in absolute retention with non-
polar components can be reduced by adjusting the mobile phase composition [23]. Approximately
10% more organic component has to be used with RP C18 to achieve the identical separation
than with an RP C8 column. This can be done because the selectivity o for hydrophobic interac-
tion (e.g., the a-value of ethyl benzene and toluene) is also independent of the alkyl chain length
of the bonded silane when C8 or longer. The selectivity is then only a function of the eluent
composition.

The hydrophobic RPs are wetted in organic solvents, and it is assumed and proved by NMR
measurements, that the alkyl groups freely move around their anchor at the surface. The alkyl
groups can interact with analytes. In water, of course, that cannot be the case; they form a more or
less hydrocarboneous film at the surface. The eluent at which this happens has to contain more than
50% water, depending on the surface coverage and the pore structure. This normally does not affect
separation, however, when one works with plain water as the mobile phase, the collapse of some of
the RP may lead to a strong reduction of selectivity as only part of the alkyl groups are accessible
for the analyte. It might also be noticeable in the gradient elution, when one starts from pure water.
RPs specially designed for working with pure water are on the market.

In Figure 2.8, commercial RP (C8 and C18) columns are ordered according to increasing k values
for toluene, corresponding to the phase ratio (carbon content). The selectivity o for the separation of
ethyl benzene/toluene, however, depends on the accessibility of the alkyl groups within the pores.
The hydrophobic selectivity is higher with wide pore material (pore diameter 212nm) than with
standard 10nm phases, and lower with stationary phases with embedded polar groups. The high-
est selectivity is obtained with a 30nm material, despite its low carbon content due to its smaller
surface area.

2.3.2  RP wiTH SHAPE SELECTIVITY

Stationary phases with a high density of bonded alkyl groups can differentiate between two mol-
ecules of identical size where one is planar and the other twisted out of plane. This shape selectivity
has been described by Sander and Wise [53] for “polymeric” stationary phases, where in the prepa-
ration, water has been added on purpose and trichloro alkyl silanes have been used. The selectivity
for the retention of tetrabenzonaphthalene (TBN) and benzo[a]pyrene (BaP) was taken as a measure
to differentiate between “polymeric” and standard RP columns. With standard (“monomeric”) RP
columns, the twisted TBN elutes after the planar BaP, which on the other hand is more strongly
retarded as TBN on “polymeric” stationary phases. In these cases the relative retention of TBN/
BaP is smaller than 1, whereas with “monomeric” phases the value is >1.5. The separation of the
standards on three different phases is shown in Figure 2.9. These stationary phases have superior
selectivity for the separation of polyaromatic hydrocarbons in environmental analysis. Tanaka et al.
[54] introduced the relative retention of triphenylene (planar) and o-terphenyl (twisted), which are
more easily available, as tracers for shape selectivity. However, shape selectivity is not restricted
to “polymeric” phases, “monomeric” ones can also exhibit shape selectivity when a high carbon
content is achieved (e.g., with RP30) and silica with a pore diameter 215nm is used [55]. Also,
stationary phases with bonded cholestane moieties can exhibit shape selectivity.
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FIGURE 2.8 Hydrophobic retention and selectivity with RP columns. The stationary phases are ordered
according to the increasing retention of toluene in methanol-water 50-50 v—v. Dashed line: Stationary phases
with a silica pore diameter below 10nm. Solid line: Stationary phases with a silica pore diameter >12nm. (¢)

Stationary phases with polar-embedded functional groups. ((¢) Stationary phase based on a wide pore silica
(30nm)).
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FIGURE 2.9 Demonstration of shape selectivity according to Sander and Wise. Differentiation between

“monomeric” and “polymeric” RP columns. TBN: tetrabenzonaphthalene (twisted); BaP: benzo[a]pyrene
(planar).
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2.3.3 INFLUENCE OF ANALYTE STRUCTURE ON RETENTION

In general, in RP chromatography, analyte retention is inversely proportional to its solubility in water.
The less soluble an analyte is, the higher is its retention. As already stated, log k increases within a
homologous series linearly with the numbers of methylene groups. Branching reduces retention as
does the introduction of double bonds: oleic acid (C18 with a double bond) co-elutes with palmitinic
acid (C16 saturated). The position of the double bonds within the molecule also influences elution
behavior as shown in Figure 2.10 for the separation of the fatty acid (®3- and w6-docosa pentaenic
acid) of an identical chain length but of a different position of the double bond. The molecule with
the longest “straight” chain length (06) is retarded the strongest.

Systematic rules for the influence of substituents can be derived as demonstrated for phenols in
Figure 2.11. The introduction of chloro and methyl groups reduces water solubility and increases
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FIGURE 2.10 Demonstration of shape influence on solute retention. Separation of fatty acid esters of iden-
tical chain length but different position of double bonds. Column: Prontosil SH; 150 x4 mm; mobile phase:
acetonitrile—water 9—1, v—v. Samples: ®3-docosa hexaenic acid ethylester (DHAEE); ®w3-docosa pentaenic
acid ethylester (DPAEE); m6-docosa pentaenic acid ethylester.
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FIGURE 2.11 Influence of substitution on solute retention. Functional groups with phenol as base. Column:
Lichrosorb RP C18; 250 x4 mm; mobile phase: water.
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retention. Also, here a logarithmic increase of k with the number of substituents is noticeable.
Chlorine substituents increase retention more than methyl groups. One nitro group also increases
retention. o-Nitro phenol is retarded stronger than p-nitro phenol, because of the internal hydrogen
bond between the adjacent substituents. The introduction of a second nitro group increases the acid-
ity, and hence the water solubility compared to un-substituted phenol, resulting in a significantly
reduced retention. Hydroxyl groups also reduce retention as expected.

With analytes with dissociable substituents, the non-dissociated molecule is always more
strongly retarded than the ionogenic one. Carboxylic acids are retarded more strongly at low pH
values (pH <3), amines at higher pH values. Figure 2.12 shows the retention of the isomeric N,N-
dimethyl aniline and N-ethyl aniline as a function of pH of the eluent. At low pH, the salts are
present; the retention is small; the differences in molecular structure (hidden by the charge) do not
contribute to retention. At high pH values the retention is much higher, but the identical hydropho-
bicity of the two bases also hinders separation. At intermediate pH values (5 <pH<7), a separation
of the two isomers is possible, probably caused by the small differences in the pK values. In this
region, retention is strongly dependent on the pH of the mobile phase and the inflection point of
the curves is close to the pK values of the analytes. For good reproducibility, the pH value has to
be controlled well. As a consequence, carboxylic acids can best be separated at low pH values,
where the hydrophobic increment is dominant. Problems with stability of RP columns are not to be
expected. On the other hand, amines are better separated at pH values around 7. Higher pH values
would be sometimes favorable, especially for strong bases, however, with most silica-based station-
ary phases problems with column stability start at pH values >7.5. In these cases, an increase of the
ionic strength of the eluent reduces retention and helps to improve peak shapes, as demonstrated
in Figure 2.13. The retention of the neutral analytes (phenol, toluene) is not affected while increas-
ing the buffer strength from 1 to 20 mM, whereas the peak shape of the basic analytes (procaine,
propranolol) is improved, and their retention is decreased, e.g., for propranolol for 6 min. Due to
solubility problems with inorganic buffer components at a high organic eluent concentration, there
are limitations of this optimization strategy. The addition of triethyl amine to the mobile phase
also helps to reduce the influence of residual surface silanols on basic analyte retention. Selecting a
different RP column with less accessible surface silanols may also help in solving such separation
problems.
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FIGURE 2.12 Influence of pH value on retention of basic analytes. Samples: N,N-dimethyl aniline; N-ethyl
aniline. Column: symmetry shield C18; mobile phase: acetonitrile—20 mM phosphate buffers—water, 35-35—
30, v—v—v.
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FIGURE 2.13 Influence of ionic strength on solute retention. Analytes: 1, uracil; 2, phenol; 3, procaine; 4,
propranolol; 5, toluene. Column: Symmetry RP C8; 150 x4 mm. Mobile phase: methanol-phosphate buffer pH
7; upper chromatogram: 1 mM; lower chromatogram: 20 mM.

2.3.4 INFLUENCE OF ELUENT COMPOSITION

Adsorption in RP is always strongest from water. The retention decreases with an increasing
content of the organic modifier in the eluent. In principle, only methanol and acetonitrile are used
in RP chromatography. The reasons for this are problems with the high viscosity of ethanol and
isopropanol in aqueous mixtures, and as will be discussed later. The plots of log k vs. percentage of
methanol or acetonitrile are more or less linear, as shown in Figure 2.14. In a first approximation,
methanol and acetonitrile are interchangeable. About 10% more methanol is required to achieve
iso-eluotropic conditions, i.e., to achieve an identical retention with the methanol-water and the
acetonitrile—water mixture. The slopes of these plots are relatively steep, leading to the conclu-
sion that small differences in the eluent composition do have a strong influence on analyte reten-
tion. A difference in the methanol content of 1% can change the retention factor from 3% to 10%.
For exact and reproducible analytical methods, the preparation of eluent mixtures by weighing is
highly recommended (exclusion of temperature influence on volume). HPLC instruments should
be checked regularly for the proper functioning of the proportional valves and the exact prepara-
tion of mixtures. Slight malfunctioning of the valves and the volume contraction of eluents may
influence reproducibility.

2.3.5 ACETONITRILE OR METHANOL

Differences between acetonitrile and methanol are in price, transparency, toxicity, and viscosity:
methanol for HPLC is approximately by a factor of 3 cheaper than acetonitrile of identical purity;
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FIGURE 2.14 Influence of organic modulator concentration on solute retention. Comparison of methanol
and acetonitrile; demonstration of isoeluotropic mixtures.

at low wavelength (<220 nm) methanol shows a higher transparency than acetonitrile; it is less toxic
(MAK 250mg/m? vs. 34 mg/m? for ACN). Significant differences exist in viscosity, especially in
that of mixtures with water. Methanol-water mixtures show a viscosity maximum at about 40%
methanol content, whereas the viscosity of acetonitrile—water mixtures decreases continuously with
an increasing acetonitrile content. As the pressure drop over a column depends on eluent viscos-
ity, in gradient elution with methanol-water mixtures the pressure drop increases first with the
methanol content. This increase has to be considered when setting an upper pressure limit with
HPLC instruments. The influence of viscosity on efficiency (changes in diffusion coefficient) can
be neglected with modern high-efficiency columns (particle diameter <5um). Figure 2.15 shows
the viscosity changes of acetonitrile—and alcohol-water mixtures. From this figure it can be clearly
seen, that with ethanol or isopropanol as organic components, eluent viscosity becomes too high to
be suitable for RP chromatography.

Selectivity differences between methanol and acetonitrile can also be observed. In general,
basic analytes and those with polar groups (e.g., phenols, esters, etc.) are stronger retarded with
acetonitrile as the organic modifier than with methanol when iso-eluotropic conditions for hydro-
carbons are adjusted. This is demonstrated in Figure 2.16 for the separation of a standard mixture.
The mobile phase had been adjusted in this way so that the retention of ethyl benzene is identical
in both chromatograms: instead of a 55 Vol.% of methanol only a 42 Vol.% of acetonitrile had to
be used. The retention of the amines, of phenol, and of the ester is higher with acetonitrile as the
organic modifier. This may be caused by the presence of acidic surface silanols. At high acetonitrile
concentrations (>60%) the retention of polar components (peptides, polyalcohol) can increase with
an increasing acetonitrile content of the mobile phase: here the hydrophilic influence becomes dom-
inant for solute retention [56]. With an RP of low silanols surface concentration or with methanol as
the eluent component, this effect is no longer noticed.

Acetonitrile shows in mixtures with water, a better solubility for salts. It is therefore rec-
ommended in ion-pair chromatography [52]. Basic analytes also show better peak shapes in
acetonitrile—buffer mixtures than with methanol. The proper selection, whether acetonitrile or
methanol, should be used as the organic component in the mixture with a buffer, however, the
type of RP column used: classical RP or a shielded RP column is also important. For demonstra-
tion with basic analytes, a standard mixture of anti depressives is used. [so-eluotropic mixtures
of methanol and acetonitrile are used. For standardization, the concentration of buffer compo-
nents are also be kept constant. The analyte structures and the eluent mixtures are summarized
in Table 2.2. As selectivity is worse in acidic eluents, a pH value of 7 has been used. Two phases
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TABLE 2.2

Chemical Structure of Analytes and Composition
of the Eluent Employed for Testing the Capability
of Acetonitrile and Methanol in Separating

Basic Compounds

Eluent Composition Org. Modifier Buffer pH 7 Water
Eluent 1: MeOH 65% MeOH 35% 20mM 0%
Eluent 2: CAN 50% ACN 35% 20mM 15%

1: Propranolol —
2: Nortriptyline

3: Doxepin
Isomers 4: Imipramin
5: Amitriptyline ~$—— Difference

6: Trimipramin 1 CH; group
7: Clomipramin

MeOH pH 7 ACNpH7
200 7 (0 150
3 Prontosil 120-5 C8 SH 0 Prontosil 120-5 C8 SH
150 1 =) 9
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E E 100
£ 100 1 = 3
3 E.L 64
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FIGURE 2.17 Separation of strong bases (anti-depressive) on a classical RP and shield phases. Influence of
organic modulator. Columns: Prontosil 120 C8 SH and Prontosil C8 ace-EPS (shield phase). Conditions and
samples are summarized in Table 2.2.

based on identical silica and with identical carbon content have been used. In Figure 2.17, the
four separations are compared. The upper row shows the separation on the classical RP column.
The peak shape is better with acetonitrile (upper right chromatogram) as is the resolution of the
components. The lower row shows the separation on the shield phases. Surprisingly here with
methanol, the peak shape and the resolution is much better. Similar findings have been made with
other brands of columns. It therefore follows that for basic analytes and classical RP columns
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FIGURE 2.18 Separation of polar and acidic solutes on a classical RP and on shield phases. Columns:
Symmetry C8 and symmetry shield C8. Mobile phases: 20% ACN, 10% H,0, 70% 10mM phosphate buffer
pH 3 (v—v-v). 30% MeOH, 70% 10mM phosphate buffer pH 3 (v—v). Samples: 1, 4-hydroxyisophthalic acid;
2, acetylic salicylic acid; 3, salicylic acid; 4, phenol; 5, methylparaben; 6, dimethylphthalate.

acetonitrile is the organic modifier to be chosen, whereas with shield phases, methanol is the
organic modifier to be selected.

The opposite can be observed with acidic analytes as shown in Figure 2.18. Here, with classical
RP and methanol at pH 3 the best selectivity and peak shapes were observed. On the other hand,
with the shielded phases, acetonitrile gives the best separation. As already discussed, with shield
phases the retention of nonpolar components (here peak 6: dimethyl phthalate) is reduced, whereas
that of phenolic components (e.g., peak 5: p-hydroxy benzoic acid methyl ester) is increased.

The separation of polar analytes can also be optimized by applying ternary eluent mixtures. In
this case, the retention is adjusted with binary mixtures with methanol-water for k in the desired
range (2<k<10). An addition of 5%—-20% of tetrahydrofuran and a simultaneous reduction of meth-
anol content may help to improve the polar analytes resolution [57].

2.3.6 INFLUENCE OF TEMPERATURE

Increasing the temperature affects efficiency, retention, and selectivity. As viscosity decreases
with increasing temperature and hence the diffusion coefficient increases the efficiency increases
(increasing plate numbers) leading to narrower peaks. With increasing temperature, adsorption and
hence retention decreases. As a rule of thumb: per degree centigrade the retention factor k is altered
for about 3%. The retention of analytes varying in chemical nature may be differently affected by
changes of temperature. This may cause changes in the elution sequence as shown in Figure 2.19.
The retention of the hydrocarbons and of the esters is much more strongly reduced by increasing the
temperature than that of the strong basic analytes. This indicates the contribution of different reten-
tion mechanisms on the various active sites at the surface of the stationary phase to analyte reten-
tion. From the van t'Hoff plots (In & vs. 7-!) heats of adsorption can be determined and contributions
to retention mechanisms discussed.
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FIGURE 2.19 Influence of temperature on solute retention. Column: ProntoSIL CI8ACE, 125x4mm.
Mobile phase: MeOH/20 mM phosphate buffer pH=7, 65/35 v/v. Samples: 1, Uracil; 2, propranolol; 3, butylpa-
raben; 4, dipropylphthalate; 5, naphthalene; 6, acenaphthene; 7, amitriptyline.

2.3.7 CHARACTERIZATION AND COMPARISON OF RP

Retention in RP chromatography is based on the interaction of the hydrophobic part of the analyte
with the hydrophobic section of the stationary phase. This interaction can be modulated with the
type and the concentration of the organic modifier in the mobile phase. The selectivity is mainly
influenced by the interaction of the polar functional groups of the analyte with constituents of the
mobile phase (buffer, salts, etc. in the aqueous part) and with the amount and activity of residual
surface silanols, which are, of course, also modified by mobile phase constituents.

