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CHAPTER 1

INTRODUCTION AND SCOPE

The rebirth of liquid chromatography resulting in the present state-of-the-art High
Performance Liquid Chromatography (HPLC) started in the early sixties. The
foundations for these developments, as reviewed by Berezkin [1], were laid by Tswett
in the beginning of this century and laid the basis for the high state of maturity HPLC
has achieved at present. HPLC has developed to a widely used group of techniques,
which have evolved into an indispensable tool in modern analytical laboratories. The
popularity of HPLC can be explained by the many available high quality separation
columns and the variety of tools for manipulating retention and selectivity through the
eluent composition. With the exception of highly volatile substances, HPLC can be
applied to analyze compounds from the low up to the very high molecular weight range.
Furthermore, HPLC offers the analyst a large number of techniques to separate and
analyze compounds, which can tremendously differ in their molecular properties, like
hydrophobicity, polarity and ionic character [2,3]. HPLC is met with broad acceptance
and is applied in nearly all fields of analytical chemistry. In biochemistry, toxicology,
environmental and pharmaceutical industry, polymer and food chemistry, and many
other areas HPLC has become the technique of choice to solve the many different
separation problems in these fields. Furthermore, besides its use as an analytical
technique, HPLC is also gaining a growing popularity for the preparation of pure
substances on milligram to gram scale in laboratory and industrial separation processes
[4]. Finally, HPLC has also been found applicable to the determination and prediction
of physico-chemical substance properties like lipophilicity, dissociation and distribution
constants [5,6].

HPLC can be subdivided into a number of separation modes. For example, Size
Exclusion Chromatography (SEC) has developed into a strong and indispensable
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analytical technique for the analysis of molecular weights and weight distributions [7].
The introduction of Ion Exchange (IEC) and Ion-Pairing (IPC) Chromatography have
enabled the qualitative and quantitative analysis of numerous samples containing
organic and inorganic ionic substances [8]. One of the earliest modern forms of liquid
chromatography, Normal Phase Liquid Chromatography (NPLC), has found application
in the separation of organic polar substances in particular [3,9].

By far the most popular HPLC technique at present is Reversed-Phase High
Performance Liquid Chromatography (RPLC). The introduction in the sixties of RPLC
has resulted in a tempestuous development in research and application of this technique,
which still endures. The separation potential of RPLC is very high and is applicable to
many areas of analytical chemistry. Except for the high molecular weight range, nearly
all substances can be separated by this technique. The many different separation tools in
RPLC, based on e.g. hydrophobic, hydrophilic and ion-paring interactions, and size
exclusion effects together with the availability of a large number of high quality
stationary phases, explain the great popularity of the technique. In addition, the fact that
water as an inexpensive, non-toxic solvent often forms the major part of the eluent,
contributes largely to that too. It is estimated that at present approximately 90% of all
HPLC separations are carried out by RPLC [3]. The widespread popularity of RPLC is
also reflected by the fact that presently worldwide an estimated number of about 300
different stationary phases for RPLC are manufactured. Yearly an estimated number of
500.000 HPLC columns are sold worldwide at an average price of 300 ECU. The major
part (>80%) of these columns are RPLC columns.

Much effort by both academics and manufacturers is spent on the understanding of
retention and selectivity behavior in RPLC, and to use this in turn for the prediction of
chromatographic properties. As a result a number of retention and selectivity models
have drawn major attention and are the subject of ongoing debate [10]. The theoretical
understanding of retention and selectivity, however, is lagging behind on the practical
application of RPLC. In fact, many chemists using RPLC techniques are very often
selecting stationary phases and other experimental conditions by experience and
intuition rather than by objective criteria. Apart from the problem of the lack of
sufficient understanding of retention and selectivity in RPLC, chemists are also
concerned with how to distinguish between the properties of the available RPLC
stationary phases. Very often analysts do not sufficiently recognize that RPLC
stationary phases comprise of a large group of sometimes nominally identical materials,
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which often may show very different chromatographic properties [11-13]. In fact, the
nomenclature of RPLC stationary phases is too simple and is a source of confusion in
their application. The selection process for a column suitable to solve a specific
separation problem is an important step in the development of reliable and validated
analysis protocols. Therefore, not surprisingly, many test procedures have been
suggested for column selection in RPLC. Unfortunately, till now none of these
procedures have gained broad acceptance in laboratory practice, thus hampering
uniformity and objectivity in column selection procedures. Furthermore, since under
specific eluent and other experimental conditions a certain minimum column lifetime is
required, the chemical stability of RPLC stationary phases is another major concern in
chromatographic practice [14]. In addition, especially in those cases where validated
analysis protocols are used, once a packing material has been selected, its availability
over months or years is also of great practical interest. Manufacturers of RPLC
materials have spent much research effort in that direction and have booked significant
success to provide RPLC materials of constant quality over time [15]. In spite, however,
of the limited chemical stability of silica-based stationary phases, particularly under low
and high pH eluent conditions, in most cases silica substrates still form the basis of the
manufacturing of RPLC packing materials. Its mechanical stability, the sound
knowledge of its synthesis chemistry and the high achievable efficiency make silica
unsurpassed by principal competing substrates like other inorganic oxides, e.g. alumina
and zirconia, and polymers, e.g. polystyrene divinylbenzene matrices.

At present RPLC has gained a high state of especially practical maturity in which
column and mobile phase selection very often is in the trial and error domain. The
theoretical knowledge of RPLC is still lagging behind considering its many different
application areas. The inspiration and driving forces behind this thesis lie in making an
inventory of some major problems of RPLC stationary phases briefly outlined above,
and to contribute to the solution to  these shortcomings.
In many textbooks and papers an overwhelming amount of information on the
manufacturing of substrates, their bonding chemistry, the resulting properties of
chemically modified materials for RPLC and many applications can be found. In the
framework of this thesis, chapter 2 summarizes the main properties of substrates, their
chemical modification into RPLC stationary phases and some aspects of
characterization, retention and chemical stability. In chapters 3, 4 and 5 a number of
major problems relating to the selection and use of RPLC stationary phases will be
discussed. In chapter 3 the problems encountered in the selection of RPLC-columns,
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more particularly in the field of peptide and protein separations, are treated. Chapter 4
focuses in more detail on substrates, columns, separation modes and column selection
for the separation of these substances. In chapter 5 the influence of the nature of
stationary phases in combination with the properties of the organic modifier in the
eluent on the determination of the octanol-1/water partition coefficient (log Po/w) by
RPLC is discussed. Since column selection and use is strongly related to a detailed
understanding of the chromatographic and other properties of RPLC stationary phases,
chapter 6 is devoted to evaluation methods for RPLC phases. Chemical stability studies
of RPLC stationary phases are the subject of chapters 7, 8, 9 and 10. In these chapters
methods for the determination of the chemical stability of RPLC stationary phases are
described and RPLC columns are compared in terms of their chemical stability and the
consequences of their chromatographic properties. Furthermore, rules are defined and
methods are introduced to improve column longevity, especially under high pH eluent
conditions. Finally, in chapter 11 the principles and properties of a new, so-called
bidentate stationary phase showing improved chemical stability from the lower up to
the pH = 11 range are discussed.
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CHAPTER 2

SYNTHESIS, RETENTION PROPERTIES AND
CHARACTERIZATION OF REVERSED-PHASE

STATIONARY PHASES

Summary
In this introductory chapter an overview is presented of a number of important aspects
of stationary phases for reversed-phase high performance liquid chromatography
(RPLC). More particularly, this overview summarizes the present situation with respect
to substrates and the synthesis for the manufacture of RPLC-stationary phases.
Properties of RPLC-phases and eluents, that influence retention and selectivity are also
discussed. Furthermore, major aspects of the characterisation of RPLC-stationary
phases are reviewed.

2.1. GENERAL PROPERTIES: DEMANDS ON SUBSTRATES AND
STATIONARY PHASES FOR RPLC

The quality of stationary phases for High Performance Liquid Chromatography (HPLC)
is determined by their physical and chemical properties. The physical properties, like
porosity, specific surface area, particle shape and size and pore size greatly determine
the efficiency of a packing. The chemical properties which are a result of substrate
properties, and the applied surface bonding chemistry form the basis of retention and
selectivity.
During the last three decades a number of substrates for the preparation of RPLC
packings have been investigated. The most important comprise inorganic oxides,
polymers and carbons. A small minority of these materials, e.g. some copolymers and
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carbons, have sufficient hydrophobic properties by themselves and can be used
unmodified as an RPLC-stationary phase. The great majority of the presently available
RPLC-stationary phases, however, comprise of modified substrates. Substrates and
stationary phases must possess specific physical and chemical properties to be suitable
as a stationary phase in HPLC. Such materials must have sufficient mechanical strength
to withstand the high column pressure without breakage or deformation. Furthermore,
the physical properties, e.g. pore size, porosity and particle diameter, must be controlled
within narrow tolerances to enable the manufacture of reproducible packing materials.
Especially the porosity is of great importance, since this determines the surface area
and, together with other parameters, also retention and selectivity [1-6]. The chemistry
applied in the manufacture of substrates and the subsequent chemical modification of
these materials must be of a high quality, while also a certain minimum chemical
stability towards the different eluents usually applied in HPLC is a basic requirement. In
addition, to preserve high efficiency columns, substrates and stationary phases must not
show shrinking or swelling when in contact with eluents.

Amongst the presently available substrates and stationary phases silica and silica-based
phases have unsurpassed properties compared to other materials and are nearly ideal
materials for HPLC stationary phases. Silica can be synthesized in very pure forms and
its manufacture is well controlled and yields a large number of substrates of well-
defined physical properties [3,4,6]. Even highly porous silica substrates have a
sufficient mechanical strength and no shrinking or swelling of these materials occurs in
the commonly used HPLC solvents. The bonding chemistry of silica is well understood
and has resulted in the production of a substantial number of high quality RPLC-phases.
These phases cover a broad spectrum of different organic ligands attached to a variety
of silicas enabling the separation of many different substances. RPLC-phases, for
example, can be used for the separation of neutral molecules in the lower molecular
weight range [7,8]. Charged molecules can be separated by ion-pair [9] or ion exchange
[10] chromatography. Large molecules are preferably separated by size exclusion [11]
or hydrophobic interaction chromatography [12].
The limited chemical stability of silica, however, is a major disadvantage and is one of
the driving forces behind improved synthesis routes. Furthermore, this is also
stimulating the ongoing research for alternative, more stable substrates. In spite of the
mentioned shortcomings, till now silica has remained the major substrate for RPLC-
stationary phases in HPLC and the majority of the presently applied RPLC-separations
are performed on silica-based materials.



Synthesis, Retention Properties and Characterization … 9

2.2. STATIONARY PHASES FOR RPLC

2.2.1. Silica-based stationary phases
Present silica substrates can be synthesized by several different processes [4,6]. One
group of these processes starts from the synthesis of a hydrogel, which can be obtained
from inorganic silicates and alkoxy silanes [13-15]. From such hydrogels a xerogel is
obtained and after appropriate grinding and sieving usually an irregular shaped silica
substrate is obtained. Such materials have in common their relatively high surface area
and porosity. Furthermore, these substrates possess variable wall thicknesses and
irregular pore shapes, and are arbitrarily characterized as (xerogel) SilGel silica types in
Chapter 9. Another group of synthesis processes starts from the consolidation of silica-
sol particles by either the oil emulsion [16] or the coacervation method [17], usually
resulting in sphere-shaped particles. The silicas originating from such synthesis
procedures can be distinguished from the SilGel types by their lower surface areas,
lower porosities and rather regular pores consisting of thicker walls. These groups of
silica are arbitrarily defined as SolGel silica in Chapter 9. After further subsequent
treatments, and depending on the manufacturing process, uniform reproducible
substrates of a spherical or irregular shape are obtained.

Silica surfaces are composed of silanol groups and siloxane bridges. Siloxane groups
are rather hydrophobic and unreactive, while silanols form acidic and reactive sites.
Pure silanols have pKa-values of about 3-4 and at an eluent pH of these values these
groups are uncharged. Silanols are distinguished in single (geminal silanols) silanediols
and vicinal silanols (bridged silanols), which differ significantly in acidity and
reactivity. Single silanols are considered as the most reactive sites. These groups are
therefore responsible for the residual silanol activity of bonded silicas, especially for
basic compounds. A major goal in the manufacturing process of certain specific
pretreatment steps, like heating and rehydroxylation, includes the thorough homo-
genization of the substrate surface prior to synthesis. This is in order to reduce the
number of single silanols and to obtain as many bonded or associated silanols of similar
reactivity as possible [18]. Depending on the pretreatment process silica generally
contains a surface density of silanols of about 8 µmol/m2, which is equivalent to ± 4.5
silanols/nm2. Depending on the application area, silicas for analytical purposes are
usually produced of nominal 2, 3, 5 and 10 µm particle size, surface areas are typically
between 100-600 m2/gr, and particle porosity is in the order of 0.6-0.7. To enable
unrestricted access to the inner surface for small molecules the pore size is no less than,
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and typically in the order of 10 nm, while for the separation of large molecules pore
sizes of 30 to 100 nm are used. Since these substrates are the basis of the manufacturing
of high quality stationary phases for RPLC their physical and chemical properties must
be well reproducible. Manufacturers have put much effort into trying to understand
these processes and have made significant progress in the manufacture of high quality
and reproducible substrates and stationary phases during the last decades.
Present bonding chemistry for silica substrates typically uses alkoxysilanes or
chlorosilanes to attach organic ligands through siloxysilane linkages to the support's
surface [3,4,13,14]. To produce such covalently bonded organic stationary phases the
reactive alkoxy or chlorosilane reagents must contain at least one leaving group which
is able to react with the silanols present at the substrates surface. The surface
hydrophobisation reaction, which is usually carried out under anhydrous conditions, is
catalyzed by a base, e.g. 2,6-lutidine or imidazole, which at the same time acts as a
scavenger-base to neutralize acidic byproducts. The reaction includes reflux or
sonification of the mixture followed by filtering, rinsing and drying steps.
Depending on the number of leaving groups for the synthesis of RPLC stationary
phases, three groups of organosilane reagents can be distinguished:

X = leaving group, alkoxy or chloro, R = organic ligand.

RPLC stationary phases are referred to as monofunctional or monomeric when one
leaving group is originally present in the organosilane reagent. Phases, which are
synthesized from reagents containing two or three leaving groups, are defined as
polymeric or multifunctional (di- or trifunctional) stationary phases. When carefully
controlled reaction conditions are applied, monomeric phases yield monolayer,
reproducible and well defined stationary phases on which organic ligands are attached
to the substrate surfaces by only one monodentate linkage (see Fig. 2.1).

X - Si - R

R

R

X - Si - R

R

X

X - Si - R

X

X

monofunctional trifunctionaldifunctional



Synthesis, Retention Properties and Characterization … 11

Fig. 2.1. R2 = ligand, e.g. octylgroup, R1,3 = side groups, e.g. methyl or isobutyl.

If organosilanes contain two or three leaving groups, polymeric phases can be formed.
In such phases the organic ligands are coupled to the silica substrate by one or at most
two linkages. A three dentate linkage is not likely to be formed with sterical constraints.
In addition, in the presence of traces of water in the reaction mixture, leaving groups
can be solvolyzed and are therefore prevented from further reaction with the surface.
These hydrolyzed silanol groups on the organosilanes can react with other leaving
groups resulting in the formation of a polymeric network extending away from the
surface. In general it is more difficult to synthesize polymeric phases in a well-defined
and reproducible way. Sander and Wise and also Wirth have shown, however, that
under carefully controlled conditions polymeric phases can be prepared reproducibly as
well [19,20]. The great difficulties in the reproducible synthesis of polymeric phases
form the main reason that the majority of the presently manufactured RPLC-phases are
monofunctionally derivatized. Another reason can be found in the hindered mass
transfer in polymeric phases resulting in lower efficiencies compared to monodentate
phases. Due to their chain spacing, polymeric phases show chromatographic properties
which differ greatly from those of monomeric phases. More particularly, polymeric
phases often show specific selectivities for compounds which differ in their spatial
conformation, e.g. polynuclear aromatic hydrocarbons (PAH's).
From the originally available number of silanol groups at a silica substrate
approximately only 50% can react. This is due to steric hindrance between the ligands
and the bulkiness of the side-chains involved in the reaction. Thus starting from the
generally accepted average silanol concentration of about 8 µmol/m2 for a fully
hydroxylated silica after synthesis, a ligand concentration of approximately 4.0
µmol/m2 is typically found. For RPLC-phases typical carbon load values are around
18% for monomeric phases and up to 25% for polyfunctional synthesized phases [21].
The unreacted remaining silanol concentration is about 4 µmol/m2, which is
approximately equivalent to the ligand concentration. Depending on the natural pH
value of a specific silica substrate, which may vary significantly [22], and on the rate of
metal contamination of the silica bulk structure, residual silanols may strongly influence

R1

SiOH  +  Cl Si

R3

R2
-HCl

Si - O Si

R3

R2

R1
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retention and selectivity in RPLC, especially for ionic and polar compounds. Depending
on their activity and the actual eluent pH, silanols may influence the chromatographic
process by hydrogen bonding, ion exchange and dipole interactions. These so-called
secondary interactions are usually unwanted in RPLC, since they may cause severe
peak tailing and irreproducible retention times. Therefore, together with the attached
ligands these residual silanol groups greatly determine the final chromatographic
properties of RPLC-stationary phases.

In order to suppress this residual silanol activity after bonding of the ligands, often a
secondary synthesis step to endcap or mask these groups is performed. Earlier attempts
to achieve this, by endcapping the phases in this second step with the smallest possible
silane viz. trimethyl chlorosilane, were not unsuccessful. Unfortunately, this trimethyl
group proved to be most sensitive to hydrolyzation by the eluent. Later attempts using
e.g. hexamethyldisilazane in the second step were more successful. It should, however,
be emphasized that even after exhaustive endcapping of a phase silanols still remain and
may interact in secondary retention processes. At present a revival of endcapping can be
observed and several often proprietary procedures have been developed to reduce
residual silanol activity. For example, the one step synthesis of alkyl ligands containing
bulky side groups like, e.g. isopropyl, instead of methylgroups or modifications by alkyl
ligands carrying an embedded polar function near the silane group, have been reported
to be successful in suppressing residual silanol activity [5,23].
In fact, due to these developments great differences in chromatographic properties exist
between conventional RPLC-phases obtained by straightforward simple synthesis
procedures and a new generation of phases, which are prepared with the intent to avoid
secondary retention interactions.
Octadecyl and octyl modified phases are by far the most popular RPLC-phases
presently used. Besides these phases also hexyl, cyclohexyl, phenyl and alkylphenyl
phases are used in several RPLC application areas.

2.2.2. RPLC-phases based on other inorganic oxides
Alumina, Titania and Zirconia oxides match the hardness and mass transfer properties
of silicas. Therefore, and also due to their much higher pH stability of approx. 0-13,
these oxides have been studied extensively as alternatives for silica substrates [24-27].
Depending on the eluent pH, Zirconia and Alumina can be neutral, basic or acidic and
consequently can act as anion- or cation-exchangers. In addition, Zirconia can interact
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with analytes by ligand-exchange interaction too. In packings for RPLC, strong
secondary interaction mechanisms are usually unwanted, since they complicate the
retention process severely. The high activity of the surfaces of these oxides, together
with the lack of straight forward synthesis procedures to attach organic ligands by
covalent bonding, have diminished the widespread use of these materials as an
alternative for silica substrates.
To overcome the difficulties of the bonding of organic ligands to such oxides alternative
surface coating procedures were developed and are in principle rather independent of
the nature of the substrate [28,29]. Here, in principle, surface modification is achieved
by the deposition of a polymeric layer on the substrate resulting in a substrate
encapsulation by an RPLC-stationary phase. The lower efficiency of these packings
compared to their chemically bonded counterparts can be explained by the hindered
mass transfer in the relatively thick surface coatings. The expected higher chemical
stability and specific selectivity properties of encapsulated RPLC-packings explain their
use in certain application areas [30,31].

2.2.3. Polymer based RPLC-stationary phases
The great majority of the present polymeric stationary phases of RPLC consist of
styrene-divinylbenzene, methacrylate or polyvinylalchol based phases. These materials
can be manufactured having a broad range of porosities and particle sizes which are
comparable to silica based stationary phases. One of the driving forces to develop these
materials is their hydrolytical stability over a wide pH range. Divinylbenzene packings
are stable over the whole pH range 0-14. Both the other substrates are hydrolytically
stable between approximately pH 2 and 12. All three of these substrates can be applied
unmodified or, through suitable chemical reactions, can be modified into other
stationary phases for HPLC. Styrene-divinylbenzene phases show strong hydrophobic
interactions and are well suited for RPLC purposes [32,33]. Since the benzene ring is
accessible for further reactions, octadecyl and other RPLC-modification of this
substrate are also available. Methacrylate substrates have found applications in aqueous
size exclusion and ion exchange chromatography, and after further derivatization these
substrates can be modified into RPLC phases. Together with polyvinyl based packings,
methacrylates can also be used for hydrophylic interaction chromatography, while these
substrates can also be applied in RPLC after further modification [34].
In spite of the principle advantages offered by these polymer based substrates and
derivatives thereof, they share three major disadvantages, which have prevented their
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widespread use as RPLC-stationary phases. The limited pressure resistance of these
phases compared to inorganic oxides limits their use in the high pressure range of
HPLC. The hindered mass transfer in the pore structure, and the swelling/shrinking
properties which are dependant on the mobile phase composition, are responsible for a
significantly lower efficiency of these packings compared to their inorganic oxide-
based counterparts [5]. Therefore, the use of polymer-based packings is often limited to
areas where high or low pH eluents are required and till now these materials are not
much applied in the separation of smaller molecules as an alternative for silica based
RPLC-stationary phases. In contrast, in Size Exclusion (SEC) and Ion Exchange (IEC)
chromatography these materials have found a widespread use.

2.2.4. Carbon RPLC-stationary phases
The potential benefit of carbon stationary phases lies in the high chemical stability over
the entire 0-14 pH range and the expectation that these materials would show ultimate
hydrophobic properties. Several unsuccessful attempts to manufacture carbon RPLC
phases by using e.g. diamond powder and black carbon [35,36] were finally followed
by the successful introduction of porous graphitized carbon (PGC) about 15 years ago
[37]. The latter is in many aspects comparable with inorganic oxide-based packings.
PGC stationary phases show sufficient hardness and a well defined pore structure.
Furthermore, these phases do not suffer from swelling or shrinking and are
hydrolytically stable over the entire pH range. The retention and selectivity behaviour
of PGC phases is not completely understood yet and significantly differs from that of
conventional RPLC-phases [38,39]. Until now, similar to polymer based phases, PGC
stationary phases have found only limited appreciation as a stationary phase in RPLC.

2.3. RETENTION AND SELECTIVITY IN RPLC

Parallel to the developments in the synthesis of stationary phases for RPLC, the
mechanisms controlling retention and selectivity have been the subject of still ongoing
debates. As a consequence, a number of models attempting to explain retention and
selectivity mechanisms on a molecular level or from a more phenomenological point of
view have appeared [40-43]. In addition a substantial amount of empirical knowledge
on that issue has been gained too. Till now, however, lively debates are still continuing
on the development of comprehensive retention and selectivity models for RPLC. From
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the point of view of chromatographic practice, presently three competing macroscopic
chromatographic theories to explain and predict retention and selectivity in RPLC are of
major interest. These theories describe retention and selectivity in terms of partitioning,
solvophobic and adsorption processes [44].

The solvophobic theory developed by Horváth [45,46] considers retention and
selectivity mainly as a function of surface tension, dipole-dipole interactions between
polar groups of a compound and the mobile phase. In this theory solvent cavities are
created by the hydrophobic parts of compounds. A principal shortcoming of this model
lies in its assumption that the RPLC-phase is considered as a passive part of the system.
In many studies it is shown that especially for more polar and ionic substances this is
unrealistic. The partitioning theory is supported by the good correlations between the
octanol-1/water partition coefficients (log Po/w) and RPLC retention data found for not
very polar compounds. Theoretical constraints, however, concerning the unlikeness of
octanol and the organic ligands attached on one end to a substrate, and also the fact that
this theory insufficiently explains shape selectivity, limits the application of the
partitioning theory.
The third theory combining both partitioning and adsorption, developed by Jaroniec
[44], appears presently to be a satisfactory comprehensive model to describe retention
and selectivity. In this model a two-step mechanism is assumed to occur. In the first
step a solvent-stationary interphase layer is formed. Depending on the composition of
the eluent and the nature of the stationary phase, enrichment by e.g. the organic
modifier in that phase takes place. In the second stage, partition of solutes between the
interphase and the mobile phase is assumed to take place by displacement of solvent
molecules.
Together with column efficiency retention, selectivity determines the finally achievable
chromatographic peak resolution (Rs) given by:
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N = column efficiency
α = separation factor
k = retention factor
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The chromatographic separation factor, α, expresses the quotient of the retention factors
of two solutes:

α =
k

k
2

1
(2.2)

α is an experimental chromatographic parameter.

2.3.1. Retention
For apolar and weakly polar compounds in monofunctionally modified phases, under
the same eluent conditions, retention increases with ligand chain length and surface
density. Usually retention increases up to a certain critical ligand chain length of
approximately C11 to C14 and a surface coverage density of ± 3 µmol/m2 [47-49]. In
monomeric RPLC-phases the above mentioned types of compounds behave chromato-
graphically rather similar. Furthermore, apart from the stationary phase nature, retention
is dominantly controlled by the eluent strength.
Applying the commonly used Snyder solvent triangle approach [50], the solvent
strengths of the four main solvents in RPLC, viz. water, methanol, acetonitrile and
tetrahydrofuran, are 0, 2.6, 3.2 and 4.5 respectively. From these data the overall solvent
strength of a specific eluent can be estimated. By plotting the logarithm of the retention
factors (log k) as a function of the organic modifier portions in the eluent (ϕ),
information can be obtained on the solute retention of a specific RPLC-phase under
certain experimental conditions. As an example, in Figs. 2.2 and 2.3 such plots are
given for indazole, dibenzothiophene, cyclohexanone and trifluoromethylphenol, with
methanol and acetonitrile as organic modifiers.
For apolar and weakly polar compounds, often (partly) linear relationships are obtained
between log k and ϕ. For methanol such relationships can be satisfactorily described by
equation (2.3) [51,52].

log k = A + B ϕ (2.3)

where A and B are fitting constants.



Synthesis, Retention Properties and Characterization … 17

Fraction methanol

l trifluoromethylphenone       � cyclohexanone
� indazole                              Z  dibenzothiophene

Fig. 2.2. Log k-ϕ relationships with methanol as the organic modifier.

Fraction acetonitrile

l trifluoromethylphenone       �  cyclohexanone
� indazole                              Z  dibenzothiophene

Fig. 2.3. Log k-ϕ relationships with acetonitrile as the organic modifier.
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For acetonitrile eq. (2.3) does not properly describe log k versus ϕ and a quadratic
equation (eq. 2.4) must be used:

log k = A + B ϕ + C ϕ2 (2.4)

C is also a fitting constant. It is noteworthy to mention that A represents the log
retention factor in pure water (log kw).
The reason for this difference in the behaviour of acetonitrile and methanol as organic
modifiers is not well understood, but must certainly be ascribed to the chemical-
physical properties of these solvents.
Particularly in biochemistry and pharmaceutical sciences log P-studies in e.g. drug-
activity research are of great importance. In these fields log k data obtained from RPLC
are often used to determine and predict log P-data of biologically active substances. In
addition, substantial research is still done on the question which log kw-values or other
magnitudes derived from log k-data are most valid to be used in log P-studies [53,54].
When log k-values of different homologous series are plotted as a function of their
number of methylene groups or carbon number for a given eluent composition, a
number of straight and parallel lines are obtained (Fig. 2.4). Such plots usually obey
Martin's rule, stating that a systematic and linear increase in retention along a homo-
logous series is determined by the specific increments of such a series (eq. 2.5) [41].

log log ( )k k p Rm i= + ∑ ∆ (2.5)

kp = retention of parent compound
∆Rm = group contribution e.g. methylene group
i = individual compound

From such plots it is found that for neutral homologous series of compounds containing
different functional groups, retention change is in a rather predictable way. Further-
more, depending on their conformational position, polar groups connected to homo-
logous series also specifically determine retention [5]. This approach was reviewed and
worked out quantitatively by Smith [55] enabling the calculation and prediction of the
retention of many neutral substances in RPLC under specific eluent conditions.
Especially when ∆ ∆R Rm CH=

2
 in terms of methylene selectivity, presently available

RPLC stationary phases behave rather similar [56]. These observations can be
understood considering that retention for apolar and weakly polar compounds in RPLC
is mainly driven by non-specific hydrophobic interactions.
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Fig. 2.4. Retention behaviour of homologous series of various classes of compounds on PMSC18-
coated Nucleosil 5-100-C1. Compounds: 1 = n-alkanes; 2 = n-alkenes; 3 = n-alkylbenzenes; 4 =
fatty acid methyl esters; 5 = 3-alkanones; 6 = 2-n-alkylpyridines; 7 = 1-n-alcohols. Column: 250 x
4.5 mm I.D. Nucleosil 5-100-C1-PMSC18, temperature = 314 K; mobile phase, methanol-water
(90:10 v/v); flow rate = 1.0 ml/min; pressure = 10.4 Mpa; detection = RI. [Reprinted from J.
Chromatogr., 351 (1986) 393-408 with kind permission from Elsevier Science, Sara
Burgerhartstraat 25, 1055 KV  Amsterdam, the Netherlands].

For polar and ionic compounds, similarities in retention behaviour on RPLC stationary
phases become less marked or do not exist at all. The retention of such compounds is
often dominated by secondary interactions between residual silanol groups and solutes.
Since these latter compounds can be basic or acidic, often differing in their pKa-values
and polarities, specific differences between RPLC stationary phases become manifest at
the separation of such substances. Consequently, unless specific precautions are taken,
very often irreproducible retention behaviour of polar and ionic compounds on a
particular RPLC-phase may occur. Furthermore, large differences in retention between
different brands and even between nominally identical RPLC-phases can be observed.
In some cases these problems can, however, be overcome by adequate buffering of the
eluent. In contrast to conventional RPLC-phases, recently developed generations of
these phases are often specially synthesized to avoid these secondary solute-stationary
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phase interactions, resulting in more reproducible and predictable retention behaviour.
Such phases are carrying e.g. bulky side chains or polar embedded groups near to the
siloxane bridge, attaching the ligand to the silica, or are specially synthesized or
endcapped [5,57,58].
Compared to monofunctional RPLC-phases, the retention behaviour on polymeric
bonded phases is less linear and less clear. This can be understood from the larger
difficulties in obtaining a reproducible synthesis of these phases compared to
monofunctional counterparts. This results in different ligand loadings and ligand
structures at the stationary phase surface. Due to this usually higher carbon surface
loading and more complicated ligand structure, polymeric bonded phases are generally
more retentive compared to monomeric phases, especially for compounds of more
complicated spatial conformation [21].