Characterization of stationary phases can be performed with bulk material, where all physical
parameters of the bonded phase can be determined. The amount of bonded phase can be mea-
sured by the thermo gravimetric or the elemental analysis. Solid state NMR or other spectromet-
ric methods allow to determine the type of bonded groups, way of bonding, end-capping or not,
etc. However, the best method to characterize stationary phases, especially when only available in
packed columns, is through the well-designed chromatographic test procedures. Such tests should
enable the characterization of the packing materials for hydrophobic properties via the retention and
the selectivity of hydrocarbons; to show the influence of residual silanols via peak shape or asym-
metry of basic analytes. Other tests should allow the characterization of the stationary phases for
shape selectivity or for the demonstration of the presence of metal ions on stationary phase surfaces.
Due to the complexity of the problem several test procedures have been described in literature,
mainly differing in types of test components and chromatographic conditions.

One of the earlier tests [58] contains as hydrophobic samples toluene and ethyl benzene, as a
weakly acidic component phenol, and weakly basic analytes like aniline and the isomeric toluid-
ines. Chemometric analysis showed the proper selection of the analytes for characterization, with
the surprising result that N,N-dimethyl aniline is not a significant analyte in characterization for
silanophilic interactions [59]. As the mobile phase, a mixture of 49 Vol.% methanol with 51 Vol.%
water has been used. In the beginning, an unbuffered mobile phase has been used because silano-
philic interactions can be blocked by buffer constituents. For better reproducibility and transfer-
ability, a 10mM phosphate buffer of pH 7 is recommended. The comparison of RP columns for
hydrophobic interaction by this test procedure is shown in Figure 2.8. The k value of toluene
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is directly related to the phase ratio, i.e., the amount of carbon within the column. The relative
retention of ethyl benzene and toluene indicates the hydrophobic selectivity and the accessibility
of the bonded groups. The three isomeric toluidines are of identical hydrophobicity, but differ in
pK values. Consequently, they should not be separated when the influence of residual silanols is
negligible. Because of their cancerogenic properties, they had to be replaced by p-ethyl aniline.
The tailing of this peak is used as an indication of silanophilic activity, the presence of surface
silanols.

A derivative of this test has been described by Neue [9]. Again a mixture of neutral hydrocarbons
(naphthalene, acenaphthene), polar hydrophobic (dipropylphthalate), weakly acidic (butylparaben),
and stronger basic analytes (propranolol, amitriptyline) has been used. A buffered mobile phase
(65 Vol.% methanol, 35 Vol.% 20 mM phosphate buffer pH 7) is required. A typical chromatogram
obtained with this test mixture is presented in Figure 2.19. The relative retentions of all analytes
to acenaphthene are measured; that of the hydrophobic analytes describe the hydrophobicity of the
packing. The tailing of the basic analytes and their relative retention to acenaphthene are correlated
to the activity of silanols at a neutral pH value. Low silanophilic activity leads to a lower retention
of amitriptyline compared to acenaphthene, measured at 25°C. As can be seen also in Figure 2.19,
this test is very sensitive to changes of temperature so an exact control of the experimental condi-
tions is required.

A combination of both tests, the asymmetry of p-ethyl aniline and the selectivity of butyl para-
ben and dipropylphthalate allows the characterization of a classical RP and the shielded phases also
for the functionality of the shielding group. This is demonstrated in Figure 2.20. With a classical
RP, the parabene is much more weakly retarded than the phthalate. With the increasing polarity of
the shielding group (ester < carbamate < amide) the parabene is increasingly stronger retarded, thus
permitting a recognition of the type of shielding group. At a stationary phase, with a free amino
group (Bonus RP), the parabene is very strongly retarded. With this stationary phase, the acidic
components in the mixture used in Figure 2.18 are not eluted with the conditions applied there.
This stationary phase is only well suited for the separation of basic analytes. The figure also shows
that all shielded phases have a low active influence of residual silanols, as the asymmetry of p-ethyl
aniline is very small.

7 “Classic”
RP-materials
10 u
<
o8
a
vy
s -
2 Amide
:E 6 Ester groups groups
g
2 u
= 4 Carbamate Free amino group
& [ ] groups Bonus RP
s E ]
= ]
wv
Ao
b ‘* L] = ]
[ ]
0 T T T T T T T T T T T T T 1
0.4 0.6 0.8 1.0 1.2 14 1.6

Polar activity (a« BuPa/DPP)

FIGURE 2.20 Characterization of RP columns for polar and silanophilic activity. Silanophilic activity:
asymmetry of p-ethyl aniline. Conditions as in Figure 2.8. Polar activity: relative retention of butylparabene
and dipropylphthalate. Conditions as in Figure 2.19.
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A very elaborate test procedure has been proposed by Tanaka and coworkers [60]. Besides
characterizing the stationary phases for their hydrophobic properties (retention value of pentyl ben-
zene and selectivity pentyl benzene/butyl benzene) and shape selectivity (selectivity triphenylene
as bent molecule and o-terphenyl as planar molecule), he tries to differentiate them by the test
between the hydrogen-bonding capacity (relative retention of caffeine and phenol) and the “ion
exchange capacity” of the bonded phase at pH 7.6 (most of residual silanols are here dissociated)
and pH 2.7, where only very few and very acidic silanols should be contributing to retention. As
test solutes, benzyl amine and phenol are used and the relative retention of these solutes is used to
characterize the stationary phases. The hydrophobicity and the shape selectivity test is performed
in methanol-water (80-20; v—v), the hydrogen-bonding test also in methanol-water (30-70; v—v);
the “ion exchange capacity” test in a mixture of methanol with a 20mM phosphate buffer (30-70;
v—v) of pH 7.6 and 2.7, respectively. The whole test requires four different eluent mixtures and four
different analyte mixtures.

The main feature in this test for “ion exchange capacity” is the retention of benzyl amine. As
always found for strong bases, the retention can be also a function of its concentration (overloading),
especially at low buffer concentrations. When comparing the retention of benzyl amine at different
stationary phases as a function of pH, it can be seen in Figure 2.21 that the retention is already high
or increases significantly with stationary phases prepared with “old” type silicas, e.g., with Hypersil
and Ultrasep, due to the presence of many active residual surface silanols. With “new” metal free
silicas prepared with TEOS a similar “ion exchange capacity” is obtained, and the change with pH
is less pronounced. However, a direct correlation of these values with the “ion exchange capacity”
of the RP is dangerous as the retention of amines also changes with pH as already demonstrated in
Figure 2.12. At a low pH, the retention of the protonated amine is small.

With some stationary phases at low pH values (<4) benzyl amine as benzyl ammonium ion can
be excluded by a Donnan potential from the pores, when positive charges are present at the sur-
face. These could have stemmed from the manufacturing process or could have been introduced
on purpose to shield amines from interacting with silanols. With an increasing pH, the Donnan
exclusion decreases and at pH>5 benzyl amine is retarded increasingly. An example of this effect
with a “modern” RP with “low silanophilic” properties is demonstrated in Figure 2.22, where the
elution peaks of benzyl amine are presented as a function of pH. With these stationary phases, basic
analytes cannot be separated at low pH values.

The latest column test procedure has been introduced by NIST [61]. The test mixture con-
tains toluene and ethyl benzene to describe hydrophobicity, amitriptyline as the basic analyte and
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FIGURE 2.21 Retention of benzyl amine as a function of the pH value with different stationary phases.
Eluent: MeOH/20mM POj; buffer 30-70; w—w. Sample: benzyl amine 0.5 g/1000mL.
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FIGURE 2.22 Influence of a pH value on retention of benzyl amine. Column: Symmetry C8. Mobile phase:
acetonitrile—20mM phosphate buffers—water; 35-35-30, v—v—v. Temperature: 40°C; benzylamine 125 ppm,
injection 10uL.

quinizarin as the chelating component for the detection of metal ions present at the surface. As the
mobile phase, a mixture of methanol and a 20 mM phosphate buffer of pH 7 (80-20; v—v) has been
recommended. (The initially used 5 mM phosphate buffer was too weak for use with “old” columns).
The recommended concentration of amitriptyline is relatively high (28-fold of the concentration in
the Neue test procedure of 100 ppm) so that peak tailing and retention time can be influenced by an
overloading effect. A typical chromatogram is shown in Figure 2.23 that was achieved with an “old”
type RP column. The overloading effect is also demonstrated by including the peaks of amitriptyline
with lower concentrations than the recommended 2800 ppm. This column has a relatively high metal
content; consequently, the quinizarin peak is very flat. Another problem with this test procedure is
the co-elution of the quinizarin peak with amitriptyline with some RP C18 and with shield phases.
A dual wavelength detector (quinizarin detection at 450 nm) can help to overcome this problem.
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FIGURE 2.23 NIST test procedure. Column: Hypersil MOS2. Mobile phase: methanol-20 mM phosphate
buffer pH 7, 80-20, v—v. Samples: 1, uracil; 2, toluene; 3, ethyl benzene; 4, quinizarin; 5, amitriptyline.
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FIGURE 2.24 Metal test with RP columns. Columns: YMC-Pro C18; Partisil ODS; Ultrasep RP18. Samples:
A, 4,4-bipyridyl; B, 2,2’-bipyridyl. Mobile phase: methanol-water, 49-51, w—w; temperature: 40°C.

Surface contamination with metal ions can be determined by studying the elution behavior of
acetyl acetone (2,4-pentanedione) [62], 1,5-dihydroxy anthraquinone [63], and by comparing the
peak shapes of 2,2"-bipyridyl (chelating agent) and of 4,4-bipyridyl (basic analyte, not chelating)
to differentiate between silanophilic interaction and metal content [16]. Typical separations are
depicted in Figure 2.24 for stationary phases with low residual silanols and a low metal content
(YMC C18) as well as with high silanophilic interaction and a high metal content (Partisil ODS)
and a column with a high metal content, but low residual silanols concentration (Ultrasep C18).
The eluent composition has been methanol-water (49-51; v—v). When using a column for a longer
period of time, the metal content increases continuously. Metal ions are accumulated on the col-
umn from frits, metallic tubing, etc. But even when using a total metal-free instrumentation (peek
columns, frits, tubing, pump heads) metal ions are still concentrated at the surface originating from
the mobile phase. By flushing the contaminated column with chelating agents like EDTA (ethylene
diamine tetra acetic acid), the accumulated metal ions can be removed.

In comparing the various test procedures, there is always a good agreement found for hydropho-
bic retention and selectivity as well as for shape selectivity. However, the characterization of silano-
philic interaction is still a matter of discussion. In part, the differences are due to the selection of
the basic analyte. Therefore, the outcome of every test is different. It has been shown, that the peak
asymmetry—used for detection of silanophilic interactions—does not correlate to the pK value of
the basic test solute [64]. A closer look at these data leads to the assumption, that the differences are
related to the structure of the basic solute, irrespective of whether a primary, secondary, or a tertiary
amine is used. The presence of NH bonds seems to be more important in stationary-phase differen-
tiation than the basicity expressed by the pK value. For comparable test procedures for silanophilic
interactions further studies seem to be required.

All these test procedures cannot help in the selection of another column with identical properties
when the used one fails and a replacement is not available or a different column has to be selected
with similar selectivity. In these cases, the whole and often tedious procedure of method develop-
ment with a new brand of column has to be started. Recently, on the basis of LFER (linear free
enthalpy relationship), retentive parameters were determined by Snyder et al. to describe the proper-
ties of commercially available columns. The principles were presented in a series of papers [65,66].
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In the development of this descriptive method, the retention of almost 100 components (ranging
from neutral hydrocarbons, analytes with donor acidity, and basicity to strong acids and bases) had
been studied with various mobile phases, unbuffered and buffered at pH 2.8 and pH 7. By empirical
mathematical treatment, the following column parameter was evaluated:

H: relative column hydrophobicity

S*: steric hindrance of bulky molecules to penetrate into the stationary phase

A: relative hydrogen-bonding acidity (related to the number and the accessibility of silanols)
B: relative hydrogen-bonding basicity

C: relative cation exchange capacity, differentiated for pH 2.8 and pH 7

As already discussed, retention is primarily determined by the H value (hydrophobicity), but its
contribution to selectivity is low. Secondary interactions contribute to selectivity with increasing
importance:

H<B<S*<AxC

The practical application requires, however, several experiments to derive the data with analytes to
be separated in one’s own laboratory. H and S* values of about 300 columns have been determined
and are available with a corresponding software [67].

Regrettably, there is no way to use this technique for method development to solve pending
analytical problems. Trial and error, based on fundamental knowledge, is still the way to go.
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3.1 INTRODUCTION

High-performance liquid chromatography (HPLC) has become a standard separation technique
used in both academic and commercial analytical laboratories. However, there are several draw-
backs to standard HPLC, including high solvent consumption, large sample quantity, and decreased
detection sensitivity. Micro-HPLC (WHPLC) is a term that encompasses a broad range of sample
volumes and column sizes (as shown in Table 3.1), but Saito and coworkers provided narrower defi-
nitions in their review based on the size of the columns.!

Micro-columns range in size from 0.5 to 1.0mm internal diameter (i.d.); capillary columns
range in size from 0.1 to 0.5mm i.d., and nano-columns range in size from 0.0l to 0.1 mm i.d.,
as seen in Figure 3.1. Additionally, the size of the column tends to dictate the materials the col-
umns are manufactured from.! Micro-columns are made from stainless steel tubing, while cap-
illary and nano-columns are manufactured from mainly fused silica, glass-lined stainless steel,
pressure-resistant plastic (polyetheretherketone—PEEK), or fused silica-lined PEEK (PEEKSil).
Fused silica is advantageous to glass-lined stainless steel because it is flexible and inert, but it
can allow for chemical bonding to the inner column wall.! Commercially available capillary and
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TABLE 3.1
Units of Length and Volume Used in pHPLC

Symbol Prefix Use in Volume (L) Use in Length (m)

c Centi 102 102
m Milli 1073 1073
n Micro 106 106
n Nano 10~ 10~
P Pico 1012 1012
f Femto 10-» 10-5

FIGURE 3.1 A comparison of columns used in routine and WUHPLC. (A) A laboratory built PEEK nano-flow
UWHPLC column measuring 100 um i.d.x5cm long, (B) A commercial C-18 PEEK capillary utHPLC column
measuring 75 wm i.d. x25cm long, (C) A commercial C-8 stainless steel WAHPLC column measuring 1 mm i.d.
by 10cm long, (D) a routine commercial reversed-phase stainless steel column measuring 4.6mm i.d. x25cm
long, and (E) A commercial HPLC size exclusion preparative column measuring 7.5 mm i.d. by 30cm.

nano-columns are available from a number of companies including the following columns used in
the author’s laboratory: MicroTech Scientific (Vista, CA), Dionex/LC Packings (Sunnyvale, CA),
Eksigent Technologies (Dublin, CA), Waters Corporation (Milford, MA), Agilent Technologies
(Santa Clara, CA), and Shimadzu Scientific Instruments (Kyoto, Japan).

Horvath and coworkers first investigated miniaturization of the HPLC column in the late 1960s
in a series of articles examining the separation of nucleotides.>* The comparison of open tubular
and stainless steel columns with i.d. of 0.5-1.0mm packed with novel pellicular column materials
indicated that the packed columns were superior for LC. Over the next decade, numerous research
groups made significant advancements in the reduction of the column size, column construction
materials, and packing supports. Ishii and coworkers continued to work with 0.5 mm i.d. columns,
but investigated columns made of Teflon that were slurry packed with 30 um particle diameter pel-
licular particles.>~! High speed, efficient separations were demonstrated by Scott and coworkers
on 1.0mm i.d. columns.""-'> Novotny and coworkers further reduced the column i.d. to 50-200 pum,
packed with 10-100 um particles.!'” They concluded that with a 70 um i.d. column packed with
30um particles, good efficiency could be obtained without excessive inlet pressure.”” Over the
next three decades, significant advancements have been made in the areas of column composition,
detector interface, and hardware design, which are the subject of numerous review articles."18-23

3.2 pHPLC SYSTEMS

Today nearly all of the major HPLC companies offer a WHPLC system or at least the possibility
to modify a standard instrument to accept micro-bore columns. In our laboratory, we routinely
use the WHPLC systems Ultimate from Dionex/LC Packing (Figure 3.2), the Extreme Simple 4-D
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FIGURE 3.2 (A) The Ultimate uHPLC system by Dionex/LC Packings, used in our laboratory for proteom-
ics analysis. (B) A close-up of the injection port, columns, and switching valves on the Ultimate system.

(A)

FIGURE 3.3 (A) The Extreme Simple 4-D system by Micro-Tech Scientific, used in our laboratory for
UWHPLC work. The configuration shows the instrument setup as an eight-pump system (B) A close-up of the
injection port, columns, switching valves, and four of the eight pumps on the Extreme Simple system.

system from Micro-Tech Scientific (Figure 3.3), and the 2-D system from Eksigent Technologies
(Figure 3.4). Although the majority of these instruments are used for proteomics research, Sajonz
et al.?* used the Eksigent Express eight-channel WHPLC system to perform multiparallel, fast
normal phase chiral separations, providing near “real-time” separations. Using a panel of test
racemates, these investigators demonstrated rapid analyses, which were comparable to those
obtained by conventional, but much slower HPLC procedures.