2.3.2. Selectivity
In section 2.3.1 it was already mentioned that retention of neutral and weak polar
homologous series of compounds, in monomeric phases and under similar eluent
conditions, varies rather predictably. For these classes of compounds, selectivity can be
understood and qualitatively predicted from differences in the molecular structure
between two specific solutes. Apart from the influence of the stationary phase,
selectivity is also influenced by the percentage, but dominantly by the nature, of the
applied organic modifiers [2,59]. As an example, from Figs. 2.2, 2.3 and 2.4 the
influence of the nature of the organic modifier and the solutes' chemical structure on
selectivity can easily be seen. The divergence of the various log k-ϕ relationships in
Figs. 2.2 and 2.3 also clearly indicates the influence of the modifier concentration on
selectivity.
Similar to retention on RPLC columns, selectivity of polar and ionic substances, and
especially basic solutes, becomes rather unpredictable too and may vary significantly
between the several available RPLC-columns. Besides unpredictable and unexpected
selectivity effects, the separation of such compounds is very often accompanied by
severe peak tailing. These problems, encountered in a significant number of application
areas, can be tackled by several different approaches:
i. One approach is to select a proper column from recently developed generations

of monomeric phases, which have been purposely modified to avoid such
unpredictable selectivity changes. These phases are often specially synthesized or
endcapped by the manufacturer's proprietary procedures, or are carrying bulky
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side chain or polar embedded groups, e.g. carbamate close to the siloxane bond
attaching the ligand to the silica [5,6,23,57]. The latter, recently developed
generations of monomeric phases, behave more predictable and reproducible
with ionic and strongly polar substances. Furthermore, these phases usually also
show much better peak symmetry, when compared to their conventional
counterparts.

ii. Another solution lies in the addition of low concentrations of acidic or basic
additives to the eluent in order to reduce stationary phase surface silanol activity
[60]. This approach, using e.g. octylamine for separations of basic compounds or
acetate for acidic substances, is basically an in-situ dynamic column
modification.

iii. Adequate buffering of the eluent may also prevent peak tailing and unpredictable
selectivity changes. In this approach a compromise must be found between
reducing silanol activity and at the same time preserving a sufficiently low state
of dissociation of the solute.

The nature of an RPLC-phase in summary, together with the nature of the organic
modifier and buffer strength of the eluent, are important parameters to achieve
satisfactory selectivities while at the same time preserving acceptable peak symmetries
[6,61,62]. Selectivity in RPLC can be controlled and manipulated either by eluent
strength and/or eluent selectivity optimization [63].
Polymerically bonded RPLC-phases are particularly useful when shape selectivity is
required in order to discriminate between compounds based on their conformational
structure. This type of selectivity can be explained empirically using the so-called "Slot
model" [64].

2.3.3. Eluents
Because of the limited possibilities to tune single solvent strength and selectivity in
RPLC, only a few separations are performed using single solvents. A more common
and flexible approach to control these parameters is to use e.g. binary, ternary or
quaternary solvent mixtures. This enables the smooth and gradual adjustment of eluent
strength and selectivity in the range between those of the pure solvents. As mentioned
earlier in section 2.3.1, the solvent strength of RPLC eluents can be calculated by
applying the experimentally determined weighing factors of the individual solvents
[5,65,66]. Apart from the organic modifier concentrations, selectivity is much more
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strongly influenced by the nature of the applied modifier. Many examples can be found
in literature showing the tremendous differences in terms of selectivity using binary,
ternary or quaternary mixtures of the four most commonly used solvents in RPLC, viz.
water, acetonitrile, tetrahydrofuran and methanol [41,59,63, 65]. Eluent selectivity can
be understood from the different physico-chemical properties of these solvents and
mixtures thereof. The solvent triangle approach of Snyder [50] and the solvatochromic
parameter model are well known solvent classifying systems, ranking solvents
according to their polarity, hydrogen bonding and hydrogen donating properties [67,68].
To illustrate the differences in solvent properties, Table 2.1 summarizes the normalized
solvatochromic parameters for the four commonly used RPLC solvents discussed in
[67].

Table 2.1
Normalized solvent dipolarity/polarisability (π), hydrogen bond donor (α) and hydrogen bond
acceptor (β) properties [67].

Solute ππ αα ββ
Water
Methanol
Acetonitrile
Tetrahydrofuran

0.45
0.28
0.60
0.51

0.43
0.43
0.15
0.00

0.18
0.29
0.25
0.49

A number of selectivity effects in RPLC can at least qualitatively be understood from
such parameters. In addition, discussions are still ongoing on how to apply such solvent
properties for an accurate understanding of selectivity effects [69]. A major question in
that respect too is whether actual eluent properties correspond linearly to the changes in
the fraction of organic modifier in the eluent. For instance, Michels and Park et al.
[70,71] showed that for mixtures of water and methanol or acetonitrile, the resulting
solvent polarities exhibit non-linear relationships to the changes in the organic modifier
fraction.
Another complication in the understanding of selectivity in RPLC is the different rate of
enrichment of the various modifiers in an RPLC-phase. Depending on the nature of a
specific RPLC-phase and its surface coverage, methanol is less enriched than
acetonitrile, while this latter cosolvent is less enriched than tetrahydrofuran [5]. Besides
the nature and percentage of an organic modifier, the eluent pH is also a strong
selectivity tool in the separation of ionisable compounds by RPLC. To represent the
eluent pH, it has become practice in RPLC to take the actual pH of the aqueous portion
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of the eluent, after addition of the cosolvent, and designate this value as pH*. A number
of studies have shown, however, that the pH* of organic modifier/aqueous buffer
mixtures may differ significantly from the pH of the pure aqueous buffer [72,73]. For
ionisable solutes this simplification may result in serious errors in the interpretation of
chromatographic data.

2.4. CHARACTERIZATION

In the previous sections it has already been mentioned that a large number of RPLC
stationary phases exists and that many of them are nominally identical. The majority of
the presently available RPLC-phases comprise of monofunctionally derivated silicas,
most of them derivatized with octadecyl or octyl groups and to a lesser extent followed
by phenyl and cyano bonded phases. The development of newer generations of
specially synthesized and endcapped phases or RPLC-phases carrying bulky sidechains
or polar embedded groups to improve the chromatographic quality were discussed too.
The large number of available RPLC-phases often leaves analysts with the problem of
the adequate and objective selection of a proper column to solve a specific separation
problem. In fact, the poor nomenclature for RPLC-phases severely limits a straight-
forward column selection and method development in laboratory practice. Furthermore,
column manufacturers provide only limited information about their RPLC-phases. This
also does not contribute very much to a solution of these problems. As a consequence,
in many laboratories these shortcomings still cause considerable waste of time and
money. In order to overcome these difficulties a thorough characterization and
classification of RPLC-phases providing objective column selection criteria and
facilitating method development is mandatory. In this respect three major issues are of
basic interest.

1. Column selection process. This problem reduces to the availability of adequate test
methods for RPLC-phases which provide sufficient information for an objective
selection of columns.

2. Chemical stability of RPLC-phases. Once an RPLC-column has been selected for
a specific separation, this issue refers to the question whether an acceptable and
sufficient column lifetime under actual eluent conditions can be expected.

3. Long-term availability of RPLC-phases. This issue addresses the great importance
of the long-term availability of specific RPLC-phases of exactly the same
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chromatographic properties. This is of particular interest in validated methods and
interlaboratory studies.

2.4.1. Column selection
The necessity to distinguish between the chromatographic properties of RPLC-columns
in order to make proper column selection decisions has prompted many researchers to
work on evaluation methods for RPLC-phases. From the beginning of the development
of RPLC-phases, extensive research was started on evaluation methods, resulting in a
substantial number of books and papers on this issue. In addition, lively debates are still
ongoing on the improvement of existing and the development of new testing methods
for RPLC-phases.
The presently available evaluation methods for RPLC-phases can be subdivided into
several groups:
i. bulk property measurements;
ii. spectroscopic techniques, like infrared- (IR) and solid state nuclear magnetic

resonance (NMR) spectroscopy;
iii. statistical methods, e.g. principal component analysis (PCA);
iv. thermodynamic measurements, e.g. Van 't Hoff plots;
v. chromatographic methods.

The physical properties of substrates and stationary phases for RPLC are dominant in
determining column efficiency and retentivity. Therefore, for the synthesis of well
defined and reproducible RPLC-phases these properties must be known and well
controlled during the production of these materials. In many papers and books these
aspects and methods to determine the most important physical properties, viz. particle
size and shape, specific surface area, pore size and porosity, and particle strength, have
appeared [3-6,13-15].
Amongst the spectroscopic methods, especially 29Si and 13C solid state nuclear magnetic
resonance (NMR) and infrared (IR) spectroscopy have significantly put forward the
development of RPLC-phases. With infrared (IR) spectroscopy, specific information
can be obtained on the occurrence of isolated and bonded or associated silanol groups in
silica substrates and on bonded phases as well. IR-spectroscopy techniques provide
rather simple procedures to study reactions and reaction kinetics in the synthesis of
RPLC-phases [18,74,75]. 29Si and 13C NMR techniques provide detailed information on
the different groups present on substrate and chemically modified surfaces. In contrast
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to IR-spectroscopy, where isolated and geminal silanols absorb at nearly the same
wavenumber, NMR techniques can distinguish between different types of silanol
groups. Furthermore, the latter techniques can also provide detailed information on the
nature of ligand bonding to the surface. Therefore, NMR techniques have become
indispensable tools in the study of the synthesis of RPLC-phases and their fate under
chromatographic conditions [6,76-79].
Statistical methods can be useful, e.g. to cluster groups of RPLC-phases of similar
chromatographic properties [80].
Plotting the log retention factor of a compound versus the reciprocal absolute
temperature results in a so-called Van 't Hoff plot. Such plots provide information on
the thermodynamic driving forces in chromatographic separations as a function of the
experimental conditions, e.g. eluent composition [81-83].
In a number of studies several attempts have been made to correlate the results of such
above mentioned evaluation studies to data obtained from chromatographic test
procedures [18,80,84-88].
From these studies it has become obvious that none of these methods, however, can
detect in detail the often subtle but decisive differences in chromatographic properties
between RPLC-phases. From numerous application examples it can be learned that
such small differences in the properties of RPLC-phases very often determine the
success or failure of a separation method. Therefore, not surprisingly, a significant
number of chromatographic evaluation methods have been suggested to support the
chromatographer in column selection and method development. Chromatographic
evaluation methods can roughly be subdivided in two groups:

A. Empirically based evaluation methods. These methods have in common that the
chromatographic information depends on rather arbitrarily selected test
compounds, which are supposed to reflect a specific column property, e.g. silanol
activity. Important representatives of this group comprise of methods developed
by e.g. Tanaka [84], Engelhardt [89], Eyman [90], Walters [91], Daldrup [92] and
so-called in-house methods.

B. Model-based evaluation methods. The methods of this group have in common that
they are based on a specific chromatographic model, e.g. the silanol scavenging
model of Horváth [93], interaction indices model of Jandera [41], the solvatic
computational model by Galushko [94] and the Quantitative Structure Retention
Relationship (QSRR) model developed by a.o. Abraham [86,87,95].
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Till now, however, none of the methods summarized under A and B has gained widely
accepted consensus in the chromatographic community. In addition to that, no
agreement has been achieved either on eluents and test solutes or on experimental
conditions and calculation procedures.
A further severe constraint contributing to this problem lies in the many different
application areas, where RPLC-columns can be used and where substances of very
different chemical nature and size are separated. It has become clear that column
characteristics obtained from small molecular test substances do not necessarily provide
the information that is needed for the proper selection of columns for the separation of
larger molecules [96,97]. Summarising, the presently available evaluation methods for
RPLC-columns only partly meet the daily practical requirements, and further
improvements in that area can be foreseen.

2.4.2. Chemical stability of RPLC-phases
Chemical stability refers to the number of column volumes in which a specific RPLC-
column keeps its original chromatographic properties under specific eluent and other
experimental conditions. Amongst other factors, chemical stability of a stationary phase
has a significant impact on the lifetime of a column. The nature and manufacturing of
the silica substrate, the applied bonding chemistry, the eluent composition and other
experimental conditions predominantly determine column lifetime.
For a number of reasons chemists are interested in the use of RPLC-phases over a wider
range of pH eluent conditions than the usually suggested pH 2.0-7.5 range [98,99].
Interest especially exists for the use of RPLC-columns under more basic, pH 8-12,
conditions [100]. The possibility to measure basic substances in their molecular state
avoiding secondary-solute stationary-phase interactions, preventing also the early
retention of protonated substances, are major driving forces in the development of high
pH stable RPLC-columns.
A principal shortcoming of silica as a substrate for RPLC-phases is its rapid dissolution
at pH-values above ± 7.5. This seriously limits its use at higher eluent pH's, unless
specific precautions are taken by e.g. silica presaturation in the mobile phase [101,102].
Substantial research efforts have been spent on the preparation of more stable phases,
e.g. by the synthesis of i) more densely bonded monomeric phases, ii) encapsulated
packings, iii) bidentate and bulky packings, iv) ligands carrying embedded polar groups,
v) special endcapped phases, and vi) alternative packing materials instead of silica based
phases. These developments have now made available a number of new generation
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RPLC-phases, which show significantly improved chemical stability over the low,
neutral as well as high pH range [58,99,103].
Additional to the development of modern generations of RPLC-phases, research was
focussed too on the role of the eluent composition and other experimental conditions in
the lifetime of RPLC-columns [99,104, 105]. In these studies it was found that no
general rules with respect to eluent pH can be given, since this varies considerably
between different individual columns. Also in these studies a set of rules were defined
on how to extend the lifetime of RPLC-columns significantly. These developments
have also resulted in a better understanding of the background of the chemical stability
of RPLC-phases.
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CHAPTER 3

COLUMN SELECTION FOR THE REVERSED-
PHASE SEPARATION OF BIOPOLYMERS

Summary*

A number of wide-pore reversed-phase stationary phases specially recommended for
the separation of biopolymers have been investigated. The stationary phases have been
studied applying different test mixtures consisting of small molecules as well as
peptides and proteins. The small molecule test probes comprised of neutral, acidic and
basic derivatives of benzene and amino acids. The larger molecules containing test
mixtures consisted of selected peptides and proteins. The isopotential eluent
compositions and hydrophobicity indexes were used to measure the polar-apolar
character of the RPLC-stationary phases. The results of the column characterization
obtained from the small molecule test mixtures could be partly correlated to the
retention behaviour of the investigated biopolymers.

3.1. INTRODUCTION

In spite of the development of new stationary phases and improvements in other
chromatographic techniques the method most often used is RPLC, especially for the
separation of biological materials. Although the application of RPLC has decreased,
according to the most recent survey [1], more than half of all separations in HPLC are
performed with aqueous-organic eluents and RPLC columns. Since the introduction of
RPLC phases in the early 1970s, the discussions of their properties and their

                                               
* This chapter has been published: A. Bede, G. Rippel, L. Szepesy, H.A. Claessens, J. Chromatogr.A, 728 (1996) 179-188.
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characterization have been manifold and controversial. The widespread use of RPLC
resulted in the introduction of a variety of different RPLC packings by various manu-
facturers. Well over 100 different RPLC stationary phases are commercially available.
The manufacturer’s descriptions are poor and insufficient for characterizing the
stationary phases. For this reason, it is difficult to compare the stationary phases and to
select the appropriate one for a defined separation problem.
There have been numerous reports on the characterization of RPLC packing materials
using physical measurements, elemental analysis and various spectroscopic methods.
These non-chromatographic techniques have been reviewed and discussed by several
authors [2-5]. The other group of characterization techniques involve chromatographic
characterization utilizing the information obtained from the retention behaviour of some
selected compounds. Chromatographic characterization is the most desirable approach
for chromatographers, in order to test one's own columns without using any expensive
instrumentation.
Since the introduction of RPLC phases, a number of test compounds and test
procedures have been suggested. The test compounds have to be selected so that they
can show differences in the chromatographic properties of the packing materials such as
hydrophobic properties, steric selectivities, the extent of silanol activity and
ion-exchange properties.

In order to characterize RPLC columns, mostly non-polar compounds, e.g. benzene
homologues, are used as test solutes. The use of homologous series has been
extensively investigated [2-10] for the characterization of RPLC phases. Although
non-polar test solutes give an insight only into hydrophobic properties, methods have
been suggested to characterize hydrophobic and polar selectivity based on
measurements with homologous series [11-13]. According to several researchers, it is
generally the polar solutes that yield the most critical information concerning the
surface characteristics of RPLC packings. Goldberg [14] used five different tests to
compare RPLC columns. Engelhardt and co-workers [15-18] introduced several test
mixtures to characterize hydrophobic, silanophilic and other polar interactions. Tanaka
and co-workers [19-21] also elaborated detailed test procedures by using alkylbenzenes
and different polar compounds in order to define the various interactions. To evaluate
shape selectivity, Sander and Wise [22,23] introduced a selectivity test mixture
containing polyaromatic hydrocarbons of different planarity. Several other test mixtures
and test procedures have also been described, and good summaries can be found in
reviews [24,25]. Recently, Valkó and Slégel [26] introduced a new chromatographic
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hydrophobicity index to characterize the hydrophobic character of compounds in
RPLC. This index can also be used to characterize the hydrophobicity of stationary
phases [12].
In recent years, chemometric methods such as principal component analysis (PCA),
cluster analysis (CA) and factor analysis (FA) have been successfully applied for the
interpretation of chromatographic data and the classification of stationary phases [27-
30].
In the past decade, HPLC has become increasingly popular for the analysis and
separation of biopolymers such as polypeptides, proteins and nucleic acids. In order to
achieve rapid and high-resolution separations of biopolymers, a number of distinct
criteria should be fulfilled by the stationary phases. For this reason, a new branch of
bonded phases has been developed using wide-pore (30 nm or above) silicas and
improved bonding chemistry in order to furnish a soft and homogeneous surface [31-
34]. Although a general trend of elution order versus hydrophobicity is apparent, RPLC
of peptides and proteins exhibits many irregularities. For this reason, in addition to the
test procedures suggested for the separation of low-molecular-mass solutes, the columns
should be tested with some peptide and/or protein mixtures [31,34]. Unlike small
molecules, the retentions of many proteins are not significantly altered by variations in
the alkyl chain length bonded to the silica. On the other hand, cyano-, propyl- and
diphenyl-bonded phases have shown slightly different selectivities compared with the
generally used C8- and C18-phases [35]. However, different wide-pore silicas packings
have rarely been compared with each other.
In this study, we compared and evaluated a number of wide-pore RPLC columns
containing various ligands (TRIF, CN, C3, C4, C8 and C18) and obtained from different
manufacturers. In addition to the standard test solutes suggested for narrow-pore
packings, measurements with selected amino acids, peptides and proteins were also
carried out. Evaluation of the columns was accomplished by using single parametric
methods by selecting some descriptors suggested in the literature to characterize
stationary phases for RPLC.

3.2. EXPERIMENTAL

3.2.1. Materials
The test components used for characterization were all of analytical-reagent grade and
were obtained from different sources. Small molecules in test mixture 1 = benzene
homologues: benzene (B), toluene (T), ethylbenzene (EB) and propylbenzene (PB); test
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mixture 2 = n-alkyl p-hydroxybenzoates: methyl (ME), ethyl (EE), n-propyl (PE) and
n-butyl p-hydroxybenzoate (BE); and test mixture 3 = other compounds: aniline (A),
nitrobenzene (NB), N,N-dimethylaniline (N), phenol (P), chlorobenzene (CB),
acenaphthene (AC) and fluorene (FL). These compounds are referred to as standard test
compounds. In addition, selected amino acids and peptides were used to characterize
the columns: amino acids, γ-benzyl-L-glutamate (BGlu), γ-benzyl-L-aspartate (BAsp),
DL-tryptophan (Trp), DL-phenylalanine (PhA) and DL-tyrosine (Tyr); peptides, trypto-
phanylalanine (TA), tryptophanylleucine (TL), phenylalanylglycine (PG), phenylalanyl-
leucine (PL) and phenylalanyl-glycylglycine (PGG). The large molecules used were the
proteins: ovalbumin (OVA), β-lactoglobulin (LAC), cytochrome c (CYT), lysozyme
(LYS), α-chymotrypsinogen A (CHY) and ribonuclease A (RNA).

3.2.2. Columns
The characteristics of the columns used are listed in Table 3.1.

Table 3.1
Characteristics of the columns.

Column Source Support
material

Ligand
type

Dimensions
(mm x mm
I.D.)

Particle
size
(µµm)

Pore
size
(��)

Abbr.

Zorbax SB 300
TRIF

a) Silica Trifluoro-
Acetamide

150 x 4.6 5.0 300 Z-TFA

Zorbax SB 300
CN

a) Silica CN 150 x 4.6 5.0 300 Z-CN

Zorbax SB 300
C-3

a) Silica C3 150 x 4.6 5.0 300 Z-C3

Zorbax SB 300
C-8

a) Silica C8 150 x 4.6 5.0 300 Z-C8

Aquapore Butyl b) Silica C4 100 x 4.6 7.0 300 A-C4
Aquapore
OD-300

b) Silica C18 100 x 4.6 7.0 300 A-C18

Synchropak C4 c) Silica C4 100 x 4.6 6.5 300 S-C4
Synchropak
RP-P C18

c) Silica C8 100 x 4.6 6.5 300 S-C18

Synchropak
RP-C4

c) Silica C4 250 x 4.1 6.5 300 S-C4L

a)– Hewlett Packard, Newport, DE, USA
b)– Applied Biosystems, San Jose, CA, USA
c)– Synchrom, Linden, IN, USA
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3.2.3. Chromatography
A Merck-Hitachi (Merck, Darmstadt, Germany) fully automated chromatograph was
used, consisting of an L-4250 UV-Vis detector, L-6200 programmable pumps and a
Rheodyne (Cotati, CA, USA) injector with a 10 µl loop. System control, data
acquisition and evaluation were performed with HPLC Manager D-6000 software
(Merck) running on an IBM PC AT-compatible computer.
Measurements for small molecules were made under isocratic conditions in water-
acetonitrile mobile phase of various compositions. The composition of the mobile phase
was always adapted to the components, i.e., it was varied so as to obtain 5-7 retention
values in the range 0.2<k<10 for all the test components on all the columns. The
hold-up time was measured at all compositions with an aqueous solution of sodium
nitrite.
Measurements for proteins were made under gradient conditions at two different
gradient times (tG=15 and 45 min.) and at pH 2 in water-acetonitrile mobile phase. To
both these solvents 0.1% trifluoroacetic acid (TFA) was added to preserve standard
separation conditions. The data obtained under gradient conditions were evaluated
according to the linear solvent strength (LSS) model of gradient elution [36]. All
measurements were repeated at least twice and the average values were used for the
calculations.

3.3. RESULTS AND DISCUSSION

The retention profile of components under reversed-phase liquid chromatographic
(RPLC) conditions can be given as [26]:

log k = log kw - S.ϕ (3.1)

Where ϕ is the organic content of the eluent and S and log kw are the slope and the inter-
cept of the profile, respectively, characteristic not only of the components but also of
the phase system (stationary and mobile phases) used. This equation gives a good ap-
proximation within a limited range (generally 0.2 < ϕ < 0.8) of eluent composition. For
homologous series, more specific profiles were derived [12]. According to the model of
Bidlingmeyer et al. [13], the retention of homologous series can be described as

log k = c0 + c1 (c2 - ϕ )(c3 - nc) (3.2)
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where nc is the incremental carbon number and c0-c3 are constants. The organic content
indicated by c2 is called the isopotential eluent composition. The individual retention
profiles described by eq. (3.1) converge to this point and in this eluent (ϕ = c2) the
retention behaviour of the components is independent of nc, i.e., the phase system
cannot differentiate the members of homologous series. It was presumed that the
isopotential eluent composition (ϕip) could be a measure of the overall polarity or
strength of the stationary phases [13], because the higher is ϕip the lower is the polarity
of the stationary phases or, generally, the lower is the retention of the components at an
identical eluent composition. Earlier it was found that the order of column strength
furnished by ϕip corresponds well with that accomplished from the ligand type and
column geometry even if a wide diversity of columns is considered [12].
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Fig. 3.1. Isopotential eluent composition (ϕip) determined for the different columns with various test
mixtures. � = test mixture 1; � = test mixture 2; � = all components.

The results obtained for the columns investigated are shown in Fig. 3.1. It is
immediately seen that the above statement is not or only partly true for this set of
stationary phases. The order indicated by the apolar test mixture 1 is different from that
expected from the ligand type. For example, S-C18 seems to be much weaker than
Z-C8 and S-C4L and is in the same range as S-C4, Z-C3 and Z-CN. The most striking
difference is between S-C4L and S-C4. As far as we know, these columns were filled
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with the same packing material and the only difference was in the column size. The
results indicate that other properties of these columns must also be dissimilar.
The two test mixtures exhibit different behaviour. In an earlier study Rippel [12] found
that ϕip values calculated for benzene homologues reflected the apolar/ hydrophobic
nature and that obtained for n-alkyl p-hydroxybenzoates indicated the polar character of
the stationary phases. In this case, the pattern of test mixture 2 does not correspond to
that of test mixture 1: neither the order of columns nor the relative differences among
them are the same. Note the unique behaviour of Z-TFA. On this column the ϕip value
of the more polar test mixture 2 is higher than that of test mixture 1. This is a clear sign
that besides hydrophobic interactions presumed to be the dominant effect on the
retention process in RPLC, another effect(s) having a polar nature must be involved. If
this were not true, the substitution of the molecular residue of the homologous series
should result in regular shifts of the retention of components, and therefore the ϕip

values of the test mixtures should show similar patterns.
This regularity is further contradicted by the results obtained for the joint data
(designated "all" in Fig. 3.1). The absolute values and their positions relative to that of
the individual test mixtures seems to be unique for all stationary phases. This means
that the behaviour of the two test mixtures changes significantly from column to
column, and it is characteristic of the stationary phases. The contribution of polar
interactions is profound on some of the columns investigated, which must also be taken
into account in the characterization.
Since ϕip is defined for a set of components, it suppresses the differences between the
individual members of the set. Another disadvantage of ϕip is its restricted applicability,
namely, it can be applied only for homologous series. Recently, a new parameter
termed the hydrophobicity index was suggested [26], which can be calculated as

S
wk

o
log

−=ϕ (3.3)

where log kw and S are as in Eq. (3.1). Note that ϕ0 orresponds to that eluent
composition where log k = 0 (cf., Eq. 3.1), which means that when using this eluent the
molar concentrations of the related compound are identical in the stationary and mobile
phases.
It was presumed that ϕ0 is a measure of the hydrophobicity of the components, which is
independent of the phase system applied [26]. In an earlier study it was found that this
parameter is a sensitive indicator of the quality of the phase system in RPLC and also in
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hydrophobic interaction chromatography (HIC), and the relative values calculated for
different pairs of components reveal the selectivity [37].

0,0

0,1

0,2

0,3

0,4

0,5

0,6

0,7

0,8
A

-C
18

A
-C

4

S
-C

18

S
-C

4L

S
-C

4

Z
-C

8

Z
-C

3

Z
-C

N

Z
-T

F
A

0

PB

EB

T

B

BE

PE

EE

ME

Fig. 3.2. Relative hydrophobicity (ϕ0) of the columns determined from the retention of the homologous
series investigated.

The results obtained for the test mixtures examined above are shown in Fig. 3.2. The
order of columns indicated by ϕ0 calculated for test mixture 1 seems to be more realistic
than that of ϕip for the same set. The strength of the stationary phases decrease with
increasing hydrophobicity of the ligand, which agrees with expectations. The patterns
for BE and PE on the Aquapore and Synchropak columns are very similar to that for
test mixture 1. This similarity is also valid for the Zorbax columns but here the ϕ0

values of BE and PE are shifted. However, the order of the columns is the same as
obtained for test mixture 1.
On the other hand, compared with Fig. 3.1 there is no or almost no difference between
S-C4L and S-C4. This corresponds to our preliminary knowledge but seems to conflict
with the results outlined above. The explanation of this apparent contradiction is the
different retention behaviours of the test components on these columns. The retention
profiles are much steeper on S-C4 than on S-C4L but the intercepts on the x-axis (ϕ0)
are almost the same, and therefore the ϕip values calculated for S-C4L must be lower
than those for S-C4. Note that this is also true for A-C18 and A-C4 as regards test
mixture 2, but to a lesser extent, for almost all pairs of columns.
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EE and ME show different patterns to BE and PE. On the basis of the results obtained
for ME, the least polar column is A-C18, EE shows intermediate polarity and PE and
BE exhibit the highest values for this column. The relative position of A-C4 changes
similarly but the values obtained for Z-TFA show just the opposite tendency. It is likely
that the retention of BE and PE is affected rather by the hydrophobicity of the columns,
the effect of which is less for EE and negligible for ME. For the latter compounds the
contribution of polar interaction(s) is greater.
However, the results detailed above seem to be unsuitable for complete characterization
of the stationary phases. Either the set of test components selected or the parameters
calculated are incomplete, i.e. the picture displayed by these characteristics is
oversimplified.
In order to gain a better insight, a third test mixture containing substituted benzenes and
two polyaromatic hydrocarbons was also applied. The parameters calculated for this set
are shown in Fig. 3.3. Benzoic acid was not included because it had no retention on
most of the columns, except for A-C4 and S-C4L. On Z-CN it eluted also after the dead
time (tm), but the variation of retention with the eluent composition was within the error
of measurement. Note that this behaviour of benzoic acid cannot be correlated with any
of the parameters detailed above.
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In some instances the parameters calculated are fictitious as they are lower than zero.
This means that in these instances the log kw values of the components are lower than
zero. However, the values are applicable for comparison.
The order of columns is the same for FL, AC, CB, N and NB, which is very similar to
that obtained for test mixture 1. The values for FL and AC indicate no shape selectivity;
the differences on A-C18 and S-C18 are not sufficient for complete resolution of these
components. The substituted benzenes show slight variations from column to column.
This indicates that for these compounds the hydrophobic interaction plays a dominant
role in the retention.
Larger differences and very dissimilar patterns are displayed by P and A. These
components are routinely applied for measuring the silanol activity of stationary phases,
usually their relative retention and/or the tailing of peaks being examined. However, the
picture is more complex, since the absolute and also the relative values obtained for
these compounds seem to be characteristic of the stationary phases.
On S-C18 the order and position of compounds is "normal", i.e., the value for A being
slightly lower than that for P. However, compared with other columns, the absolute
values seem to be high. Related to S-C18, A-C4 shows much lower activity towards A
but much higher activity towards P. The "A-activity" of A-C18 and S-C4L is about the
same as that of S-C18, but their "P-activity" is higher. S-C4 and Z-CN show
"P-activity" similar to that of S-C18 but lower and different "A-activity". Note that the
patterns for A and P are not parallel, so their difference and relative position must also
be characteristic of the stationary phases. For example, the order of these compounds is
inverted to a lesser extent on Z-C8 and significantly on Z-TFA compared with the
others.
Since the above results are affected by the hydrophobicity of the columns, the values
obtained for substituted benzenes were related to that of T. The results are shown in Fig.
3.4. These values strengthen the conclusions drawn for CB, N and NB. It is clearly seen
that the chloride, nitro and dimethylamino substitution affects only the overall polarity
of these compounds but does not contribute specifically to the retention process on
these columns. However, the values for N decrease and those for NB increase slightly
from S-C18 to Z-TFA. It is also interesting that the pattern for N is not parallel to that
for A but shows an opposite tendency, and rather it is similar to that for BE and PE. It
seems that the dimethylamino group acts as a polar and not as a basic substituent.
After the transformation, the comparison of A and P reveals larger differences amongst
the columns. The order of columns and the measure of their specific activity towards
these components are also changed. (Note that the difference between the points for A
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and P is affected by the different scaling of Figs. 3.3 and 3.4 and not by the
transformation.) Here we postulate that these compounds reflect the acid-base character
of the stationary phases. This is supported by the fact that the behaviour of benzoic acid
correlates well with the pattern for P, i.e., retention could have been achieved only on
those columns which exhibit the highest "P-activity". The columns having lower
activity are not "strong" enough to retain the fully ionized benzoic acid.
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According to this specification, A-C4, S-C4L and Z-CN have high and Z-TFA and
Z-C3 have low activity towards acidic components. Furthermore, S-C4L, S-C18, Z-C8
and Z-TFA have high and A-C4 and Z-C3 have low activity towards basic components.
On the other hand, the pattern for A is very similar to that for ϕip obtained for test
mixture 2, which indicates that the polar interactions should also be taken into account.
Therefore, the transformation of A using N or BE or PE instead of T could be more
relevant. However, a rational selection of test components and the identification of the
factors affecting their retention need multivariate data analysis. Nevertheless, the results
detailed above demonstrate that the polar-apolar characterization using homologous
series does not provide a complete description of the nature of stationary phases.
Besides, the acid-base character of the packings could also be revealed. The selection of
compounds must be appropriate for testing these features also.
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Since the columns investigated are recommended for protein separations, we examined
the utility of the above characterizations for this purpose. Three further test mixtures
containing amino acids, peptides and proteins were also applied. The components were
analyzed under conditions recommended for protein separation, i.e., acidic eluents were
used (see Experimental).
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The ϕ0 values obtained for the three test mixtures are presented in Fig. 3.5-3.7. Note
that Fig. 3.7 does not include A-C18, because on this column the protein separations
gave very poor results. The peak tailing was serious, the loss of activity was also very
high and the reproducibility of retention was inadequate for evaluation. In most
instances the relative error of the parameters of Eq. (3.1) calculated from the gradient
data was estimated to be higher than 50%.
Furthermore, this column needed extremely long conditioning when the aqueous
constituent of eluent was changed (from water to TFA solution or the reverse). A long
equilibration with the new eluent improved the reproducibility but the error of
parameter estimation remained high. However, this process did not enhance
significantly the kinetic parameters of the column. It is interesting that these effects
were observable with the smaller test compounds, but their rates were acceptable even
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for the peptides. The causes of these phenomena could have been completely revealed.
However, the results were very similar to those obtained on S-C18.
After the completion of measurements, it was immediately seen that the amino acids
and peptides acted very similarly. The orders of columns in Fig. 3.5 and 3.6 are almost
the same. Further, it is the same as that obtained with test mixture 1 (especially with B)
and it is very similar to that for compounds having intermediate polarity such as BE, PE
and N. This indicates that mainly the apolar segments of these components take part in
the retention process, and the polar and ionic parts play a secondary role. In other
words, the retention of these components is affected mainly by the hydrophobicity of
the columns investigated.
In some instances, the relative positions of columns depend on the nature of test
compounds. Z-TFA seems to be much weaker for these test mixtures than for the
former sets, but to a lesser extent this is also true for all the other columns. The apparent
strength of S-C4L changes with the polarity of the components. The more polar (less
hydrophobic) is the test compound used, the lower is the apparent column strength
indicated by that compound. This means that the polarity of columns is not negligible.
However, the difference between S-C4L and S-C4 is much smaller than that shown by
the ϕip values (cf., Fig. 3.1).