In addition to the commercially available systems, several authors have described labora-
tory-built systems using commercially available components from companies such as Upchurch
Scientific (Oak Harbor, WA). One of the first reported laboratory-built micro-bore HPLC systems
was described by Simpson and Brown,? which was a simple adaptation of a standard HPLC system
to accept micro-bore columns built from guard columns. A complete system has been described
based on dual microdialysis syringe pumps (CMA Microdialysis, Chelmsford, MA) or dual syringe
pumps (Harvard Apparatus, Inc., Holliston, MA), a microinjection port, and a micro-column; the
latter components being obtained from Upchurch scientific (Figure 3.5). This system was coupled
with a laser-induced fluorescence (LIF) detector and used to measure neuropeptides in sub-microliter
samples.?® A further modification of this system was built to perform immunoaffinity isolations of
biomedically important analytes from clinical samples.?’

The advent of microfabrication greatly improved fHPLC design and will eventually provide
the ultimate “lab-on-a-chip.” Shintani et al.?® built a multichanneled WHPLC for the separation of
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nanoLc-21[

(8)

FIGURE 3.4 (A) The NanoLC 2-D system by Eksigent Technologies, used in our laboratory for uHPLC
protein analysis. (B) A close-up of the injection port, columns, and switching valves on the NanoLC system.

FIGURE 3.5 (A) A laboratory-built uHPLC system with dual syringe pumps, an electronic injector port,
and an Upchurch nano-flow gradient mixer. (B) A picture of the two syringe pumps that comprise the gradient
system. The injection valve, gradient system, and detector were controlled via a LabView interface.

multiple analytes within the same sample. This system employed an array of monolithic columns
driven by a single HPLC pump and a chip-based microinjection device. Detection was achieved with
a multichannel ultraviolet (UV) detector based on fiber optics. Further, Yin et al.? developed an
entire \HPLC system on a microfabricated chip made from laminated polyimide layers. Following
chromatographic separation on reversed-phase particles, the separated analytes were detected using
an ion-trap mass spectrometer, a custom-built interface, and an integrated nanospray tip. A similar
chip-based system has been described by Lazar and colleagues.’ The uHPLC system was reported
to compare well with a conventional HPLC in the fractionation of a protein tryptic digest.

3.3 ADVANTAGES OF pHPLC SYSTEMS

UWHPLC has some significant advantages over traditional HPLC. The delivery of reliably small
samples in WHPLC is often obtained using pre-columns, which concentrate large sample volumes.
These pre-columns can accommodate large loading volumes that can dramatically reduce the over-
all analysis time and provide protection of small-bore analytical columns from contaminants in the
original sample.!

Biological samples, which are often available in limited amounts, can be separated and detected
with a drastically improved signal-to-noise ratio, since the volumetric band-broadening (dilution)
is much smaller on a capillary column.! Smaller columns also require less solvent which is an
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economical benefit, from the cost of both the solvent and the solvent disposal.! Finally, smaller col-
umns promote the development of novel analytical columns. The reduced size makes investigating
the correlation between the chemical structure of the packing material and its effects on the selec-
tivity of the column more cost effective and allows researchers to use materials that are available in
limited quantities.!

As the column diameter to particle diameter ratio decreases below 6, the core support region
disappears and the support structure becomes dominated by the loosely packed wall region. The
packing structure becomes more homogeneous, eliminating one cause of band broadening in
HPLC.3! Additionally, an analyte can diffuse easily across a column’s cross section, which can
average out any remaining cross-column differences in flow and retention.

UWHPLC systems have also enabled researchers to exploit temperature in liquid chromatographic
separations with improved results and fewer problems. In narrow bore columns, thermal mismatches
are reduced and can even be neglected due to fast heat transfer across the reduced column size.*

3.4 COLUMNS

In uHPLC, there are numerous types of columns used. The comparison and characterization of
these columns are often discussed in terms of thermodynamic properties and kinetic character-
istics. The retention factor, k, selectivity, o, and the peak asymmetry A, are believed to be repre-
sentative parameters for the thermodynamic properties, while the kinetic characteristics are often
expressed in dimensionless magnitudes of reduced plate height, i, separation impedance, E, and
flow resistance factor, ¢.2

Three broad categories define the analytical columns used in WHPLC: Open tubular, semi-
packed, and packed. Each of these three columns types is discussed briefly while making reference
to the extensive review articles that cover each area.

3.4.1 OpeN TUBULAR

Open tubular columns are typically 10-20 um in diameter and characterized by a stationary phase
that is bound to the inner wall of the capillary rather than to the particles packed inside.’* Kennedy
and Jorgenson®* effectively used open tubular columns to analyze single cells. The method was
advantageous for the analysis of single cells because the columns require small samples, their
resolving power equal or exceed conventional HPLC columns, and the detectors typically used with
this method have good mass sensitivity. Several other research groups used open tubular columns in
their research, many of which are referenced in a review by Saito et al.! However, for open tubular
columns to be effective, Knox and Gilbert calculated that open tubular columns needed to have a
diameter of 10 um or less® and operating columns of 10 um or less proved to be quite difficult, thus
few reports exist on the use of this column in LC after the early 1990s.

3.4.2 Semi-Packep

Semi-packed columns, originally referred to as packed micro-capillaries, were developed by Tsuda
and coworkers.3¢ These columns are prepared by packing particles with diameters of 10-100 um
into glass tubes. The packed tubes are then drawn on a glass drawing machine so that the inner
diameter is 50-200um and roughly two to three times the diameter of the particles.’” Tsuda and
coworkers establish that semi-packed columns are effective in significantly reducing the plate
heights, but at a cost of decreased sample capacities’’ and significantly long analysis times.?

3.4.3 PackeD

Packed columns, being easier to prepare than semi-packed columns, offer a more feasible way
to avoid many of the problems of open tubular columns while still retaining the advantages of
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micro-columns.?” Packed columns used in WHPLC are either conventional fused silica capillar-
ies packed with alkylated silica particles as the stationary phase or polymeric monolithic columns
developed by in-situ polymerization. Numerous reviews on both packed and monolithic columns
are found in the literature including the different methods used to pack capillary columns,!® evalu-
ation, and comparison of packed capillary columns with conventional-size columns,? the different
organic polymers used to prepare monolithic columns,?? silica gel-based monoliths prepared by the
sol—gel method,?' and a comparison of the efficiency of micro-particulate and monolithic capillary
columns.!®

Packed capillary columns have been used successfully in WHPLC for a number of reasons. It
is easy to pack long columns, lengths of 1 m or greater, with 5um particles and still maintain low
h values, therefore achieving over 100,000 theoretical plates.’” Additionally, they are made from
fused silica, which is superior to stainless steel used in conventional columns for several reasons,
including increased wall smoothness, and good optical characteristics.’” Development in packed
capillary columns has focused on the reduction of the i.d., which leads to high separation efficiency.
Karlsson and Novotny were successful in obtaining extremely high efficiencies with a column i.d. of
44 um.*° Kennedy and Jorgenson successfully reduced the column i.d. even further to 20-50 um,?’
while Hsieh and Jorgenson further reduced the column i.d. to 12-33 um.3? An additional challenge
in the preparation of capillary columns is the packing technique used to prepare the columns.
Several methods, including gases, supercritical carbon dioxide, or liquids, have been used to help
in transferring the packing material from an external reservoir to the column tubing. Lancas et al.
have written an extensive review of these techniques and related work."

3.5 STATIONARY PHASES

3.5.1 MIicrRO-PARTICULATE

The outcome of a chromatographic separation is also influenced by the stationary phase used to
pack the column and is highly specific to the type of chromatography being carried out, whether
it be normal or reversed phase, ion exchange, or affinity. The most common type of stationary
phase for reversed-phase LC is nonpolar, hydrophobic organic species attached by siloxane bonds
to the surface of a silica support according to Doyle and Dorsey, who have extensively reviewed
the preparation and characterization of reversed-phase stationary phases.*’ According to Caude and
Jardy, while materials such as alumina, zirconia, titania, and Florisil have been explored, the most
common support for normal phase LC is bare silica.*! For ion-exchange chromatography, the most
popular supports are those that are based on poly(styrene) cross-linked with divinylbenzene,*> while
in high-performance affinity chromatography, the supports commonly used are modified silica or
glass, azalacetone beads, and hydroxylated polystyrene media.*®

3.5.2 MONOLITHIC

Monolithic stationary phases are increasingly considered as a viable alternative for micro-particulate
columns in HPLC.!® The monolithic column bed has a uniformly porous integral structure thus
eliminating the need for retaining frits and enhancing the column’s mechanical stability during
pressure changes.** Furthermore, a large number of readily available chemistries can be applied to
functionalize surfaces, and column permeability can be easily adjusted by selecting the appropriate
monomer, cross-linker, and porogen.** Four approaches have been utilized to prepare continuous
beds?": (1) polymerization of an organic monomer with additives, (2) formation of a silica-based
network using a sol-gel process, (3) fusing porous particulate packing material in a capillary by a
sintering process, and (4) organic hybrid materials. Of the four techniques mentioned above, the first
two have been the most widely utilized in uHPLC monolithic column preparation.
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The first monolithic columns reported by Hjerten et al. were based on polyacrylamides.* This
report was soon followed by Svec and Frechet, who reported the preparation of a novel, continu-
ous bed column that incorporates both macroporosity and capacity.*® They noted that these rod-
shaped columns could be prepared using almost any monomer and offered a tempting alternative
to particle-packed columns. Since then, thermally initiated free radical polymerization of acrylates,
methacrylates, and dimethacrylates*® and ring-opening metathesis polymerization of norbornane,*’
poly(styrene-co-divinylbenzene) prepared in nanospray needle,*® and other monomers have been
used to prepare monolithic column beds, and an extensive review article has been written detailing
the numerous organic polymers used to prepare monolithic columns.?? Polymer-based monolithic
columns have clearly demonstrated their ability to afford excellent separations of peptides, proteins,
oligonucleotides, and nucleic acids. Their ease of preparation, tolerance of high flow rates, and
the rapid speed of separations that can be achieved at acceptable back pressures make this col-
umn format superior in many applications to particle-packed columns.??> However, the efficiency of
polymer-based monolithic columns remains low compared with modified silica-based monolithic
columns, so further improvements are required.?

3.5.3 MOoNOLITHS PREPARED BY POROGEN ALTERATION

Porogenic solvent plays a key role in determination of column morphology.** Altering the porogens
in the polymerization of organic polymers to form monolithic column beds has been researched by
Premstaller and Huber.*>>° Premstaller et al. first experimented with using monolithic chromato-
graphic beds for ion-pair, reversed-phase HPLC separation of single-stranded oligodeoxynucle-
otides and double-stranded DNA fragments.*’ In order to accomplish successful separations, the
synthesis of the monolith had to be tuned such that its morphology resembled that of a chromato-
graphic bed formed by nonporous particles. The use of decanol and tetrahydrofuran as porogens in
the polymerization process resulted in monolithic column beds whose performance surpassed that
of micro-particulate packed columns. Premstaller et al. further altered the morphology of mono-
lithic column beds by using tetrahydrofuran/decanol in the polymerization process and produced
reversed-phase monolithic columns whose separation efficiency of peptides and proteins rang-
ing in molecular mass from a few hundred to more than 55,000 surpassed that of conventional
particle-packed columns.>

3.5.4 MonNoLITHS PRePARED BY CARBON NANOTUBE INCORPORATION

The alteration of monoliths by carbon nanotube (CNT) incorporation®! or surface alkylation>? has
been investigated as another alternative to fine tune the separation efficiencies of organic polymer-
based monolithic columns. Because of their curved surface, CNT are expected to show stronger
binding affinity for hydrophobic molecules as compared with planar surfaces. Single wall carbon
nanotubes (SWNT) consist of a graphene sheet rolled into a cylinder, with a typical diameter of
1 nm.>! The challenge is maintaining their unique structure while obtaining a solubility that allows
for their incorporation into the polymer. Since analyte retention after incorporation of SWNT was
significantly enhanced without corresponding changes in column porosity, it is proposed that the
specific structure, size, and charge of the characteristics of CNT all may play a role.’! Analytes
may be drawn onto the nanotube surface or channels between nanotubes due to surface tension
and capillary effects and therefore exhibit longer retention times.>' Huang and coworkers sought to
increase the chromatographic resolution of peptides by octadecylating the surface of a poly(styrene-
divinylbenzene) monolith.”> Then by treating it with a solution containing a Friedel-Crafts catalyst,
an alkyl halide, and an organic solvent, Huang et al. were able to alter the surface with C-18 alkyl
groups. This surface alteration ultimately improved the reversed-phase LC separation of peptides
over unmodified poly(styrene-divinylbenzene) monolithic columns.
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3.5.5 MoNoOLITHS PREPARED BY POROGEN ALTERATION AND SURFACE ALKYLATION

A combination of surface alkylation and alteration of the porogens in the polymerization reaction
was used by Li and coworkers to manufacture a surface alkylated poly(glycidyl methacrylate ethyl-
ene glycol dimethacrylate) monolithic column** that was copolymerized in situ with dodecanol and
toluene as porogenic solvents and further functionalized by alkylation since alkyl groups are the
most widely used retentive functions. The porosity of the polymeric monolith could be altered by
numerous factors including using the appropriate monomer, cross-linker, porogens, the reaction tem-
perature, or the concentration of initiator. Alkylation with linear octadecyl groups showed an appre-
ciable improvement in the separation resolution for proteins over nonfunctionalized poly(glycidyl
methacrylate ethylene glycol dimethacrylate) monolithic columns.

3.5.6  MonNoOLITHS PRePARED BY PHOTO-INITIATED POLYMERIZATION

Lee and coworkers report on a photo-initiated polymerization for the preparation of poly(butyl
methylacrylate-co-ethylene dimethylacrylate) within fused silica capillaries.”® UV light-initiated
polymerization is well suited to monolith formation in restricted spaces since polymer forms only in
those areas that are exposed to irradiation. This leads to far greater control over the length and size
of the monolithic column formed. The resulting columns are robust since their separation ability
does not deteriorate with time or number of injections and their reproducibility is excellent.>

3.5.7 MoNoLITHS PREPARED BY THE SOL-GEL METHOD

The invention of monolithic silica-based columns can be regarded as a major technological change
in column technology.?! The preparation of a porous silica rod by the sol-gel method was reported
by Nakanishi and Soga.>*3 The porous silica rods were prepared by hydrolytic polymerization of
tetramethoxysilane accompanied by phase separation in the presence of water-soluble organic poly-
mers.>® The morphology, determined by phase separation, is solidified by gel formation, resulting in
a silica rod with a biporous structure that consists of micrometer-size through-pores and meso- or
microporous silica skeletons.*® Siouffi has published an extensive review that describes the sol—
gel method of preparation in great detail and provides an extensive list of references.?' Since the
preparation of silica-based monoliths, research has been done on modifying them, in similar ways to
organic polymer-based monoliths, to improve their separation performance. Minakuchi and cowork-
ers derivatized silica-based monoliths to incorporate C,4 alkyl groups on the surface.’® The C,q silica
rods showed much better performance at high flow rates than conventional columns packed with
C,s particles; however, the separation efficiencies obtained were not impressive.>” Luo and cowork-
ers sought to improve the separation efficiencies of silica-based monolithic columns by preparing a
20 um i.d. monolithic column.’” These columns provided a high separation efficiency and sensitivity
and show potential in analyzing small amounts of proteomic samples. Continuing to modify the
preparation of these columns along similar lines may provide smaller i.d. columns as well.

3.6 GRADIENT ELUTION SYSTEMS

The delivery of accurate and reproducible gradients in W(HPLC systems is one of the problems that
many researchers are trying to solve. Simple gradients differ from each other in three respects, as
seen in Figure 3.6: the shape of the gradient, the slope and curvature of the gradient, and the initial
and final concentrations of the more efficient component B.3® Several methods have been developed
to deliver accurate and reproducible gradients including flow splitting, miniaturization of high-
pressure gradient pumps, exponential gradient formation, preformed gradient loops and multiport
switching valves, and high-temperature programming.

Splitting the solvent flow, delivered by the pumps, down to the required flow rate for nano-HPLC
is achieved by inserting a variety of devices between the pumps and the injector. While Chervet
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FIGURE 3.6 (A) An example of a gradual gradient on the Xtreme Simple by Microtech, in which solvent
B is introduced gradually over a long period. (B) An example of a steep gradient on the Xtreme Simple by
Microtech, in which solvent B is introduced quickly and used for the majority of the elution. In both chromato-
grams, the gradient ends with solvent A being restored as the major component.

and coworkers used a micro-flow processor from LC Packings>*® to generate the split flow and
Alexander and coworkers used a modified stainless steel fused silica makeup adapter manufac-
tured by Valco,®® many groups simply use a stainless steel tee to split the flow pre-column.®>-64
However, since split flow gradient delivery requires flow rates higher than those commonly used,
gradient distortions may occur due to column back pressure altering the split ratio, and mobile phase
composition variation may be delayed due to reduced flow rates.®

Miniaturizing the overall pumping system generates solvent gradients at optimal flow rates for
UWHPLC without flow splitting. Zhou and coworkers developed a micro-flow pumping system capa-
ble of generating highly accurate and reproducible micro-flows.%® The system uses dual pistons, with
two independent drive systems to generate a continuous and constant flow. One piston was used to
pre-compress the solvent in the piston chamber up to the pressure at the pump outlet, while the other
piston performs its delivery stroke. Experimental results confirmed that the new micro-flow system
could overcome mechanical limitations and imperfections of conventional piston and syringe pumps
and provide conditions-independent flow rate accuracy and highly reproducible gradient.®® Figeys
and Aebersold further miniaturized the pumping system by constructing a microfabricated device
consisting of three solvent reservoirs and channels etched in glass.®’ The solvent gradients and flows
were generated by the computer-controlled differential electroosmotic pumping of aqueous and
organic solvents and the shape, slope, and direction of the gradient could be controlled by voltages
applied to the reservoirs and the surface chemistry of the transfer capillary. The newly constructed
microfabricated microfluidic module was not only a success in the miniaturization of the overall
pumping system but also achieved gradient elutions by producing exponential gradients.5’

Exponential gradients deviate from linearity, either with concave or convex slopes and are
advantageous because they provide a thorough mixing of solvents. The delivery of exponential gra-
dients has been attained by the micro-fluidics device developed by Figeys and Aebersold, mentioned
previously, by ultrahigh pressure LC and by a gradient elution system known as ngrad. MacNair
and coworkers developed an ultrahigh-pressure LC system and demonstrated its ability to deliver
exponential gradients for protein analysis.®®% The development of the simple and low-cost device,
“ngrad,” for the direct and reproducible delivery of exponential gradients was completed by Le
Bihan and coworkers.”® The device is composed of two reservoirs whose difference in solvent height
generates a gravity-induced flow from reservoir B to reservoir A. The gradients that are produced
can be modulated by using different connecting tubing between the two reservoirs, altering the
starting height of the solvent in reservoir A, and altering the initial solvent compositions in both
reservoirs. All three methods delivered exponential gradients capable of successfully separating
proteins, but exponential gradients have several drawbacks including deviations from linearity, lack
of flexibility, and the inability to reequilibrate columns for future analysis without reversing the
solvents in the pumps and reservoirs.
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Recently, several research groups have employed pre-formed gradient loops together with conse-
quently switching valves, with more and more numerous ports, for the delivery of solvent gradients.
In 1995, Davis and coworkers designed a solvent delivery system consisting of gradients stored in a
length of narrow bore tubing (gradient loop) mounted on a standard high-pressure switching valve.”!
The advantages of this system included gradient operation without the use of split flows, pressure
programmed flow control for rapid sample loading, recycling to initial conditions, and flow rates
suitable for packed capillary columns. Natsume et al. expanded the idea of gradient loops to include
10-channel solvent reservoirs, connected between a 10-port manifold and a 10-position switching
valve.”? Their device, called the revolving nano-connection (ReNCon) system, generated a linear gra-
dient by diffusion of the solvent boundaries during transfer to the column. A 14-port switching valve
for the generation of smooth gradients was developed by Cappiello and coworkers.® Their multiport
valve is equipped with 14 ports: 1 inlet, 1 outlet, and 12 ports, which support six loops, each contain-
ing a selected mixture of eluents. The first loop is filled with the weakest eluent, the last loop filled
with the strongest, and an electric switch allows selection of a given loop at any given time. Basically,
any gradient shape can be generated by the manipulation of two variables, eluent composition and
switching time, but due to the limited number of loops, transitions between compositions can be
sharp and stepwise. This is overcome by placing a mixing chamber between the multiport valve
and injector. Finally, the asymptotic-trace 10-port-valve (AT10PV) nanoGR (GR being any desired
gradient) generator (also known as the dual exchange gradient system, produced by Hitachi High-
Technologies), as seen in Figure 3.7, developed by Ito and coworkers’>-"> consists of a conventional
gradient pump with low-pressure gradient capability at micro-flow rates (micro-flow GR pump), an
isocratic pump capable of delivering one solvent at nano-flow rates, a 10-port switching valve with
2 injection loops installed, a backpressure column or coil after the 10-port switching valve, and a

Semi-microflow gradient pump

Mixer

Filter

Column and

vV ESI tip IT.

TOF
MS

Sample injection unit

FIGURE 3.7 Schematic diagram of NanoFrontier (capillary HPLC/ESI-IT-TOF MS) system. The HPLC
part consists of a conventional semi-micro-flow gradient pump, an isocratic nanoflow pump, a 10-port
valve (10-PV) with two 1.0 pL injection loops, two 6-port values for drain (DV) and sample trapping (TV),
and a sample injection unit (i.e., a conventional semi-micro-flow gradient pump and an auto-sampler). The
ATI10PV nanoGR generator consists of a semi-micro-flow gradient pump including a mixer and a filter, and
a unit consisting of an isocratic nanoflow pump and valves indicated by the dotted line. (From Ito, S. et al.,
J. Chromatogr. A, 1090, 179, 2005. Copyright Elsevier 2005. With permission.)
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controller to control the pumps and switching valve. Micro-flow GR pumps create an original gradi-
ent profile by mixing reservoir solvents A and B. The well-mixed solvents are delivered at a flow rate
(e.g., 100 uL/min) into injection loop A or B. While A is being loaded, B is delivering solvent loaded
in its loop to the capillary column at a nano-flow rate. The roles of A and B switch throughout the
sample run and any nano-flow-gradient profile can be generated simply by shortening the switching
period of the 10-port switching valve. All the systems mentioned above were able to effectively con-
trol the shapes of the gradients, producing accurate and reproducible gradients.

High-temperature generated gradients have been explored in WHPLC by Trones et al.3*7677 The
dimensions of packed capillary columns enable a faster response to temperature changes and exhibit
reduced temperature gradients, which contribute to band broadening, within the columns. However,
the accuracy and reproducibility of the gradients are not impressive and the research is limited in
this area.

3.7 DETECTORS

UWHPLC systems have been designed with numerous detectors, which are ideally directly connected
to the separation column. These detectors include UV, Raman, and infrared (IR) absorbance, fluo-
rescence, electrochemical, nuclear magnetic resonance spectroscopy, evaporative light-scattering
and electrospray ionization (ESI), and inductively coupled plasma mass spectrometry (ICP-MS).
All of these detectors offer advantages and disadvantages, and some are more suitable to the small
sample sizes that are collected at the end of a separation. While some of these detectors will be
discussed briefly, an extensive review of their use has been published by Vissers et al.?

Raman and mid-IR detectors are of special interest due to the molecular specific fingerprint they
provide.”® In addition, their nondestructive character allows their use in sequence as well as coupling
with more sensitive detection schemes.”® However, direct application of Raman and IR spectroscopy
is made difficult by the low concentration sensitivity of this technique.”® Surowiec and co work-
ers have worked to develop a flow-through micro-dispenser used as a solvent elimination interface
between micro-bore HPLC and Raman/Fourier transform infrared (FTIR) spectroscopic detectors.”
A dispensing frequency of 10 Hz was chosen to assure deposits with closer size and diameter to the
diameter of the IR beam, which assured higher reproducibility and sensitivity. Improved signal
reproducibility was obtained with IR than Raman spectroscopy due to a larger IR beam size mea-
suring more of an average of the droplet than the Raman beam. While FTIR spectroscopy provides
more reproducible measurements, Raman allows for the detection of minute amounts of sample.”®

UHPLC has been successfully coupled to ICP-MS™-8!; however, the use of gradient elution and
high flow rates makes the technique unstable and therefore unusable in most applications. Trones
and coworkers have coupled capillary HPLC with ICP-MS and replaced a liquid gradient elution
with a temperature gradient elution to study organo-tin and organo-lead detection limits.”” In con-
trast to other detection systems such as UV, temperature ramping had no effect on the ICP-MS, the
limits of detection were much lower than those of conventional HPLC, and the repeatability of peak
height and area were good.”” Additional examples of analytes investigated by WHPLC-ICP-MS are
found in Table 3.2.

TABLE 3.2

Examples of Analytes Investigated by pHPLC-ICP-MS

Technology Used Analyte(s)

HPLC-ICP-MS Selenomethionine, carboxymethylated selenocysteine®?; Se-methylselenocysteine,

v-gluyamyl-Se-methylselenocysteine, selenosugar, trimethylselenonium,
selenomethionine®; Asp-Tyr-SeMet-Gly-Ala-Ala-Lys peptide®*; selenomethionyl
calmodulin®; and tryptic digest of selenomethionyl calmodulin®
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TABLE 3.3

Examples of Analytes Investigated by pHPLC-MS (Other Than ESI)
Technique Analyte

HPLC-TOF-MS Urinary metabolic profiles of samples from male and female Zucker rats®
HPLC-LTQ/FTMS N-linked glycosylation structures in human plasma

HPLC-Ion Trap MS Proteins expressing differences among isolates of Meloidogyne spp.”°

HPLC-MALDI Monosaccharide anhydride levoglucosan, galactosan, and mannosan in the
PM10 fraction of ambient aerosols®'; major histocompatibility complex
(MHCQ)-associated peptides®?; proteolytic digest of glycoproteins®

Adapting the evaporative light scattering device (ELSD) to uHPLC was investigated by Gaudin
et al.¥” Quantitative analysis by ELSD is often hindered by nonlinearity; however, reduction of the
flow rate, resulting in better homogeneity of droplet size distribution, has increased the linearity of
the response with ELSD. Despite the predictable effect on droplet size in relation to the reduction of
the inner diameter of the capillary inside the nebulizer, ELSD is relatively simple to adapt to micro/
capillary LC.%

Liquid chromatography coupled to tandem mass spectrometry (LC-MS) is a powerful tech-
nique for the analysis of peptides and proteins.3® While numerous methods for coupling MS to
LC have been explored and used to analyze copious samples (as seen in Table 3.3), it is ESI
that has transformed LC-MS into a routine procedure sensitive enough to analyze peptides and
proteins.®

Miniaturizing the column i.d. is of great benefit to the sensitivity of ESI-MS, which behaves
as a concentration-sensitive detection principle,! because the concentration of equally abundant
components in the LC mobile phase is proportional to the square of the column internal diameter.**
Column diameters from 150 to 15 um with flow rates 20-200nL improve detection limits of pep-
tides 1-2 orders magnitude over microliter flow rates.' Several references referred to in other sec-
tions of this chapter discuss the use of LC-ESI MS to characterize separation products.*%->0.64.67.70.73,95
and a sample chromatogram from Ito and coworkers.” is seen in Figure 3.8. Table 3.4 provides
additional and references that have used this technique.

A chip-based nanospray interface between an HPLC and the MS has been introduced by Advion
Biosystems (Ithaca, NY). This instrument aligns a specialized pipette tip with a microfabricated
nozzle, set in an arrayed pattern on a silicon wafer. The advantage of this interface is that each
sample is sprayed through a new nozzle, thus virtually eliminating cross contamination.

3.8 APPLICATIONS OF pHPLC

3.8.1 Pre-CONCENTRATION

UWHPLC coupled to MS is fast becoming the most widely used technique in proteomic research.
However, the injection of large amounts of diluted sample is not possible without column overload,
peak broadening, and poor separation performance.”* Pre-concentration techniques are currently
employed to reduce the sample volume, thus concentrating the analyte and remove any impurities,
which may clog WHPLC analytical columns.

Pre-concentration by vacuum centrifugation is a common technique used in many versions of
current in-gel digestion methods and WHPLC.!?> Throughout the process, the sample is exposed to
many surfaces, which may contain a minimal number of active sites where losses can occur.”> The
amount of sample loss may be negligible for concentrated samples, but loses at lower peptide con-
centrations, such as the femtomole (fm=10-1M) level (see Table 3.1), increase markedly.®>1?
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FIGURE 3.8 Total ion-intensity chromatograms (TIC) of BSA (100 fmol) peptides of six sequential runs at
a flow rate of 50nL/min. Solvents A: 0.1% formic acid in 2% acetonitrile and B: 0.1% formic acid in 98% ace-
tonitrile. The composition of solvent B was linearly increased from 10% at 0.0 min to 40% at 70.0 min. Period
of 10-port valve switching: 1 min. BSA peptide sample 1.0puL (i.e., 100fmol) was injected into a monolithic
silica-ODS column (30 um i.d., 150 mm in length) through a packed silica-ODS trapping column (particle size
Sum, 150 pum i.d., 10mm in length). The ESI voltage was 1.6kV; curtain (nitrogen) gas was used at a flow rate
of 1.0L/min; and the scan mass range (m/z) was 300-2000. (From Ito, S. et al., J. Chromatogr. A, 1090, 181,
2005. Copyright Elsevier 2005. With permission.)

Electroextraction has been developed as a pre-concentration technique by Timperman and
Aebersold.” Following in-gel digestion of the proteins, the resultant peptides are electrophoresed
out of the gel and trapped on a micro-cartridge, containing a strong cation exchange material. The
micro-cartridge is placed in-line with a capillary column and the peptides are transferred to this col-
umn by injecting 2 UL of elution buffer onto the micro-cartridge with a pressure vessel. This method
gave modest improvements in sensitivity over the standard extraction method, which increased with
decreasing sample size.

Murata and coworkers explored replacing the traditional trapping column with a membrane!?¢
because, at low flow rates, the void volume of trapping columns is often too large to allow rapid
analysis.'”” The membrane unit consists of an in-line filter made of stainless steel used as the holder,
with a stainless frit for the membrane unit and a membrane made of polytetrafluoroethylene fibers
and a silica-based support modified with octadecyl groups. While the typical trapping column vol-
ume is 10 times higher than the membrane, they have the same trapping capacity and because back
pressure of the membrane unit is much lower, samples can be loaded at 50 times higher flow rate,
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TABLE 3.4

Examples of Analytes Investigated by pHPLC-ESI

Technique Analyte(s)

HPLC-ESI Flavonoids of lemon, grapefruit, bergamot, orange, and mandarin®; Bcl-2 antisense

phosphothioate oligonucleotides G3139 and metabolites in plasma®’; anthocyanins and
derived components of red wines®; o-bisabolol in human blood®’; anthocyanins in Sicilian
wines'®; ochratoxin A in grapes'!; light-induced lateral migration of photosystem II
antennae between appressed and nonappressed thylakoid membranes!®?; intact yeast
proteins'%; antiphosphotyrosine antibodies'®; N-acylhomoserine lactones'®

HPLC-MS-MS (ESI) Integral plasma membrane proteins from a human lung cancer cell line (62 prenylated proteins
and 45 Ras family proteins)'%; urinary proteins'®’; AGP-derived glycoproteins!®; major and
minor populated isoforms of antithrombin!?; regulatory lipids in breath condensate;
Ser(150), Ser(418), and Ser(476) of human Grb10 zeta!'%; dissolved proteins in seawater
samples!!'; human milk oligosaccharides derivatized with various esters of aminobenzoic
acid!'?; sulphametoxazole, bezafibrate, metoprolol, carbamazepine, and bisoprolol in water
samples''3; 16 mycotoxins possibly related to “Sick Building Syndrome”!'4; 7-fluoro-4-
nitrobenzoxadiazole (NBD-F) and 1-fluoro-2,4, dinitrobenzene (DNB-F) tagged amino
acids!'3; six quinic acid derivatives isolated from Baccharis usterii Heering!'®; protease
inhibitors and nonnucleoside reverse transcriptase inhibitors in dried blood spots from HIV/
AIDS patients''’; urinary 8-hydroxy-2’-deoxyguanosine!'®; site-specific horseradish
peroxidase glycosylation'!?; “trypsinosome” from specific peptide characteristics'?’; soluble
proteins in wine'?!

HPLC-ESI-Q-TOF-MS Cereulide from Bacillus cereus'?*; human plasma proteome!'?; abiotic stress-tolerant
(Mandolina) and an abiotic stress-susceptible (Jubilant) barley cultivar!?*; neuropeptides
from isolated locust corpora cardiaca'?*

with as much as 50ug sample, in spite of the small volume. One drawback observed by researchers
was membrane durability that was impaired after 40 injections, but this could be improved by minor
changes to the unit structure.

Licklider and co workers experimented with automating the sample introduction step in nano-
scale LC-MS.%? In order to achieve pre-concentration and desalting prior to sample analysis, they
created a 2cm vent after the head of the analytical column. Experimental results demonstrated
50 nanoliter (nL) elution peak volumes while retaining low-to subfemtomole detection levels.
Additionally, implementing this pre-concentration technique requires minimal changes in current
methods and equipment.

The most common form of pre-concentration involves the use of pre-columns.* Pre-columns
combined with column switching techniques help avoid the problems mentioned in the introduc-
tion to this section. The type of pre-column used is dictated by experimental conditions. Large
sample volumes can be eluted onto pre-columns using mobile phases with low elution powers,
allowing for sample concentration and clean-up, prior to injection on the analytical separation col-
umn. However, the use of pre-columns for sample concentration can be plagued by void volumes,
whose volumes can be several times greater than that of the pre-column, negating any initial sample
pre-concentration and leading to poor separation performance.