The results obtained for proteins are shown in Fig. 3.7. The order of columns is almost
the same as for amino acids and for peptides. Z-C3 seems to be stronger and Z-TFA is
weaker than for the smallest test compounds. The dependence of the apparent strength
of S-C4L on the hydrophobicity of compounds is also similar to that obtained for amino
acids and peptides.
In most instances, the changes in the differences between the retentions of the
components seem to be more significant than the differences between the apparent
strengths of the columns. From a practical point of view, this means that these columns
differ mainly in their selectivity and not in their strength. The selectivities of the
columns measured by ∆ϕ0 are shown in Fig. 3.8. It is seen that the differences in peak
pairs vary from column to column and they follow unique patterns.
Since the apparent strengths of columns obtained for the proteins are very similar to
those obtained for the smaller test compounds having low or intermediate polarity, it is
very likely that the hydrophobicity of the columns is the dominant factor affecting the
retention of proteins. However, the differences in the selectivity of the stationary phases
indicate the effect of other features. However, the patterns of selectivity do not show an
acceptable correlation with any of the characteristics revealed above. Presumably all of
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them play some role but their contribution depends on the features of proteins having
highly heterogeneous surfaces.
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3.4. CONCLUSIONS

Nine commercially available wide-pore columns recommended for protein separation
were studied. The stationary phases differed widely concerning the type of ligands. Six
different test mixtures containing two different homologous series, substituted benzenes
and amino acids, peptides and proteins, were chromatographed with acetonitrile-water
as the eluent.
The values of the isopotential eluent composition calculated for the homologous series
and the relative hydrophobicities calculated for the members of the homologous series
revealed the polar-apolar nature of the stationary phases, but the characterization
seemed to be partial and sometimes ambiguous.
When the results for substituted benzenes were also taken into account, the acid-base
features of the stationary phases could have been clearly characterized. In most



48 Chapter 3

instances these characteristics seemed to be relevant and were significantly different
from those indicated by polar non-ionic compounds.
The characterization with amino acids, peptides and proteins provided analogous
results; this set of components behaved very similarly. The comparison of these results
with those for the smaller test compounds revealed that the retention of these
components is affected mainly by the hydrophobicity of the stationary phases
investigated.
A more thorough examination of the results obtained for the proteins showed that the
main difference between the columns is in their selectivity and not in their strength. The
latter is determined mainly by the hydrophobicity of the stationary phases but in the
former other characteristics must also contribute since it changes significantly from
column to column. On the basis of the single parametric evaluation of the results
presented, an unambiguous classification of the columns investigated cannot be
accomplished.
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CHAPTER 4

SEPARATION MODES AND COLUMN SELECTION
FOR PEPTIDE AND PROTEIN ANALYSIS BY

HPLC: A REVIEW

Summary∗∗

In continuation of the previous chapter here several separation modes and column
selections for the analysis of peptides and proteins are reviewed in a more wider frame-
work. First, a number of characteristics of peptides together with a general approach
for column selection and testing are treated. Next, the most common separation modes
reversed-phase (RPLC) and hydrophobic interaction (HIC) chromatography, size
exclusion (SEC) and ion exchange (IEC) chromatography and also high performance
affinity chromatography (HPAC) commonly applied for peptide analyses are
summarized.

4.1. INTRODUCTION

The immense importance of peptides for living beings is well known and thus a great
variety of them have been isolated from natural materials or synthesized, studied and
applied in biology, medicine, biotechnology and agriculture. Separations play a key
role in the field and are used both in the preparative and the analytical mode. It
should be pointed out that even purely analytical procedures must often combine
preparative and analytical separation steps, because of the complexity of the materials
studied; therefore, some preparative aspects will also be discussed in this review.
                                               
∗ This chapter has been published: K. Štulík,V. Pacáková, J. Suchánková and H.A. Claessens, Anal. Chim. Acta, 352
(1997) 1.
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Peptide analysis has numerous applications. It has been used to establish the identity
and purity of peptide preparations in all the steps of peptide isolation from natural
matrices or during their synthesis, to check the purity of peptide products, such as
pharmaceuticals, to determine peptides in various matrices, e.g. in medicine, biology
or agriculture and, particularly notable, in peptide mapping, i.e., to elucidate the
protein primary structure. The analytical procedures employed are complex and often
combine several chromatographic modes (e.g., size-exclusion chromatography (SEC)
followed by reversed-phase liquid chromatography (RPLC)) with other separation
methods (e.g., capillary electrophoresis (CE)) and with bio- and immuno-chemical
steps.
In a critical survey of the properties of HPLC stationary phases and their applications
in peptide analysis, two important facts should be borne in mind: the selection of a
stationary phase is part of the approach to the whole analytical problem and cannot be
considered separately from the choice and optimization of the mobile phase and of
the basic experimental conditions; detailed information on the physico-chemical
character and properties of commercial stationary phases is often difficult or
impossible to obtain, as this vital information tends to be a trade secret. Therefore, a
critical comparison of various commercial columns is subject to a great many
limitations. The present review concentrates on recent developments. The literature is
extensive, varied and scattered; we have tried to select the most important new works
in the field (numerous further references can be found in the publications cited). This
chapter is not intended to give an exhaustive survey of commercial columns.
However, some typical examples of the separation modes RPLC, SEC, hydrophobic
interaction (HIC) and ion-exchange chromatography (IEC) are listed in Table 4.1.

4.2. CHARACTER AND BASIC PROPERTIES OF PEPTIDES

Peptides constitute an extensive class of compounds and thus their properties vary
considerably and place great demands on suitable selection of separation systems and
their versatility. It is conventionally accepted that peptides are compounds containing
two to fifty amino acid residues [1]. Dipeptides are still small molecules with
molecular weights of the order of hundreds, whereas large peptides, with molecular
masses of several thousands, have properties characteristic of proteins. There are
substantial differences in the chromatographic behaviour of small molecules with one
or a few active sites for interaction with the mobile and stationary phases and that of
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Table 4.1.
List of columns for the RPLC, SEC, IEC and HIC separations of peptides and proteins.

Column name Supplier
RPLC
LiChrospher 500 CH-8
LiChrospher 100 PR-18
Hy-Tack C-18
Vydac C-18
Zorbax SB 300 C-8
Zorbax 300 SB-C18 RR
Synchropak RP-P C 18
Aquapore OD-300
Hypersil C18-WP 300
Hypersil Peptide
Kromasil 100-C8, C-18
Bakerbond WP C-18
Separon Hema S-1000 RP-18
Develosil NP-ODS
Develosil 300 ODS-7
Jupiter 300 C-18
Symmetry C-18
Nucleosil 300-5 C-18 MPN

Merck, Darmstadt, Germany
Idem
Glycotech, Hamden, CT, USA
The Separations Group, Hesperia, CA, USA
Hewlett Packard Co., Newport, DE, USA
Idem
Synchrom, Linden, IN, USA
Applied Biosystems, San Jose, CA, USA
Hypersil, Runcorn U.K.
Idem
EKA Chemicals, Bohus, Sweden
J.T. Baker B.V., Deventer, NL
Tessek, Prague, Cz. Republic
Nomura Chemicals, Seto-City, Japan
Idem
Phenomenex, Torrance, CA, USA
Waters Corp., Milford, MA, USA
Macherey and Nagel, Düren, Germany

SEC
BioSil SEC 250
Superdex 200 HR
Tosohaas TSK
HEMA-Bio 1000
Protein-Pak DEAE 15 HR
Protein-Pak SP 8 HR
PolySep-GFC-P
Shodex OH Pak Q801
Zorbax GF 250/450
Zorbax PSM

BioRad, Richmond, CA, USA
Pharmacia, Uppsala, Sweden
Tosohaas, Montgomeryville, PA, USA
Tessek, Prague, Cz. Republic
Waters Corp., Milford, MA, USA
Idem
Phenomenex, Torrance, CA, USA
Idem
Hewlett Packard, Newport, DE, USA
Idem

IEC
Zorbax SCX, WCX
Bakerbond Abx
HEMA-BIO 100 DEAE
Shodex Asahipak GSHQ
Mitsubishi Chemical CK 10
Nucleogel SAX 100-8

Hewlett Packard, Newport, DE, USA
J.T. Baker B.V., Deventer, NL
Tessek, Prague, Cz. Republic
Phenomenex, Torrance, CA, USA
Idem
Macherey and Nagel, Düren, Germany

HIC
Spherogel CAA HIC
TSK-Phenyl 5-PW
Synchropak-Propyl
Alkyl-Superox HR
Zorbax SB 300 CN
Zorbax SB 300 C3
Aquapore Butyl
Separon HEMA-Bio 1000 Phenyl
Kovasil-H
Nucleosil 5 C-18

Beckman, San Ramon, CA, USA
Idem
Synchrom, Linden, IN, USA
Pharmacia, Uppsala, Sweden
Hewlett Packard, Newport, DE, USA
Idem
Applied Biosystems, San Jose, CA, USA
Tessek, Prague, Cz. Republic
Chemie, Uetikon, Switzerland
Macherey and Nagel, Düren, Germany
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large molecules with many active sites. Moreover, the danger of denaturing of large
peptides is very important from a biological point of view and places additional
demands on the selection of the chromatographic system and the speed of
separations.
The properties of the smallest peptides are similar to those of individual amino acids:
their chromatographic behaviour is determined by the character of their side chains
and substituent groups, i.e., the strength of the basic and acidic ionizable groups
present, and also by the degree of hydrophobicity or hydrophilicity. Therefore, they
exhibit isoelectric points and their retention is strongly dependent on the pH. With
increasing number of amino acid residues, the importance of the peptide primary
structure (amino acid composition and sequence) increases. With more than 15 amino
acid residues, secondary (and progressively tertiary and quaternary) structures begin
to play a role and the conformation of the largest peptides can decisively affect their
retention behaviour.

In view of these peptide properties, RPLC is the most versatile mode of chromato-
graphy, as it enables the use of both the acid-base and hydrophobic/ hydrophilic
properties of the analytes. Problems sometimes arise in connection with the
denaturing of large peptides due to the high hydrophobicity of the stationary phase
and low polarity of the mobile phase. Classical ion-exchange chromatographic (IEC)
procedures can also be applied to a wide range of peptide sizes; however, they tend to
exhibit somewhat poorer separation efficiencies compared to RPLC and large
peptides may be very strongly sorbed, due to the presence of many active sites in the
analyte molecule. Size-exclusion chromatography (SEC) can be very useful in
preseparations of complex mixtures into smaller groups of analytes that are then
further separated by another technique. In addition, much more specialized
procedures can be used: hydrophobic-interaction chromatography (HIC), which has
the advantage that the conditions are mild (moderate hydrophobicity and low ligand
density of the stationary phase, aqueous mobile phases with high ionic strength), so
that the danger of peptide denaturation is suppressed; other important techniques
include affinity chromatography and chiral separations.
Numerous works have been devoted to correlation of the retention behaviour of
peptides with their properties, in order to predict suitable conditions for chromato-
graphic separations. It has been shown [2] that an α-amino group substantially affects
the retention behaviour of peptides in RPLC. This study of synthetic deca-peptides
demonstrates that the pKa values of the amino groups and of the ionizable side chains
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in peptides are very similar to those found for proteins and very dissimilar to those
found for the corresponding amino acids, i.e., the hydrophobic RPLC stationary
phase creates an environment very similar to the hydrophobic environment of
proteins. Tables of pKa values and hydrophobicity data are given in the paper. The
shifts in the ionization constants of amino acids and peptides in micellar media have
been discussed [3]. A scale of peptide hydrophobicities has been obtained from
RPLC data [4]. On the basis of the RPLC retention data for 104 peptides, a model has
been developed for prediction of peptide retention [5], while the effects of the peptide
secondary structure on the retention thermodynamics is described in Ref. [6]. A
number of papers employed various methods for statistical treatment of extensive sets
of peptide retention data for predictive purposes (see, e.g., Refs. [7,8]; for a good
survey see Refs. [9,10]). A model has been given for electrostatic interaction of
proteins [11] that is also applicable to large peptides.

4.3. APPROACHES FOR COLUMN SELECTION AND TESTING

When selecting a column for a given separation, many factors must be considered,
which include primarily the general suitability for the type of sample and purpose of
the separation, sufficiently high efficiency and resolution (support particle size, shape
and porosity and its ability to bind a sufficient concentration of suitable active
species), the chemical and mechanical stability of the support and the stationary
phase itself under the particular separation conditions and reasonable speed and cost
of the separation. In peptide analyses, some additional aspects should be considered,
namely:

• It is usually necessary to suppress denaturing of the solutes; this places limitations
on the composition of the separation systems, chiefly their hydrophobicity, and
increases the need for rapid separations.

• Because of the complexity of the mixtures to be separated, very high resolution is
required: one of the most important causes of poor resolution is slowness of mass
transport and of sorption/desorption processes; these can be hastened by work at
elevated temperatures and by choosing stationary particle types that permit rapid
solute transport. In addition, large peptide molecules with many active sites
behave differently from small molecules: the retention factors change much more
rapidly with a change in the content of the organic modifier in RPLC and the
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steepness of this dependence increases with increasing size of the solute molecule;
thus gradient elution must usually be employed and the conditions must be
carefully optimized. Then the resolution does not greatly depend on the column
length and mobile phase flow rate and consequently short columns and high flow
rates can be employed to advantage (e.g., [12]).

• Stationary phase particle size does not strongly affect the separation efficiencies
for large peptides and thus large non-porous particles (up to 20 µm) have been
used with efficiencies analogous to those obtained with 2 to 5 µm particles [13].

All the above aspects must be taken in consideration when choosing a separation
system (also considering, of course, the requirements of the detection technique
used). Any stationary phase plus its support exhibits more than one type of
interaction with the given solutes and the components of the mobile phase.
Sometimes we can use the fact that a column has, e.g., both hydrophobic and ion-
exchange properties for finer tuning of the separation conditions and for tailoring the
column properties to a particular application; of course, prediction of the column
performance and optimization of the conditions to be used are then much more
difficult. In other systems it is necessary to suppress side interactions in order to
obtain meaningful results: in SEC, the ion-exchange effects should be suppressed,
e.g. by adding salts to the mobile phase. To test for the presence of more than one
kind of interaction and for departures of separation systems from ideal behaviour,
series of synthetic peptides have been proposed [14-17] (Table 4.2).

Table 4.2.
Peptide standards for monitoring of ideal and non-ideal behaviour in SEC, IEC and RPLC [14-17].

Peptide sequence No. of
repeating
units (n)

No. of
residues

Net
charge

SEC +
IEC

Ac-(Gly-Leu-Gly-Ala-Lys-Gly-Ala-Gly-Val-Gly)n-amide
Ac-(Gly-Leu-Gly-Ala-Lys-Gly-Ala-Gly-Val-Gly)n-amide
Ac-(Gly-Leu-Gly-Ala-Lys-Gly-Ala-Gly-Val-Gly)n-amide
Ac-(Gly-Leu-Gly-Ala-Lys-Gly-Ala-Gly-Val-Gly)n-amide
Ac-(Gly-Leu-Gly-Ala-Lys-Gly-Ala-Gly-Val-Gly)n-amide

1
2
3
4
5

10
20
30
40
50

1
2
3
4
5

IEC +
RPLC

Ac-Gly-Gly-Gly-Leu-Gly-Gly-Ala-Gly-Gly-Leu-Lys-amide
Ac-Gly-Gly-Gly-Leu-Gly-Gly-Ala-Gly-Gly-Leu-Lys-amide
Ac-Gly-Gly-Gly-Leu-Gly-Gly-Ala-Gly-Gly-Leu-Lys-amide
Ac-Gly-Gly-Gly-Leu-Gly-Gly-Ala-Gly-Gly-Leu-Lys-amide

-
-
-
-

11
11
11
11

1
2
3
4
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The selection and testing of a column is still not a simple process and is often carried
out on the basis of very subjective criteria and personal experience, as there are many
columns on the market, information on the separation mechanisms is limited and
much vital information is not disclosed by the manufacturers. Furthermore, even
materials that are nominally identical often exhibit manufacturer-to-manufacturer and
even batch-to-batch differences in their behaviour under identical experimental
conditions. The growing need for validated experimental procedures stresses the
necessity of creating a more rational and unified basis for the procedures of selection
and testing of the columns.
A discussion of the problems of testing the column lifetime and the reproducibility of
the properties of commercial materials can be found in Refs. [18,19]. The column
performance can be tested by either chromatographic or non-chromatographic
methods [21,22]; methods of the former group are usually preferable, as they provide
more direct information on the chromatographic performance of the column and also
on its changes on ageing.
Many procedures have been proposed for column testing, most of them employing
chemically modified silica phases, which are by far the most common in
contemporary HPLC; however, none of these procedures has gained general
acceptance. The major applications of these phases are RPLC and HIC permitting
very varied separations [20,23-25] and there is a wide range of commercial columns
of this type on the market; in addition, most evaluation and testing procedures have
been designed for these phases. During the last decades several procedures for
column testing have been suggested, amongst them:

• Semi-empirical methods, such as those of Engelhardt [26], Walters [27], Tanaka
[28] and Bidlingmeyer [29].

• Model-based methods, such as the calculation model of Galushko [30], the silanol
scavenging model of Horváth et al. [31], or the interaction index approach of
Jandera [32].

• Statistical evaluation methods employing, e.g., principal component analysis
(PCA), cluster analysis (CA) and factor analysis [33,34].

• Thermodynamic methods, e.g., the use of Van 't Hoff plots [35].

The evaluation methods of the former two groups generally classify columns in terms
of parameters such as hydrophobicity, silanol activity and the carbon percentage in
the packing material. Methods in the third group are often used to group columns
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with similar properties, whereas a thermodynamic evaluation is chiefly employed in
order to determine whether a separation process is driven by enthalpic rather than
entropic factors.
The present situation in the testing of RPLC and HIC columns is far from satisfactory
and the results obtained are often difficult to interpret or are even contradictory [36-
38]. This partly stems from the very different principles and assumptions employed in
the individual testing methods and further from the fact that a great variety of test
substances, mobile phase compositions and calculation procedures are used. For
example, it has been shown [20] that column parameters such as hydrophobicity and
silanol activity strongly depend on the nature of the test substance. Chapter 6 of this
thesis is devoted to the various aspects of tests for RPLC columns. Unfortunately,
inappropriate test substances are sometimes selected when testing columns for
peptide and protein analysis, usually small molecules whose behaviour is very
different from that of large peptide and protein species. It is thus imperative to choose
test substances that are as similar as possible to the substances to be separated.
The isopotential concept of Bidlingmeyer [29] and the slope-intercept relationships
(log of retention factor versus salt molality (HIC) or per cent of organic modifier
(RPLC)) were recently examined for HIC and RPLC [20,23,39], in order to evaluate
columns for peptide and protein analysis. The results have been partially confirmed
using other testing methods but discrepancies have also been discovered.

4.4. A SURVEY OF STATIONARY PHASES FOR PEPTIDE SEPARATIONS

In view of the high demands placed on peptide separations, the stationary phase
development is a very active area. RPLC is still the most widespread technique, but
the stress on combination of various HPLC modes within one procedure (e.g., RPLC,
IEC, SEC) is constantly growing [40], as is the emphasis on combination of HPLC
with other separation techniques - see, e.g., the combination of preparative RPLC
with analytical RPLC, CE and micellar electrokinetic chromatography (MEKC) for
the purification and characterization of a new family of peptides from the human
neuro-endocrine system [41]. In the subsequent text more general aspects of supports
and their modifications are discussed first, followed by a discussion of the specific
features of the individual chromatographic modes.
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4.4.1. Supports and their modification
Both completely porous and pellicular supports are used in peptide separations; the
classical silica materials are used most extensively. A pore size of 100 Å is
commonly recommended for this purpose, but wider pore materials (300 Å) should
be preferred [42] in separations of large peptides in order to eliminate size exclusion
effects. The support surface area is important for the retention of linear peptides
containing ca. 25 or more residues; materials with 300 Å pores have smaller surface
areas, about 100 m2/g, compared with those containing 100 Å pores (ca. 170 m2/g).
Non-porous silica packing materials were recently described and their properties
discussed (for a review see Refs. [43,44]). These materials actually have very narrow
pores of 2 to 4 Å that are inaccessible for solutes; moreover, they can be eliminated,
e.g., by calcination at 800 K followed by rehydroxilation of the material. A drawback
of non-porous materials is their extremely small outer surface area, two orders of
magnitude lower than that of porous packings (for a solid density of 2.2 g/ml, the
surface area varies from 0.6 to 6 m2 for particle diameters from 5 to 0.5 µm,
respectively). This leads to low retention and mass loadability values. Therefore, very
small particles must be used to pack the columns. However, these materials then have
numerous advantages, namely:
• they exhibit fast mass transport as restricted pore diffusion is eliminated;
• enthalpic and entropic exclusion of solutes occurring with porous packings is

absent;
• surface accessibility is high;
• ligands bound to the surface have a controlled topography;
• short residence times of solutes in the column are beneficial for suppression of

denaturing effects and preservation of the biological activity of the solutes;
• columns packed with very small particles have minimal void volumes; this

decreases the consumption of solvents and minimizes susceptibility to compres-
sion during the packing procedure.

Non-porous particles are then modified by silanization or by polymer coating. A
different approach can also be taken [45], involving deposition of silica ultra-
microspheres (0.3 to 0.9 µm i.d.) on spherical polymer beads. In contrast to common
procedures, in which silica gel is first chemically modified with an alkyl silane and
then the remaining free silanol groups are endcapped with trimethyl chlorosilane,
here the silica gel is first coated with a reactive polymer film and then alkylated. This
procedure effectively endcaps the free silanol groups.
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The performance of totally porous and pellicular sorbents has been compared [46]. It
has been found that micropellicular sorbents, e.g., Hy-Tach C-18 consisting of 2 µm
fused-silica beads coated with a thin porous octadecyl layer, exhibit a high thermal
stability and can thus be used at elevated temperatures, but have poorer (about three
times lower) loading capacity and a lower phase ratio compared with porous sorbents.
Columns with porous sorbents require stronger eluents, i.e., with higher organic
modifier contents, than pellicular sorbents, because of their higher phase ratio.
The use of silica-based packings is limited to applications employing acidic and
neutral mobile phases. To overcome this limitation, a number of other materials have
been proposed as supports, consisting of either inorganic oxides or polymers.
Titanium and zirconium dioxides and aluminium oxide have been shown to be
hydrolytically very stable and useful for the preparation of lipophilic (and possibly
other) phases [47,48]. Titanium and zirconium dioxides form highly spherical, porous
particles, the matrix is crystalline, in contrast to silica gel, and thus the surface is very
homogeneous. Porous zirconium dioxide particles have been modified using various
derivatization procedures. Silanes have been immobilized on the surface in order to
introduce hydrophobic ligands and reactive groups, e.g. octadecyl, a carbohydrate
and Cibacron Blue F3GA [49], and affinity ligands, the iminodiacetic acid-Cu(II)
chelate and the lectin concanavalin A [50]. These phases are stable up to high pH
values of 10.5, 12 and 13 for Cibacron Blue, carbohydrate and C-18, respectively. A
Langmuir-type isotherm was obtained when using affinity ligands indicating that the
sorption is controlled by a single interaction type and non-specific interactions with
the support are negligible. Polymer-coated zirconium dioxide particles have also been
prepared [49], using polybutadiene or by cross-linking a carbohydrate-modified
sorbent; however, it has been shown [51] that proteins are irreversibly adsorbed on
polybutadiene-coated zirconium dioxide, due to the high hydrophobicity of
polybutadiene plus the presence of strong Lewis acid sites on the zirconium dioxide
surface.
Supports based on organic polymers also eliminate the principal drawback of silica
gel, its limited pH range, and bring other advantages, such as a shorter run-to-run re-
equilibration times and better cleaning ability. On the other hand, they usually exhibit
poorer separation efficiencies (and thus also poorer peak capacities) and are mostly
inferior to inorganic supports in mechanical strength. Nevertheless, some of them
have yielded good results in many types of separation.
HEMA (a copolymer of ethylene dimethacrylate and hydroxyethyl methacrylate) [52]
is biocompatible and was originally developed as a material for soft contact lenses. It
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is highly resistant to hydrolysis and microbial attack and has a high mechanical
strength and a high concentration of surface hydroxyl groups. This material exhibits
mixed hydrophilic-hydrophobic properties because of the long, hydrophobic C-C
polymer backbone chain and the presence of hydrophilic OH groups and is thus
readily modified and applicable to SEC, RPLC, IEC, HIC and various modes of
affinity chromatography.
Polymers are also useful for the preparation of large-particle permeable supports, in
which the mobile phase perfuses through the large pores [53-57]. In these phases
(e.g., Poros Q/M and Q Hyper D) mass transport within the particles occurs through
convection and is thus very fast and very rapid separations are possible (e.g., 3 min
separation of human fibrinogen on RPLC phase Poros 20-R2 compared with 25 min
with conventional RPLC) [58].
Commonly used particle-packed columns have relatively large void volumes (e.g., 10
µm silica sorbent beads occupy a maximum of 74% of the column volume) and thus
attempts have been made to decrease the void volume value. This parameter can be
decreased to ca. 9% when using porous silica hollow fibres and to negligible values
with cellulose sheets. Another way of suppressing the void volume is to fill the
column completely with a separation medium (continuous separation medium,
molded or rod columns). Such a polymeric rod has large pores (of the order of 1 µm)
and is readily permeable for the mobile phase, which thus flows through a
homogeneous medium. Convective mass transport permits rapid separations with
efficiencies that are almost independent of the mobile phase flow rate and proceed at
small back pressures.
Hjertén et al. [59-62] prepared rod columns from swollen polyacrylamide gels.
Polymerization can be carried out directly in the column [63-67] or membranes can
be prepared from a suitable polymer, placed in a cartridge and used for rapid
separations [68]. These media are primarily intended for fast separations of proteins,
but bradykinin and D-Phe7 bradykinin can also be separated within 3 min with a
sufficient efficiency of 97 900 plates/m [65]. Continuous beds for IEC have been
prepared in fused silica tubings of up to 10 µm in diameter [66]. The beds are
produced in the form of rods traversed by channels through which the eluent passes.
The walls of the channels are composed of small particles and are impermeable to
peptides, permitting rapid mass transport and thus high resolution at high flow rates.
Stationary phases with specific molecular recognition properties, i.e., with pre-
determined selectivity, can be tailored using the molecular imprinting technique. A
template molecule is added to suitable monomer(s), the system is polymerized and
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the template molecule is washed out. Chiral phases are prepared by using chiral
template molecules. The polymers are easy to prepare, inexpensive and exhibit
excellent physico-chemical and mechanical stabilities. For example, a chiral phase
has been tailored by imprinting a peptide molecule into a polymer [69]. The influence
of water on the recognition process and the roles of hydrogen bonding and of
hydrophobic effects on the ligand selectivity have been discussed [70]. An example
of a separation of D,L-enantiomers of dipeptides on an imprinted polymer is given in
Fig. 4.1 [71].

Fig. 4.1. A separation of a 100 g sample of a mixture of Z-L-Ala-Gly-L-Phe-OMe and Z-D-Ala-
Gly-D-Phe-OMe on a chiral stationary phase imprinted with Z-L-Ala-Gly-L-Phe-OMe [71].
A 250 x 4.6 mm column; mobile phase composed of solvents A (chloroform + acetic acid, 9:1) and
B (chloroform + acetic acid, 99:1), with a gradient of A in B (0 to 7 min: 0% A; 7 to 9 min: 0 to
100% A; 9 to 17 min: 100% A; 12 to 17 min: 100 to 0% A); flow rate, 1 ml/min.
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Recently, there has also been great development in stationary phases for preparative
separations of peptides and proteins. An extensive list of the literature can be found in
the reviews by Boschetti [72] and Narayanan [73], where tables of sorbents, their
properties and commercial products can also be found. In general, classical soft gels
based on dextran, diluted polyacrylamide and non-cross-linked agarose have
gradually been replaced by more rigid materials, leading to improvements in the
speed of separations through the use of higher mobile-phase flow rates, in the
efficiency through the use of smaller and more regular stationary phase particles and
in the resolution through the use of special separation mechanisms, such as affinity
and hydrophobic interactions. On the other hand, the sorption capacity has not
improved much compared with classical materials. Use is made of perfusion
chromatography (see above), as well as of materials that combine the favourable
sorption properties of soft gels with the rigidity of composite materials ("soft gel in a
rigid shell").

4.4.2. Separation systems

4.4.2.1. Normal-phase chromatography
This technique is not common in peptide separations but it can be useful in
specialized cases. For example, peptides produced by the cleavage of membrane
proteins (4 to 50 amino acid residues) are amphiphilic and are thus difficult to
solubilize in common polar and non-polar solvents. They undergo self-aggregation
and are strongly adsorbed in chromatographic columns, due to their α-helix structure
in which the hydrophilic domain is located inside and the hydrophobic domain is on
outside when it can interact with the membrane lipid bilayer. RPLC yields a very
poor separation in this case, but normal phase chromatography with an aminopropyl-
modified silica stationary phase and a mobile phase of chloroform/methanol/
isopropylamine has been used successfully [74].