One type of pre-analytical concentration that is particularly well suited to pHPLC is the incor-
poration of an affinity ligand pre-column. The addition of affinity and immunoaffinity ligands for
pre-analytical concentration of samples has become popular in the analytical sciences.'?$12% The use
of affinity pre-columns ranges from making sol-protein gel-derived monolithic columns containing
the affinity ligand of interest'3° to the employment of true bioaffinity ligands and antibodies. Madera
et al.3! employed immobilized lectin micro-columns prior to reversed-phase analysis of glycopro-
teins in small samples of human serum. Likewise, Starkey et al.!*? used a combination of phenyl
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TABLE 3.5

Examples of Analytes Investigated by Additional Detection Methods Than Those
Mentioned in Section 3.7

Technique
HPLC

HPLC-UV

HPLC-UV-electrochemical
detection
HPLC-UV-MS

HPLC-UV-NMR
HPLC-electrochemical
detection
HPLC-chemiluminescence
HPLC-fluorescence

HPLC-diode array
HPLC-NMR

Analyte(s)

Clenbuterol in pork, beef, and hog liver'#; Co(Il) ion as 4-(2-thiazolylazo)resorcinol (TAR)
or 5-methyl-4-(2-thiazolylazo)resorcinol (SMTAR)'“; total phenols after nitrosation of
USEPA classified 11 priority pollutant phenols'¥’; polyprenol and dolichol'*

Mebeverine hydrochloride in raw materials, bulk drugs and formulation'*’; meloxicam'*;
platinum in blood and urine samples after administration of cisplatin drug'>'; budesonide,
a novel glucocorticoid prescribed for inflammatory bowel disease!>?; amikacin'3;
aromatic amines in water'>*; cetirizine in human plasma'>’; Fmoc and z-derivatives of
natural and unnatural sulfur containing amino acids'*®; glycyl- and diastereomeric
dipeptides and tripeptides'>’; gossypol in cotton'*®; West Nile and Sindbis virus PCR
products'®; resveratrol and resveratrol-glucosides in Sicilian wines!%; glycyrrhizin and
glycyrrhetic acid in licorice roots and candies!'®°

Disodium-2,2’-dithio-bis-ethane sulfonate (BNP7787) intracellular conversion products'!;
honokiol and magnolol in fresh Magnolia obovata'®?

Bioactive compounds from Blumea gariepina'®; salicin, salicylic acid, tenoxicam,
ketorolac, piroxicam, tolmetin, naproxen, flurbiprofin, diclofenac, and ibuprofen in
pharmaceutical formulations and biological samples'®*

Bioactive compounds from Blumea gariepina'®

Baicalin and baicalein in rat plasma'%; honokiol and magnolol in branches and leaves of
Magnolia obovata'®?; quercetin in human plasma!®

Changes in catecholamines and 3-O-methyl metabolite concentrations in human plasma'®’

Erythropoietin in pharmaceutical products!®®; 3,4-methylenedioxymethamphetamine,
3,4-methylenedioxyamphetamine, amphetamine, and methamphetamine in rat urine'®

Azoxystrobin, kresoxim-methyl, and trifloxystrobin fungicides!™

Shape constrained natural compounds (tocopherol homologues, vitamin E)!'”'; protein

kinase ZAP-70 tryptic fragment containing amino acids 485-496'7%; cartenoids from a
spinach sample'”?; isoflavines in Radix astragali'™

borate affinity pre-concentration followed by micro-column chromatography and atmospheric
pressure photoionization MS to measure salsolinal and the major catecholamines in experimental
animal brain tissue.

Antibody-based immunoaffinity pre-analytical concentrators have been widely used in routine
chromatography (see Chapter 13) but are only just becoming introduced into pHPLC, although
immunoaffinity pre-analytical concentrators have been described in capillary electrophoresis.'33134
Most applications have employed the micro-columns as immunoaffinity chromatography with
direct measurement of the captured analyte. Hodgson and colleagues'3 used an antibody-entrapped
monolithic column to perform nanoflow immunoaffinity chromatography. Here the column was
used as an immunoextraction concentrator with the released analyte being measured by LIF detec-
tion. However, as the authors rightly point out, such columns could easily be used as a pre-analytical
concentrator.

3.8.2 MULTIDIMENSIONAL LiIQUID CHROMATOGRAPHY

Holland and Jorgenson'3 reported separating amines using anion exchange and reversed-phase col-
umns in 1995 and since then, there have been numerous reports of combining two LC columns (2D-
LC) to achieve efficient sample separation.'*’-3 In addition to the few references mentioned in this
section, see Chapter 4 in this handbook on two-dimensional comprehensive liquid chromatography.
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While 2D-LC can be accomplished using conventional LC columns, the field of proteomics has
directed the 2D-LC field toward capillary columns.! Multidimensional chromatography appears to
overcome problems associated with 2D gels, and the peak capacity of the LC system dramatically
increases by combining two orthogonal separation techniques.'** The rapid analysis of complex pro-
tein digests using a 2D-LC system was investigated by Mitulovic and coworkers.'** A strong cation
exchange column was used first to separate peptides based on their electric charge state and charge
distribution, whereas a reverse-phase column was used second to separate proteins according to
hydrophobicity. The system they used is fully automated, sample loss is low, and they demonstrated
that the success of 2-D HPLC is determined by the nature of the loading solvent, the flow rate of the
loading pump, and the sample loading time.'

3.8.3 OTHER APPLICATIONS

Many of the references cited throughout this chapter use specific analytes to validate the tech-
niques they are researching. In addition to these references, there are numerous references that use
additional techniques for specific analysis of reagents, proteins, environmental contaminants, etc.
Table 3.5 is a summary of research cited from 2004 until early 2006, using WHPLC in conjunction
with these methods of detection to study the specific analytes listed.
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4.1 INTRODUCTION

High-performance liquid chromatography (HPLC) represents a powerful method widely applied
for the separation of real-world samples in several fields. Although this methodology may often
provide sufficient resolving power for the separation of target components, many matrices present
a complexity that greatly exceeds the separation capacity of any single chromatographic system.
Therefore, despite a careful method optimization procedure, conventional HPLC may be inade-
quate when faced with truly complex samples. Moreover, peak overlapping may occur even in the
case of relatively simple samples that contain components with similar properties. In such cases,
the combination of more than one separation step is a convenient choice, generating a great increase
in the resolving power of a chromatographic system, expanding separation space, enhancing peak
capacity, and, thus, enabling the resolution of components even in highly complex matrices.

The most widespread among multidimensional HPLC techniques are two-dimensional (2D)
methods, in which components migrate along two imaginary axes. Figure 4.1 illustrates such a
process, where five fractions of the first-dimension separation are subjected to a second-dimension
separation.
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Second dimension

First dimension

FIGURE 4.1 Schematic representation of a 2D separation.

If the separation mechanisms are independent, then the probability of component overlapping is
quite small: components, unresolved in first separation according to one parameter, will probably
be separated during the second separation. In the case where the two chromatographic separations
are preceded by a solvent extraction step, the latter should be considered as a part of the multidi-
mensional system, yielding a 3D system [1]. An additional dimension is also represented by a mass
spectrometric detector and hence, even 4D systems are achievable.

Multidimensional HPLC analyses can be performed either off-line or on-line. In an off-line
HPLC, the fractions eluted from the primary column are collected manually or by a fraction col-
lector, concentrated if necessary and then reinjected into a second column. These techniques can
be time consuming, operative intensive, and difficult to automate and reproduce. Furthermore, of
greater importance in areas of quantitative trace analysis is the fact that off-line sample treatments
can be susceptible to solute loss and contamination. However, the off-line approach is quite easy,
because both analytical dimensions can be considered as two independent methods. This technique
is most used when only parts of the first separation require a secondary separation. In an on-line
HPLC system, the two columns are connected by means of a special interface, usually a switch-
ing valve, which allows the transfer of the fractions of the first column effluent onto the second
column. There are two types of on-line multidimensional liquid chromatography: heart-cutting
and comprehensive. While the former enables the bidimensional analysis of specific fractions of
the initial sample, the second is a more powerful approach that extends the 2D advantage to the
entire matrix. The heart-cutting techniques, extensively reviewed in previous papers [2,3], are not
the argument of this chapter, devoted to the comprehensive approach for the characterization of
complex matrices.

It has been stated that a comprehensive 2D separation should possess the following features [4,5]:

e All components in a sample mixture are subjected to two separations in which their dis-
placement depends on different factors.

* Equal percentages (either 100% or lower) of all sample components pass through both
columns and eventually reach the detector.

* Any two components separated in the first dimension must remain separated in the second
dimension.

* The elution profiles from both dimensions are preserved.

The comprehensive HPLC is characterized by the following advantages if compared to the
1D mode:

1. Higher resolving power and peak capacity

2. Greater amount of information about the sample in a single analysis

3. Great potential for the identification of “unknowns” (formation of chemical class patterns
on the 2D space plane, described later)
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However, this technique presents a number of challenges:

1. More thought must be given to method and instrument design

2. Incompatibility of different mobile phases can occur: immiscibility, precipitation of buffer
salts, incompatibility between the mobile phase from one column and the stationary phase
of the other

3. Need for specific interfaces and software

4.2 HISTORY

The origin of MD liquid chromatography lies in planar chromatography. Initially, the major 2D
separations were realized using thin-layer beds, originally in the form of paper chromatography
(i.e., the partition between a liquid moving by capillary action across a strip of paper impreg-
nated with a second liquid). The development of paper chromatography proceeded in parallel
with the development of liquid-liquid partition chromatography on columns, and in 1944, Martin
and coworkers [6] discussed the possibility of different eluents in different dimensions. In the
following years, a variety of hyphenated techniques were developed, until the most important
planar separation, based on the use of gel electrophoresis, was reported by O’Farrell in 1975 [7]:
up to 1000 proteins from a bacterial culture were separated by using isoelectric focusing in one
dimension and sodium dodecylsulfonate—polyacrylamide gel electrophoresis in the second. Most
developments, in the past two decades, however, have involved coupled column systems which
are much more amenable to automation and more readily permit quantitative measurements.
Comprehensive 2D liquid chromatography was first introduced by Erni and Frei in 1978 [8], who
analyzed a complex plant extract with a SEC column as the first dimension and a reversed-phase
(RP) column as the second dimension, connecting the two columns with an eight-port valve.
Next, the technique was evolved and improved by Bushey and Jorgenson in 1990 [9], who used a
microbore cation exchange column for the first-dimension separation and a size exclusion column
(SEC) for the second-dimension separation, using an eight-port valve for transferring the first
column effluent into the second. The system was applied to the separation of protein standards
and serum proteins.

In the last years, the use of comprehensive liquid chromatography has been greatly increased and
it has been widely used to separate and characterize various complex samples, such as biomolecules
[10-15], polymers [16,17], lipids [18—21], essential oils [22], acidic and phenolic compounds [23-28],
pharmaceuticals and traditional medicines [29-31], etc. Comprehensive LC has been reviewed by
several authors [32-37].

4.3 GENERAL PRINCIPLES

The complete separation of the compounds of interest must always be a primary goal in any chro-
matographic separation. The effectiveness of a separation may be measured by the peak capacity n.,
which shows the maximum number of peaks that fits side by side into the available separation space
(with resolution equal to 1). It has been demonstrated that the frequency with which component
peaks overlap depends upon the peak capacity [38]. High-resolution linear separation systems usu-
ally generate an n, in the range of several hundreds, which is apparently enough for the separation of
100 peaks. However, to realize the maximum peak content, the peaks must be evenly spaced at their
highest allowed density. In complex real-world samples, this occurs quite rarely, as the peaks tend
to fall across the chromatogram in a random mode and co-elutions are observed. Therefore, the real
number of components that may be isolated in most separation processes is much less than the peak
capacity. Davis and Giddings [38] and Martin et al. [39] showed how peak capacity is only the
maximum number of mixture constituents which a chromatographic system may resolve. Through
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the statistical method of component overlap (SMO) [38], it was estimated that no more than 37% of
the peak capacity is used for peak resolution. This percentage corresponds to the number of visible
peaks in a chromatogram.

Real-world samples are usually characterized by a variety of chemical groups and, conse-
quentially, by random peak distribution, therefore requiring a high separating power. A practical
method for enhancing the peak capacity, as mentioned before, can be achieved by using multidi-
mensional separations. In MD systems, the peak capacity is the sum of the peak capacities of the
1D processes:

k

n,(max) = Zn @.1)

i=i

As mentioned above, the most common multidimensional separations are performed by using 2D
systems. A considerable increase in peak capacity of the 2D system can be achieved if the whole
sample is subjected on-line to two independent displacement processes (comprehensive MD separa-
tion) with peak capacities of n, and n,, respectively. If the two separations have different retention
mechanisms (e.g., are orthogonal to each other), the maximum peak capacity n,p, of the system is
approximately equal to the product of the peak capacities n_ and n, [5]:

nop =1, Xn, 4.2)

This is illustrated in Figure 4.2. The peak capacities of the two dimensions are shown as the num-
ber of adjacent Gaussian profiles that can be packed into the space along the respective separation
coordinates. The separation plane is divided into rectangular boxes that represent the resolution
units in the 2D plane. The total peak capacity n,, is therefore approximately equal to the number
of such boxes.

For example, peak capacities of 50 in both dimensions give a total peak capacity over 2000,
which would require about 10 million theoretical plates in an 1D system. In reality, most of 2D
systems have at least some retention correlation, and this decreases the optimum resolution and
peak capacity of the system [40]. The same is caused by the additional broadening of the component
zones in their migration along the second coordinate.

1, Njacent Gaussian profiles

=]

ny

Adjacent Gaussian profiles

FIGURE 4.2 Peak capacity in a 2D system. (From Giddings, J.C., J. High Resolut. Chromatogr. Chromatogr.
Commun., 10, 319, 1987.)
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The improvement in resolving power of MD chromatography is expressed also in terms of
enhanced resolution. Giddings showed [1] how the contributors to the overall resolution, R, along
the two axes, R, and R, contribute to the final resolution according to

R=(R+R)" @.3)

The isolation of a component from a neighboring one in a 2D system is much more probable than in
a linear system, because the two displacements of the components are much less likely similar than
in the case of a monodimensional separation.

Since the introduction of 2D chromatographic techniques, it has become clear that each separa-
tion step should ideally provide different selectivities (orthogonal system) as this maximizes the
gain in peak capacity and hence the number of chromatographically resolvable components [8,40—
42]. Through orthogonality, cross-information or synentropy existing between the two dimensions
is minimized, resulting in maximum peak capacity and hence, high resolution. Minimizing synen-
tropy maximizes the efficiency and the information content, generating a key for complex sample
analysis [43—-45].

The separation in both dimensions should be controlled by parameters that are relatively inde-
pendent, otherwise the system has little effectiveness. With two independent migrations, we have
two parameters characterizing each component peak emerging from a secondary column, the first
identified by the position in the sequence of cuts from the first column and the second measured by
the retention time in the secondary column. However, if the cut from the primary column is very
broad (large At,), then the component peaks emerging from the secondary column will have consid-
erable uncertainty in the retention time for their migration through the primary column. The greater
the “cut,” the greater the degradation of the quality of information relative to each component’s
identity. Broader cuts also incorporate more components and increase the likelihood of interference
in subsequent separation steps. Component separation will improve with decreasing Ar,. Murphy
et al. have stated that to obtain a high 2D resolution, each peak in the first dimension should be
sampled at least three to four times [46].

The effectiveness of a 2D separation, where a first-dimension peak is unraveled in three
compounds (a, b, and ¢), is illustrated in Figure 4.3, where the number of samplings over the first-
dimension peak is 3.

For quantitation, the areas of all peaks relative to the same compound must be summed, as
illustrated in Figure 4.4.
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FIGURE 4.3 Effects of modulation on three co-eluting peaks.
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FIGURE 4.4 Quantitative procedure in LCXLC.

4.4 INSTRUMENTATION

Various comprehensive HPLC systems have been developed and proven to be effective both for the
separation of complex sample components and in the resolution of a number of practical problems.
In fact, the very different selectivities of the various LC modes enable the analysis of complex
mixtures with minimal sample preparation. However, comprehensive HPLC techniques are com-
plicated by the operational aspects of transferring effectively from one operation step to another,
by data acquisition and interpretation issues. Therefore, careful method optimization and several
related practical aspects should be considered.

4.4.1 INTERFACE

A typical comprehensive 2D HPLC separation is attained through the connection of two HPLC
systems by means of an interface (usually a high-pressure switching valve), which entraps specific
quantities of first-dimension eluate, and directs them onto a secondary column. An ideal inter-
face should retain the primary column eluate and reintroduce it as a sharp pulse when desired.
Figures 4.5 through 4.7 show different types of multiport switching valves used in comprehensive
LC approaches: an example of connecting two 6-port valves (Figure 4.5), an 8-port valve (Figure
4.5), and a 10-port valve (Figure 4.7). The valve is generally equipped with two sample loops (shown
in the figures) or trapping columns.

In the previously described approaches, different HPLC pumps are used in the two dimensions.
A different approach, where the flow from one single pump was splitted and introduced to one
first- and two second-dimension columns, was used by Venkatramani and coworkers [45,47]. In this
approach, a 12-port valve equipped with three loops [45] or with three guard columns [47] was used
as an interface (Figure 4.8).