4.4.2.2. Reversed-phase chromatography
This technique is most widely used in separations of peptides and proteins for the
reasons discussed in Section 4.4.2.1, where general information on the stationary
phases is also given. Selected examples of separation systems are given below.
Most RPLC separations of peptides are carried out with various silica-based, alkyl
bonded phases permitting the detection of a difference in a single amino acid residue
in chromatograms. The effects of changes in the immobilized alkyl chains have been
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discussed (e.g., [75]); it has been concluded that alkyls that are not longer than butyl
are preferable for large peptide and protein separations, as it is possible to use mobile
phases with higher water contents that do not cause pronounced denaturing of the
solutes. In polar mobile phases the alkyl chains interact among themselves rather than
with the mobile phase and collapse onto the support surface; the degree of
denaturation is higher in the presence of long, freely moving alkyl chains. It follows
from a study of the position of the alkyl chains with respect to the support surface and
of their mobility [76] that butyl chains lie almost perpendicular to the support surface
at high ligand densities, whereas at a low ligand density they are strongly tilted or
almost parallel to the surface.
The subject of hydrolytic instability of silica phases and the activity of residual
silanols, as well as the ways taken to overcome them, have already been discussed;
however, it should be pointed out that acetonitrile in mobile phases has a beneficial
effect on the life-time of silica phases. To speed up separations of peptides and
proteins, the Supelco company offers a wide-pore (300 Å) reversed phase Supelcosil,
designed for peptide digests of human haemoglobin (an acetonitrile gradient in 0.1%
aqueous trifluoroacetic acid) [77]; a mixture of peptides and proteins was separated in
90 s using this type of phase [78]. Fluorinated bonded stationary phases have been
recommended for micellar RPLC of small peptides [79], yielding a higher efficiency
compared with alkyl bonded phases, probably due to faster mass transport; the
surfactant is adsorbed less and the efficiency is thus improved.
Because of the great diversity of peptide structures, no general system has been
developed for their RPLC separation. Peptides are generally best separated in acidic
media. However, acidic and/or hydrophobic peptides are often difficult to dissolve
and if they can be dissolved, they aggregate at pH values below 4; it is thus necessary
to separate them at a pH of about 7. Most mobile phases contain an aqueous buffer
and acetonitrile as the organic modifier, as the latter has a low UV absorbance and
low viscosity and exhibits a high elution strength and good selectivity. Isopropanol
has similar favourable properties, but its viscosity is higher and thus the separation
efficiency is poorer than that attained with acetonitrile.
A great proportion of the mobile phases used contain low concentration of trifluoro-
acetic acid (TFA) (0.1 to 0.2%) at a pH of about 2 [80] which acts as an ion-pairing
agent and thus increases the retention, enhances the solubility of peptides and reduces
electrostatic interactions with residual silanols; this substance does not absorb in the
UV range used for the detection and is readily removed in preparative applications.
Because of these favourable properties it is widely used not only in RPLC but also in
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SEC. On the other hand, the drawbacks of this approach involve poor column
stability, stationary phase bleeding, poor peak shape and low recoveries. Another
approach is to add trimethyl ammonium phosphate [81]. Phosphoric acid facilitates
the peptide elution at low acetonitrile concentrations and acts as a hydrophobic
counter-ion to the free silanol groups on the silica support, thus suppressing peptide
interactions with the silica. Ammonium acetate is used in separations of acidic
peptides, whereas separations of strongly basic, hydrophilic peptides, rich in arginine,
histidine and lysine, can be improved by adding heptafluorobutyric acid (0.05 to
0.1%) as an ion-pairing reagent. β-Mercaptoethanol is often added to maintain a
reducing atmosphere protecting methionine from oxidation.
Small non-derivatized peptides can best be separated on a C18 phase with a purely
aqueous mobile phase of 0.025 M potassium dihydrogen phosphate buffer containing
0.1% TFA; amperometric detection at a copper electrode can be used [82]. Micellar
mobile phases are also useful, especially in separations of small peptides (up to ca. 16
amino acid residues) [83]. The intensity of interaction with sodium dodecylsulfate
(SDS) micelles increases with increasing chain length of the peptide and with its
increasing positive charge and is also affected by the amino acid sequence; on the
other hand, partially hydrophobic peptides exhibit weak interactions with micelles.
To improve the resolution, peptide separations are often carried out at elevated
temperatures when the sorption/desorption equilibria stabilize more rapidly [84,85].
However, it is sometimes useful to decrease the temperature by immersing the
column in an ice bath, in order to separate peptide conformers, as the establishment
of the conformational equilibrium is retarded. For example, peptides with one or
more rotationally hindered peptide bonds caused by the presence of proline and/or
another N-substituted amino acid residue in the solute molecule can be separated in
this way [86] (Fig. 4.2), as can cis- and trans-peptide bond conformers of a
cholecystokinin related pentapeptide at -17oC [87].
When surveying peptide RPLC separations, it becomes clear that the composition of
the mobile phase affects the separation more than the kind of the bonded stationary
phase; this could be expected from the general character of RPLC. This has been
demonstrated, e.g., in Ref. [81] on the separation of insulins using two different
mobile phases and three stationary phases (C4, C18 and phenyl); similar conclusions
have been drawn for the separation of β-casomorphin peptides on C8-, C18-, C30- and
quaternary amino bonded phases [88].
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Time (min.)

Fig. 4.2. A separation of the cis- and trans-conformers of Leu-Pro by RPLC at a temperature of 0oC
[86]. A 105 x 4.6 mm column packed with 2 m pellicular silica-based C18-phase; mobile phase, a
25 mM aqueous phosphate buffer, pH 6.0; flow rate, 0.4 ml/min.

Fast peptide separations have been attained using a stationary phase based on high-
purity, non-porous, monodisperse silica beads (1.5 µm), chemically modified with a
short, branched-chain alkyl silane [89]. The material is rigid, sterically hindered and
exhibits a long lifetime under harsh conditions (70oC, pH 1.9). When using short
columns at elevated temperatures, the efficiency is improved, the detection limit is
lowered and the time of analysis is short; a separation of tryptic fragments of bovine
cytochrome c on this stationary phase is depicted in Fig. 4.3.
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Fig. 4.3. A rapid separation of tryptic fragments of bovine cytochrome c [89]. A 33 x 4.6 mm
Kovasil-H column; mobile phase, A: 0.2 M sodium perchlorate + 0.1% TFA, B: acetonitrile/0.2 M
sodium perchlorate (70/30) + 0.1% TFA; gradient: 6% B to 12% B in 0.01 min, 12% B to 15% B in
0.79 min, 15% B to 25% B in 0.01 min, 25% B for 0.49 min, 25% B to 35% B in 0.01 min, 35% B
for 1.99 min, 35% B to 100% B in 0.70 min; flow rate, 1.2 ml/min.; temperature, 70oC; sample
volume, 10 l; UV photometric detection at 215 nm.

An example of the use of the polymer-based reversed phase HEMA Bio 1000 C-18 is
the identification, quantitation and preparation of the strongly basic polypeptide
melittin and phospholipase A2 from bee venom [90]. Melittin is irreversibly adsorbed
on silica-based phases; the high efficiency and good peak shapes obtained with the
HEMA phase are demonstrated in Fig. 4.4 for a gradient elution with a water-
acetonitrile-TFA mobile phase.
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Fig. 4.4. A separation of the bee venom components Phospholipase A2 (P) and Melittin (M) by
RPLC on a HEMA column [90]. A 150 x 3.3 mm HEMA Bio 1000 C-18 (10 m)  column; eluent
A: 0.2% TFA in water, eluent B: 0.2% TFA in acetonitrile, gradient from 0 to 50% B in 20 min,
from 50 to 100% B in 5 min; UV photometric detection at 215 nm; a 10 l  sample.

An RPLC stationary phase based on microspherical carbon has been recommended
for the separation of peptides that are not retained on C18 columns [91]. This material
is non-polar, inexpensive and easy to clean by washing with alkaline solvents to
remove adsorbed peptides. It has been tested on 133 peptides with an acetonitrile
gradient of 10 to 70% in 0.1% aqueous TFA. The retention factors depend on the
peptide hydrophobicity, similar to silica-based sorbents, however, aromatic peptides
are more strongly retained due to strong interaction with the graphite structure of the
sorbent. The material is stable up to a temperature of 160oC, where silica-based
materials are degraded. Analogously, a porous graphitized carbon column and a
mobile phase containing acetonitrile and TFA have been used for the separation of
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oligosaccharides, alditols and glycopeptides with MS detection [92]. This technique
is complementary to RPLC, with the advantage that peptides, glycopeptides, reducing
oligosaccharides, silylated oligosaccharides and oligosaccharide alditols can be
chromatographed under the same conditions.
Analysis of complex peptides from tryptic digest (peptide mapping) constitutes one
step in the complicated elucidation of the protein primary structure. This task usually
requires combinations of several separation techniques. For example, the tryptic
digest of recombinant human extracellular superoxide dismutase was separated by
SEC and the collected fractions were further separated by RPLC; a CE separation
was carried out in parallel [42] (Fig. 4.5). Mass spectrometric detection is often
employed as a powerful identification technique. The use of microbore and capillary
columns is advantageous [93-95].
Newly synthesized Dalargin analogues, nonapeptides from intrachinary regions A6-
14 of insulin, IGF I and IGF II, have been separated both by RPLC and CE; CE is
preferable for peptides available in extremely small quantities [96]. For preparative
chromatography, see the reviews by Boschetti [72] and Narayanan [73] (section
4.4.1). Micropreparative HPLC of peptides and proteins has also been reviewed [97].
Micropacked columns are used to obtain small peak elution volumes (less than 100
µl) and thus to increase the peptide concentration for subsequent micromanipulations.
An advantage of microcolumns lies in the use of low mobile phase flow rates (around
1 µl/min), permitting direct coupling with an MS detector. Multidimensional column
systems (SEC, IEC, RPLC) are employed with compatible mobile phases.
Cumulative recoveries of 89% have been obtained with a sample load of 500 pg of
protein standards.

4.4.2.3. Chiral separations
Resolution of peptide stereoisomers and amino acid enantiomers is necessary for the
process and purity control of, e.g., foodstuffs and pharmaceuticals. Three approaches
can be employed to solve this task:
• separations on chiral columns [98];
• separations on achiral stationary phases with mobile phases containing chiral

selectors [98,99];
• precolumn derivatization with chiral agents (e.g., enantiomers of β-methyl amino

acid-containing peptides can be separated after derivatization with 1-fluoro-2,4-
dinitrophenyl-5-L-alanine amide and 2,3,4,6-tetra-O-acetyl-β-D-glucopyranosyl
isothiocyanate [100]).
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Fig. 4.5. Peptide mapping of recombinant human extracellular superoxide dismutase (EC-SOD)
using a combination of RPLC, SEC and CE [42]. a) RPLC; a 250 x 2.0 mm Ultrasphere C18
column; gradient of acetonitrile in 0.1% aqueous TFA, 0 to 24% from 5 to 30 min and 24 to 36%
from 30 to 60 min; the column was then washed with a steep acetonitrile gradient to 60% ACN
followed by 10 min washing at this concentration before reequilibration to the initial conditions;
flow rate, 0.25 ml/min, a 230 g sample. b) SEC of a 400 g  sample of EC-SOD; a 200 x 9.4 mm
polyhydroxyethyl aspartamide column; mobile phase, 0.2 M sodium sulfate + 5 mM potassium
phosphate, pH 3.0, containing 30% acetonitrile; flow rate, 1 ml/min; temperature, 22°C. c) CE; a 50
cm x 100 m fused silica capillary, 10s pressure injection of samples diluted in 10 mM phosphoric
acid, pH 2.5; 20 kV; separating buffer, 0.1 M phosphoric acid, pH 2.5.
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Cyclodextrins are most often used for the preparation of chiral columns and as chiral
selectors in mobile phases. The chiral resolution is high when a hydrophobic amino
acid (Phe) bears the chiral centre and is capable of forming an inclusion complex
with the hydrophobic interior of the cyclodextrin; the differences in the hydrogen
bonds of the L- and D-isomers with the cyclodextrin cavity then form the basis for the
separation, but adsorption effects also play a role.
Macrocyclic antibiotics have also been used as chiral selectors (for a review see Ref.
[101]). Chemically bonded antibiotics, e.g., vancomycin, ristocetin A, rifamycin
[102] and teicoplanin [103], can be used as efficient stationary phases for enantio-
separations of amino acids and peptides. Simple mobile phases, usually aqueous
ethanol, are used. D-amino acids are retained more strongly. Most di- and tripeptides
contain two or more chiral centres; the selectivity can then be evaluated only if pure
enantiomers can be identified (Fig. 4.6).

Fig. 4.6. A separation of dipeptide and tripeptide enantiomers [103]. A 250 x 4.6 mm column
packed with the Chirobiotic T phase with teicoplanin bonded to 5 m silica particles; mobile phase,
ethanol + water, 60:40; flow rate, 1 ml/min; UV photometric detection at 215 nm; the time is given
in minutes.

The methods of immobilization of bovine serum albumin on silica and the effect of
the organic modifier on the chiral recognition of derivatized amino acids have been
studied [104]. Native β- and γ-cyclodextrins have been used as chiral stationary
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phases for separations of derivatized amino acids and peptides (9-fluorenyl methyl
chloroformate and its analogue) [105]; the number and positions of glycyl moieties in
glycyl-containing peptides affect the retention and the enantioselectivity.
Peptides as chiral selectors have been reviewed [106]. Synthetic peptides have been
used in both normal- and reversed-phase chromatography. For example, dipeptides
have been separated in the RPLC mode on a L-Val-L-Ala-L-Pro bonded phase with
water or an aqueous buffer as the mobile phase [107,108]. The dipeptides elute in the
order of increasing hydrophobicity of their hydrocarbon side-chains and the retention
factors increase with increasing pH.

4.4.2.4. Size-exclusion chromatography
SEC is advantageous as the first step in the separation of complex mixtures of a
whole range of peptides, provided that the mobile phases used are compatible with
biologically active compounds. As pointed out above, the SEC columns are prepared
so that non-specific interactions are minimized, however, most columns are still
weakly anionic and slightly hydrophobic and thus deviations from ideal SEC
behaviour are encountered. A series of synthetic peptides has been recommended for
the monitoring of ideal and non-ideal behaviour of SEC columns [17]. The proposed
five peptides form a series with repeating ten-residue units (800 to 4000 Da) and with
increasing basicity (1 to 5 positively charged residues) (Table 4.2) and can be used
for column calibration and for monitoring of ionic and hydrophobic interactions. A
well calibrated column permits the determination of solute molecular masses with a
precision close to that of absolute methods [109]. The peptides remain in a random
coil configuration in both denaturing and non-denaturing mobile phases. Electrostatic
effects can be suppressed by adding salts (200 mM KCl), but salt concentrations
higher than 0.6 M should be avoided in SEC.
The character of peptides varies and thus various pH values are required for their
SEC separations, as the pH affects the net charge on the peptide and any non-specific
interactions between the solute and the sorbent [81]. The addition of an organic
modifier (acetonitrile) decreases non-specific hydrophobic interactions of peptides
with SEC stationary phases and increases the peptide solubility. A low pH is
recommended for the peptide SEC separations, except for strongly acidic peptides
that are insoluble at low pH values. Increased buffer concentrations decrease the
retention times because the peptides then appear larger due to ion pairing and
solvation effects. Hydrophobic peptides, e.g., those containing non-polar side chains
or aromatic systems, are strongly retained through hydrophobic interactions. Work at
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an elevated temperature (50oC) is advantageous, as the linearity of the retention time
vs. log molecular weight is then extended over a wider molecular weight range.
Polyvinyl pyrrolidone-coated silica packings have been used in the SEC of poly-
peptides [110]. These substances are synthesized by the interaction of the copolymer
of vinyl methyl diethyl oxysiloxane and vinyl pyrrolidone with LiChrosorb Si 300
and 500 silicas. The coatings retain the wide-pore structure, are primarily hydrophilic
but also exhibit some ion-exchange properties which can, however, be suppressed by
the addition of a salt; the optimum salt concentration is 0.2 M. Higher salt contents
cause a hydrophobic interaction mechanism to prevail and polypeptides and proteins
are eluted with a decreasing salt gradient.
Polyhydroxyethyl aspartamide combined with a mobile phase of 0.2 M sodium
sulfate, 5 mM potassium phosphate (pH 3) plus 25% acetonitrile has further been
recommended for the SEC of peptides [42].
Spheric silica particles of various pore sizes, 145, 290 and 500 Å (Biosep-SEC
S-2000, S-3000 and S-4000, respectively) were coated with hydrophilic film and used
for the SEC of peptides and proteins with very good recovery and excellent stability
[111].

4.4.2.5. Ion-exchange chromatography
IEC belongs among the oldest methods of peptide separation. This technique is
complementary to RPLC for characterization of peptides because most peptides
exhibit net charges located either on a functional residue or on the N- or C- terminus.
At pH values equal to or lower than 3, the peptide carboxyls are protonated and the
IEC separation primarily depends on the number of basic residues (including the N-
terminus); hydrophobic interactions should be minimized. Therefore, both cation and
anion exchange can be used, but the former predominates because most peptides are
basic. Silica-based materials are unsuitable for anion-exchange chromatography of
peptides, as the pH values required for deprotonation lead to degradation of silica.
IEC is especially important in separations of strongly basic peptides, as RPLC often
fails to separate these substances due to a low hydrophobicity/hydrophilicity ratio of
the peptide molecules. Further advantages of IEC include mild separation conditions
that maintain the biological activity of peptides, a high loading capacity and the
possibility of preconcentrating the sample by trapping the peptides at the column
head [112]. A salt gradient is usually employed, from pure buffer to a buffer and salt
mixture. The retention depends on the kinds and concentrations of the buffer and
displacing salt and the pH whose variation is, of course, limited by the pH-dependent
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solubility and/or stability of the peptides. Hydrophobic interactions complicate IEC
separations and can be suppressed by adding an organic modifier, preferably
acetonitrile.

In some separations, ion-exchange and hydrophobic interactions can be combined to
attain good peptide separations. Small cationic peptides from a tryptic digest of κ-
casein have been separated [113] using the highly hydrophobic cation exchanger S-
Hyper D consisting of a solid, porous mineral oxide core coated with a thin layer of
polystyrene and a soft three-dimensional cross-linked hydrogel located within the
pores of the rigid structure and modified with sulphonated active groups. A gradient
of sodium chloride in sodium acetate was used for elution at pH 4.
Similar ion-exchange/hydrophobic separations can be carried out with the purely
polymeric HEMA sorbents described above. The HEMA Bio 1000 CM weak cation
exchanger (the carboxymethyl active group) and the HEMA Bio 1000 SB strong
cation exchanger (the sulfobutyl group) have been used in separations of amino acids
and small peptides with a purely aqueous mobile phase of 0.002M potassium
dihydrogen phosphate of pH 5.5 [114,115]. The retention of dipeptides decreases
with increasing mobile phase ionic strength in accordance with the ion-exchange
mechanism, but the hydrophobicity of aromatic amino acids present in some of the
peptides also plays a role. The peptides formed by enzymatic degradation of oxytocin
have been separated on the HEMA Bio 1000 SB strong cation exchanger [116].
Methanol added to the aqueous mobile phase improves the solubility of larger
peptides.

A new hydrophilic polystyrene-divinyl benzene strong cation exchanger (sulfonic
acid groups) has been prepared for rapid analyses of large peptides and proteins
[117], as have modified cellulose acetate membranes containing various ion-
exchange groups [118]; the latter can only be used at low pressures (up to 7 bar). A
small-particle (3 µm), non-porous polymeric stationary phase with a polyethylene
imine surface phase has been used for anion-exchange separations of large peptides
and proteins at high pH values [119]; experimental times are very short (less than
60s). A strong cation exchanger, polysulfoethyl aspartamide, exhibits very good
selectivity for peptides, and the peptide retention increases with increasing positive
charge on the peptides [120,121]. More than 60 peptides ranging from 5 to 20 amino
acid residues have thus been separated in a narrow-bore column using a gradient of
sodium chloride in a phosphate mobile phase of pH 3.0 containing acetonitrile [120].
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4.4.2.6. Hydrophobic interaction chromatography
HIC has been known for many years and practiced with the use of soft hydrophilic
gels which have usually been chemically modified to increase the hydrophobic
interaction with polypeptides and proteins. Recently, rigid HIC stationary phases
have been developed, based on silica modified with ether or alkyl ligands. The main
advantage of HIC separations over RPLC lies in the fact that mild hydrophobicity of
the stationary phase and high ionic strength of the mobile phase help to maintain
polypeptides and proteins in their native state - for a comparison of the RPLC and
HIC conditions see Table 4.3 [24]. An example of the use of HIC with a stationary
phase of silica modified with polyethylene glycol can be found in Ref. [122].

Table 4.3.
Comparison of RPLC and HIC [24].

Parameter RPLC HIC
Stationary phase
Interaction
Ligand type
Ligand density
Hydrophobicity

Dispersion
C8-C18

High
Strong

Dispersion
C2-C4, phenyl, CH4

Low
Moderate

Mobile phase
Type
Operation
Protein:
- structure on stationary phase
- dominant feature
- loss of biological activity

Aqueous-organic MeOH, ACN
Gradient

Unfolded
Overall hydrophobic, primary sequence
Considerable

Solutions of salts
Reversed gradient

Native (folded)
Surface hydrophobic
Small

4.4.2.7. Affinity chromatography
In contrast to all the techniques discussed above which are based on relatively simple
physico-chemical interactions between the solutes and the stationary and mobile
phases, high-performance affinity chromatography (HPAC) depends on highly
specific biological interactions in which the primary physico-chemical properties are
combined into very complex, finely tuned effects of molecule recognition. The main
advantages of HPAC are very high selectivity and mild separation conditions from
the point of view of solute denaturation.
Peptides are often used as the stationary phase ligands [123,124]. Difficulties may
then arise caused by poor accessibility for solute binding because of the small size of
peptide molecules. This is solved either by attaching spacers to the small peptide
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(e.g., the Nu-Gel H-AF support has a spacer of 12 Å attached to a silica support), or a
protein is used as the ligand.

Conventional HPAC has limited application and is restricted to those peptides or
proteins that are capable of specific binding to the immobilized affinity counterpart.
This complication can be alleviated by introducing a specific binding property into
the peptide or protein of interest through genetic fusing of an affinity tail into its N-
or C- terminus (see, e.g. [125]). Such an affinity tail introduces unique binding
properties to the target peptide and yields affinity columns with high recoveries. For
example, the Ca(II)-dependent protein calmodulin can be used as the affinity tail that
binds to many peptides [125]; Ca(II) is then removed by complexation with EDTA.
Irregular silica or glass beads are mostly used as supports. They are commercially
available and contain various side chains necessary for immobilization of peptides or
proteins (e.g., epoxy or thiol groups). These materials are usually prepacked in
columns and the appropriate immobilization can be carried out in situ. Glass beads
with controlled porosity, coated with a hydrophobic, non-ionic carboxylate film to
decrease non-specific interactions, can also be used. An example of immobilization
of the glycopeptide N-glycosidase F on various polymeric and silica supports can be
found in Ref. [126].

Immobilized metal-ion affinity chromatography (IMAC) can be used for purification
of synthetic peptides, with supports containing immobilized Cu(II) or Ni(II)
[127,128]. The interaction of these metal ions with unprotonated α-amino groups of
peptides (provided that all the other unreacted amino groups are blocked by
acetylation and strongly interacting amino acids, e.g. Hys, Trp and Cys, are absent) is
sufficiently selective to permit purification in a single step. The interaction depends
on the pH and attains a maximum at pH 7.5 for Cu(II) and 8.5 for Ni(II). At a lower
pH, the α-amino group is protonated and, at high pH values, the metal ions are
transferred to the peptides. The Ni(II) sorbent exhibits higher selectivity and affinity
than the Cu(II) sorbent. The retention behaviour of peptides on a silica phase with
immobilized poly(vinylimidazole)-Cu(II) has been studied [129]. Peptides containing
one histidine residue and sometimes one tryptophan residue are strongly retained and
can be eluted only by the addition of a complexing agent to the mobile phase.
O-phosphoserine immobilized on epoxy-activated Sepharose CL-4B has also been
proposed as a chelating ligand, in combination with Al3+, Fe3+, Ca2+, Yb3+ and Cu2+

[130] for IMAC.
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CHAPTER 5
ROLE OF STATIONARY PHASE AND ELUENT
COMPOSITION ON THE DETERMINATION OF

LOG P VALUES OF N-HYDROXYETHYLAMIDE OF
ARYLOXYALKYLEN AND PYRIDINE

CARBOXYLIC ACIDS BY RPLC

Summary*

Lipophilicity of a compound is an important parameter to predict and correlate its
biological activity in e.g. pharmaceutical and environmental chemistry. To escape from
the experimental difficulties which accompany the conventional "shake-flask” methods
Reversed Phase Liquid Chromatography (RPLC) in principle is an attractive alternative
method for lipophilicity determinations.
In this study the influence of the nature of the stationary phase and the composition of the
mobile phase on the determination of the lipophilicity of a specific group of compounds
was investigated. Furthermore, the validity of two different compound lipophilicity
parameters viz. the hydrophobicity index (ϕ0) and the log of the retention factor in 100%
water (log kw) were compared.

5.1. INTRODUCTION

The partition coefficient (log P) of a substance in a two-phase system consisting of n-
octanol/water is often used to predict or to correlate its biological activity. Fujita et al.
has proposed the n-octanol-water partition coefficient (Po/w) as a standard measure of

                                                  
* This chapter has been published: G. Cimpan, F. Irimie, S. Gocan and H.A. Claessens, J. Chromatogr. B. 714 (1998)
247.
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hydrophobicity of substances [1]. The determination of log P values of substances with
potential biological activity by reversed-phase liquid chromatography (RPLC) can, in
principal, overcome the difficulties of the conventional “shake-flask” method. The
direct measurement of Po/w values by the latter method faces different problems as the
necessary high purity of substances, which must be available in reasonable quantities
and the fact that the method is not applicable to very hydrophilic or very hydrophobic
compounds. In addition, this method is rather time consuming too. Since the first
research of Meyer [2] and Overton [3], several techniques have been developed to
determine substance lipophilicity experimentally, by the “shake-flask” method and by
alternative approaches like e.g. chromatographic methods [4,5]. In a recent review
these techniques were thoroughly reviewed [6].
For some time RPLC is proposed as an alternative method for log Po/w determination,
showing distinct advantages as speed of determination and better reproducibility
compared to conventional methods. Furthermore, only small amounts of even
contaminated samples are sufficient to use RPLC for this purpose [7-12]. Many
researchers have discussed the use of RPLC as an attractive alternative method for the
determination of log Po/w values using correlations between chromatographic data and
the corresponding log Po/w values from other sources, e.g. shake-flask experiments or
calculations. At present a substantial number of papers can be found in literature
reporting the use of RPLC to establish octanol-water partition coefficients, with
correlation coefficients between 0.5-0.999, depending on the applied column and
compounds under investigation [13-19].
Still there is debate on and to what extent the various parameters in RPLC, like e.g.
nature of the reversed phase stationary phase and composition of the eluent, are of
influence on log Po/w determination by RPLC. For instance, Brauman et al. [9] found
that for neutral components the extrapolated to 100% water log kw-data are generally
not influenced by the specific nature of the RPLC phase. Conversely Abraham et al.
[20] summarised and recalculated a substantial number of RPLC data for log P
determination, observing a significant influence of the stationary phase nature on log P
determination for non-congeneric classes of compounds.

In the same study, Abraham et al. also concluded that data obtained from certain
RPLC packings were unsuitable for log Po/w determination and better correlated with
other, e.g. log w/c (water, cyclohexane) partition coefficients. This conclusion is also
supported by Helweg et al. [12] observing that for specific environmental pollutants a
diol modified silica packing provided better log k-log P correlations compared to data
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obtained on a C18-silica. They concluded that by their hydrogen bonding potential such
diol columns better mimics the octanol/water partition for azaarenes compared to C18-
columns.
Valkó [21] found poor correlations too, especially for groups of structurally unrelated
compounds, between log P and log kw values determined by RPLC. Grouls [11]
reports, however, for a rather unrelated group of compounds satisfactory correlations
between log P and log k values in their experiments. In view of the often significantly
different properties between RPLC-phases, these observations are easily explained.
The number and nature of residual silanol groups, the length of the hydrocarbon chain
(e.g. C8 or C18), the bonding chemistry and the technology involved to produce the
silica or other substrates, which determine pore size distribution and specific surface
area, have great impact on the final properties of RPLC packings [22,23].

In several papers it is shown that retention data obtained on RPLC columns from
different sources under further identical experimental conditions are difficult to
compare and to correlate with stationary phase properties [23-26]. The question
whether RPLC and under which conditions reasonably reflects the octanol/water
distribution process remains till now subject of dispute [27]. Another part of the
discussion concerns which chromatographic parameters like e.g. the logarithm of
retention factors or the value extrapolated to 100% water (log kw) fit best to calculated
or experimentally determined log P values. Recently Valkó et al. [28,29] introduced
two other retention related parameters to measure solute's lipophilicities, namely an
isocratic chromatographic hydrophobicity index (ϕ0) and CHI, a chromatographic
hydrophobicity index obtained under gradient conditions. In these studies it is claimed
that opposite to log kw-measurements ϕ0 values in the absence of secondary retention
mechanisms are independent of the nature of the stationary phase. Good correlations
between log P and ϕ0 for acetonitrile and methanol-containing eluents were reported in
these studies.
In many discussions on log P measurements by RPLC the impact of other experimental
conditions, rather than the RPLC-phase like the composition of the eluent (e.g.
buffered or non-buffered) and the nature of the organic modifier is somewhat
underestimated. Especially, for polar and ionic substances this may cause a problem,
since such compounds are prone to secondary interaction mechanisms to the RPLC-
phase. In such cases the rate of (de)protonation of compounds may not be well defined
and constant, and the same is true for residual silanols and other possible active groups
at a stationary phase surface resulting in unreliable and irreproducible data.
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Since we are interested in the biological activity of a specific group of growth
stimulating substances, we started a study to establish a rapid and reliable RPLC
method for the log Po/w-determination of these compounds and their future derivatives.
To investigate the possible influence of the nature of organic modifier two eluents
consisting of methanol and acetonitrile/water mixtures were used for log kw and ϕ0

determination. Since our substances contain nitrogen in their molecular structure we
also included two aqueous-methanol pH=7.0 buffers in this study, viz. a phosphate and
a tricine buffer. This, to investigate a possible influence of (de)protonation of the
substances and silanol activity on log P-measurements by RPLC. Log kw and ϕ0

measurements were performed on four different commercially available RPLC phases.
We obtained the calculated log P (CLog P) values from Pomona College and used
Rekker’s revised fragmental constant system too for the calculation of log PRekker data
of the substances [30-32]. Log kw values were obtained from the RPLC measurement
by extrapolation to 100% water or buffer. The correlations between the experimentally
obtained log kw and ϕ0 values, and the log P data are discussed and related to the
nature of the applied stationary and mobile phases.