4.4.2 FirstT DIMENSION

Most of the frequently used comprehensive 2D LC systems employ a microbore HPLC column in
the first dimension, operated at low flow rate, both under isocratic and gradient conditions. This
enables the transfer of fractions of small volume via the multiport valve equipped with two identical
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6-Port valves (one second-dimension column)

Loop 1 Loop 2
Second-dimension

column

First-dimension
column

Second-dimension

pump
Position 1 ————— Loop 1: load, loop 2: inject
Position 2 == ===~ Loop 1: inject, loop 2: load

FIGURE 4.5 Example of coupling of two 6-port two-position switching valves. (Reprinted with permission
from Tanaka, N. et al., Anal. Chem., 76, 1273, 2004. Copyright 2004, American Chemical Society.)

8-Port valve
l Second-dimension column

I Second-dimension pump

Position 1 ———— Loop 1: load, loop 2: inject
Position2 ===---- Loop 1: inject, loop 2: load

FIGURE 4.6 8-Port two-position switching valve.

sample loops, into the second-dimension column. The loop volume usually corresponds to the
mobile-phase quantity per modulation time eluting from the first-dimension column.

Such a system has been used for the comprehensive 2D chromatography of proteins [9,14],
synthetic polymers [16], oxygen heterocyclic fraction of cold-pressed citrus oils [22,29], carote-
noids [39], triglycerides in fats and oils [18-21], pharmaceuticals [29], and acidic and phenolic
compounds [27,28].

When a conventional column is used as a first-dimensional column, two different LCxLC con-
figurations may be used, with either two trapping columns or fast secondary columns in parallel
rather than storage loops. In the former setup, each fraction from the first dimension is trapped
alternatively on one of the two trapping columns. At the same time, the compounds retained from
the previous fraction on the other trapping column are back-flushed onto the analytical column
for second-dimension analysis. In the latter setup, a fraction from the first-dimension column is
trapped alternatively at the head of one of the two columns during the loading step in a one-column
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10-Port valve

j Second-dimension column

Position 1 =————— Loop 1: load, loop 2: inject
Position2 —====--- Loop 1: inject, loop 2: load

FIGURE 4.7  10-Port two-position switching valve.

Union3 & L
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Primary

Waste/Det. 2

I Union 2

FIGURE 4.8 12-Port two-position switching valve. (Reprinted with permission from Venkatramani, C.J.
and Zelechonok, Y., Anal. Chem., 75, 3484, 2003. Copyright 2003, American Chemical Society.)

focusing mode, meanwhile in the other column the solutes, transferred in the previous cut from the
first-dimension column, are separated.

These two approaches were investigated by several groups for the analysis of peptides and
proteins [10,11,15,49-55] and for the analysis of phenolic antioxidants [24—26].

4.4.3 SecoND DIMENSION

The second-dimension separation of the transferred fraction must be completed before the injection
of the successive fraction eluting from the first column and should be fast enough to permit that
3—4 fractions must be taken across the width of each first-dimension peak to avoid serious loss of
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information in the 2D separation due to under-sampling of first-dimension peaks, in agreement with
Murphy et al. [46]. This consideration further emphasizes the need for very fast second-dimension
separations in 2D LC. Moreover, short analysis times are particularly useful in the case of biological
or other unstable samples, which risk to degrade or change with time. Second-dimension fast separa-
tion can be achieved in different ways. A common approach is to use short monolithic columns at
high flow rates. The high permeability and good mass-transfer characteristics of monolithic stationary
phases make them ideally suited for use in the second dimension because they enable to work at high
flow rates without loss of resolution, thus reducing the second-dimension analysis time. Moreover,
successive gradient cycles with a very brief equilibration time can be performed [19-22,24,26,56].

Another approach to improve the effective speed of the second-dimension separation is the use of
an array of second-dimension columns, used in parallel [10,11,15,24,25,45,47,52-55,57], especially
with 1.5um i.d. pellicular columns [10,15,54,55,58]. This approach is more complicated due to the
fact that different columns are rarely identical, and it is critical to achieve precision of retention time
in consecutive second-dimension separation containing the same analyte peak.

Another possibility to speed up the 2D analysis time is to use high temperatures, as described by
Stoll et al. [13,59]: the decreased viscosity of the eluent at high temperature (100°C-120°C) allowed
a much higher linear velocity through the column to allow faster gradient development without sig-
nificant loss in efficiency. They demonstrated that excellent repeatability of retention times could be
obtained using narrow-bore (2.1 mm i.d.), wide-pore (300 /0\), and 3 um carbon-coated zirconia col-
umns at high temperature (100°C) with only one-column volume of flushing with the initial eluent.
Regarding analyte thermal stability, with very short residence times (10-205s) at high temperature,
very little detectable degradation of either small, labile organic analytes or proteins occurred.

4.4.4 DETECTORS

Most of the traditional HPLC detectors can be applied to LCxLC analyses; the choice of the
detectors used in comprehensive HPLC setup depends above all on the nature of the analyzed com-
pounds and the LC mode used. Usually, only one detector is installed after the second-dimension
column, while monitoring of the first-dimension separation can be performed during the optimiza-
tion of the method. Detectors for microHPLC can be necessary if microbore columns are used.
Operating the second dimension in fast mode results in narrow peaks, which require fast detectors
that permit a high data acquisition rate to ensure a proper reconstruction of the second-dimension
chromatogrames.

PDA detectors can be operated at rapid data acquisition rates (up to 40 Hz) and are the most com-
mon used. Quadrupole MS systems are capable of supplying sufficient spectra for peak. For reliable
component assignment, of course, TOF-MS systems possessing higher scan speed can be used.

Most of the detectors permit peak recognition but provide no structural information, which can be
particularly important for identification of unknown compounds. From this point of view, the spectro-
metric detectors, specifically mass spectrometer and photodiode array detectors, add a third dimension
to the multidimensional system and give additional information useful in components identification.

4.4.5 DATA ELABORATION AND SOFTWARE

LCxLC analyses produce great amounts of data, which contain retention information obtained from
each separation. Such data is of high level of complexity and requires considerable data elaboration
power and more sophisticated software which permit to collect all the information available and to
compare the samples. Considering the overwhelming amount of data generated per run, the data
handling may result in a real analytical problem, due to the fact that currently the area of dedicated
software for LCXLC is poorly developed. In fact, dedicated software for LCxLC data processing is
not yet commercially available as a complete package and therefore most of analysts use their own,
homemade software.
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With regard to comprehensive LC data elaboration, the acquired data is commonly elaborated
with dedicated software that constructs a matrix with rows corresponding to the duration of the
second-dimension analysis and data columns covering all successive second-dimension chro-
matograms. The result is a bidimensional contour plot, where each component is represented as
an ellipse-shaped peak, defined by double-axis retention time coordinates. When creating a 3D
chromatogram, a third axis by means of relative intensity is added. The colour and dimension of
each peak is related to the quantity of each compound present in the sample. Figure 4.9 illustrates
an example of data elaboration in comprehensive LC.

From the 3D plot, the individual first- or second-dimension separation can be deconvoluted,
precluding the need for a 1D detector, which introduces band broadening into the system.

Different chemometric methods in a number of ways have been used to handle data generated
by comprehensive analyses. The most relevant is the use of chemometric methods to reduce the
dimensionality of the analyte and to allow comparison between different samples. This is usually
done using principal component analysis (PCA), from which the entire multidimensional data set
can be visualized as one point relating to the two principal components of the data. Points falling
in particular regions of the plot can be categorized according to some standard training set, and
differences between samples can be easily investigated.

Chemometric methods can greatly increase the number of analyzable peaks in MDLC; in
particular, the generalized rank annihilation method (GRAM) can quantify overlapping peaks by
deconvoluting the combined signal to those of each dimension. Standards with precise retention
time are required, and there must be some resolution in both dimensions [60,61].

Peak integration and quantification can be performed by summing the areas of individual
second-dimension peaks belonging to one analyte peak, which are integrated using conventional
integration algorithms. It is, of course, necessary to confirm the identity of each peak prior to area
summation.

1D chromatogram
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FIGURE 4.9 Data elaboration in comprehensive chromatography. (Reprinted from Dalluge, J. et al., J.
Chromatogr. A, 1000, 69, 2003. Copyright 2003. With permission from Elsevier.)
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4.5 METHOD DEVELOPMENT IN LCXLC

In the development and optimization of a comprehensive LCxLC method, many parameters have
to be taken in account in order to accomplish successful separations. First of all, selectivity of the
columns used in the two dimensions must be different to get maximum gain in peak capacity of
the 2D system. For the experimental setup, column dimensions and stationary phases, particle sizes,
mobile-phase compositions, flow rates, and second-dimension injection volumes should be carefully
selected. The main challenges are related to the efficient coupling of columns and the preservation
of mobile phase/column compatibility.

Most of the frequently used comprehensive HPLC are operated in a continuous mode, which
means that the time of the second-dimension analysis corresponds to the transfer time of a fraction
from the first into the second dimension. The total analysis time will be the product of the second-
dimension analysis time and the total number of fractions injected onto the secondary column.

Comprehensive 2D HPLC can be also operated under stop-flow mode. In this case, after trans-
ferring a desired fraction volume onto the secondary column, the flow of the mobile phase in the
first dimension is stopped and the fraction analyzed in the second dimension. When the separation
is finished, the mobile-phase flow in the first dimension is switched on and the whole procedure is
repeated again for the analysis of all the transferred fractions. The disadvantage of this procedure
is the long analysis time, while the advantage can be that the second-dimension column can give
higher plate numbers if compared to the continuous approach [23].

4.5.1 CoupPLING WHEN PROBLEMS OF SOLVENT INCOMPATIBILITY OCCUR

LC techniques are characterized by a wider variety of separation mechanisms with truly different
selectivities. As such, the number of theoretically achievable orthogonal combinations is high. It
must be considered, though, that the combination of certain LC mode types can present difficulties
if not impossibilities due to mobile-phase immiscibilities, precipitation of buffer salts, 1D mobile
phase-2D stationary phase incompatibility. In comprehensive 2D LC, when selecting mobile phase
for each dimension, compatibility should be considered. Generally, mobile phases used in RPxRP,
RPxIEC, SECxRP, SECxNP are compatible. However, problems may occur if the mobile phases
in the first and in the second dimension have great difference in viscosity. It is more difficult to
combine NP and RP modes due to mobile-phase immiscibility.

If a large volume of an incompatible eluent is transferred from the first to the secondary column,
broadened and distorted peaks can be obtained, and the solvent plug from the first chromatographic
dimension can considerably alter the selectivity of the second dimension. If solvent incompatibility is
unavoidable, the first-dimension eluate isolation and suitable solvent changeover can be performed.
However, this can be complicated due to the need of extra equipment, increased maintenance, and
thus longer sample treatment time. Literature reports two approaches used to overcome this problem
in multidimensional heart-cutting LC. Sonnenfeld et al. [62] used a system in which the fraction of
interest were transferred from the first (normal phase (NP)) column to a packed precolumn, and the
NP eluent was removed by passage of on inert gas and vacuum. Once the solvent was removed, the
precolumn was desorbed using a RP eluent and transferred to the second (RP) analytical column.
Later on, Takeuchi et al. [63] used a microcolumn in the first dimension and a conventional-size
column in the second dimension to interface NP and RP separations. Due to the reduced peak vol-
ume generated by the use of microcolumns, solvent removal was not required. This approach offers
several advantages [3,58]:

¢ The small column i.d. helps to ensure a minimum of dilution and provides flow rates that
are compatible with the sample volume for the secondary column.

e The dead volumes of the system are minimized.

* There is no need for a pre-concentration step at the head of the secondary column.
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The low flow rate in the microbore column ensures sample volumes compatible with the secondary
conventional column and permits the injection of a small volume onto the secondary column, mak-
ing the transfer of incompatible solvents possible without peak shape deterioration or resolution
losses [63]. The possible disadvantage could be the lower sample capacity of microbore LC col-
umns. However, in LCxLC, a sensitivity enhancement can be obtained if the formation of com-
pressed solute bands at the head of the secondary column is achieved during the transfer from the
first to the second dimension. Moreover, a larger volume can be injected into the first-dimension
microcolumn, used as a highly efficient pre-separation step, and a limited decrease in efficiency due
to a large injection volume can be tolerated.

The combination of normal (silica) and reversed (C18) phase HPLC in a comprehensive 2D LC
system was used for the first time for the analysis of alcohol ethoxylates [64]; the NP separation
was run using aqueous solvents, so the mobile phases used in the two dimensions were miscible,
resulting in the easy injection of the entire first-dimension effluent onto the second-dimension
column.

The first fully comprehensive coupling of NP and RP, where the previously described difficulties
related to solvents immiscibility were overcome, was developed by Dugo et al. and applied to the
analyses of oxygen heterocyclic components of lemon essential oils [22]. Based on the configuration
described in this work, other applications were developed for the analysis of carotenoids in citrus
samples [48], citrus fruit extracts [29], pharmaceutical products [29], and triglycerides in fats and
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FIGURE 4.10 NPxRP LC contour plot for linseed oil TAGs. Comprehensive 2D silver ion—RPLC separation
of the triglyceride fraction of linseed oil. First-dimension column: Ag-column (150 x 1 mm i.d., 5 um dp); flow
rate 11 uL/min; gradient elution using n-hex/ACN 99.3:0.7 (A) and n-hex/ACN 99.1:0.9 (B). Second-dimension
column: monolithic C18 (100x4.6 mm i.d.); flow rate 4 mL/min; gradient elution using acetonitrile (A) and
isopropanol (B); injection: 2uL. Interface: 10-port valve equipped with two 20 uL. sample loops. Detection
was by using APCI-MS. S =stearic, O=oleic, P=palmitic, L=Iinoleic, Ln=linolenic. (Reprinted from Dugo,
P. et al.,, J. Chromatogr. A, 1112, 269, 2006. Copyright 2006. With permission from Elsevier.)
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oils [19-21]. Figure 4.10 shows an example of comprehensive NPxRP separation of a high number
of triglycerides present in linseed oil.

Drawbacks that may occur working with incompatible solvents in the two dimensions may be
system peaks which originate from the solvent incompatibility, hence reducing the available chro-
matographic separation space in the second dimension. When operating the second dimension at
high flow rate, a solvent bump due to the poor mixing of the solvents in the sample loop was
observed [29]. Both solvent peaks and “bump” are very reproducible over the run, so these factors
can be accounted for if a blank run is performed and the 2D contour plot can be constructed after
background subtraction.

4.5.2 COUPLING WITHOUT PROBLEMS OF SOLVENT INCOMPATIBILITY

In order to obtain 2D RPxRP separations with high degree of orthogonality, an accurate selection of
RP columns, temperature, and mobile-phase composition are required. Adequate difference in selec-
tivity can be obtained either by employing columns of analogous selectivity and different mobile
phases or columns of different selectivity and analogous mobile phase. Ikegami et al. demonstrated
that 2D HPLC systems employing equal C18 stationary phases with different organic modifiers in
mobile phases for each dimension could produce large peak capacity for compounds with a large
range of polarity [65]. Aromatic amines and non-amines were analyzed in comprehensive LC operat-
ing on both dimensions under comparable RP conditions [45]. In this case, the orthogonal separation
was achieved by tuning the operating parameters, such as mobile-phase strength, temperature, and
buffer strength, in conjunction with different secondary columns (ODS-AQ/ODS monolith, ODS/
amino, ODS/cyano). On the other hand, various stationary phases, including polar-RP ether-linked
phenyl phase with polar endcapping [66], PEG phase bonded on silica [23], or zirconium dioxide with
deposited carbon layer [24,25], provide significant differences in selectivities with respect to C18
phases bonded on silica. Recently, 2D RPxRP separations by using various combination of silica-
based columns in the two dimensions have been reported for the analysis of drugs and degradation
products [67]. Figure 4.11 shows an example of comprehensive RPxRP separation of a mixture of
phenolic and flavone standards, obtained using different stationary phases in the two dimensions.
Two-dimensional IECxRP setups by using an ion exchange column by means of salt gradient in
the first dimension and an RP column in the second dimension have been extensively employed for

Second dimension (min)
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FIGURE 4.11 RPxRP LC separation of a mixture of phenolic antioxidant and flavonoid standards. First-
dimension: phenyl column (50x3.9mm i.d., 5mm dp); flow rate 0.3 mL/min; gradient program using water
and ACN; injection: 20 L. Second-dimension: monolithic C18 column (100x4.6mm i.d.); flow rate 2mL/
min; gradient program using water and ACN. Detection was by UV—vis at 280 nm. Interface: two C18 columns
(30x4.6mm i.d., 2.5 mm dp) mounted on a 10-ports valve. (Reprinted from Cacciola, F. et al., J. Chromatogr.
A, 1149, 73, 2007. Copyright 2007. With permission from Elsevier.)
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separation of proteins, peptide fragments, and other biopolymers. Combination of RP LC in the sec-
ond dimension and pH gradients for protein separation according to their p/’s in the first dimension
seems to be a promising new 2D technique as potential alternative to 2D CE in proteomic research,
because it is fast and can be easily automatized [49-51]. The resolving power of this technique is
shown in Figure 4.12, which reports a comprehensive strong cation-exchange x RP chromatogram
of a tryptic digest from bovine serum albumin (BSA).