5.2. EXPERIMENTAL

The structures of the studied compounds, eleven N-hydroxyethylamide of
aryloxyalkylen- and pyridine- carboxylic acids (F1-F11) are shown in Fig. 5.1. These
are new compounds synthesised by the Organic Chemistry Department (Faculty of
Chemistry and Chemical Engineering, “Babes-Bolyai” University, Cluj-Napoca,
Romania) and have shown growth stimulating activity in the Moewus test with
Lepidium sativum [33]. The substances were prepared as 0.1 mg/ml solutions in
methanol.
All solvents were of gradient grade. Methanol was obtained from Merck (Darmstadt,
Germany) and acetonitrile from Biosolve Ltd. (Bio-Lab, Jerusalem, Israel). Deionised
water was prepared by a Milli-Q Water Purification System (Millipore, Bedford, MA,
USA). 1-octanol for the experimental determination of partition coefficients, P, in
octanol/water and octanol/phosphate buffer systems, and sodium dihydrogeno-
phosphate (NaH2PO4 ⋅ 2H2O) were obtained from Merck (Darmstadt, Germany).
Tricine (N-tris[Hydroxymethyl]methylglycine) from Sigma (St. Louis, MO, USA) was
used to prepare buffer pH 7.0 solutions by adjusting with NaOH.
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Fig. 5.1. Compound structures.

5.2.1. Determination of the log kw- and ϕϕ0-values
For obvious reasons for these measurements it must be sure that the substances were
not ionized. Therefore k-values of the compounds versus the pH of a series of eluents,
comprising of phosphate buffers in the pH 2-9 range were measured according to a
procedure described in [34]. The sigmoidal curves revealed that all compounds were
unionized in the pH range 7.0-7.5. To preserve column lifetime, especially with respect
to the phosphate buffers, pH = 7.0 was selected for further studies.
Retention factors were determined for the F1-F11 substances by RPLC using the
following binary solvent systems as mobile phases: methanol-water, methanol -
phosphate buffer (20 mM, pH 7.0), methanol - tricine buffer (20 mM, pH 7.0) and
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acetonitrile - water. The measurements were performed starting with 60% methanol or
50% acetonitrile, respectively, gradually decreasing to 0% organic modifier, in cases
where this was possible. For the less hydrophobic compounds, 8 measurements were
performed with 60, 50, 40, 30, 20, 10, 5 and 0% organic modifier in the mobile phase.
Each measurement was performed in triplicate and the mean value was used for
calculations. The log kw values were obtained by extrapolation to 0% organic modifier
by determining linear or quadratic relationships between log k values and the
concentration of the organic modifier (methanol or acetonitrile) in the eluent.
According to Hsieh and Dorsey [35] for accurate log kw measurements for the
methanolic eluents linear regression between log k and volume percentage modifier
was applied. This opposite to acetonitrile containing eluents, where a second
polynominal function much better describes such relationships. Therefore, to determine
log kw values by extrapolation we used equations 5.1 and 5.2:

log k = A + B ϕ (5.1)
log k = A + B ϕ + C ϕ2 (5.2)

where A, B and C are fitting constants and ϕ is volume portion of modifier.
Hydrophobicity values ϕ0 were calculated from the slope (S) and the intercept of the
straight line (I) according to [29].

ϕ0 = - I/S (5.3)

unlike the extrapolation of log kw values, I- and S- values were calculated from the
data points close to log k = 0 in the plots, which is equivalent to retention times that
are twice the column dead time. In this approach it was assumed that the absence of
secondary retention mechanisms the ϕ0-values are rather independent of the nature of
the reversed phase column [28].

5.2.2. Instrumentation
The instrumentation included a Beckman pump Model 100A (Beckman, Fullerton, CA,
USA), a Merck-Hitachi AS-2000A autosampler (Merck, Darmstadt, Germany), an
UV-VIS Philips detector (ATI Unicam, Cambridge, UK) and a PE Nelson 900
Interface (Perkin Elmer, San Jose, CA, USA). The detection wavelength was 254 nm,
the flow rate 1 ml/min and the amount of sample solution was 10 µl/injection. Four
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different types of reversed-phase columns were used for the measurements of the log k
and log kw values under the same experimental conditions: LiChrosorb RP-18 (5 µm,
L=12,5 cm, i.d. = 4 mm), LiChrospher 60 RP-Select B (5 µm, L=12.5 cm, i.d.=4 mm)
(Merck, Darmstadt, Germany), Zorbax RX-C18 (5 µm, L=15 cm, i.d.=4.6 mm) and
Zorbax-Eclipse XDB-C18 (5 µm, L=15 cm, i.d.=4.6 mm) (Hewlett Packard Co.,
Newport, DE, USA). In this study the dead time, t0, was measured for each
experimental condition, using uracil as unretained compound.

5.3. RESULTS AND DISCUSSION

The CLog P values for the 11 (N-hydroxyethylamide of aryloxyalkylen- and pyridine-
carboxylic acids) compounds were obtained from Pomona College (Claremont, CA,
USA) [32].
The log P values of these compounds were also calculated using Rekker’s revised
fragmental constant system (log PRekker) [30,31]. Each calculated log P value was
obtained by the addition of the corresponding fragmental constants and the necessary
corrections expressed as “magic constant” CM = 0.219, as shown in equation 5.4.

log P = Σanfn + m CM (5.4)

where f is the hydrophobic fragmental constant type n characterising the lipophilicity
contribution of a constituent part of a structure to the total lipophilicity, and a is a
numerical factor indicating the incidence of a given fragment in the structure; m is the
number of the necessary CM corrections and was applied using the rules of adding 2
CM for two polar groups separated by two aliphatic carbons, 3 CM for two polar
groups separated by an aliphatic carbon, 1 CM for extra chain-branching or “ortho”
substituent and 1 CM for intra-molecular hydrogen-bonding.
The calculated log P values, from Pomona College and from Rekker’s system, do not
take into account the substituent position in the aromatic ring regarding the N
heteroatom. As a consequence, the calculated log P values for compounds F4 and F9
are identical: -0.453 (Pomona College) and -0.559 (Rekker’s system), respectively.
For similar reasons, compounds F1 and F7 should have the same log P value of 1.260
using Rekker’s system having similar aliphatic substituents, but in different positions.
However, an extra CM was included in the log P value of compound F7 due to chain-
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branching. In Table 5.1 the Clog P and log PRekker values of the compounds are
summarised.

Table 5.1.
Log P values for 11 N-hydroxyethylamide of  aryloxyalkylene- and pyridine carboxylic acids.

No. Compound CLog P calculated
value obtained from
Pomona College

Log PRekker calculated value by
Rekker’s system

 1. F1 1.333 1.260
 2. F2 2.331 2.299
 3. F3 0.495 0.440
 4. F4 -0.453 -0.559
 5. F5 1.943 1.897
 6. F6 0.385 0.261
 7. F7 1.493 1.479
 8. F8 0.994 0.959
 9. F9 -0.453 -0.559
10. F10 1.348 1.168
11. F11 0.735 0.699

In order to quantify the relationships between both log P data sets, the mutual
correlations between Clog P and log PRekker values were determined for 95%
confidence limits:

log PRekker = 1.022(±0.039) Clog P  -0.094(±0.049) (5.5)
sa0= 0.022, sa1=0.017, F=3546.34, r = 0.998

where sa0 and sa1 are the standard errors for the intercept and the slope, respectively, F-
the parameter for F-distribution and r, the correlation coefficient. Excellent correlation
was found for equation 5.5 indicating that both data sets are applicable in our study.
Especially for ionisable and polar compounds the use of non-buffered eluents in RPLC
is a matter of discussion. This, because of the eventually undefined rate of dissociation
of residual silanols of the stationary phase and compounds (de)protonation, and the
consequent risk of local differences in chemical equilibrium in the case of non-buffered
eluents. Some authors in this field, however, use non-buffered aqueous-organic eluents
for log P measurements of such compounds [20]. Therefore, for our compounds we
studied the use of buffered versus non-buffered eluents for comparison reasons.
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Table 5.2.
Log kw values obtained on the LiChrosorb RP-18 column, with methanol-water and methanol-
phosphate buffer (20 mM, pH 7.0) as eluents. S = slope, r = regression coefficient. sa0 and sa1 are the
standard errors; ±a0 and ±a1 are the 95% confidence limits; e = extrapolated.

Compound %
MeOH

log kw

(e)
(a0)

S
(a1)

r sa0 sa1 ±±a0 ±±a1

Eluent: methanol-water
F1
F2
F3
F4
F5
F6
F7
F8
F9
F10
F11

60-10
60-30
50-0
50-0
60-30
50-0
60-20
60-10
50-0
60-10
60-5

2.205
3.292
1.695
0.830
2.804
1.429
2.626
2.195
0.851
2.229
1.881

-0.037
-0.047
-0.037
-0.037
-0.042
-0.038
-0.041
-0.038
-0.040
-0.038
-0.038

0.9987
0.9981
0.9959
0.9905
0.9979
0.9943
0.9982
0.9976
0.9896
0.9989
0.9907

0.037
0.095
0.042
0.065
0.089
0.051
0.059
0.051
0.073
0.036
0.083

0.001
0.002
0.001
0.002
0.002
0.002
0.001
0.001
0.003
0.001
0.002

0.102
0.407
0.109
0.166
0.385
0.132
0.187
0.142
0.189
0.101
0.213

0.003
0.009
0.004
0.006
0.008
0.005
0.004
0.004
0.007
0.003
0.006

Eluent: methanol-phosphate buffer
F1
F2
F3
F4
F5
F6
F7
F8
F9
F10
F11

60-10
60-30
60-0
50-0
60-20
50-0
60-20
60-10
50-0
60-10
60-5

2.164
3.321
1.612
0.775
2.773
1.337
2.559
2.151
0.816
2.154
1.825

-0.037
-0.047
-0.034
-0.036
-0.041
-0.036
-0.040
-0.037
-0.039
-0.035
-0.036

0.9989
0.9987
0.9943
0.9913
0.9995
0.9918
0.9990
0.9976
0.9946
0.9967
0.9916

0.033
0.079
0.050
0.059
0.032
0.058
0.042
0.050
0.051
0.057
0.077

0.001
0.002
0.001
0.002
0.001
0.002
0.001
0.001
0.002
0.001
0.002

0.091
0.342
0.123
0.153
0.102
0.149
0.135
0.140
0.130
0.157
0.197

0.002
0.007
0.004
0.005
0.002
0.005
0.003
0.004
0.005
0.004
0.005

For the methanol-water and methanol-phosphate buffered eluents the log kw-data
together with the slope of the relationships log k vs. ϕ and statistical data for the four
investigated columns are presented in Tables 5.2-5.5. Results were obtained by linear
regression (eq. 5.1). Inspection of Tables 5.2-5.5 shows that for each of the columns
the differences in log kw values measured in buffered and non-buffered systems are
rather small (maximally 7% for F6 on the Lichrosorb RP-18 column).
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Table 5.3.
Log kw values obtained the Zorbax RX-C18 column, with methanol-water and methanol-phosphate
buffer (20 mM, pH 7.0) as eluents. S = slope, r = regression coefficient. sa0 and sa1 are the standard
errors; ±a0 and ±a1 are the 95% confidence limits; e = extrapolated.

Compound %
MeOH

log kw

(e)
(a0)

S
(a1)

r sa0 sa1 ±±a0 ±±a1

eluent: methanol-water
F1
F2
F3
F4
F5
F6
F7
F8
F9
F10
F11

60-10
60-30
60-0
40-0
60-30
40-0
60-20
60-10
40-0
60-10
60-5

2.353
3.577
1.794
0.541
2.967
1.447
2.771
2.281
0.556
2.261
1.902

-0.039
-0.051
-0.036
-0.040
-0.044
-0.047
-0.043
-0.039
-0.040
-0.037
-0.038

0.9988
0.9990
0.9926
0.9924
0.9988
0.9911
0.9990
0.9987
0.9933
0.9994
0.9908

0.038
0.074
0.061
0.056
0.069
0.070
0.046
0.048
0.053
0.026
0.086

0.001
0.002
0.002
0.002
0.001
0.003
0.001
0.001
0.002
0.001
0.002

0.104
0.319
0.150
0.154
0.295
0.195
0.146
0.153
0.147
0.071
0.220

0.003
0.007
0.004
0.007
0.007
0.009
0.003
0.004
0.006
0.002
0.006

eluent: methanol-phosphate buffer
F1
F2
F3
F4
F5
F6
F7
F8
F9
F10
F11

60-10
60-30
60-0
40-0
60-30
40-0
60-20
60-10
40-0
60-10
60-5

2.348
3.513
1.768
0.554
2.930
1.474
2.727
2.319
0.575
2.320
1.916

-0.034
-0.049
-0.037
-0.040
-0.043
-0.048
-0.042
-0.040
-0.041
-0.039
-0.039

0.9981
0.9978
0.9912
0.9888
0.9978
0.9887
0.9986
0.9966
0.9893
0.9982
0.9887

0.047
0.107
0.067
0.068
0.094
0.081
0.054
0.064
0.067
0.044
0.096

0.001
0.002
0.002
0.003
0.002
0.004
0.001
0.002
0.003
0.001
0.003

0.130
0.461
0.165
0.188
0.403
0.225
0.170
0.177
0.186
0.123
0.246

0.003
0.010
0.005
0.008
0.009
0.010
0.004
0.004
0.008
0.003
0.007

In order to check whether the nature of the buffer may have influence on the partition
equilibrium of compounds between the stationary and mobile phase, additional
experiments with a pH=7.0 tricine buffer were performed. Comparing these results
(not shown) obtained on the Zorbax Eclipse XDB-C18 column with methanol-tricine
buffer (20 mM, pH 7.0) with the results in Table 5.5, it could be concluded that both
pH=7.0 buffer systems provided nearly the same log kw results (maximal difference
5.3%). This shows that for this set of compounds under these conditions the use of
buffered or non-buffered eluents is of minor, if at all, influence on log kw-measurement
by RPLC. The same is true for both buffers.
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Table 5.4.
Log kw values obtained on the LiChrospher 60 RP-Select B column, with methanol-water and
methanol-phosphate buffer (20 mM, pH 7.0) as eluents. S = slope, r = regression coefficient. sa0 and
sa1 are the standard errors; ±a0 and ±a1 are the 95% confidence limits; e = extrapolated.

Compound %
MeOH

log kw

(e)
(a0)

S
(a1)

r sa0 sa1 ±±a0 ±±a1

Eluent: methanol-water
F1
F2
F3
F4
F5
F6
F7
F8
F9
F10
F11

50-10
50-30
50-0
50-0
50-20
50-0
50-20
50-10
50-0
50-10
50-5

2.166
3.322
1.529
0.678
2.734
1.344
2.563
2.115
0.680
2.116
1.772

-0.037
-0.049
-0.032
-0.034
-0.042
-0.035
-0.041
-0.037
-0.031
-0.036
-0.036

0.9996
0.9993
0.9969
0.9995
0.9996
0.9945
0.9996
0.9998
0.9982
0.9999
0.9985

0.019
0.073
0.032
0.014
0.029
0.047
0.029
0.014
0.023
0.010
0.029

0.001
0.002
0.001
0.001
0.001
0.002
0.001
0.0005
0.001
0.0003
0.001

0.060
0.92800.
082
0.035
0.126
0.120
0.125
0.045
0.061
0.031
0.081

0.002
0.023
0.003
0.001
0.003
0.004
0.003
0.001
0.002
0.001
0.003

eluent: methanol-phosphate buffer
F1
F2
F3
F4
F5
F6
F7
F8
F9
F10
F11

50-10
50-30
50-0
50-0
50-20
50-0
50-20
50-10
50-0
50-10
50-5

2.148
3.248
1.510
0.641
2.661
1.320
2.491
2.081
0.643
2.077
1.730

-0.037
-0.048
-0.032
-0.031
-0.041
-0.034
-0.040
-0.037
-0.031
-0.035
-0.035

0.9990
0.9999
0.9969
0.9987
0.9999
0.9947
0.9999
0.9993
0.9969
0.9998
0.9981

0.031
0.014
0.032
0.019
0.004
0.045
0.010
0.026
0.030
0.012
0.032

0.001
0.0003
0.001
0.001
0.0001
0.002
0.0003
0.001
0.001
0.0004
0.001

0.100
0.180
0.082
0.050
0.018
0.115
0.045
0.083
0.077
0.038
0.090

0.003
0.004
0.003
0.002
0.001
0.004
0.001
0.002
0.003
0.001
0.003

Since column stability and longevity can be significantly enhanced by organic buffers
instead of using phosphate and other inorganic buffers [36], this was another reason to
use tricine buffers in this study.



94 Chapter 5

Table 5.5
Log kw values obtained on the Zorbax Eclipse XDB-C18 column, with methanol-water and
methanol-phosphate buffer (20 mM, pH 7.0) as eluents. S = slope, r = regression coefficient. sa0 and
sa1 are the standard errors; ±a0 and ±a1 are the 95% confidence limits; e = extrapolated.

Compound %
MeOH

log kw

(e)
(a0)

S
(a1)

r sa0 sa1 ±±a0 ±±a1

Eluent: methanol-water
F1
F2
F3
F4
F5
F6
F7
F8
F9
F10
F11

60-20
60-30
60-0
60-0
60-30
60-0
60-30
60-20
60-0
60-20
60-10

2.421
3.656
1.841
0.651
3.064
1.513
2.859
2.330
0.660
2.382
1.898

-0.039
-0.051
-0.038
-0.035
-0.045
-0.039
-0.043
-0.039
-0.036
-0.039
-0.038

0.9998
0.9996
0.9949
0.9878
0.9995
0.9888
0.9996
0.9995
0.9846
0.9997
0.9961

0.017
0.069
0.052
0.075
0.047
0.081
0.042
0.029
0.117
0.022
0.065

0.0004
0.001
0.001
0.002
0.001
0.002
0.001
0.001
0.003
0.0005
0.002

0.053
0.873
0.128
0.185
0.201
0.199
0.182
0.092
0.324
0.069
0.181

0.001
0.017
004
0.005
0.004
0.006
0.004
0.002
0.009
0.002
0.005

Eluent: methanol-phosphate buffer
F1
F2
F3
F4
F5
F6
F7
F8
F9
F10
F11

60-20
60-40
60-0
60-0
60-30
60-0
60-20
60-20
60-0
60-20
60-10

2.428
3.588
1.859
0.646
3.008
1.523
2.890
2.357
0.697
2.413
1.931

-0.039
-0.049
-0.038
-0.034
-0.044
-0.039
-0.044
-0.039
-0.036
-0.039
-0.039

0.9993
0.9981
0.9945
0.9816
0.9976
0.9878
0.9992
0.9989
0.9877
0.9994
0.9932

0.037
0.152
0.055
0.091
0.099
0.085
0.043
0.045
0.087
0.033
0.089

0.001
0.003
0.002
0.003
0.002
0.002
0.001
0.001
0.002
0.001
0.002

0.118
1.932
0.134
0.222
0.426
0.207
0.138
0.144
0.223
0.105
0.246

0.003
0.038
0.004
0.006
0.009
0.006
0.003
0.003
0.006
0.002
0.013

From Tables 5.2-5.5 it can further be concluded that for this set of substances
significantly different log kw values between these four RPLC columns are obtained.
One could argue that these differences could be attributed to the different phase ratios
of the columns. The variations in log kw-values of the substances over the various
columns do not support this assumption. In addition these variations strongly suggest
that secondary retention interaction mechanisms are influencing the retention of certain
substances. In most cases the largest differences in log kw values were found between
the Zorbax Eclipse XDB-C18 and the Lichrospher 60 RP-Select B columns. For the
compounds F1, 2, 5, 7, 8, 10 and 11 differences in between 10-16% were found.
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Compound F3 showed a difference in log kw value up to 23% between these two
columns and for compound F6 the largest difference was observed at 29% between the
Eclipse and the Lichrosorb RP-18 columns. The compounds F4 and F9 showed the
largest differences from 41 to 54% between the Lichrosorb RP-18 and the Zorbax RX-
C18 column. These observations hold for buffered and non-buffered methanolic
eluents as well, and no significant variations in log kw values between these eluents
exist.  It was also observed that the differences in log kw values between both the
Zorbax packings were maximally 5%. The differences between both other stationary
phases are much larger, e.g. up to more than 20% for the compounds F4 and F9.

Much more important is the impact of these observations on log P measurements by
RPLC. It makes little difference whether or not the eluent is buffered confirming the
non-ionized state found earlier for this group of compounds under these conditions.
Next, the data of all extrapolated log kw values obtained on buffered and non-buffered
eluents were regressed versus the CLog P and log PRekker-data. In Fig. 5.2 as an
example, the results and plots are shown for the CLog P data regressed versus the data
obtained on the methanol-water eluents together with statistical significance. The other
data are summarised in Table 5.6 A-C. With one exception for all plots satisfactory
correlation coefficients >0.99 were obtained.

From these data it is clear that no significant differences occur between the use of non-
buffered versus buffered eluents. Furthermore, it can be concluded that between the
columns absolute differences of 0.2 to 0.6 log P units are obtained, emphasising the
different chromatographic response of these stationary phases towards these
compounds. All four columns, however, especially for the log kw-log PRekker

relationships show satisfying correlation coefficients indicating that each of these
phases is a good candidate column for further log P-studies of our grow stimulating
substances.
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LiChrosorb
RP-18

Zorbax
RX-C18

LiChrospher 60
RP-Select B

Zorbax Eclipse
XDB-C18

a0

a1

standard error
sa0

sa1

F-parameter
F

Correlation
coefficient

r

1.214 ± 0.110
0.857 ± 0.087

0.048
0.037

490.88

0.991

1.081 ± 0.143
1.041 ± 0.114

0.063
0.050

424.84

0.990

1.069 ± 0.116
0.912 ± 0.092

0.051
0.041

499.97

0.991

1.156 ± 0.125
1.040 ± 0.099

0.055
0.044

557.83

0.992

Fig. 5.2.  Regression data and plot log kw versus CLog P for the four HPLC columns (95%
confidence limits).  Eluent system: methanol-water. log kw  = a0 + a1 CLog P.
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Table 5.6.
Regression and statistical data for 95% confidence limits, for the four HPLC columns.

A. log kw = a0+a1 CLog P. Eluent: methanol-phosphate buffer (20 mM, pH 7.0).

LiChrosorb
RP-18

Zorbax
RX-C18

LiChrospher 60
RP-Select B

Zorbax Eclipse
XDB-C18

a0

a1

standard error
sa0

sa1

F-parameter
F

correlation
coefficient

r

1.148 ± 0.122
0.873 ± 0.097

0.054
0.043

411.08

0.989

1.100 ± 0.132
1.018 ± 0.105

0.058
0.046

478.33

0.991

1.040 ± 0.109
0.897 ± 0.087

0.048
0.038

542.70

0.992

1.183 ± 0.133
1.017 ± 0.106

0.059
0.047

473.77

0.991

B. log kw = a0+a1 Log PRekker. Eluent: methanol-water.

LiChrosorb
RP-18

Zorbax
RX-C18

LiChrospher 60
RP-Select B

Zorbax Eclipse
XDB-C18

a0

a1

standard error
sa0

sa1

F-parameter
F

correlation
coefficient

r

1.290 ± 0.078
0.839 ± 0.064

0.035
0.028

869.89

0.995

1.174 ± 0.103
1.021 ± 0.085

0.046
0.037

742.39

0.994

1.151 ± 0.082
0.895 ± 0.068

0.036
0.030

894.51

0.995

1.250 ± 0.090
1.019 ± 0.074

0.040
0.033

966.69

0.995

C. log kw = a0+a1 log PRekker. Eluent: methanol-phosphate buffer (20 mM, pH 7.0).

LiChrosorb
RP-18

Zorbax
RX-C18

LiChrospher 60
RP-Select B

Zorbax Eclipse
XDB-C18

a0

a1

standard error
sa0

sa1

F-parameter
F

correlation
coefficient

r

1.226 ± 0.090
0.856 ± 0.074

0.040
0.033

687.67

0.993

1.192 ± 0.100
0.998 ± 0.082

0.044
0.036

761.69

0.994

1.121 ± 0.077
0.856 ± 0.063

0.034
0.028

991.44

0.993

1.275 ± 0.101
0.997 ± 0.083

0.044
0.036

742.83

0.994
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To investigate whether the correlation of the log k-log P relationships could be further
improved, we followed the suggestions of Valkó [29] applying the isocratic
hydrophobicity index ϕ0 as another lipophilicity parameter. From the data points close
to log k = 0 in the log k-ϕ relationships, ϕ0,methanol and ϕ0,methanol,buffer values were
calculated. Since log ϕ0-values were very similar in buffered and non-buffered
methanol containing eluents Table 5.7 only contains the values of the latter eluent
system. This table also includes ϕ0,max-values, representing the maximal percentual
deviation in ϕ0 for a specific compound between the four columns. In Table 5.8 the
results of regression calculations of ϕ0,methanol and ϕ0,methanol,buffer values versus Clog P
and log PRekker are summarised.

Table 5.7.
ϕ0-measurements for the data of tables 5.2-5.5 calculated from equation (5.3) for aqueous methanol

eluents, together with the maximal deviation in ϕ0 calculated as 
0,smallest

0,smallestlargest0,
max0, ϕ

ϕϕ
ϕ

−
=

Compound ϕϕ0 values ϕϕ0, max

Lichrosorb
RP-18

Zorbax
RX-C18

Lichrosorb 60
RP Select B

Zorbax
Eclipse
XDB-C18

(%)

F1
F2
F3
F4
F5
F6
F7
F8
F9
F10
F11

59.6
70.0
46.8
22.4
66.8
37.6
64.0
57.8
21.3
58.1
39.5

60.3
70.1
49.8
13.5
67.4
30.8
64.4
58.5
13.9
61.1
50.1

58.5
67.8
47.8
19.9
65.1
38.4
62.5
57.2
21.9
58.8
49.2

62.1
71.7
48.4
18.6
68.1
38.8
66.5
59.7
18.3
61.1
49.9

6.1
5.7
6.4
65.9
4.6
26.0
6.4
4.4
57.6
5.2
26.8

The ϕ0-values in Table 5.7 reveal that for seven substances the ϕ0,max is maximally
+6%. This confirms that in the absence of secondary retention mechanisms ϕ0-values
for different RPLC columns are rather similar [29]. For the substances 6 and 11 the
ϕ0,max-values are substantially higher, up to 26,8% for substance 11. For the
compounds 4 and 9 ϕ0,max is again much larger, up to +66% for substance 4. The data
from Table 5.7 reveal that the nature of the RPLC column in many but not all cases is
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arbitrary to obtain reliable ϕ0-results. Therefore, column selection remains a delicate
matter in that sense.
The correlation coefficients in Table 5.8 (r > 0.95) are somewhat less compared to the
results obtained in the log kw-log P studies. Not surprisingly for our group of structural-
ly related compounds the correlations from Table 5.8 are much better than reported in
[28], where a much larger group of structurally unrelated compounds was investigated.
These results confirm the conclusion of Valkó et al. [28,29] that also ϕ0,methanol,(buffer)

values can be used in lipophilicity studies.

Table 5.8.
Correlations between hydrophobicity index ϕ0, CLog P and log PRekker. sa0 and sa1 are the standard
errors; + a0 and a1 are the 95% confidence limits, F= F-test value, r = correlation coefficient and s =
standard error of fit. Eluent: methanol-water

ϕ0 = a0 +a1 CLogP

Column a0 a1 sa0 sa1 s F r
LiChrosorb RP-18 32.285

±4.596
18.595
±3.658

2.032 1.617 4.573 132 0.968

Zorbax RX-C18 28.990
±6.867

21.772
±5.466

3.036 2.416 6.833 81 0.949

LiChrospher RP-Select B 33.263
±4.611

17.851
±3.670

2.038 1.622 4.588 121 0.965

Zorbax Eclipse XDB
C18

32.464
±5.205

20.303
±4.143

2.301 1.832 5.179 123 0.965

ϕ0 = a0 +a1 LogPRekker

LiChrosorb RP-18 34.013
±4.337

18.168
±3.561

1.917 1.574 4.557 133 0.968

Zorbax RX-C18 30.965
±6.332

21.327
±5.199

2.799 2.298 6.654 86 0.951

LiChrospher RP-Select B 34.899
±4.262

17.467
±3.499

1.884 1.547 4.479 127 0.966

Zorbax XDB C18 34.324
±4.806

19.867
±3.946

2.125 1.744 5.050 130 0.967

In order to investigate the role of the organic modifier nature in the RPLC
determination of log P, two columns were also tested using acetonitrile instead of
methanol as the modifier in the hydro-organic eluents. The results of the linear
correlation calculations (eq. 5.1) between the extrapolated log kw values obtained from
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the acetonitrile-water eluent system and Clog P and log PRekker values are shown in
Table 5.9 for 95% confidence limits. For these nitrogen containing compounds these
findings are not surprising, since acetonitrile shows properties much different from
methanol, e.g. it has poor hydrogen bonding or donating properties and can wet the
organic ligands better compared to methanol [37], making the substances more
susceptible for secondary stationary phase interactions.

Table 5.9
The linear correlation calculations between the extrapolated log kw values obtained from the
acetonitrile-water eluent system and CLog P and log PRekker, for 95% confidence limits. sa0, sa1  are
standard errors, F-distribution and r-correlation coefficient.

Parameter LiChrosorb RP-18 Zorbax RX-C18
log kw = a0 + a1 Clog P
a0

a1

sa0

sa1

F
r

1.035 (±0.336)
0.597 (± 0.267)
0.148
0.118
25.58
0.860

0.712 (± 0.191)
0.795 (± 0.152)
0.084
0.067
139.74
0.969

log kw = a0 + a1 log PRekker

a0

a1

sa0

sa1

F
r

1.089 (± 0.316)
0.585 (± 0.259)
0.139
0.115
26.01
0.862

0.789 (± 0.192)
0.774 (± 0.158)
0.085
0.069
122.72
0.965

We speculate that the less satisfactory correlations obtained on the LiChrosorb RP-18
column may be attributed to secondary interaction mechanisms. Clearly for this latter
column this effect is somewhat more evident. As reviewed by Hsieh and Dorsey [35]
this also confirms earlier reports on the findings of less pronounced linear log k versus
percentage modifier relationships for acetonitrile compared to methanol. Clearly
however, this effect also depends on the nature of the applied RPLC-phase. Next, the
data from the acetonitrile aqueous eluents were also calculated using equation (5.2).
The results are summarised in Table 5.10 A and B. The results show that for both
columns a significant improvement of the correlations between Clog P and log PRekker

and log kw values has been obtained calculating the results by a second degree
polynominal function compared to the results of Table 5.9.
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Table 5.10A.
Regression calculations for the acetonitrile-aqueous eluents using equation (5.2).

Log k = a0 + a1ϕ + a2ϕ2

Column: LiChrosorb RP-18
Compound a0 a1 a2 r
F1
F2
F3
F4
F5
F6
F7
F8
F9
F10
F11

2.252
2.617
1.745
0.747
3.358
1.326
2.761
2.351
0.892
2.358
1.592

-0.087
-0.073
-0.083
-0.056
-0.123
-0.091
-0.099
-0.098
-0.101
-0.086
-0.068

0.001
0.0004
0.001

0.0005
0.001
0.001
0.001
0.001
0.001
0.001
0.001

0.9993
0.9999
0.9987
0.9509
0.9991
0.9916
0.9994
0.9991
0.9960
0.9990
0.9978

Column: Zorbax RX-C18
Compound a0 a1 a2 r
F1
F2
F3
F4
F5
F6
F7
F8
F9
F10
F11

2.455
3.735
1.854
0.666
3.336
1.561
3.013
2.304
0.674
2.521
1.717

-0.100
-0.129
-0.095
-0.094
-0.124
-0.122
-0.115
-0.093
-0.107
-0.100
-0.092

0.001
0.001
0.001
0.001
0.001
0.002
0.001
0.001
0.001
0.001
0.001

0.9997
0.9997
0.9976
0.9590
0.9998
0.9866
0.9998
0.9987
0.9824
0.9999
0.9989

Table 5.10B.
Regression and statistical data of the log kw versus Clog P and log PRekker regression calculations for
the LiChrosorb RP-18 and Zorbax RX-C18 columns with acetonitrile -water eluents; sb0 and sb1 are
the standard errors; b0 and b1 are the 95% confidence limits. F= F-test value, r = correlation
coefficient and s = standard error of fit.

log kw = b0 + b1 CLog P

Column LiChrosorb RP-18 Zorbax RX-C18
b0

b1

sb0

1.219 +0.314
0.846 +0.250
0.139

1.148 +0.149
1.104 +0.112
0.062
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sb1

F
r
s

0.110
58
0.931
0.312

0.050
491
0.991
0.141

log kw = b0 + b1 Log PRekker

Column LiChrosorb RP-18 Zorbax RX-C18
b0

b1

sb0

sb1

F
r
s

1.296 +0.293
0.828 +0.241
0.130
0.106
60
0.933
0.308

1.250 +0.125
1.079 +0.012
0.055
0.045
566
0.992
0.131

Both columns show satisfying (LiChrosorb RP-18) and excellent (Zorbax RX-C18)
correlations between the retention and the log P-data indicating that especially the
latter column can be used too with acetonitrile as the organic modifier.
Similar as in the experiments also here the data were used to calculate the ϕ0,ACN

hydrophobicity indexes for both columns (Tables 5.11A and B). The correlations
found for acetonitrile containing eluents are significantly less than found for the cor-
responding methanol containing eluents (Table 5.8). This finding is opposite to the
results from [28], where for a large group of structurally unrelated compounds for
acetonitrile containing eluents higher correlation coefficients (0.88) were observed
than for methanolic compounds (0.79). Obviously, opposite to the satisfactory
ϕ0,methanol values found in this study the ϕ0,ACN values are not suitable to measure the
lipophilicity of our substances. The results of the ϕ0-measurements for methanol
(Table 5.7) and acetonitrile (Table 5.11A) aqueous eluents on the LiChrosorb RP-18
and Zorbax RX-C18 columns are correlated in equations 5.6 and 5.7, respectively:

ϕ0,MeOH = 28.596(±9.897) + 0.711(±0.276) ϕ0,ACN   (5.6)
sa0 = 4.375, sa1 = 0.122, s = 8.308, F = 34, r = 0.887, n = 11

ϕ0, MeOH = 38.366(±8.063) + 0.517(±0.204) ϕ0,ACN  
(5.7)

sa0 = 3.584, sa1 = 0.090, s = 10.054, F = 33, r = 0.885, n =11
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The results from the equations 5.6 and 5.7 clearly show that apart from the column
selection also the nature of the organic modifier influences the quality of ϕ0-data. From
the Tables 5.2-5.5 and 5.11A obviously for our substances methanol is the preferred
organic modifier.

Table 5.11A.
Measurements of ϕ0,ACN from equation (5.3) for aqueous-acetonitrile eluents.
Eluent: ACN-water; Column: LiChrosorb RP-18

%ACN Compound I S r ϕϕ0

50-20
50-30
50-20
60-40
50-20
50-20
50-20
50-20
50-20
50-20
50-20

F1
F2
F3
F4
F5
F6
F7
F8
F9
F10
F11

1.503
1.939
0.956
0.144
2.184
0.078
1.929
1.381
-0.341
1.702
0.873

-0.038
-0.038
-0.033
-0.016
-0.048
-0.013
-0.045
-0.035
-0.018
-0.043
-0.022

0.981
0.996
0.982
0.987
0.980
0.937
0.982
0.959
0.929
0.984
0.956

39.6
51.0
29.0
 9.0
45.5
 6.0
42.9
39.5
-18.9
39.6
39.7

Eluent: ACN-water; Column: Zorbax RX-C18
%ACN Compound I S r ϕϕ0

50-20
50-20
50-20
50-20
50-20
50-20
50-20
50-20
50-20
50-20
50-20

F1
F2
F3
F4
F5
F6
F7
F8
F9
F10
F11

1.475
2.523
0.849
0.028
2.142
-0.131
1.899
1.452
-0.696
1.594
0.605

-0.038
-0.052
-0.029
-0.025
-0.048
-0.013
-0.045
-0.039
-0.010
-0.040
-0.023

0.980
0.982
0.983
0.834
0.980
0.954
0.980
0.983
0.984
0.979
0.953

38.8
48.5
29.3
 1.1
44.6
-10.1
42.2
37.2
-69.6
39.9
26.3

Table 5.11B.
Regression and statistical data of the ϕ0 versus Clog P and log PRekker regression calculations for the
LiChrosorb RP-18 and Zorbax RX-C18 columns with acetonitrile -water eluents; sd0 and sd1 are the
standard errors; d0 and d1 are the 95% confidence limits. F= F-test value, r = correlation coefficient
and s = standard error of fit.

ϕ0 = d0 + d1CLog P
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Column LiChrosorb RP-18 Zorbax RX-C18
d0

d1

sd0

sd1

F
r
s

9.811        +  10.820
21.158      +   8.612
4.783
3.807
30
0.880
10.766

-8.746     +   21.702
31.964    +   17.273
9.594
7.636
17
0.813
21.594

ϕ0 = d0 + d1 Log PRekker

Column LiChrosorb RP-18 Zorbax RX-C18
d0

d1

sd0

sd1

F
r
s

11.657     +    9.993
20.812     +    8.205
4.418
3.627
32
0.880
10.501

-5.884     +    20.378
31.355    +    16.731
9.009
7.397
17
0.816
21.413

Summarising, the results from this work confirm earlier conclusions of other authors,
e.g. Braumann and Miyake [9,38], that log P measurements by RPLC are only valid
for a specific group of compounds under defined chromatographic conditions and are
of limited general significance. This is also supporting their conclusions that
standardisation of log P-measurement systems is a prime interest in this field.

5.4. CONCLUSIONS

From the present work for the investigated compounds the following conclusions can
be drawn:
i. The four investigated RPLC-phases respond chromatographically different to the

test substances; all columns, however, show satisfactory log P-log kw relation-
ships (r > 0.99) under aqueous-methanol eluent conditions and are acceptable
candidates for further log P-studies; for acetonitrile as the organic modifier of
both tested columns the Zorbax RX-C18 provided comparable regression results
(r>0.99), while the LiChrosorb RP-18 column (r>0.93) is less useful.

ii. For methanol containing eluents linear regression of log k versus ϕ provides
satisfactory results, while for aqueous-acetonitrile eluents a second degree
polynominal regression must be applied.
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iii. No significant differences in the regression results are observed between the use
of buffered versus non-buffered methanol containing eluents.

iv. From the tested lipophilicity parameters log kw values showed in all cases best
regression results (r>0.99) for methanol containing eluents followed by the
hydrophobicity index ϕ0,methanol, which show somewhat lesser correlations (r =
0.96) compared to log kw; ϕ0 values obtained from acetonitrile containing eluents
are of limited use under these conditions (r < 0.90).

v. The results of this study confirm earlier conclusions of other workers [9,37,38]
that standardisation of log P-measurement protocols by RPLC, more particularly
defining the applied column and organic modifier nature, would contribute to a
wider general significance of such data.
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CHAPTER 6

A COMPARATIVE STUDY OF TEST METHODS
FOR REVERSED-PHASE COLUMNS IN HPLC

Summary∗∗

Column selection in reversed phase liquid chromatography (RPLC) is still not a
straightforward process. A number of tests to characterise and classify RPLC columns
have been suggested. Several tests are already applied in laboratory practice, while
others are under development. The results of the various tests, however, are not always
qualified to describe the properties of columns for RPLC.
In this study different tests for RPLC-columns are studied and compared, viz. the
Engelhardt, Tanaka, Galushko and Walters tests. The column descriptors hydro-
phobicity and silanol activity are investigated in particular. The tests are studied using
approximately 20 silica, alumina and polymer based C8- and C18-columns.
Hydrophobicity data from the tests generally were good and interchangeable between
the tests resulting in a column classification that is independent of the applied test. It
appears that buffering of the eluent is mandatory for adequate testing of column silanol
activity. In contrast with the high-quality hydrophobicity data, the silanol activity
results of the various tests differ significantly. As a consequence column classification
with respect to silanol activity depends considerably on the applied test method.

                                               
∗ This chapter has been accepted for publication: H.A. Claessens, M.A. van Straten, C.A. Cramers, M. Jezierska and B.
Buszewski, J. Chromatogr., (1998).
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6.1. INTRODUCTION

The continuous growth in the use of reversed phase liquid chromatography (RPLC)
techniques in many different fields has furthered the need for new generations of
RPLC-phases offering better chemical stability, improved selectivity and efficiency.
This is in fact one of the major driving forces of the continuous efforts of academic and
manufacturers to synthesize generations of RPLC-phases that meet these requirements.
The wide variety of the presently available RPLC-phases often differs in its ligand types
and the way these are bonded to the substrate. More importantly, however, the polar and
ionic properties of RPLC-phases are responsible for secondary interaction mechanisms
and often determine the unique character of an RPLC-phase. The present situation can
be characterized by the availability of a substantial number of RPLC-phases, that may
differ greatly in their selectivity and other chromatographic properties. This, fortunately,
facilitates the solution of various different separation problems via stationary phase
selection. By contrast, this large number of potential candidate RPLC-columns often
leaves the analyst with the difficult problem of a proper column selection for a specific
problem. This situation is further complicated by the fact that many of these RPLC-
phases are nominally identical, suggesting that they may have similar chromatographic
properties. Gonnet [1] and more recently Sandi [2], Barrett [3] and Cruz [4] have shown
the great differences in chromatographic properties that may occur between RPLC-
columns. At the same time the study of Cruz also showed the partial similarity in these
properties between specific groups of RPLC-phases.

In most cases the available technical information is not sufficient to objectively select
the optimum column for a particular separation. Furthermore, since manufacturers use
different tests and evaluation parameters too for their columns, their product claims are
difficult to compare.
The necessity to distinguish between the chromatographic properties of RPLC-columns
to make a proper column selection has prompted many researchers to work on
evaluation methods for RPLC-phases. From the beginning of the development of
RPLC-phases, extensive research was done on evaluation methods, resulting in a
substantial number of books and papers on this issue [4-10]. In addition, lively debates
are still ongoing regarding the improvement of existing and the development of new
testing methods for RPLC-phases.
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The presently available evaluation methods for RPLC-phases can be subdivided into
several groups:
i. Determination of physico-chemical properties of the bulk stationary phase.
ii. Spectroscopic techniques, like infrared (IR) and solid-state nuclear magnetic

resonance (NMR) spectroscopy.
iii. Evaluation of chromatographic data using statistical methods.
iv. Thermodynamic measurements, e.g. Van 't Hoff plots.
v. Chromatographic test methods.

The physical properties of substrates and stationary phases for RPLC are dominant in
determining column efficiency and retentivity. Therefore, for the synthesis of well-
defined and reproducible RPLC-phases these properties must be known and properly
controlled during the production of these materials. In many papers and books these
aspects and methods to determine the most important physical properties have
appeared, viz. particle size and shape, specific surface area, pore size and porosity, and
particle strength [5,6,11-15].
Amongst the spectroscopic methods, especially 29Si and 13C solid-state nuclear
magnetic resonance (NMR) and infrared (IR) spectroscopy have significantly advanced
the development of RPLC-phases. With infrared (IR) spectroscopy, specific
information can be obtained on the occurrence of isolated and bonded or associated
silanol groups in silica substrates and on bonded phases as well. IR-spectroscopy
techniques provide rather simple procedures for the study of reactions and reaction
kinetics in the synthesis of RPLC-phases [16-18]. 29Si and 13C NMR techniques provide
detailed information on the different groups present on substrate and chemically
modified surfaces. In contrast to IR-spectroscopy, where isolated and geminal silanols
absorb at nearly the same wavenumber, NMR techniques can distinguish between
different types of silanol groups. Furthermore, the latter techniques can also provide
detailed information about the nature of ligand bonding to the surface. Therefore, NMR
techniques have become indispensable tools in the study of the synthesis of RPLC-
phases and the fate of RPLC-phases under chromatographic conditions [7,12,19-21].
Statistical methods can be useful, e.g. to cluster groups of RPLC-phases of similar
chromatographic properties. Such methods can effectively facilitate column
classification and selection [4,22].
Plotting the log retention factor of a compound versus the reciprocal absolute
temperature results in a so-called Van 't Hoff plot. Such plots provide information on
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the thermodynamic driving forces in chromatographic separations as a function of the
experimental conditions, e.g. eluent composition [23-25].

In a number of studies several attempts have been made to correlate and to predict
chromatographic column properties from the data of the characterisation methods i-iv
[2,4,10,16,22,26,27].
From these studies it has become obvious that until now none of these methods has
been able to distinguish between the often subtle but decisive differences in
chromatographic properties of RPLC-phases in any detail. From numerous application
examples it can be learned that such apparently minor differences in the
chromatographic properties between RPLC-phases very often are decisive for the
success or failure in the development of a separation method.
In spite of the great benefits of the techniques categorized in the characterisation groups
i-iv in the development and characterisation of RPLC-phases, it is clear that an adequate
column selection must be made using chromatographic characterisation methods. A
number of such evaluation methods have been suggested during the last decades.
Chromatographic evaluation methods can roughly be subdivided into two groups.

i. Empirically based evaluation methods. These methods have in common that the
obtained chromatographic information depends on rather arbitrarily selected test
compounds, which are supposed to reflect a specific column property, e.g. silanol
activity. Important representatives of this group stem from methods developed by
Tanaka [10], Engelhardt [28,29], Eyman [30], Walters [31], Daldrup [32], and also
the use of retention indices [33] and many so-called 'in-house' methods.

ii. Model-based evalualation methods. The methods of this group share the fact that
they are based on a specific model, e.g. the silanol scavenging model of Horvàth
[34], the interaction indices model of Jandera [33], the solvatic computational
model of Galushko [35] and the Quantitative Structure Retention Relationships
(QSRR) model applied by Abraham, Carr, Bolliet and Kaliszan [26,27,36-39]
among others.

Till now however, none of these evaluation methods has been widely accepted as a
uniform method for RPLC-phases. Furthermore, no general consensus exists either
regarding eluents and test substances or the experimental conditions and calculation
procedures in column test protocols. This lack of uniformity severely hampers the
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objective comparison and classification of RPLC-columns. A further severe constraint
also contributing to this problem lies in the many different application areas, where
RPLC-columns are applied and where substances of very different chemical nature and
size are separated. The majority of the presently available evaluation methods for
RPLC-columns has been developed specifically for narrow pore phases using small
molecular test solutes. Some studies have shown that column characteristics obtained
from small molecular test compounds do not necessarily provide the required
information for a proper column selection for the separation of larger molecules [8,9].
In sum, the present number of test methods for RPLC-columns applying different test
compounds, eluents, experimental conditions and calculation procedures, does not
contribute to more uniform and validated test protocols, which is not in the interest of
objective column characterisation and classification.

This study seeks to compare a number of test methods for RPLC-columns. Our goal
was to compare the information from the different tests and to discriminate between
these data. The objective was to find out to what extent the tests may provide similar,
overlapping or contradicting information. In this study we included a number of tests
that are already routinely applied in laboratories. Our selection of test methods was
intentionally limited by excluding test methods, of which the interpretation is based
exclusively on visual inspection of chromatograms. The study was performed on a large
number of different RPLC-phases, silica-based and alumina and polymer-based phases
as well, representing a substantial part of the currently used spectrum of RPLC-
columns.

6.2. SUMMARY OF COLUMN TESTS

The investigated test procedures and output used in this study are summarised below.
With the exception of the Engelhardt test, the testing protocols were strictly followed.
In opposition to what was formulated in the original Engelhardt test, in this study the
asymmetry for p-ethylaniline was measured at 5% peak height (calculated from USP-
tailing factor). This is because peak asymmetry detection is more sensitive at lower
peak heights and the calculation algorithm is available in many software programs. If
no testing temperature was specified, tests were performed under constant arbitrarily
selected temperature conditions of 40°C.
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For further detailed information on the different tests the reader is referred to the
literature.

1a. Engelhardt test, (E) [28,29].
i. Eluent: methanol/water 49:51 (w/w) or 55:45 (v.v). Temperature 40°C.
Test compounds: uracil (t0), aniline, phenol, N,N-dimethyl-aniline, p-ethylaniline,
toluene and ethylbenzene.
Output:
Hydrophobicity = kethylbenzene / ktoluene

Silanol activity = asymmetry of p-ethylaniline at 5% of peak height
k = retention factor

ii. Eluent: methanol/water, 75:25 (w/w) or 79:21 (v/v). Temperature 40°C
Test compounds: uracil (t0), triphenylene and o-terphenyl.
Output:
Shape selectivity = ktriphenylene / ko-terphenyl

1b. Modified Engelhardt test, (Em)
Eluent: methanol/aqueous 0.02M phosphate buffer, pH = 7.0, 49:51 (v/v) or 55:45
(w/w). Temperature: 40°C
Output:
Silanol activity = asymmetry of p-ethylaniline at 5% of peak height.

2. Walters test, (W) [31].
Hydrophobicity test
Eluent: acetonitrile/water 65:35 (v/v). Temperature 40°C.
Test compounds: uracil (t0), benzene, and anthracene.

Silanol activity test
Eluent: acetonitrile. Temperature 40°C.
Test compounds: N,N-diethyl-m-toluamide (DETA) and anthracene.
Output:
Hydrophobicity = kanthracene / kbenzene

Silanol activity = kN,N-diethyltoluamide / kanthracene
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3. Tanaka test, (T) [10].
Eluent 1: methanol/water: 80:20 (v/v)
Eluent 2: methanol/water: 30:70 (v/v)
Eluent 3: methanol/aqueous 0.02M phosphate buffer pH = 7.6, 30:70 (v/v)
Eluent 4: methanol/aqueous 0.02M phosphate buffer pH = 2.7, 20:70 (v/v)
Temperature 40°C.
Test compounds: uracil (t0), thiourea (t0), amylbenzene, butylbenzene, triphenylene,
o-terphenyl, caffeine, phenol and benzylamine.

Output:
Hydrophobicity = kamylbenzene / kbutylbenzene, (Eluent 1).
Amount of alkyl chains = kamylbenzene, (Eluent 1).
Steric selectivity = ktriphenylene / ko-terphenyl, (Eluent 1).
Hydrogen bonding capacity = kcaffeine / kphenol, = αc,p (Eluent 2).
Ion exchange capacity (IEC) at pH>7 = kbenzylamine / kphenol, = αa,p (Eluent 3).
IEC at pH<3 = kbenzylamine / kphenol, = αa,p (Eluent 4).

4. Galushko test, (G) [35].
Eluent: methanol/water 60:40 (v/v). Temperature 30°C.
Test compounds: uracil (t0), aniline, phenol, benzene, toluene.
Output:
Hydrophobicity = (ktoluene + kbenzene) / 2
Hydrophobic selectivity: calculated from the phenol, toluene and benzene retention
data.
Silanol activity = 1 + 3 [ (kaniline / kphenol) -1]
Size selectivity: calculated from the retention data of benzene, phenol and toluene.

5. Column hydrophobicity by log kw-measurements
Eluents: methanol/water mixtures in the range of 20% tot 95% methanol (v/v).
Temperature: 40°C.
Test compound: hexylbenzene.

By linear extrapolation of the k-values measured at several modifier concentrations
on the different columns, the log retention of the test compound in pure water (log kw)
can be obtained [40,41].
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6.3. EXPERIMENTAL

6.3.1. Equipment
Chromatographic measurements were performed on two HP 1100 liquid chromato-
graphs (Hewlett Packard, Waldbronn, Germany), operating at the same temperature
(21°C) in a conditioned laboratory. These automated instruments were equipped with
diode-array detectors and an HP ChemStation for process control and data handling.
Injection of 1 µl of the test solutions were made by the automated injection devices.
Detection was performed at 254 nm using standard detector cells of 13 µl (optical
path length 10 mm). To find out whether systematic errors might obscure our
measurements in either of the applied instruments initial tests were performed.
Mutual comparison by testing several columns on both instruments under similar
experimental conditions did not reveal any significant deviation in the performance
(plate number, peak asymmetry, retention factor) of either instrument.

6.3.2. Chemicals
Methanol and acetonitrile (supra-gradient quality) were from Biosolve (Bio-Lab,
Jeruzalem, Israel). Water was prepared with a Milli-Q water purification system
(Millipore, Milford, MA, USA). Buffers were prepared with disodiumhydrogen
phosphate, phosphoric acid and sodiumhydroxide from Merck (Merck, Darmstadt,
Germany). To perform all tests uniformly and to obtain detection signals in between
10 and 100 mAufs at injection volumes of 1 µl, solutes were dissolved in
concentrations presented in parenthesis in the next sentence. Uracil (0.2 mg/ml),
thiourea (0.2 mg/ml), n-hexylbenzene (1 mg/ml), anthracene (0.1 mg/ml) and N,N-
diethyl-m-toluamide (0.05 mg/ml) were from Fluka (Fluca Chemie AG, Buchs,
Switzerland). Aniline (1 mg/ml), p-ethylaniline (2 mg/ml), N,N-dimethylaniline (0.4
mg/ml), and phenol (2 mg/ml) were from Merck. Caffeine (0.5 mg/ml), benzene (10
mg/ml), toluene (10 mg/ml), ethylbenzene (10 mg/ml), butylbenzene (5 mg/ml),
amylbenzene (5 mg/ml), o-terphenyl (0.2 mg/ml) and triphenylene (0.2 mg/ml) were
from Aldrich (Aldrich Chemical Comp. Inc., Milwaukee, WI, USA) and benzylamine
(1 mg/ml) was from Janssen (Janssen Pharmaceuticals, Beerse, Belgium).



Table 6.1A
List of tested C18-columns and their physico-chemical properties.

Column RX XC18 Puro Hyper HyPUR Sym18 Poly NuC18 Krom All TPW TTS

Particle size (µm) 5.2 5 5.8 4.5-5 4.5 4.95 5.2 5.4 6.2 6.18 5 5

Pore size (Χ) 80 80 120 120 180 93 x 115 x 111.9 125 80

Pore volume
(ml/g)

0.45 0.4 1.0 0.6 1.0 0.66 0.85 1.15 0.91 0.88 x x

Surface area
(m2/g)

180 180 350 170 200 332 350 340 349 316 x 198

Carbon loading
(%)

12 10.3 18 9.5 13 19.4 x 21.0 21.4 16.22 x 15

Surface coverage
(µmol/m2)

3.3 3.5 3.2 x x 3.21 x 3.60 3.45 x x x

Bulk density
(g/ml)

1.0 1.0 0.4 x x x x 0.36 x x ca.1 x

Bonded chemistry dimethyl
-C18

dimethyl
-C18

tri-
functio-

nal

tri-
functio-

nal

mono-
functio-

nal

x not
pure

mono-
meric

mono-
meric

mono-
functio-

nal

poly-
meric

mono-
meric

mono-
meric

End capping no double yes yes yes x x yes yes double no yes

Silica RX-sil RX-sil poly-
ester
silica

meth-
acrylat
co-

polymer

high
purity

x: data not available.
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Table 6.1B
List of tested C8 –columns and their physico-chemical properties.

Column XC8 SelB Alu Sym8 Nova NuC8
Particle size (µm) 5 5.5 5 5.07 4 5.4
Pore size (Χ) 80 90 100 89 75 115
Pore volume (ml/g) 0.4 0.9 0.5 0.65 0.30 1.15
Surface area (m2/g) 180 360 170 343 120 340
Carbon loading (%) 7.2 11.5 7 14.4 4.0 8.0
Surface coverage
(µmol/m2)

3.7 3.5 coated 3.35 x 2.60

Bulk density (g/ml) 1.0 0.4 0.45 x x 0.36
Bonded chemistry dimethyl

-C8

bi-
functio-
nal

poly
butadiene

x x mono-
meric

Endcapping Double no no x yes no
Silica RX-sil

x: data not available.

6.3.3. Columns
The columns used in these tests were kindly provided by the manufacturers and are
summarised in Tables 6.1A and B for the C18-and C8-phases, respectively, together
with some of their physico-chemical properties. For practical reasons the
polybutadiene coated column (Alu) is treated in the group of C8-columns. Table 6.2
lists the manufacturers of the columns, column dimensions, abbreviations and
numbers used in this work.

6.3.4. Calculations
All column characteristics were calculated following the definitions in the various
tests. The results of the Galushko test were obtained using the software program
"Chromlife" (Merck, Darmstadt, Germany). Regression calculations were made using
the software program "SlideWrite Plus for Windows", version 4.0 (Advanced
Graphics Software Inc., Carlsbad, CA, USA).
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Table 6.2.
List of column manufacturers, column dimensions and abbreviations.

C18-Columns

Column Manufacturer Dimensions
L x i.d.
(mm x mm)

Abbr. No.

Zorbax RX-C18 Hewlett Packard, Newport, DE,
USA

150 x 4.6 RX 1

Polygosil-60-5-C18 Macherey-NagelGmbH & Co.,
Düren, Germany

125 x 4.6 Poly 2

Hypersil HyPURITY
C18

Shandon HPLC, Runcorn, UK 150 x 4.6 HyPUR 3

Hypersil ODS Shandon HPLC, Runcorn, UK 125 x 4.6 Hyper 4
Symmetry C18 Waters Assoc., Milford, MA, USA 150 x 4.6 Sym18 5
Purospher RP-18 e Merck, Darmstadt, Germany 125 x 4 Puro 6
Kromasil KR100-5C18 Eka Nobel, Bohus, Sweden 150 x 4.6 Krom 7
Alltima C18 5U Alltech Assoc.,Deerfield, IL, USA 150 x 4.6 All 8
TSKgel OD-2PW TosoHaas GmbH, Stuttgart,

Germany
150 x 4.6 TPW 9

TSKgel ODS-80TS TosoHaas GmbH, Stuttgart,
Germany

150 x 4.6 TTS 10

Eclipse XDB-C18 Hewlett Packard, Newport, DE,
USA

150 x 4.6 XC18 11

Nucleosil 100-5 C18 HD Macherey-NagelGmbH & Co.,
Düren, Germany

150 x 4 NuC18 12

C8 -Columns

Column Manufacturer Dimensions
L x i.d.
(mm x mm)

Abbr. No.

Eclipse XDB-C8 Hewlett Packard, Newport, DE,
USA

150 x 4.6 XC8 13

SymmetryShield RP8 Waters Assoc., Milford, MA, USA 150 x 4.6 Sym8 14
LiChrospher RP-Select
B

Merck, Darmstadt, Germany 125 x 4 SelB 15

Aluspher RP-Select B Merck, Darmstadt, Germany 125 x 4 Alu 16
Nucleosil 100-5 C8 Macherey-Nagel GmbH & Co.,

Düren, Germany
150 x 4 NuC8 17

Nova-Pak C8 Waters Assoc., Milford, MA, USA 150 x 3.9 Nova 18
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6.4. RESULTS AND DISCUSSION

6.4.1. Hydrophobicity and hydrophobic selectivity
In the Engelhardt (E), Tanaka (T) and Walters (W) tests column hydrophobicity is

defined and calculated from the separation factor, α, of 
toluene

benzeneethyl ; 
benzenebutyl

benzeneamyl  and

benzene

anthracene , respectively. In fact these values represent selectivities for specific

molecular increments. Tanaka [10] reported a linear dependence of CH2-selectivity
vs. percentage carbon on one particular silica substrate (Develosil). In contrast,
Engelhardt [28] found a partly non-linear relationship between the CH2-selectivity
and the carbon load on silica substrates from several manufacturers. Based on these
findings both authors suggest the use of the hydrophobic selectivity as a measure for
column hydrophobicity. In the Galushko (G) test hydrophobicity is defined and
calculated from the average retention factors (k) of toluene and benzene. In this latter
test the hydrophobic selectivity (methylene selectivity) of a column is calculated too.

TPW Sym18 Puro HyPUR Poly TTS Hyper All NuC18 Krom XC18 RX

column
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Fig. 6.1A. Hydrophobicity (calculated as hydrophobic selectivity) of the W, T, and E-tests together
with the hydrophobic selectivity from the G-test for the C18 – columns (for conditions see text).



A Comparative Study of Test Methods … 119

NuC8 Sym8 SelB Alu XC8 Nova

column

0

1

2

3

4

5

va
lu

e 
(s

ep
ar

at
io

n 
fa

ct
or

s)

Galushko Walters Tanaka Engelhardt 

9.16

Fig. 6.1B. Hydrophobicity (calculated as hydrophobic selectivity) of the W, T, and E-tests together
with the hydrophobic selectivity from the G-test for the C8 – columns (for conditions see text).

In Figs. 6.1A and B the hydrophobicities are plotted (calculated as hydrophobic
selectivities), as defined in the E, T and W tests together with the hydrophobic
selectivity of the G-test are plotted for the C18- and C8-columns, respectively. With a
few exceptions of the results of the W-test (especially the Alu column), the curves
obtained from E, T and W tests are rather parallel, suggesting a constant
hydrophobicity for all columns. Furthermore, these lines are rather parallel to the
hydrophobic selectivity curve obtained in the G-test too. Leaving out both the non-
silica based columns Alu and TPW, the correlation coefficients especially between
the G, E and T tests are larger than 0.93.  The W-test uses benzene and anthracene to
measure column hydrophobicity.
Since the π-electrons of these aromatic hydrocarbons are Lewis bases, they can easily
interact with the Lewis acidic sites formed by the Al3+ atoms of the substrate. We
speculate that the occurrence of these Lewis acid/base type interactions is responsible
for the high value found for the Alu column [5,6].



120 Chapter 6

For silica-based RPLC-phases of similar ligand lengths, selectivity of specific
increments (e.g. CH2) for homologous series is rather constant under fixed
conditions. This value may vary, however, with the portion of organic modifier in the
mobile phase [33,42,43]. This explains why the CH2-selectivity results of the E and
G-tests are nearly identical, since these tests are performed in mobile phases
containing 55 and 60% methanol, respectively.

In agreement with ref. [43], due to the much higher (80%) percentage of methanol,
the CH2-selectivity in the T-test is substantially lower. Keeping in mind that in the
W-test the anthracene - benzene selectivity is actually measured and opposite to the
other tests acetonitrile instead of methanol is used as an organic modifier, this
explains the increased selectivity-values compared to the methylene values.
Furthermore, we speculate that the less parallel behaviour of this latter curve must be
ascribed to shape selectivity effects for that increment, which may vary more between
the different phases as compared to a methylene group. This is discussed in detail in
the section "Shape and Size selectivity".

The absolute differences in the CH2 and (anthracene-benzene) selectivity between the
C8- and C18-colums must be attributed to the different ligand chain lengths, resulting
in different penetration of the test substances in between the surface ligands [44,45].
These results would suggest a rather constant hydrophobicity over the set of tested
columns, which is not very likely considering their different physico-chemical
properties, and especially the % carbon load and specific surface (Tables 6.1A and
B).

Similar results of rather constant (1.26-1.52) hydrophobicity (measured as CH2-
selectivity) for a large set of RPLC columns were recently reported by Cruz et al. [4].
In this study the authors found, however, a much larger variety (0.73-13.39) of the
amount of "alkyl ligands" as defined in the same test. Unfortunately, the authors did
not report the physico-chemical properties of their columns. It seems likely, however,
that a substantial variety must exist in their column population between the
parameters that determine hydrophobicity. Hydrophobicity of RPLC-columns can be
understood as the retentivity for apolar test compounds and is determined by surface
area, % carbon load, ligand chain length, and the applied bonding chemistry and
eventual endcapping of an RPLC-phase [6]. Furthermore, as discussed intensively by
Antle [46] and Ying [47], differences in column hydrophobicity mostly originate
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from the various phase ratios rather than from different distribution coefficients of the
test compounds involved. In addition, phase ratio values are largely determined by
the surface area of the base support material and the carbon content of the stationary
phase [47].
Both the results of the study of Cruz et al. and our findings in the present study
suggest that column hydrophobicity must vary considerably between RPLC-columns
of different sources. Furthermore, this column property is inadequately described by
hydrophobic selectivity.
Therefore, in our opinion column hydrophobicity is better represented by absolute k-
values rather than by hydrophobic selectivity, especially when different substrate
sources are compared.