Two-dimensional SECXLC has been applied mostly to synthetic polymers, (co)polymers, or poly-
mer blends that are soluble in organic solvents, such as THF, dioxane, dichloromethane (DCM),
etc., using SEC for separation according to the molar mass distribution in one dimension and NP
LC [4,16,68,09], according to different functionalities (end-groups with different polarities “‘chemi-
cal composition” distribution) in the second dimension, under “near-critical” conditions, where
compounds differing in the numbers of monomer units co-elute in a single peak [41,70]. In the NP
dimension, usually a silica gel or cyanopropyl-modified silica column is used with THF—cyclohexane,
DCM-heptane, DCM/ACN, DCM-methanol, trichloromethane—cyclohexane, etc., mixed mobile
phases, either with isocratic or with gradient elution, whereas THF is most frequently used as the SEC
mobile phase. Because conventional SEC columns are relatively long and the SEC analysis requires
relatively long times, they are usually used in the first dimension, with an NP (or RP) column in the
second dimension. In comprehensive chromatography, it is advantageous to use short SEC in the sec-
ond dimension in combination with either isocratic [16,71] or gradient LC [72] in the first dimension
to accomplish improved separation according to the chemical composition distribution of polymers.
Figure 4.13 shows a NPLCxSEC chromatogram of a mixture polystyrene (PS) standards and polysty-
rene hydroxide (PS-OH).
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FIGURE 4.12 Two-dimensional chromatogram from the separation of tryptic peptides from BSA. First-
dimension: strong cation-exchange column (50x2.1 mm i.d., Spm dp); flow rate 0.1 mL/min; salt gradient
using 20mM sodium dihydrogen phosphate, adjusted to pH 2.9 with phosphoric acid (A) and 500 mM sodium
dihydrogen phosphate, adjusted to pH 2.9 with phosphoric acid (B); injection: 50 uL. Second-dimension (high-
temperature LC): C18 column (50x2.1 mm i.d., 3.5um dp); flow rate 3 mL/min; gradient elution using 0.1%
(v/v) trifluoroacetic acid (TFA) in water (A) and 0.1% (v/v) TFA in ACN (B). Detection was by UV-vis at
214 nm. Interface: 10-port valve equipped with two 35 UL sample loops. (Reprinted with permission from Stoll,
D.R. and Carr, PW., J. Am. Chem. Soc., 127, 5034, 2005. Copyright 2005, American Chemical Society.)
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FIGURE 4.13 An LCxSEC chromatogram of a mixture of PS standards (M,, 2,450, 7,000, 22,000, and
200,000) and PS-OH (M,, 10,000 and 100,000) at critical conditions for PS. First-dimension: bare silica
column (250x 1.0mm i.d., 3um dp), flow rate 4 uL/min; isocratic 42%/58% THF-hexane; injection 1uL.
Second-dimension: Mixed-C SEC column (75x4.6mm i.d., 5um dp); flow rate 0.6 mL/min; isocratic 100%
THE. Detection was by UV-absorbance detector at 254 nm. Interface: 10-way valve equipped with two sam-
ple loops. (Reprinted from van der Horst, A. and Schoenmakers, P.J., J. Chromatogr. A., 1000, 693, 2003.
Copyright 2003. With permission from Elsevier.)

Two-dimensional SECxRP can be also used for protein and peptide separation, and this approach
has been used for separation of peptides in tryptic digests of ovalbumin and serum albumin [14].

4.5.3 Peak FocusING AT THE HEAD OF THE SECONDARY COLUMN

As arule, the sequence in which the columns are placed in a column-switching system has a marked
effect on the results of a 2D separation. The final choice is dictated by the specific separation objec-
tives. When subsequent fraction cuts have to be performed on the effluent from the first dimension,
the column with a higher peak capacity should be placed into the first-dimension system and the
flow rate should be matched to the fraction transfer switching period. The fractions transferred to
the second-dimension column should be completely eluted before the subsequent fraction is trans-
ferred from the first to the second dimension. To increase the peak capacity in the first dimension,
gradient elution is preferred to isocratic conditions.

Owing to the consecutive dilution of fractions transferred from the first dimension, detectability
and sensitivity are of great concern when developing a 2D LC separation. This has to be consid-
ered and samples with the highest possible concentrations have to be injected into the 2D system.
However, band broadening in the transferred fractions should be suppressed whenever possible,
or reduced to a minimum. In comprehensive LC, band suppression effects can be achieved with
a judicious selection of first- and second-dimension mobile and stationary phases. In particular, it
is advantageous to select the chromatographic systems so that the mobile phase in the first dimen-
sion has lower elution strength than in the second dimension. In this way, the transferred fraction
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is concentrated (focused) at the head of the secondary column, obtaining the “modulation” effect
[4,73]. Focusing is better achieved if the second dimension is operated under gradient elution,
because even lower eluent strength can be used during the transfer of the fraction [59].

In NPxRP LC, mobile phase used in the first-dimension NP-LC separation is always stronger
than the mobile phase at the head of the RP-secondary column [74,75]. However, it was demon-
strated that the use of microcolumns in the first dimension operated at a high flow rate and a mono-
lithic column in the second dimension operated at high flow rate in gradient mode can overcome
problems of immiscibility of mobile phase. In particular, the use of a low percentage of strong
solvent in the first step gradient of the 2D improves the chromatographic performance because of
improved peak focusing.
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5.1 INTRODUCTION

In the simple isocratic HPLC elution mode, the chromatographic conditions are kept constant. Many
complex samples contain compounds that differ widely in retention, so that HPL.C in isocratic elu-
tion mode does not yield successful separation. If the isocratic conditions are adjusted for adequate
retention of strongly retained solutes, some weakly retained components of complex samples may
elute as poorly—if at all—separated bands close to the column hold-up time. On the other hand,
if the operation conditions are adjusted so as to achieve satisfactory separation of weakly retained
compounds, the elution of strongly retained sample components may take a very long time, their
peaks may be broad, and their concentration in the effluent may be so low that the peak detection
and integration becomes very difficult or even impossible. To solve this problem, the elution condi-
tions can be changed according to a preset program during the elution.
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The most commonly used programming technique in LC is solvent-gradient elution, where the
composition of the mobile phase changes during the run by mixing two or more components. In
solvent gradient elution, a weaker mobile phase is used in the initial part of the elution to pro-
vide adequate retention of weakly retained compounds, while the elution strength increases and
consequently the retention of analytes gradually decreases during the gradient run, which results
in improved resolution of weakly retained compounds and shorter retention times of the strongly
retained ones. Further, decreasing retention is accompanied with narrower bandwidths and increased
peak capacity with respect to isocratic separation. The original idea of solvent-gradient elution is
attributed to A. Tiselius; it was used experimentally as early as in 1950 [1] and has been developed
since by several groups (see, e.g., Refs. [2—4]). After commercial equipment had become available,
gradient elution was gradually applied for practical solution of various LC problems.

The phenomena controlling gradient elution have often been misunderstood by many practicing
chromatographers, who often regard it as subject to more experimental problems, less reproducible,
slower, and more difficult to transfer from one instrument (laboratory) to another than isocratic
elution, the reason being more complex equipment, more tedious method development, and more
difficult interpretation of results. That is why some workers try to avoid gradient elution; however by
doing so, they can miss undeniable benefits of this technique. Because of a higher number of experi-
mental variables that should be taken into account, the effective use of gradient technique requires
understanding how the gradient profile affects the separation. Some practitioners may be puzzled by
observing that using a longer column or decreasing the flow rate of the mobile phase while keeping
other gradient conditions unchanged may shorten the analysis time and decrease the resolution in
gradient elution, contrary to the effects in isocratic HPLC. The theory of gradient can satisfactorily
explain this behavior and provides tools to avoid unexpected results.

In the past decades, theoretical models describing gradient elution have been developed, so that
the sample behavior in gradient elution is now well understood and can be explained and predicted.
Various aspects of theoretical contributions and their impacts on the good practice of gradient elu-
tion have been presented and reviewed in several books and chapters in monographs [4—11]. This
chapter intends to provide concise overview of the earlier work for improved understanding of the
theoretical and practical aspects of gradient elution and to serve as the introduction for deeper study
of this powerful technique for interested readers.

5.2 ADVANTAGES OF GRADIENT ELUTION AND
CLASSIFICATION OF GRADIENTS

The main reasons for the use of gradient elution are

¢ Improving the resolution of samples with wide range of retention

¢ Increasing the number of peaks resolved within a fixed time of separation (increasing the
peak capacity in single- or multi-dimensional LC)

* Separation of mixtures of compounds with high molecular weights, such as synthetic
polymers, proteins, and other biopolymers whose retention changes markedly for small
changes in the composition of mobile phases

¢ Providing economic and fast generic separation methods that can be applied with confi-
dence in development and control laboratories to a large number of samples of variable
composition to provide important information in short time to synthetic chemists, either
for fast sample screening, or for generating impurity profiles

» Using initial “scouting” gradient experiments for efficient development of final gradient or
isocratic methods

¢ Removing strongly retained interfering compounds in a separate sample pretreatment prior
to analysis

* Suppression of tailing peaks, especially for samples containing basic compounds
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Various criteria can be used to classify mobile phase gradients:

1. The number of mobile phase components whose concentrations change with time:

a. Two-component (binary) gradients

b. Multicomponent (ternary, quaternary, etc.) gradients

c. So-called relay gradients, i.e., a special type of multicomponent gradients comprised
of several subsequent steps with different solvents where the mobile phase changes
from solvent A to solvent B in the first step, from solvent B to solvent C in the second
step, etc.

2. The composition of the mobile phase in gradient LC can be changed according to a
continuous gradient, the profile of which is characterized by three parameters affecting
the elution behavior: (1) the initial concentration, (2) the steepness (slope), and (3) the shape
(curvature) of the gradient. The gradient program can be also comprised of a few subse-
quent isocratic or gradient steps. Accordingly, the gradients can be classified as
a. Linear gradients
b. Nonlinear gradients with curved profile (concave or convex, rarely used, mostly substi-

tuted by segmented gradients)

c. Step gradients, including several subsequent isocratic steps with increasing concentra-
tion of one or more strong eluting components of the mobile phase

d. Segmented gradients, including several subsequent steps, usually linear with different
slopes (ramps) or isocratic hold periods (most often at the end or at the beginning of
elution, but also inserted between linear gradient steps)

e. Reverse gradients with decreasing concentration of the strong mobile phase compo-
nent are often used to restore the initial conditions before the next sample injection

3. The chromatographic mode and the type of the mobile phase:

a. Reversed-phase solvent gradients—concentration(s) of one or more organic solvent(s)

in water increase(s); nonpolar bonded columns

Nonaqueous reversed-phase (NARP) solvent gradients—concentration(s) of one or

more less polar organic solvent(s) in a more polar one increase(s)

Ion-pair reversed-phase solvent gradients in mobile phases containing ion-pair reagents

Ion-pair reagent concentration gradients in reversed-phase mode

Reversed-phase pH gradients

Reversed-phase decreasing ionic strength gradients (hydrophobic interaction chroma-

tography, salting-out chromatography)

g. Ionic strength gradients in ion-exchange LC (may be combined with solvent
gradients)

h. pH gradients in ion-exchange LC (may be combined with solvent gradients)

i. Normal-phase solvent gradients — concentration(s) of one or more polar solvent(s) in a
less polar one increase(s); nonaqueous mobile phases, polar adsorbent or polar bonded-
phase columns

J- Normal-phase hydrophilic interaction chromatography (HILIC) gradients -
concentration of water (or of water and a more polar organic solvent) in a less polar
solvent increase; aqueous mobile phases, polar adsorbent or bonded-phase columns

4. The objective of separation:

a. Analytical separations (identification and determination of sample compounds), low
sample load on the column, linear distribution isotherms

b. Preparative separations (isolation or purification of compounds), high sample load on
the column, usually nonlinear distribution isotherms

=

-0 a0

Solvent gradients are generally much more efficient to decrease the retention than programmed tem-
perature. For example, the retention factors k of low-molecular-weight analytes in reversed-phase
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LC decrease by a factor of 2-3 with a 10% increase in the concentration of organic solvent in
aqueous-organic mobile phase, whereas an increase of temperature by 10°C usually leads to a
decrease in k of nonionic compounds by 10%—-20%. Further, many commercial HPLC columns
do not tolerate increased temperatures of 60°C or higher [12]. Flow-rate programming during
separation is not practical, as it is limited by maximum allowable operation pressure. Stationary
phase programming is possible using off-line or on-line column switching in multidimensional
LC, which is a very efficient tool for increasing the number of resolved peaks, but requires com-
plicated method development, especially with respect to sample transfer between the individual
dimensions.

Gradient-elution techniques can be combined with elevated temperature operation or temperature
programs [13-17], flow-rate programming [18,19], column switching, and two-dimensional (2D)
operation [20-24] to get full advantage of separation selectivity and to separate complex samples in
as short a time as possible.

5.3 PRINCIPLES AND THEORY OF GRADIENT ELUTION

The theory of gradient-elution chromatography allows predicting the gradient-elution behavior of
sample compounds and optimizing gradients in various reversed-phase, normal-phase, and ion-
exchange systems, if the dependence of the retention data on the composition of the mobile phase
is known. This information can be obtained from the isocratic retention data (or from two ini-
tial gradient experiments) [4—11]. Generally, the calculation of the entire band profile in gradi-
ent chromatography, either symmetrical for dilute samples in analytical chromatography (linear
isotherm conditions), or nonsymmetrical for concentrated samples in preparative chromatography
on overloaded columns (nonlinear isotherm conditions) is possible by numerical solution of the
basic differential chromatographic mass balance equation (Equation 5.1), e.g., using finite differ-
ence method [25]:

2
d(cm) + f d(cs) + d(u : Cm) — Da . d (Crg) (51)
d(t) d(t) d(l) d(l)
where
c,, and c, are the concentrations of the analyte in the mobile and in the stationary phase,
respectively

f1is the phase ratio in the column

u is the linear velocity of the mobile phase

[ is the column length

t is the time elapsed from the start of elution
D, is the axial diffusion coefficient

However, the calculation requires different algorithms for each specific case. Hence, an explicit
mathematical solution providing basing retention data (elution volumes or times, bandwidths, and
resolution) is much more frequently used in analytical gradient chromatography, even at a cost of
some simplifications [9-11].

5.3.1 PrebicTiON OF RETENTION IN GRADIENT-ELUTION CHROMATOGRAPHY

The main difference from isocratic elution consists in continuous change (decrease) in the retention
factors, k;, in gradient chromatography with changing (increasing) concentration of the strong sol-
vent B in the mobile phase. The change in mobile phase composition is first observed at the column
inlet and propagates along the column until it arrives to the column outlet, delayed by the column
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FIGURE 5.1 Instantaneous retention factors, k;, of propylbenzene and amylbenzene in dependence on time
elapsed since the start of the gradient, corresponding to the actual composition of the mobile phase: (1) at
the column inlet (preset gradient program), (2) at the column outlet (delayed by the column hold-up vol-
ume), and (3) at the actual band maximum in the column. Column and separation conditions: Chromolith
Performance RP-18e column, 80%-100% ACN in water in 9.3min, F,,=1 mL/min. No instrumental dwell
volume, V,,=0mL. Parameters of Equation 5.7: propylbenzene: a=1.99, m=2.68, R?=0.9998; amylbenzene:
a=2.65,m=3.16, R?=0.9997. (From Jandera, P., J. Chromatogr. A, 1126(1-2), 24, 2006. Copyright 2006. With
permission from Elsevier.)

hold-up volume. Consequently, the retention factors of sample compounds continuously decrease
as the sample bands move along the column, as shown in Figure 5.1, for two compounds differing
in the retention. This means that unlike isocratic elution, the retention factors during gradient elu-
tion can be considered constant only within a very small (differential) time interval dt, in which
the sample zone migrates along an infinitesimally small distance in the column, corresponding to
the differential of the column hold-up volume, dV,,. The interval dt corresponds to a differential
increase in the volume of the column effluent, dV, so that it contributes to the final net retention time,
tk , and net retention volume, Vj, by the increments d(tz) and d(Vy), respectively:

d(tx)=kd(t,); d(Vi)=kd(V,) (5.2a,b)

The differential equations (Equation 5.2a or b) can be solved by integration after introducing the
actual dependence of k on the time, # (or on the volume of the eluate, V, which has passed through
the column) from the start of the gradient until the elution of the band maximum. Freiling [26] and
Drake [27] were the first to introduce this approach, which has been used later to derive equations
allowing calculations of gradient retention data in various LC modes [2,4-7,28-30].