Following this and also the suggestions of Galushko [35] and Neue [6], i.e. that
hydrophobicity is proportional to the retentivity of an apolar compound, the absolute
retention factors (k) obtained in the W (kanthracene), the E (kethylbenzene) and the T-test
(kamylbenzene), together with the hydrophobicity parameter [35] obtained from the G-test
are plotted (Figs. 6.2A and B) in increasing order versus the columns. From
lipophilicity studies it is well-known that log kw-values of compounds correlate well
to column hydrophobicity [41]. In Table 6.3 these absolute retention values from the
W, E, T-tests, the hydrophobicity parameter from the G-test, and the log kw-data for
hexylbenzene are presented and columns are ranked according to hydrophobicity.

With a few exceptions and bearing in mind the different test compounds and
experimental conditions, inspection of the retention data in Figs. 6.2A and B reveals
that the various tests follow a similar trend. For instance the T and W results for all
C18-columns are more or less the same. As mentioned under hydrophobic selectivity,
we speculate that the results may be obscured by size effects of the test compound
anthracene. Furthermore, the steepness of the different lines connecting two con-
secutive columns is not always the same suggesting different sensitivities of the tests
towards column hydrophobicity.
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Fig. 6.2 A. Retention factors from the T (kamylbenzene), W  (kanthracene) and E-tests  (kethylbenzene),
together with the hydrophobicity parameter from the G-test for the C18-columns.
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Fig. 6.2 B. Retention factors from the T (kamylbenzene), W  (kanthracene) and E-tests  (kethylbenzene),
together with the hydrophobicity parameter from the G-test for the C8-columns.
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Table 6.3 
Column ranking  according to log kw (hexylbenzene), their k-values from the W, E, and T-tests and
the hydrophobicity parameter from the G-test. Smaller values correspond to lower hydrophobicity.
[..]= column label.

G T W E Log kw

1.15 [16] 0.690 [16] 0.561 [16] 1.414 [16] 3.9645 [17]
1.95 [17] 1.011 [17] 1.791 [17] 2.921 [17] 4.1126 [16]
3.43 [15] 1.867 [9] 2.614 [9] 4.425 [15] 4.4738 [14]
3.74 [9] 1.871 [15] 2.671 [15] 5.599 [14] 4.5554 [9]
3.81 [18] 1.939 [14] 3.106 [13] 5.862 [9] 4.6373 [15]
4.08 [14] 2.287 [18] 3.320 [18] 6.295 [3] 4.7107 [3]
4.17 [3] 3.172 [13] 3.372 [3] 6.416 [18] 4.7745 [18]
5.20 [13] 3.243 [3] 3.873 [14] 7.490 [13] 4.9374 [13]
5.57 [4] 3.934 [4] 4.064 [4] 7.701 [4] 5.0981 [4]
7.06 [10] 4.715 [2] 4.629 [2] 10.894 [2] 5.1209 [10]
7.44 [2] 5.330 [10] 5.539 [1] 11.481 [1] 5.1271 [12]
7.74 [12] 5.771 [1] 5.779 [10] 12.107 [10] 5.1909 [5]
7.81 [1] 5.881 [12] 6.155 [12] 12.890 [5] 5.1998 [2]
8.29 [11] 6.377 [11] 6.219 [11] 12.927 [12] 5.2190 [7]
9.16 [5] 6.573 [5] 7.150 [5] 13.593 [6] 5.2338 [1]

10.19 [6] 7.114 [6] 7.371 [6] 14.638 [7] 5.3069 [6]
10.29 [7] 7.978 [7] 8.407 [7] 15.277 [11] 5.3558 [11]
11.72 [8] 8.771 [8] 9.873 [8] 19.179 [8] 5.4057 [8]

To obtain more insight into the (dis)similarities of the different tests all hydro-
phobicity data of the C8-and C18-columns were subjected to regression analysis
(experimental errors in all tests were similar).

As an example in Fig. 6.3A and B, the k-values from the Engelhardt vs. Tanaka and
Engelhardt vs. Galushko tests are regressed. The results of all regression calculations
are provided in Table 6.4. From this table and Figs. 6.3A and B it can be seen that the
results of the different hydrophobicity results are in fair agreement with each other.
The good correlations found between the G, W, E and T tests strongly suggest that in
spite of the very different conditions applied in the tests the k-values reflect similar
column hydrophobicity properties. Further evidence that these k-data fairly reflect
column hydrophobicity is found in the log kw results, which correlate fairly well with
the other four tests (Table 6.4).
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Fig. 6.3 A. Regression of the retention data for the E (kethylbenzene) versus T (kamylbenzene)–test for all
C8 and C18 columns.
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Table 6.4.
Coefficients of the mutual regression of hydrophobicity results of the E, T, W, G and log kw-tests
for all columns.
Y = a0 + a1 X; r = correlation coefficient.

Y X a0 a1 r
E G -0.2052 1.5497 0.97391
T G -0.7011 0.8080 0.98828
W G -0.1170 0.7855 0.97704
E T 1.2152 1.9905 0.97654
E W 0.3297 1.9097 0.96483
T W -0.3992 0.9909 0.97437
G log kw 4.1144 0.1274 0.90887
T log kw 4.2401 0.1541 0.89930
W log kw 4.2034 0.1476 0.84664
E log kw 4.1544 0.0797 0.90561

From Table 6.3 it can be concluded that the hydrophobicity rankings of the columns
according to the various tests are in fair agreement within certain bandwidths and also
agree with the log kw-data. Thus, absolute k-data better represent column
hydrophobicity than hydrophobic selectivity. Furthermore, comparing the Tables
6.1A and B, and Table 6.3, it can also be seen that no simple relationship exists
between column hydrophobicity and its % carbon load as suggested earlier [10,28].
For instance, in the series of C18-columns, opposite to what is expected, the NuC18
column (21%) has a lower hydrophobicity compared to the All-column (16,2%).
Similar to that in the C8-group, the XC8 and Alu columns have similar carbon loads
(+ 7%), but very different hydrophobicities. The same observation can be made for
the Nova (4%) and Sel B (11,5%) columns, where contrary to what was expected the
latter column shows significantly lower hydrophobicity.
Summarizing, we conclude that column hydrophobicity as defined in the E, T and W
tests can better be replaced by the expression 'hydrophobic selectivity' for a specific
increment (e.g. CH2). Furthermore, the regression results of the different tests
combined with the log kw-data show that column hydrophobicity is more accurately
calculated from absolute retention values of neutral test substances similar to those in
the G-test. Finally, the hydrophobicity and hydrophobic selectivity results of all four
tests are interchangeable and column classification by one of these methods will
provide similar patterns.
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6.4.2. Silanol activity
Silanol activity, apart from purely ionic interactions, comprises a number of
stationary phase - solute interactions, usually indicated as Van der Waals forces.
These interactions may include ion-ion (ion exchange), ion-dipole, dipole-dipole (e.g.
hydrogen bonding), dipole-induced dipole, and induced dipole-induced dipole
(London) forces. The latter two interaction types particularly depend on the
polarisability of the involved solutes and stationary phase. In addition, in the case of
buffered eluents, salting-out effects may also be involved in these interactions.
Furthermore, it is emphasized that these intermolecular interactions may range from
several hundreds of kilojoules per mol (ion-ion) to below 1 for London forces. The
differences in silanol activity between RPLC-phases originate from the nature of the
substrate (e.g., different silanol types), pretreatment steps (especially re-
hydroxylation) and the applied bonding chemistry (functionality, surface coverage,
endcapping and alkyl side-group types) [5,12]. As recently discussed and reviewed
by Nawrocki [12], it is obvious that silanol activity comprises several types of
interaction, of which ion-ion and hydrogen bonding activity are probably the most
important in RPLC [48].

Furthermore, it is clear that these interactions can act simultaneously and seriously
obscure separations [49]. As previously mentioned, especially the ionic and Van der
Waals interactions greatly determine the unique character of RPLC-stationary phases.
These activities have a tremendous effect on the separation of polar, ionic and
especially basic compounds in particular.
Therefore, methods to overcome the difficulties connected to the separation of such
compounds by RPLC are still the subject of ongoing discussions too [6,12,16,49-54].
Consequently, chromatographers are highly interested in the determination of silanol
activity in its various aspects and also in methods to control and suppress these
effects. To demonstrate the influence of eluent buffering on the silanol activity of
RPLC-columns, we additionally applied a modified Engelhardt (Em) test.

In Table 6.5 the silanol activity data are summarised as defined from the G, W, E and
Em tests together with the hydrogen bonding capacity from the T-test and they are
ranked according to increasing activity. Furthermore, as with the hydrophobicity tests
the data of the tests were also mutually regressed (Table 6.6), to find out whether the
various tests respond to different or similar types of silanol activity interactions.
Leaving out the results from the non-silica based columns did not improve the
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correlations (results not shown). First inspection of the Tables 6.5 and 6.6
immediately reveals that the silanol activity and hydrogen bonding data of the G, W,
E, Em and T-tests are much more scattered and generally poorly correlate compared
to the hydrophobicity results. The results of all tests for buffered and non-buffered
eluents are also poorly correlated. There is the exception of the T versus G and W
versus G tests, where correlations of 0.63 were found, while for the T versus W tests
a correlation of 0.72 was calculated. Note that in the G-test the data are claimed to
represent silanol activity, while in the T-test these data are assumed to account for
hydrogen bonding activity. This example indicates another problem with these tests,
the confusion in nomenclature on which type of silanol activity is claimed in a
specific test.

Table 6.5
Ranking of all columns according to silanol activity as defined in the G, W, E, and Em-tests and
hydrogen bonding capacity in the T-test; smaller values correspond to lower silanol activity. [..] =
column label.

G T W E Em

-0.18 [14] 0.114 [9] 0.403 [9] 130 [13] 99 [13]
-0.15 [16] 0.160 [16] 0.489 [11] 140 [16] 100 [15]
0.12 [13] 0.259 [14] 0.492 [5] 159 [6] 101 [1]
0.17 [7] 0.302 [13] 0.500 [6] 165 [14] 102 [11]
0.19 [5] 0.348 [5] 0.508 [7] 178 [5] 103 [2]
0.20 [3] 0.349 [3] 0.513 [3] 214 [15] 121 [7]
0.22 [11] 0.358 [7] 0.515 [12] 232 [12] 121 [8]
0.25 [12] 0.398 [11] 0.565 [10] 235 [10] 133 [6]
0.31 [10] 0.405 [18] 0.577 [1] 302 [17] 134 [12]
0.42 [6] 0.421 [4] 0.580 [8] 347 [11] 136 [3]
0.52 [4] 0.431 [6] 0.608 [14] 367 [3] 142 [10]
0.60 [8] 0.432 [12] 0.711 [4] 388 [9] 145 [18]
0.63 [18] 0.464 [8] 0.727 [13] 496 [1] 153 [17]
0.63 [9] 0.478 [10] 0.818 [18] 505 [18] 155 [4]
0.68 [1] 0.567 [2] 1.142 [16] 571 [2] 162 [14]
0.98 [15] 0.625 [1] 1.171 [2] 619 [7] 177 [5]
2.02 [17] 0.768 [15] 1.230 [15] 645 [8] 212 [9]
3.11 [2] 1.264 [17] 1.750 [17] Undefined [4] 407 [16]
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Table 6.6.
Coefficients of the mutual regression of the silanophilic activity results of the E, Em, G and W- tests
and the hydrogen bonding capacity results from the T-test.
Y = a0 + a1 X; r = correlation coefficient.

Y X a0 a1 r
E G 283.73 85.258 0.39877

Em G 165.46 -25.687 0.28862
T G 0.3332 0.2001 0.62645
W G 0.5701 0.2833 0.63167
E T 302.99 70.205 0.10489

Em T 196.97 103.45 0.37139
E W 361.87 -36.453 0.07647

Em W 124.18 35.174 0.17724
T W 0.0755 0.5101 0.71599

Em E 197.06 -0.1409 0.33840

The T-test further claims the validity of the hydrogen bonding activity test from the
linearity  of  a  series of  measurements  of  hydrophobic  (CH2 selectivity)  versus the

phenol

caffeine  selectivity,  αc,p on endcapped and non-endcapped columns, but only for one

specific silica substrate (Develosil) [10]. Our results obtained on different silica
substrates from several manufacturers do not confirm this finding. Leaving out the
non-silica based phases from our test set, the correlation between CH2-selectivity and
αc,p was 0.38 (n=10) for the endcapped columns. Thus, it is doubtful whether this
hydrogen bonding activity test is applicable for the comparison of silica substrates
originating from different sources. Another indication that hydrogen bonding activity
measurements can be obscured by other effects is illustrated by the poor correlation
(0.28) of the plot of αc,p versus the silanol activity results at pH = 2.7 from the T-test.
As suggested by Tanaka [10] and others [12,55] at this pH silanols are undissociated
and therefore would only account for hydrogen bonding activity. Consequently a
higher correlation might have been expected.
The assumption, however, that all silanols are completely undissociated at pH 2.7
should be considered with caution. As reviewed by Nawrocki [12,56] and also
extensively discussed by others [16,49,57,58], it is postulated that a small but highly
acidic silanol population of less than 1% is able to interact very strongly with polar
solutes. This may explain the poor separation of such components observed on
certain RPLC-phases. This issue is also related to eventual contamination of the silica
substrate by traces of metals. Such impurities are known to enhance adsorption
properties and silanol acidity of silica substrates [56].
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To further illustrate the (dis)similarities between the tests in Figs. 6.4A-E,
hydrophobicity versus silanol activity plots for the C8- and C18-columns obtained in
the various tests are plotted. To facilitate comparison all values were normalized by
arbitrarily taking the TTS column as reference. In addition, in an attempt to classify
groups of columns of the more or less similar silanol and/or hydrogen bonding
activity in these figures arbitrarily +10 and +20% deviation lines towards the
normalized line of the TTS column are drawn too.
A key issue in the ongoing discussions [6,10,12,59] on silanol activity measurements
concerns the use of buffered or non-buffered eluent conditions. This important
question comes down to whether one would like to show a column in its complete
and maybe worst state of silanol activity or to make 'bad' columns 'good'. Considering
that the majority of RPLC-separations is performed using buffered eluents and also
for reasons of objective column comparison and classification, these authors believe
that silanol activity should be tested under defined buffered eluent conditions.
Furthermore, Cruz [4] and McCalley [53] showed that column ranking may change
depending on the actual pH of the eluent under the test conditions. Therefore, in our
opinion future protocols should include the testing of RPLC-columns at more than
one pH-value of the eluent.
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Fig. 6.4 A. Normalized hydrophobicity versus silanol activity plot of the Walters test; TTS column
as reference; straight line = normalized silanol activity line; ----- = +10% and dotted line = + 20%
deviation lines.
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Fig. 6.4 B. Normalized hydrophobicity versus silanol activity plot of the Tanaka test; TTS column
as reference; straight line = normalized silanol activity line; ----- = +10% and dotted line = + 20%
deviation lines.
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A Comparative Study of Test Methods … 131

0.00 0.50 1.00 1.50 2.00

hydrophobicity

0

1

2

3

4

si
la

no
l a

ct
iv

ity

1 = RX

2 = Poly

3 = HyPUR

4 = Hyper

5 = Sym18

6 = Puro

7 = Krom

8 = All

9 = TPW

10 = TTS

11 = XC18

12 = NuC18

13 = XC8

14 = Sym8

15 = SelB

16 = Alu

17 = NuC8

18 = Nova

4 = undefined

1

16

15

9

3

13

11

18

14

2

17

7
8

10

6

12

5

Fig. 6.4 D. Normalized hydrophobicity versus silanol activity plot of the Engelhardt test; TTS
column as reference; straight line = normalized silanol activity line; ----- = +10% and dotted line =
+ 20% deviation lines.
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Fig. 6.4 E. Normalized hydrophobicity versus silanol activity plot of the modified Engelhardt
test; TTS column as reference; straight line =  normalized silanol activity line; ----- =  + 10% and
dotted line =  +  20% deviation lines.
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Comparing the (non-buffered) E-plots, in Fig. 6.4D and the (buffered) Em plots, in
Fig. 6.4E obviously significant differences and shifts in silanol activity can be
observed. With an exception for column 16, generally silanol activity of the columns
decreases upon eluent buffering and shifts to a smaller deviation line zone, but not to
the same extent.  This can be seen in Figs. 6.4D and E and, more particularly, in
Table 6.5 where tremendous differences and changes in mutual rankings of silanol
activity of the columns under buffered versus non-buffered conditions are found.
Some columns show a moderate or low influence in silanol activity by buffering of
the eluent at pH = 7.0, e.g. Sym18 (<1%), Puro (18%), Sym8 (<1%), XC8 (24%).  In
contrast with other columns these effects are much larger, e.g. Nova (71%), All
(81%) and Poly (82%). The four former columns have become commercially
available recently, while from the latter three columns the Nova and Poly columns
have been available for many years already. We speculate therefore that the reduced
silanol activity of the SymC8, SymC18, Puro and XC8 and other columns not
investigated in this particular study reflects the improved technology (e.g. bonding
chemistry, endcapping) used in the manufacturing process of these new generations
of phases. It is noteworthy to mention that in contrast with all other columns the
silanol activity of the Alu column is increased by 190%. This effect can be ascribed
to the amphoteric properties of the alumina substrate.

Furthermore, the methacrylate copolymer based column TPW shows considerable
"silanol activity" too and reduction of it by 45% upon buffering. This behavior must
be attributed to the alcoholic hydroxyl group and ether bonds in such packings. In
addition, the finding of silanol activity on this non-silica based polymeric packing
material also indicates the complexity of this phenomenon as  discussed earlier in the
beginning of this section. In both the E and the Em-test silanol activity is calculated
from the peak tailing of p-ethylaniline. In our opinion, since peak tailing may also
originate from other sources (e.g. extra column band broadening), this makes these
tests vulnerable to other tailing effects rather than silanol activity effects of RPLC-
phases.

In Figs. 6.4A-E for the columns not occurring in the 10 or 20% deviation line zones,
inspection of the silanol activity data clearly reveals significant differences in silanol
activity found in the various tests, however without a clear pattern. For instance
column 3 (Hypur) has similar scores in the G, T and W-tests. Its silanol activity,
however, is lower in the G and T-tests as compared to column 6 (Puro) and higher
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towards this column in the W-test. Furthermore, column 18 (Nova) shows higher
silanol activity in the G and E-tests compared to column 12 (NuC18), but lower in the
T-test. In addition, for the W-test column 2 (Poly) and 15 (SelB) show nearly the
same silanol activity. Except for the Em-test, however, the other tests show larger
differences in silanol activity between these latter two columns.

Table 6.7
Occurrence of the C8 and C18 columns in the +10% and +20% deviation line zones of the silanol
activity results of the various tests. For experimental conditions see text.

Test T W G E Em

Zone 10% 20% 10% 20% 10% 20% 10% 20% 10% 20%
6 2 1 5 - 12 12 - 3 7
8 4 3 6 15 4 8
12 11 7 11 6 14

18 8 12
12 17
14 18

In Table 6.7 the columns are classified depending on their occurrence in the 10 and
20% deviation line zones of normalized silanol activity (TTS-column as reference).
Column 12 (NuC18) occurs in the T, W, E and Em-tests in the +10% zone, and in the
20% zone of the G-test. In addition, the columns 6 (Puro) and 8 (All) occur 3 and 2
times in the 10% zone, respectively. In the 20% zone some other columns 18 (Nova),
11 (XC18), 3 (HyPur), 4 (Hyper) and 7 (Krom) occur 2 times. From Table 6.7 it is
also clear that the various tests generally provide significantly different information
with respect to the silanol activity of a specific column.
It must be emphasized here that the occurrence of columns even in the relatively
narrow zone of +10% not at all indicates that these columns behave chromato-
graphically similar towards polar substances. It is important to note too that columns
occurring outside that 10% zone should not be considered at all as columns of lower
quality. As stated earlier the unique chromatographic properties of an RPLC column
are greatly determined by its silanol activity, making it specifically suitable for
certain application areas.
Theoretically pure silica has a pKa-value of about 7.1 [12,58]. For commercially
available silica substrates, however, variations in these values from 1.5 up to 10 have
been reported [58, and references therein]. Since present generations of silica are of
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high purity, it seems reasonable to assume that pKa-values of these materials are less
extreme.
In the Em-test  silanol  activity is  measured at  pH = 7.0, while in the T-test the ion

exchange capacity (IEC) is measured at a similar pH of 7.6 as  pa,á
phenolk

ebenzylamink
= .

Therefore, at these pH-values silanols are not necessarily completely dissociated.
Since, however, silanols are dissociated at a constant rate in both these buffered
eluents, intuitively one might expect a certain correlation between the results of both
these tests.
A correlation coefficient of 0.87 was found for the regression of the results of both
these two tests for the whole set of columns. This strongly suggests that a similar type
of silanol activity type is measured in these tests.
In addition, different amounts of methanol influence the actual pH of an eluent [54].
Therefore, the low correlation between these tests may be at least partly explained by
the different amounts of methanol (49% and 30% in the Em- and T-tests, respectively)
used in these tests.
However, it further illustrates the problems in the nomenclature with respect to
silanol activity; in this case silanol activity versus ion-exchange capacity (IEC).

Summarizing: opposite to the findings for the hydrophobicity results, the different
silanol activity tests results are generally not in mutual agreement and not
interchangeable. There is an exception for the silanol activity results of the Em-test
versus the IEC (pH = 7.6) (T-test) data, where comparable results are obtained.
Furthermore, it is not always clear which type of silanol activity is claimed to be
measured in the various tests. Moreover, it is also obvious that column classification
on silanol activity greatly depend on which test method is applied for these
measurements. In this laboratory studies are underway in which these silanol activity
test results are compared to the separation performance for selected test samples, e.g.
well-defined basic compounds on these columns. This will be done to elucidate
which test can best correlate a column's silanol activity and its separation
performance.

6.4.3. Shape selectivity
The shape selectivities obtained from the E and T-tests together with the size
selectivity from the G-test as defined in these tests are presented in Table 6.8. In both
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the E and T-tests shape selectivities are determined from the same test substances viz.
triphenylene and o-terphenyl. Considering that nearly the same portion of methanol
as organic modifier (79 and 80%) is used in both tests, the shape selectivity results of
both tests are nearly the same (coefficient of correlation 0.9995).

Table 6.8
Shape selectivity of the T and E tests and size selectivity of the G-test. Columns are ranked in
increasing order;  [..] = column label.

T E G

0.928 [13] 92 [13] 0.1597 [9]
0.957 [18] 95 [18] 0.1864 [17]
1.232 [15] 124 [10] 0.2032 [14]
1.251 [10] 127 [15] 0.2112 [15]
1.287 [11] 128 [11] 0.2232 [16]
1.307 [4] 129 [4] 0.2350 [13]
1.409 [12] 140 [8] 0.2374 [18]
1.414 [8] 140 [12] 0.2546 [5]
1.532 [7] 154 [7] 0.2568 [6]
1.572 [5] 158 [3] 0.2604 [3]
1.595 [3] 158 [5] 0.2628 [2]
1.610 [17] 161 [2] 0.2640 [10]
1.621 [2] 161 [17] 0.2661 [4]
1.637 [1] 166 [1] 0.2710 [8]
1.867 [14] 187 [6] 0.2715 [12]
1.875 [6] 187 [14] 0.2749 [7]
2.596 [16] 255 [16] 0.2833 [11]
3.086 [9] 306 [9] 0.2846 [1]

Size selectivity in the G-test is calculated from the retention data of benzene, phenol
and toluene. The G-test claims "size selectivity is a column capability to separate
solutes of similar polarity, but of different hydrophobic surfaces" [12,55]. Obviously
the shape selectivity information obtained from the E and T-tests compared to the
size selectivity data from the G-test are very different and show poor correlation (r =
0.53).
Sander & Wise [60] reviewed the effects of shape selectivity of RPLC-phases
thoroughly and could explain differences in shape selectivity by the "slot model".
In the E and T-test triphenylene (TRI) and o-terphenyl (o-TER) are used as the test
substances. Both substances are of nearly the same molecular weight and of
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approximately the same size (length-to-width ratio). However, they strongly differ in
spatial  conformation, since  TRI is  planar, while  o-TER is  twisted out of  plane.
In a recent study, Engelhardt et al. [61]  compared the use of the  TRI/o-TER

selectivity, 
TERo

TRI
á

−
 in the  T-test with the  well-known shape selectivity test of

Sander & Wise based on selectivity measurements between benzo(a)pyrene (BaP)
and dibenzo[g,p]chrysene [60]. The former study shows that both tests correlate well
in their ability to distinguish between "monomeric", "intermediate" and "polymeric"
phases in terms of shape selectivity.  In the study of Engelhardt it was further

concluded  that for  
TERo

TRI
á

−
 -values larger than 3 in the T-test columns have a

'polymeric'-like nature and show shape selectivity. Based on the applied bonding
chemistry (di- and trifunctional modifications) and carbon loadings in our test set
(Tables 6.1A and B) one might expect a number of columns to be of a 'polymeric'
nature and to show shape selectivity. In the same study Engelhardt also pointed out
that besides carbon loading and a certain degree of polycondensation of silanes at the
surface the accessibility of these groups is also of considerable importance to obtain
shape selectivity. The authors state that "the combination of high group density and
wide pore diameter seems to be essential for stationary phases prepared for shape
recognition". Note that the majority of the columns in this study has pore sizes
between 80 and 120 � (Table 6.1A and B). With a few exceptions this may explain
the relatively small differences in shape selectivity obtained in our column test set,
classifying most of them as of a "monomeric" or "intermediate" nature in shape
selectivity terms. Both the Nova and XC8 columns are octyl modified and have α-
values <1. In the range of α-values of 1 to 1.5 we find the TTS, Sel B, XC18, Hyper,
NuC18 and All. The columns in this group are C18-modified, with the exception of
Sel B, which is a C8-modified stationary phase. The shape selectivity range α = 1.5 to
2.0 includes the columns Krom, Sym18, Hyper, NuC8, Poly, RX, Sym8 and Puro.
Note that in this group two phases, viz Sym8 and Nu8 are C8-modified too.

Also note that only the column TPW meets the criterion of 3
TERo

TRI
á ≥

−
, followed by

the Alu column ( 2.6
TERo

TRI
á ≥

−
). Since this latter column is polybutadiene-coated, we

speculate that shape selectivity in this case must be attributed to interactions between
the aromatic π-electrons of the test compounds and the Lewis acid sites of the
alumina substrate [62].
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In contrast to the T-test, the G-test accounts far more for differences in hydrophobic
surfaces of smaller solutes of the same polarity. Obviously the choice of which of
these tests (T, and E versus G) should be used, depends on the type of information
one wants to obtain from a specific column.

RX Poly HyPUR Hyper Sym18 Puro Krom All TPW TTS XC18 NuC18 XC8 Sym8 SelB Alu NuC8 Nova

0

1

2

3

4

5
pH = 2.7 pH = 7.6

(20.96)

a,
 p

Fig. 6.5. Ion-exchange capacity measured as α (benzylamine/phenol), αa,p, at pH = 2.7 and 7.6 from
the T-test.

6.4.4. Ion exchange capacity
In Table 6.9 the αc,p values together with the ion exchange capacities measured as

phenol

ebenzylamin
á ; αa,p at pH = 2.7 and pH = 7.6 are presented. In Fig. 6.5 the different

αa,p-values at both pH-values are further illustrated. The results from Table 6.9
confirm earlier findings of Tanaka [10] that columns showing large αa,p values at pH
= 7.6 show either high αa,p (pH = 2.7) or large αc,p values.
In this latter study this effect is ascribed to strong acidic silanols still active at pH =
2.7 or silanol groups, which undergo dissociation at the neutral pH applied in the αc,p-
test. More specifically, this effect can be observed for the RX, Poly, Sel B and
NuC18 columns. Since these columns (except for the Poly column (unknown)), were
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non-endcapped (Table 6.1A and B), the results suggest that these effects must be
attributed to limited shielding of silanols at the surface. A number of stationary
phases from our test set show signficantly larger αa,p-values upon increased pH = 7.6
eluent. In contrast other columns did not show this strong tendency.

Table 6.9
Hydrogen bonding capacity αc,p and ion-exchange capacity αa, p at pH = 2.7 and 7.6 of all columns
from the T-test.

Column number ααc,p ααa,p ααa,p

pH<3 pH>7
RX [1] 0.625 0.073 3.127
Poly [2] 0.567 0.817 1.479
HyPUR [3] 0.349 0.101 0.290
Hyper [4] 0.421 1.509 0.676
Sym18 [5] 0.348 0.068 0.332
Puro [6] 0.431 0.073 0.347
Krom [7] 0.358 0.089 0.291
All [8] 0.464 0.084 0.595
TPW [9] 0.114 0.006 0.631
TTS [10] 0.478 0.076 0.372
XC18 [11] 0.398 0.067 0.359
NuC18 [12] 0.432 0.083 0.366

XC8 [13] 0.302 0.078 0.346
SymC8 [14] 0.259 1.185 0.219
SelB [15] 0.768 0.112 1.099
Alu [16] 0.160 3.252 20.960
NuC8 [17] 1.264 0.147 3.412
Nova [18] 0.405 0.098 0.427

6.4.5. Metal activity
The major goal of this study was to compare a number of established tests for RPLC-
columns. Metal activity, however, is not an integral part of any of these tests. It is
emphasised that metal activity may influence the properties of RPLC-phases
drastically [6,12,56-58]. Metal contamination may enhance silanol acidity, polarity
and chelate formation potential of these phases. Especially for larger molecules, more
particularly biomolecules, separation can be seriously obscured by such effects [8].
Well-known tests on metal activity comprise the procedures described by Verzele
[63] and Euerby et al. [64]. Till now it has been unclear whether these tests are
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providing similar and comparable information. Furthermore, it is also questionable
whether such tests are obscured by metal contamination originating from an HPLC
instrument.

6.5. CONCLUSIONS

From the present work the following conclusions can be drawn:
• The hydrophobic selectivity results especially from the E, G and T-tests are highly

correlated.
• The hydrophobic selectivity parameter that is used in the W, E and T-tests to

measure column hydrophobicity reflects that magnitude insufficiently. As with the
G-test, absolute retention of apolar substances measures column hydrophobicity
much better.

• The hydrophobicity results measured as absolute retentions in the various tests are
in good agreement and are interchangeable, resulting in a column classification
that is independent of the applied test.

• Silanol activity comprises several ionic and polar effects and its terminology is
confusing.

• Buffering of the eluent greatly influences silanol activity test results. Furthermore,
for the sake of objective column comparison and ranking, buffering of the eluent
for such tests is mandatory.

• The various eluent mixtures, test compounds and further experimental conditions
suggested in the studied silanol activity tests also contribute significantly to
difficulties in the interpretation of column silanol activity.

• As opposed to the hydrophobicity, tests the results of silanol activity
measurements are generally not in agreement and not interchangeable as a
consequence. There is an exception for the Em and IEC (pH = 7.6) results from the
T-test, where a fair correlation (≈ 0.9) was found. Column classification with
respect to silanol activity greatly depends on the applied test.

• The shape selectivity results from the T-tests reveal that the majority of the tested
columns has "monomeric" or "intermediate"-like properties in terms of shape
recognition. The size selectivity parameter from the G-test represents a different
column parameter as compared to shape selectivity.