Assuming that the column hold-up volume does not change significantly with changing mobile
phase in the gradient range, the change in d(t;) during a gradient run is independent of the change
in d(t,). Considering the change in the variables during gradient elution in the limits from 0 to % for
d(tz) and from O to z,, for d(z,), Equation 5.2a can be integrated within these limits:

IR—Im Im
d(ty
[ AR fae =, 53
ki
0 0
Similar considerations apply for the integration of the volume elements in gradient elution. Setting

the net (corrected) elution retention times (or volumes), tz=tx—1,, Vi=(V;—V,) as the upper inte-
gration limits in Equation 5.3 implies that the retention factor k; relates to the actual position of
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the band maximum in the column, as shown by the middle plots (dot lines) in Figure 5.1, so that in
the calculation only the volume of the mobile phase that has passed through the maximum of the
analyte zone (or the corresponding time) is considered. The column hold-up volume (time) is not
included in this solution, as the mobile phase contained in the column at the time of injection moves
ahead of the injected sample and does not affect the retention during gradient elution. It should be
noted that setting the uncorrected retention times or volumes as the integration variables instead of
the net values necessitates other upper integration limits and may lead to difficulties in mathemati-
cal solution of Equation 5.3, so that the two approaches should not be confused [31,32].

Equation 5.3 can be solved by integration when the dependence of k; on the time elapsed, ¢ (or the
volume of the eluate passed through the column, V), from the start of the gradient run is known. To
allow general solution for various combinations of gradient profiles and HPLC modes, any depen-
dence of k on V can be divided into two parts: (1) a dependence of k on the concentration of a strong
eluting component in the mobile phase, ¢ controlled by the thermodynamics of the distribution
process (the retention equation) and (2) the parameters of the gradient function describing the gra-
dient profile, which is adjusted by the operator. Most frequent are linear gradients, but curved or
segmented gradients can be also used, if they provide better resolution or shorter retention times.

Linear binary concentration gradients can be described by the gradient function [4-9,33]:

(p=A+B't=A+ﬂt=A+£V=A+BV=A+%V 54)

tG m G

where

A is the initial concentration @ of the strong solvent in the mobile phase at the start of the gradi-
ent (usually expressed in terms of volume fractions) and B or B are the steepness (slope) of
the gradient, i.e., the increase in @ in the time unit, or in the volume unit of the mobile phase,
respectively

V; and 1, are the gradient volume and the gradient time, respectively, during which the concen-
tration ¢ changes from A to the concentration ¢;=A + A at the end of the gradient

A@ is the gradient range

A plethora of models for the description of retention in reversed-phase, ion-exchange, and normal-
phase LC have been suggested during the past 40 years, resulting in various retention equations. For
practical prediction and optimization of retention in gradient elution it is not very important whether
the retention model is rigorously theoretical, semi- or fully empirical. What really matters is the
goodness of the fit of experimental data at changing mobile phase composition and the number of
model parameters. It should be kept in mind that the fit of the experimental data set to the model
retention equation alone does not prove the validity of the underlying model. Generally, the more
parameters are included into the retention equation, the better the model fits the data, regardless
of the theoretical validity and the physical meaning of the parameters. Therefore, the model-based
retention equations should be selected judiciously to obtain reliable parameters of a multiparameter
retention equation. If the number of experimental data is too low, “over-fitting” of the equation with
a high number of parameters may be due to a low number of degrees of freedom resulting to a close
fit to the biased data subject to experimental errors rather than to better accuracy of the underlying
theoretical model [34]. At a high enough number of experimental data, the random errors average
and more reliable model parameters are obtained, but at the cost of increased experimental efforts;
hence, two- or three-parameter retention equations are more useful in practice for calculations of
the gradient retention data. Therefore, only simple equations yielding however reliable prediction of
retention in reversed-phase, normal-phase, and ion-exchange gradient LC modes will be presented
here. For more detailed discussion and comparison of other retention equations in various HPLC
modes, the interested reader is referred to earlier literature (see, e.g., Refs. [4,9,10]).
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In some cases, the solution is possible in explicit form allowing direct calculations of the
retention data; however, for some combinations of gradient functions and retention equations itera-
tive solution approach is necessary, which can be applied using standard calculation software. An
overview of possible solutions of Equation 5.3 for various HPLC modes and gradient profiles was
published earlier [4,33].

5.3.2 BANDWIDTHS AND RESOLUTION IN GRADIENT CHROMATOGRAPHY

The migration velocities of the bands along the column increase as the retention factors decrease
during gradient elution. The consequence is the elution of various sample compounds with similar
instantaneous retention factors, k,, at the time the sample zones leave the column during a gradient
run. The accelerated migration along the column causes significant reduction of the zones of later
eluting compounds, so that the bandwidths in gradient-elution chromatography are approximately
constant for both early and late eluting compounds, unlike isocratic conditions, where the band-
widths increase for more strongly retained compounds.

Bandwidths in gradient-elution chromatography can be determined exactly by numerical solu-
tion of Equation 5.1, which results in the calculation of the complete profile of the elution curve
[35-37], or by numerical calculations of the accumulation of local diffusion coefficients in a series
of discrete-time slices [38]; however, these approaches are tedious and hence rarely used for analyti-
cal gradient HPLC. Usually, a simplified approximate calculation procedure shown below provides
results accurate enough for the practical gradient method development and optimization, by setting
the bandwidths, w,, in gradient elution equal to the isocratic bandwidths in the mobile phase at the
column outlet at the elution time of the band maxima of the sample, which can be calculated as in
isocratic elution using the corresponding instantaneous retention factor, &, [4,6—11,28,29]:

(.5)

where
N is the average number of theoretical plates determined under isocratic conditions in mobile
phases within the gradient concentration range
V,, is the hold-up volume of the column

It should be noted that the correct plate number cannot be determined directly from a gradient
chromatogram, as the retention factors k are continuously changing during gradient elution. The
retention factors k, at the point of elution of peak maximum can be calculated using appropri-
ate retention equation. Both the k, and the bandwidths decrease as the steepness of the gradient
increases [7,28]. The peaks in gradient-elution chromatography are generally narrower and higher
in comparison to isocratic elution, which improves the detector response and the sensitivity of deter-
mination. However, the beneficial effect of gradient elution on increasing sensitivity is sometimes
limited by increased baseline drift and noise, which can be suppressed by using high-purity “gradi-
ent grade” solvents and mobile phase additives.

One simplification adopted in derivation of Equation 5.5 consists in neglecting the effects of
changing mobile phase composition on the diffusion coefficients, which affect the height equivalent
of theoretical plate, H and N=L/H [7]. The errors in the calculated gradient bandwidths caused
by this simplification are estimated to be generally less than 1% for low molecular samples [39].
Neglecting additional band compression in gradient elution, which occurs as the trailing edge of
the band moves faster in a mobile phase with higher elution strength whereas the leading edge
migrates more slowly in a weaker mobile phase during gradient elution [5,7,11] is another possible
source of errors in calculations using Equation 5.5, which may lead up to 10%—20% positive errors
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in the calculated bandwidths [40]. For practical method development, neglecting band compression
may be used as a “safety tolerance” to compensate for additional band broadening effects caused
by variation of the viscosity and diffusion coefficients during the gradient, or due to extra-column
band broadening [11,39,40].

Combining the appropriate equations for the retention volumes of the solutes 1 and 2 with adja-
cent bands and Equation 5.5, we obtain Equation 5.6 for resolution in gradient LC [4,6,28], which
can be used in the optimization of gradient separations:

R, = Ve =V (%5.6)
Wg
where
Viray and Vi, are the retention volumes of sample compounds 1 and 2, respectively
w, is the average bandwidth calculated using Equation 5.5

5.4 GRADIENT ELUTION IN VARIOUS LC MODES

5.4.1 REeVersED-PHASE CHROMATOGRAPHY

Reversed-phase chromatography (RPC) is by far the most frequently used LC separation mode, as it
is likely to provide satisfactory separation of a great variety of samples containing nonpolar, polar,
and even ionic compounds according to the differences in hydrophobicity and (or) size of analytes
[6,41]. To first approximation, the polar interactions in the mobile phase are the main factor control-
ling the retention. According to the solvophobic model, the transition of a solute molecule from the
bulk polar mobile phase to the surface of the nonpolar stationary phase results from a decrease in
the contact area of the solute with the mobile phase. Replacement of weaker interactions between a
moderately polar solute and mobile phase by mutual interactions between strongly polar molecules
of the mobile phase in the space originally occupied by a solute molecule results in overall energy
decrease in the system, which is the driving (solvophobic) force of the retention in absence of strong
(polar) interactions of the solute with the stationary phase [41]. In the real world, the interactions
with the stationary phase contribute more or less to the retention, such as polar interactions of
basic solutes with residual silanol groups remaining in silica-based bonded phases after chemical
modification of the support. Further, organic solvents used as the components of the mobile phases
in reversed-phase systems can be preferentially adsorbed by the stationary phase and modify its
properties.

The sample retention increases as its polarity decreases and as the polarity of the mobile phase
increases, i.e., as the concentration of the organic solvent B in aqueous-organic mobile phase
decreases. The organic solvents used in gradient RPC include—in order of decreasing polarities
and utility—acetonitrile, methanol, dioxane, tetrahydrofuran, and propanol. For successful separa-
tion of ionic, acidic, or basic substances, it is necessary to use additives to the mobile phase: buffers,
neutral salts, weak acids, or surfactants as ion-pair reagents. Substances of very low polarity can be
separated with a nonaqueous organic mobile phase by NARP chromatography [6].

By appropriate choice of the type (or combination) of the organic solvent(s), selective polar
dipole—dipole, proton-donor, or proton-acceptor interactions can be either enhanced or suppressed
and the selectivity of separation adjusted [42]. Over a limited concentration range of methanol—
water and acetonitrile—water mobile phases useful for gradient elution, semiempirical retention
equation (Equation 5.7), originally introduced in thin-layer chromatography by Soczewiiiski and
Wachtmeister [43], is used most frequently as the basis for calculations of gradient-elution data
[4-11,29,30]:

logk =logk, —m@=a—me 5.7
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The constant a in Equation 5.7 increases as the polarity of a solute decreases and as its size increases
and theoretically should be equal to the logarithm of the solute retention factor in pure water, k,,.
However, the values of log k,, extrapolated to @=0 do not describe accurately the real retention in
water [44—46]. The constant m increases with decreasing polarity of the organic solvent B and with
increasing size of the sample molecule [47,48].

Introduction of Equation 5.7 into the differential equation (Equation 5.3) and integration enables
calculation of the elution volumes V, in gradient RPC with linear gradients of organic solvent in
water, described by Equation 5.4 [7-11,28,33]. Various forms of this solution were published, which
all can be formally rearranged to Equation 5.8, assuming that the contribution of the instrumental
dwell volume to the retention is small enough to be neglected:

V, = ilog{ 2.31m3[vm10<“*’"">]+ 1} +V, (5.8)
mB

Combining Equations 5.8 and 5.5, we obtain Equation 5.9 allowing prediction of bandwidths in RP
gradient chromatography:

4y, 1
W, = ——| 1+ 5.9
N [ 2.31mBV,, + 10““‘“)} 69

5.4.2 NORMAL-PHASE CHROMATOGRAPHY

Normal-phase (straight-phase, adsorption) chromatography (NPC) is the oldest liquid chro-
matographic mode. The column packings include inorganic adsorbents (silica or, less often, alu-
mina) and (cyanopropyl —(CH,),—CN, diol-(CH,);—O-CH,-CHOH-CH,-OH, or aminopropyl
—(CH,);—NH,) polar-bonded phases on silica gel, zirconia dioxide, or other support [49]. The mobile
phase is usually a mixture of two or more organic solvents of different polarities, a weak solvent
A (a hydrocarbon—hexane or heptane) and a strong, more polar solvent B, which can be either
non-localizing (e.g., dichloromethane), basic localizing (e.g., methyl-fert-butyl ether), or nonbasic
localizing (alcohols, esters, nitriles, etc.). The selection of the polar solvent strongly affects the
selectivity of separation [S0-52].

The principal mechanism of adsorption chromatography is understood as the competition between
the molecules of the solute and of the solvent for the localized adsorption centers on the adsorbent
surface. The interactions in the mobile phase are assumed less significant and often are neglected
in adsorption mechanism models. The stationary phase in NPC is more polar than the mobile phase
and the sample retention is enhanced as the polarity of the stationary phase increases and as the
polarity of the mobile phase decreases, opposite to RPC. The retention also increases with increas-
ing number of adsorption sites in the column, i.e., on adsorbents with larger specific surface area.
The type of the stationary phase affects much more strongly selective polar interactions in NPC
than in RPC. Basic analytes are strongly retained on silica gel, whereas aminopropyl and diol-
bonded phases prefer compounds with proton-acceptor or proton-donor functional groups (alcohols,
esters, ethers, ketones, etc.), alumina favors interactions with 7 electrons and increased selectivity
for separation of compounds with different numbers or spacing of double bonds than silica gel.

NPC is far less used than RPC, but it has several practical advantages: (1) because of lower vis-
cosity, pressure drop across the column is lower than with aqueous-organic mobile phases used in
RPC; (2) columns are usually more stable in organic than in aqueous-organic solvents; (3) columns
packed with unmodified inorganic adsorbents are not subject to “bleeding,” i.e., to gradual loss
of the stationary phase, which decreases slowly the retention during the lifetime of a chemically
bonded column; (4) some samples are more soluble or less likely to decompose in organic than
in aqueous mobile phases; (5) because of fixed position of the adsorption sites, NPC is suitable
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for separation of various positional isomers or stereoisomers; (6) if sample pretreatment involves
extraction into a nonpolar solvent, direct injection onto an NPC column is less likely to cause prob-
lems than the injection onto an RPC column; (7) gradient NPC is more suitable than RPC for the
separation of synthetic polymers insoluble in water, but it has lower selectivity for the separation
of molecules differing in the hydrocarbon part. Further, organic solvents are more expensive to
purchase and dispose than water.

With some simplification, theoretical models of adsorption lead to Equation 5.10 describing the
effects of increasing concentration of the stronger (more polar) solvent, ¢, on decreasing retention
factor, k in binary organic mobile phases [53]:

k= koo™ (5.10)

In the original adsorption models, ¢ is expressed as molar fraction, but it can be substituted by vol-
ume fraction without affecting significantly the accuracy of the prediction of retention. k, and m are
experimental constants, k, being the retention factor in pure strong solvent.

Equation 5.10 applies in systems where the solute retention is very high in the pure nonpolar
solvent. If this is not the case, another retention equation was derived [54-56].

k=(a+bo)" (5.11)

where a, b, and m are experimental constants depending on the solute and on the chromatographic
system (a=1/(k,)", k, is the retention factor in pure nonpolar solvent). Usually, Equation 5.11 only
slightly improves the description of the experimental data with respect to Equation 5.10 [56].

In gradient-elution NPC, the solvent strength of the mobile phase gradually increases with
increasing concentration of the polar solvent. In NP systems where Equation 5.10 applies under iso-
cratic conditions, the elution volume V, of a sample solute in NP LC with linear gradients described
by Equation 5.4 can be calculated using [28]:

1 A
Vp = E[(m +1) B(kyV, )+ A™ JorsD) — StV (5.12)

Combining Equations 5.12 and 5.5, we obtain Equation 5.13 allowing prediction of bandwidths in
RP gradient chromatography:

W, = 3‘%{1+k0 [(m+1) Bk, +A("’“):|_’"“} (5.13)

In NP systems where the retention is controlled by the three-parameter retention equation (Equation
5.11), the elution volumes in normal-phase gradient-elution chromatography can be calculated
using [55-57]

a+Ab
bB

1
Ve =£{ (m+1)bBY, + (a-+ Ab) "} +V, (5.14)

and the bandwidths using

m

W, = % 1] (m+1) BV, +(a+ 46)" | 7 (5.15)
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Chromatography on polar adsorbents suffers from a specific inconvenience—preferential adsorption
of more polar solvents, especially water, which is often connected with long equilibration times if
the separation conditions are changed such as in gradient NPC. Water is much more polar and hence
is more strongly retained than any organic solvent on polar adsorbents. Adsorption of even trace
amounts of water considerably decreases the adsorbent activity. Variations in the water contents
in the mobile phase occurring in NP gradient LC by mixing continuously solvents with different
trace concentrations of water impairs the reproducibility of retention, which can be considerably
improved by using dehydrated solvents kept dry over activated molecular sieves and filtered just
before the use and by accurate temperature control to +0.1°C during the separation [8].

The uptake of water and strong polar solvents on the column in NP gradient chromatography
may significantly change the properties of the stationary phase and the actual gradient profile,
which shows a deficit of the adsorbed solvent, so that the actual elution strength of the mobile phase
is lower than expected according to the preset gradient program, especially in the early part of
the gradient. Consequently, the experimental elution volumes are higher than the values predicted
by calculation. When the column adsorption capacity becomes saturated, the concentration of the
strong solvent in the mobile phase can suddenly increase and can “sweep out” weakly retained sam-
ple compounds or impurities accumulated previously on the column top as an unexpected “ghost”
peak at the polar solvent breakthrough time.

The solvent amount adsorbed on the column during gradient elution depends on the type of the
stationary phase and of the polar solvent and is characterized by the adsorption isotherm of the sol-
vent. It is far more significant in normal phase than in reversed-phase gradient LC, where it usually
can be neglected. If the parameters of the adsorption isotherm of the strong solvent are known, the
uptake of the solvent, the breakthrough time, and the deformation of the gradient profile can be pre-
dicted solving numerically the basic differential retention equation (