• Significant differences in IEC-values at pH = 2.7 and pH = 7.6 are observed over
the tested set of columns and are related to endcapping effects.
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CHAPTER 7

HIGH pH MOBILE PHASE EFFECTS ON SILICA-
BASED REVERSED-PHASE HIGH-PERFORMANCE

LIQUID CHROMATOGRAPHIC COLUMNS

Summary*

Usually users of columns for reversed-phase liquid chromatography (RPLC) are
advised to maintain the pH of the mobile phase approximately in between 2-7.5. For a
number of reasons, however, a significant need exists to use RPLC-columns too over a
much wider range of pH conditions, more particularly in the higher pH area. In this
chapter the influence of the nature of the stationary phase and mobile phase under pH
9-10 conditions on the chemical stability of RPLC-columns is investigated.
Furthermore, the mechanism of column failure under such conditions is established.

7.1. INTRODUCTION

Based mainly on manufacturers' recommendations, most workers do not attempt
reversed-phase separations on silica-based bonded-phase columns with mobile phases
above pH 8. This practice apparently is based on early studies with columns of certain
silica supports [1,2]. These early studies showed that the rate of column degradation
was dependent on the type of base and the concentration of organic modifier used in the
mobile phase. Other workers also found that the rate of silica dissolution for untreated
silica at pH 9-10 was reduced in high concentrations of organic modifier, especially
when ammonia was the source of hydroxyl ions [3,4]. Another study showed that

                                               
* This chapter has been published: J.J. Kirkland, M.A. van Straten and H.A. Claessens, J. Chromatogr. A, 691 (1995) 3.
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dissolution of unmodified chromatographic silica was affected by the type and
concentration of salts in the mobile phase [5]. Vigorous treatment of unmodified
chromatographic silicas with certain bases also caused significant changes in surface
areas and pore structure [6]. More recently, work with a specific untreated
chromatographic silica showed that this material could be used for extended periods
with pH 9.2 methanol-buffer mobile phase for good results, provided the column inlet
was repacked when performance decreased [7].
The study herein reported provides additional insight regarding the utility of silica-
based bonded-phase column packings in high-pH aqueous mobile phases. Although
basic compounds often are separated at low pH [8,9] or with ion-pairing agents [9],
there are instances when reversed-phase operation at high pH is preferred. Previous
studies have not defined how differences in the silica support and different stationary
phases influence column stabilities at high pH. Also, the reasons for the degradation of
silica-based, bonded-phase columns under various operating conditions were not
verified. Therefore, a wider range of information was needed to better define the
potential utility of silica-based column packings for reversed-phase HPLC.

7.2. EXPERIMENTAL

7.2.1. Chromatographic columns
All 15 x 0.46 cm Zorbax columns were prepared by Hewlett Packard (Newport, DE,
USA). Comparable Zorbax SB-C8 (diisopropyl-C8), Zorbax RX-C18 (dimethyl-C18),
Zorbax SB-C18 (diisobutyl-C18), and Zorbax-ODS (dimethyl-C18) columns are
commercially available. The 15 x 0.39 cm Nova-Pak C18 column was from Waters
Assoc. (part No. 86344; lot No. T-32451; Milford, MA, USA). 15 x 0.46 cm Hypersil
ODS (cat. No. 9875; SN 93091196) and Nucleosil C18 (cat. No. 89161; SN 93091195)
columns were obtained from Alltech (Deerfield, IL, USA). LiChrosorb C18 columns
were packed at Eindhoven Technical University using packing obtained from Merck
(Darmstadt, Germany). Typical physical characteristics of the silicas used in these
columns are summarized in Table 7.1. In that table, Type A refers to more acidic, less-
purified silica supports, while Types B are the less acidic, highly purified silicas [6].
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Table 7.1
Typical physical properties of silica supports for C18-columns studied.

Column
Name

Silica
typea

Pore size,
nm

Surface
area, m2/g

% Pore
volumeb,
ml/cm3

Ref.

Hypersil ODS A 12 170 57 10
LiChrosorb ODS A 10 355 71 11
Nova-Pak C18 A/B 6 n/ac n/a 12
Nucleosil C18 B 10 350 69 10
Zorbax ODS A 6 300 55 10
Zorbax RX-C18 B 8 (continued) 180 50 13
Zorbax SB-C8, C18 B 8 180 50 13

a Based on data in [6,9,13].
b Calculated as in [14].
c n/a = not available

The purity of the silica supports used for the alkyl-bonded phase columns tested is
summarized in Table 7.2. Absolute silica purity suggested by these results may not be
totally comparable, since analyses may have been conducted by methods with different
levels of detectability for the various elements.

Table 7.2
Typical impurity levels in silica supports. Metal concentration: ppm

Silica Na K Mg Al Ca Ti Fe Zr Cu Cr Zn Ref.
Hypersil 2900 n/a  40 300  38  65 230 n/a n/a n/a n/a  27
LiChrosorb  n/a n/a n/a n/a n/a n/a n/a n/a n/a n/a n/a
Nova-Pak  n/a n/a n/a n/a n/a n/a n/a n/a n/a n/a n/a
Nucleosil  56 n/a n/a  nd 130  57  76  nd n/a n/a nd  16
Zorbax-SIL  17 nd  nd  57  9  32  21  88 <1 nd  88  15
Zorbax RX-
SIL

 10 <3  4  1.5  2 nd  3  nd  nd nd  1  13

n/a = not available
nd = not detected by the analytical method used

7.2.2. Silica support solubility studies

7.2.2.1. Apparatus and reagents
Columns were purged with a Model 100A pump (Beckman, Fullerton, CA, USA).
Eluent fractions were collected with a Waters P/N 37040 fraction collector (Waters,
Milford, MA, USA). Absorbance measurements were with a Zeiss MM 12 UV-Vis
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spectrophotometer (Carl Zeiss, Oberkocken/Würtemberg, Germany). All chemicals and
solvents were of analytical grade from Merck. Silicate standard solutions also were
from Merck. Buffers and reagent solutions were prepared from deionized water from a
MILLI-Q purification system (Millipore, Bedford, MA, USA): Eluent I: methanol-0.1
M sodium carbonate/ bicarbonate buffer, pH 10.0 (50:50 v/v) (overall buffer concen-
tration 0.05 M); Eluent II: acetonitrile-0.084 M sodium carbonate/bicarbonate buffer pH
10.0 (40.6:59.4 v/v) (overall buffer concentration 0.05 M).
Different concentrations of methanol and acetonitrile were used in these tests to main-
tain equal-strength mobile phases for the tests - acetonitrile is a stronger modifier [9].

7.2.2.2. Procedures
Columns were continuously purged at 1.0 ml/min with Eluents I or II. To maintain an
equivalent linear velocity, a flow-rate of 0.72 ml/min was used for the Nova-Pak
column. To simulate usual chromatographic practice, mobile phases were not recycled.
Tests were at ambient temperature (about 22oC). All columns were flushed for 10 min
with a mixture of methanol-water (1:1 v/v) prior to the dissolution experiments. After a
specific dissolution experiment was begun, the column effluent was sampled after 1 h.
After that, the column effluent was sampled every 8-10 h using a fraction collector.
Column effluent samples for silicate analysis were collected for a 5-min period (total: 5
ml, for the Nova-Pak column: 3.6 ml).
We measured silica concentrations colorimetrically in collected fractions using the
well-known silicomolybdate complex method [18]. Absorbance was measured at 410
nm in 1 cm cuvets. For the silica measurement, standard silicate mixtures were prepared
in the concentration range of 1.0 to 20.0 mg Si/l. These standard mixtures were
prepared in the corresponding buffer-modifier purge solutions used in the dissolution
studies. Absorbance values were measured using blank solutions as reference. Results
were plotted of the silica concentration in the column effluent as a function of the
volume of effluent. The total silica dissolved from the column was first determined by
using the silica average of two consecutive fractions. Then, the corresponding
intermediate eluent volume was calculated. By multiplying these values and summing
the mass of silica over the total effluent volume, cumulative plots then were obtained
which represented the mass of silica, which had been removed as a function of eluent
volume flushed through the column.
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7.2.3. Chromatographic column degradation studies

7.2.3.1. Apparatus and reagents
Analytical-grade methanol, sodium hydroxide and Na2HPO4 were from Baker
(Phillipsburg, NJ, USA). EM Science (Gibbstown, NJ, USA) supplied HPLC-grade
methanol and acetonitrile for chromatographic measurements. Test solutes were from
Chem Service (West Chester, PA, USA). Column purging ("ageing") studies at pH 9
were performed with a Shimadzu Model LC-600 pump. Column testing for the pH 9
study was with a DuPont Model 860 pump and Model 860 UV absorbance detector.
Column ageing and testing at pH 12.3 used a Hewlett-Packard Model 1050
pump/detector system (Wilmington, DE, USA). Chromatographic samples were
injected with a Rheodyne Model 7125 sampling valve (Cotati, CA, USA).

7.2.3.2. Column ageing procedures
For the pH 9 study, methanol-0.01 M phosphate solution (60:40 v/v) or acetonitrile-
0.01 M phosphate solution (50:50 v/v) was continuously pumped through each column
at a flow-rate of 1.0 ml/min at ambient temperature (ca. 22oC). As in the silica solubility
study, to simulate actual chromatographic usage, the mobile phase purge was not
recycled. The different organic modifier concentrations in both the silica support
dissolution and column ageing studies were used to maintain solvent strength
approximately constant, according to published solvent strength relationships [9]. The
phosphate solution was made by adjusting 0.01 M Na2HPO4 to pH 9.0 with 4 M sodium
hydroxide solution. (Note: phosphate solutions do not buffer strongly at pH 9.)
Periodically during this purging routine, the columns were flushed with at least 20
column volumes of methanol-water (60:40 v/v), and 5 µl of a test solution
chromatographed. This test mixture consisted of 0.02, 0.10, 0.033, 0.033, 0.20, 0.20
mg/ml each of uracil (t0 marker), benzamide, 4-bromoacetanilde, N,N'-dimethylaniline,
naphthalene, and N,N'-diethylaniline, respectively, in methanol-water (50:50 v/v).
For pH 12.3 tests, methanol-0.02 M sodium hydroxide (50:50 v/v) was continuously
purged through a column of dimethyl-C18 (Zorbax RX-C18) at ambient temperature (ca.
22oC). Periodically the column was injected with 5 µl of a test solution consisting of
0.05, 0.5, 0.01, and 1.0 mg/ml each of uracil (t0 marker), phenol, N,N'-dimethylaniline,
and toluene, respectively, in methanol-water (50:50 v/v).
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7.3. RESULTS AND DISCUSSION

Previous studies have shown that silica-based columns at high pH resulted in eventual
deterioration of the silica support [1-5]. However, the rate and extent of degradation
appeared to vary, depending on the silica, mobile phase and other conditions. Our
interest was to better define the factors controlling deterioration of the silica support for
bonded-phase packings at high pH. With more information, it was anticipated that a
wider utility of silica-based packings in higher pH environments might be feasible.
We used two different experimental approaches to obtain information on the stability of
silica-based bonded-phase packings. First, columns of various packings were
continuously purged with pH 10 aqueous-organic mobile phases. The resulting
dissolved silicate was measured with the well-known molybdate color reaction. Second,
columns were continuously purged with organic-modified pH 9.0 and 12.3 mobile
phases, and packed-bed stability and change in bonded stationary phase measured
chromatographically. In both approaches, we found that the mobile phase organic
modifier, silica support type, and the type of silane bonded phase all can affect the rate
of silica support degradation.

7.3.1. Silica support solubility studies
The repeatability of experiments to measure the rate of silica dissolution was tested by
performing duplicate experiments with columns of a monomeric dimethyl C18-bonded-
phase on a highly-purified silica support (Zorbax RX-C18). Two columns each were
tested with both methanol- and acetonitrile-modified pH 10 mobile phases. The pH 10
environment was chosen to ensure sufficient solubility of the silica supports for precise
and meaningful measurements of silica in the collected fractions.
Fig. 7.1 shows the amount of silica dissolved from these four different columns as a
function of the volume of eluted mobile phase. These results confirm that the test and
analytical measurements method are repeatable. All four experiments were concluded
when the columns clogged and exhibited very high back pressures. The data in Fig. 7.1
further demonstrate that silica support solubility can be considerably higher in methanol
compared to acetonitrile.
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Fig. 7.1. Reproducibility of tests for silica support dissolution. Columns (A = �; B = �): 15 x 0.46
cm I.D. Zorbax RX-C18 (dimethyl-C18); duplicate tests with mobile phases: methanol-sodium
carbonate/bicarbonate (0.1 M) buffer pH 10.0 (50:50 v/v) (solid symbols) and acetonitrile-sodium
carbonate/bicarbonate buffer (0.084 M) buffer pH 10.0 (40.6:59.4 v/v) (open symbols); flow-rate:
1.0 ml/min; ambient temperature; molybdate colorimetric analysis for dissolved silicate.

Fig. 7.2. Silica support dissolution for diisopropyl C8-column. Columns: 15 x 0.46 cm I.D. Zorbax
SB-C8 (diisopropyl-C8; solid symbols) and Zorbax RX-C18 (dimethyl-C18; open symbols); same
mobile phases and pH 10 buffer conditions as in Fig. 7.1. � = methanol; � = acetonitrile.
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However, for a sterically-protected silane stationary phase with bulky side groups, a
different silica solubility pattern occurred. Fig. 7.2 shows that two columns of a highly-
purified silica support with a monomeric diisopropyl C8-stationary phase gave
essentially the same solubility pattern for methanol and acetonitrile mobile phase
modifiers. Unfortunately, tests had to be discontinued after about 5.6 litres of
acetonitrile-buffer purge, since the column bed clogged. (The resultant high column bed
back pressure might reflect the precipitation of sodium silicate because of the lower
solubility in acetonitrile, compared to methanol modifier). For methanol or acetonitrile-
modified mobile phases, the solubility of the diisopropyl C8-modified silica was signifi-
cantly higher than that for the same silica modified with dimethyl C18-groups, shown on
Fig. 7.2 for the two solvents. From this, one might conclude that the type of stationary
phase can influence the solubility of a silica support and the ultimate stability of a
column at higher pH.
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Fig. 7.3. Comparison of silica support dissolution for some commercial C18-columns. Columns: 15
x 0.46 cm I.D., except 15 x 0.39 cm I.D. for Nova-Pak C18; conditions of Fig. 7.1, except
methanol-pH 10 buffer mobile phase and flow-rate 0.72 ml/min for the Nova-Pak column. � =
Nucleosil C18; � = Hypersil ODS; � = Nova-Pak C18; + = LiChrosorb C18; � = Zorbax-ODS; � =
Zorbax RX-C18.

Fig. 7.3 shows the silica dissolution found for several representative commercial C18-
columns when continuously purged with a methanol- pH 10 buffer (50:50 v/v) mixture.
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Nucleosil C18 showed the highest rate of silica dissolved. This silica previously was
shown to be weaker than some other silicas tested in column packing and crush-test
studies [6,19]. The silica from LiChrosorb C18 also dissolved quickly, but at a
somewhat slower rate than Nucleosil. The silicas from Nova-Pak C18, Zorbax RX-C18,
Zorbax-ODS and Hypersil C18 dissolved more slowly, with the latter showing the
slowest rate of those columns tested. Again, all experiments were terminated when
columns clogged and exhibited very high back pressures.
Three factors probably dictate the differences in silica dissolution rates shown in Fig.
7.3: silica pore structure, silica purity, and nature of the stationary phase. We believe
that both of the silicas showing highest dissolution rates (Nucleosil, LiChrosorb) are
made by a xerogel process [20], resulting in high surface areas (Table 7.1) and pores
with variable wall thicknesses. The silicas with the slower dissolution rates (e.g.
Zorbax, Hypersil) are made by silica sol-gel or silica sol coacervation methods [20].
These silicas all have lower surface areas, but more importantly, the walls of the pores
are quite thick. Particles formed from silica sols have cusp-shaped pores, whose walls
are formed by neighboring silica sol particles. The result is that the degradation of pores
within these particles requires a much larger amount of dissolved silica than particles
having pores with thinner, more randomly shaped walls.

We speculate that differences in the dissolution rates from particles formed from silica
sols also may be related to silica purity. It is well-known that silicas containing even
small quantities of certain elements such as aluminum, iron, etc. show much lower
solubility in aqueous systems than comparable highly purified silica [21]. These
contaminating elements not only affect solubility, but they also increase the acidity of
the silica surface [6,22,23]. Based on chromatographic properties and the published
specifications in Table 7.2, the sol-based silica supports for Hypersil ODS and Zorbax-
ODS are less pure; silicas for Nucleosil C18 and Zorbax RX-C18 more highly purified
[13,15,17]. Therefore, bonded phases from these more highly purified silicas containing
less solubility inhibiting impurities and might be expected to dissolve more readily at
high pH. This general trend appears to be supported by data in Fig. 7.3, where Hypersil
column with the highest impurity levels of Al, Fe, etc., shows the lowest level of
solubility. However, this effect is complicated by the fact that the type of stationary
phase also may influence the silica support solubility (see following discussion). Silica
support particle size, pore size and bonded phase type and concentration probably also
affect silica support solubility.
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The effect of stationary phase type on silica support solubility is more difficult to
determine. Stationary phases for the columns in Fig. 7.3 probably were variously
monomeric or polymeric, depending on the manufacturer. Published specifications are
incomplete, but our NMR measurements showed that Nucleosil C18 and Hypersil-ODS
are bonded with trifunctional silanes and endcapped. NMR measurements also revealed
that LiChrosorb C18 was difunctionally modified. The rest of the stationary phases in
Fig. 7.3 are monomeric, including the Zorbax products. While Zorbax ODS with the
less purified silica shows lower solubility than Zorbax RX-C18 with highly purified
silica, Zorbax ODS is end-capped, while Zorbax RX-C18 is not. Therefore, from the
tests reported in Fig. 7.3, it is difficult to isolate effects of pore structure and particle
purity from effects solely due to stationary phase differences.

Fig. 7.4. Effect of bonded stationary phase type on silica support dissolution: methanol modifier.
Columns: 15 x 0.46 cm I.D., (�) Zorbax-ODS (dimethyl-C18; Type A silica), (�) Zorbax RX-C18
(dimethyl-C18; Type B silica), (�) Zorbax SB-C18 (diisobutyl-C18; Type B silica) and (+) Zorbax
SB-C8 (diisopropyl-C8; Type B silica); conditions of Fig. 7.1, except methanol-pH 10 buffer mobile
phase.

To gain information regarding the effect of stationary phase type, a series of solubility
tests were conducted on the same silica with four densely covering monomeric
stationary phases, three with conformational differences. Fig. 7.4 shows dissolution
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results with the methanol-pH 10 buffer (50:50) purge. The rate of silica solubility was
slowest for columns with dimethyl C18-stationary bonded phases. The silica for the
dimethyl C18-column on the Type A silica (Zorbax-ODS) appears to be similarly
solubilized than for the highly purified Type B silica (Zorbax RX-C18) with the same
stationary phase. However, the effect again may be complicated in that Zorbax-ODS is
end-capped, while Zorbax RX-C18 is not. Support solubility rates in Fig. 7.4 were
comparable for silicas with sterically protected diisopropyl C8- (Zorbax SB-C8) and
diisobutyl C18- (Zorbax SB-C18) bonded phases. These results suggest that the bulky
side groups of the sterically protected bonded silanes affect the posture of the organic
stationary phase. Packings with these bulky side groups apparently leave a larger
surface area of unmodified silica support exposed for dissolution at high pH, compared
to that for the dimethyl C18-bonded phases. Presumably, densely bonded dimethyl C18-
groups more effectively cover the surface of the silica support. This outcome is in
strong contrast to low pH effects where bulky side groups much more effectively
protect the bonded phase-connecting siloxane group against hydrolysis [24,25]. It also
is likely that the essentially equivalent solubility for packings with the two sterically
protected stationary phases occurs because the concentration of organic groups on the
surface is essentially the same; steric effects from the bulky side groups limit and define
the concentration of densely bonded ligands [26]. The results in Fig. 7.4 suggest that the
nature of the stationary phase affects silica support solubility at high pH. However, the
purity of the underlying silica support also may be a factor.

Previous studies have indicated that bare silica support dissolves more quickly than
silica bonded with alkyl-silane functional groups [17]. With bonded phases, the
concentration of the organic modifier also has a significant effect on chromatographic
silica solubility [2-4]. However, the influence of the nature of the organic modifier on
silica support dissolution has not been previously totally clarified. Data in Fig. 7.1
showed that the silica support for a dimethyl C18-column (Zorbax RX-C18) was much
more rapidly dissolved with methanol than with acetonitrile. Conversely, Fig. 7.2
showed that the silica support solubility for a diisopropyl C8-column with the same
silica support (Zorbax SB-C8) was only slightly less for acetonitrile organic modifier.
These limited results suggest that the stationary phase type can influence whether the
silica support displays differences in solubility with different organic modifiers.
On the other hand, data in Figs. 7.4 and 7.5 suggest that stationary phase functionality
causes larger silica solubility differences when acetonitrile is the mobile phase modifier,
compared to methanol. With acetonitrile modifier, larger differences in silica solubility
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occurred for the dimethyl-substituted C18-packings than for the packings with bulky
side groups, compared to results with methanol modifier (Fig. 7.4). These results
suggest that use of acetonitrile modifier can reduce silica support solubility, especially
for certain stationary phase functionalities.

Fig. 7.5. Effect of bonded stationary phase type on silica support dissolution: acetonitrile modifier.
Same conditions as Fig. 7.4, except acetonitrile-pH 10 buffer mobile phase of Fig. 7.1.

Following the silica support dissolution tests, certain column packings were extruded
from columns and thoroughly washed with methanol/water prior to elemental analysis.
Table 7.3 shows carbon analysis results obtained in the silica dissolution tests,
compared to % carbon present on the starting packing material. Also, for some
columns, the inlet, middle and outlet one-third portions were separately extruded and
sampled for elemental analysis. In all cases for the C18-columns, the % carbon after
ageing actually is higher than for the original packing. We believe that this is due to
significant dissolution of the silica under these aggressive conditions, leaving the
organic coating essentially intact (as indicated by virtually unchanged k values (see later
data such as in Fig. 7.6). This increase in the organic-silica ratio with resultant decrease
in particle density, increases the weight % carbon in the elemental analysis. This result
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is additional evidence that the Si-O-Si bond binding the silane to the silica is not
significantly hydrolyzed at pH 10.

Fig. 7.6. Repeatability of chromatographic column pH 9 ageing tests. Columns: duplicate 15 x 0.46
cm I.D. Zorbax RX-C18 (dimethyl-C18); mobile phase purge: methanol-0.01 M phosphate, pH 9.0
(60:40 v/v); flow-rate: 1.0 ml/min; solute: naphthalene; ambient temperature.

Table 7.3 also shows that the % carbon values actually decreased for the diisopropyl C8-
columns in the pH 10 tests, especially when acetonitrile was used as the organic
modifier. This effect is counter to the increase in % carbon for the diisobutyl C18-
packing, which displayed essentially identical solubility characteristics in methanol-pH
10 buffer (Fig. 7.4). Consequently, a change in the density of the support does not
explain this trend. We speculate that the loss in carbon is a function of the shorter C8

ligand. The % carbon decrease may involve a faster spalling off of bonded silane than a
decrease in support density can describe. Or, the decrease in % carbon may reflect a
cleavage of the Si-O-Si bond connecting the shorter-chain silane to the silica support.
Such effects were not seen for the longer-chain diisobutyl C18-packing.
Finally, from the data in Table 7.3 for the inlet, middle and outlet samples from the
aged columns, it is clear that the rates of silica dissolution and ligand hydrolysis are
different for the packings investigated. For example, compare the results for Zorbax
ODS with those for Nucleosil C18, Hypersil ODS and Nova-Pak C18. Zorbax ODS
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shows little change in carbon content along the aged column, while the others exhibit
changes that often are large. These differences probably are associated with the type of
bonded phase used (i.e., monomeric, polyfunctional), and differences in the pore
configuration and purity of the silica support.

Table 7.3
Elemental analysis of column packings from silica support dissolution tests.

 Column type Mobile phase
purge

 Carbon content (%, w/w)

Initial  After test
 Final  Inlet Middle Outlet

Dimethyl-C18, Column A
 (Zorbax RX-C18)
Dimethyl-C18, Column B

MeOH/pH 10

MeOH/pH 10

12.30

12.30

16.17

14.52

n/a

n/a

n/a

n/a

n/a

n/a
Dimethyl-C18, Column A
(Zorbax RX-C18)
Dimethyl-C18, Column B

ACN/pH 10

ACN/pH 10

12.30

12.30

13.66

14.73

n/a

n/a

n/a

n/a

n/a

n/a
Diisobutyl-C18

(Zorbax SB-C18)
MeOH/pH 10
ACN/pH 10

10.07
10.07

12.38
11.03

n/a
n/a

n/a
n/a

n/a
n/a

Dimethyl-C18

(Zorbax ODS)
MeOH/pH 10
ACN/pH 10

16.84
16.84

20.30
20.18

19.92
19.75

20.67
20.61

20.31
20.18

Diisopropyl-C8

(Zorbax SB-C8)
MeOH/pH 10
ACN/pH 10

 6.28
 6.28

 5.98
 5.06

n/a
n/a

n/a
n/a

n/a
n/a

Nucleosil-C18 MeOH/pH 10 n/a n/a 17.86 14.14 13.23
Hypersil ODS MeOH/pH 10 n/a n/a 14.47 13.58 12.19
Nova-Pak C18 MeOH/pH 10 n/a n/a 13.72 10.54  9.43
LiChrosorb C18 MeOH/pH 10 20.18 21.07 n/a n/a n/a

n/a = not available

7.3.2. Chromatographic column ageing tests
We also studied the degradation of silica-based, bonded-phase packings using
chromatographic ageing tests. As given in Experimental, columns were continuously
purged with pH 9.0 phosphate solution and periodically tested chromatographically for
changes in retention, peak shape and column efficiency. Both neutral and basic solute
probes were used in these tests. Naphthalene was used as the neutral solute to measure
the loss of organic reversed-phase ligands from the silica surface; k values for neutral
solutes are related to the amount of bonded organic stationary phase [24]. The basic
solute, N,N'-dimethylaniline (DMA) was selected as a solute to detect possible changes
in the acidity and the type and number of residual silanols of the silica support. Data
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from the other test solutes used are not presented, since they gave no additional insights
over the results herein given.
Fig. 7.6 data illustrate the repeatability of the chromatographic degradation tests. In
June 1992 and October 1992 dimethyl C18-columns with the same silica support were
continuously purged with methanol-0.01M pH 9.0 phosphate solution (50:50), and
tested periodically. The neutral solute, naphthalene was plotted as the test solute, but
similar results were seen for the other compounds in the test mixture. The June 1992
column showed essentially no change for about 25,000 column volumes of purge, then
suddenly failed. The October 1992 column remained stable for more than 34,000
column volumes when the stability test was arbitrarily terminated. Plate height
comparisons for the two columns indicate that the October 1992 column was better
packed, suggesting the reason for the better stability during the tests. Slight differences
in the k values are ascribed to different instruments and mobile phases used for the
experiments after a four-month delay. The data in Fig. 7.6 suggest that this dimethyl
C18-column packing can be safely used at pH 9 for method development. These results
also indicate that well-packed columns of this material should be useful for more than
100 8-h working days, providing other conditions (contaminations, etc.) are not
limiting. As discussed below, depending on bonded-phase functionality and silica
support type, other packings may not provide this level of stability.

Columns: 15 x 0.46 cm; 60 % MeOH/40% 0.01 M
phosphate, pH 9.0; 1.0 ml /min; 22°C
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Fig. 7.7. Effect of stationary type on column ageing at pH 9. Columns: 15 x 0.46 cm I.D. Zorbax
SB-C8 (diisopropyl-C8, �), Zorbax SB-C18 (diisobutyl-C18, �) and Zorbax RX-C18 (dimethyl-C18,

�); open symbols, H; solid symbols, k; conditions as in Fig. 7.6.
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Results in Fig. 7.7 show striking differences in the stability of column packings with
different bonded-phase functionalities. After about 12,000 column volumes of pH 9
purge, both the diisopropyl C8- and the diisobutyl C18-columns failed almost
simultaneously. This compares to the >34,000 column volumes of stability exhibited by
the dimethyl C18-column. These results also suggest, however, that the diisopropyl C8-
and diisobutyl C18-columns could be used at pH 9 without problems for more than 30
8h working days, compared to >100 days for the dimethyl C18-packing.

Fig. 7.8. Effect of organic modifier on k for column ageing at pH 9: naphthalene solute. Columns:

15 x 0.46 cm I.D. Zorbax SB-C18 (diisobutyl-C18, �) and Zorbax RX-C18 (dimethyl-C18, �);
mobile phase purge: methanol-0.01 M phosphate, pH 9.0 (60:40 v/v); flow-rate: 1.0 ml/min; solute:
naphthalene; ambient temperature. Open symbols, methanol; closed symbols, acetonitrile.

Fig. 7.8 shows the effect of methanol and acetonitrile modifiers on k values in pH 9
mobile phase with diisobutyl C18- and dimethyl C18-columns (same Type B silica
support). Values for naphthalene k slowly and continuously decreased at about the same
rate for the diisobutyl C18-column with both organic modifiers, indicating a slow loss in
stationary phase. This decrease in k is largely attributed to a loss in organic stationary
phase as the silica support is eroded by the basic mobile phase [26]. (Absolute
differences in k values for the two columns is because of imperfections in adjusting %
organic volume for the two organic modifiers to obtain the same k values - acetonitrile
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is a stronger modifier [9]). After about 27,000 column volumes of purge, the k values
had decreased only about 10% from initial for columns tested with both organic
modifiers. At this point the diisobutyl C18-column k test was discontinued.
Also shown in Fig. 7.8 is that the naphthalene k values for the dimethyl C18-column are
unchanged after almost 35,000 column volumes of pH 9.0 buffer with methanol and
>33,000 column volumes for acetonitrile (tests arbitrarily terminated). These results
again suggest that the bonded dimethyl C18-substituted silane protects the silica support
from attack better than the diisobutyl C18-phase. This postulation is directly in keeping
with the silica solubility results given in Figs. 7.4 and 7.5, and the chromatographic
results of Fig. 7.7.

Fig. 7.9. Effect of organic modifier on k for column ageing at pH 9: N,N'-dimethylaniline solute.
Conditions and symbols as in Fig. 7.8, except solute: N,N'-dimethylaniline.

Fig. 7.9 shows the same packing degradation tests with DMA as the test solute.
Opposite to the retention pattern for the neutral solute, naphthalene, in Fig. 7.8, the
retention pattern for the basic solute, DMA, is controlled by the number and acidity of
accessible silanol groups. Again, the diisobutyl C18-column exhibits a continuous slow
decrease in k values for DMA over the test period, just as in Fig. 7.8 for the neutral
solute, naphthalene. The final k values for DMA again were about 10% below initial for
both organic modifiers. With the dimethyl C18-packing, however, a different pattern is
evident. For about 20,000 column volumes of purge, k values were constant.
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Afterwards, these values slightly increased over the remaining test period. We speculate
that this trend could be due to changes in the silica support surface by this treatment,
perhaps in the arrangement of silanol groups that influence retention of the basic solute.
Finally, it should be noted that k values for N,N'-dimethylaniline were comparable for
both the dimethyl C18- and diisobutyl C18-columns.
Plate height data for the dimethyl C18- and diisobutyl C18-columns at pH 9 with
methanol and acetonitrile modifiers give a somewhat different picture of packing
stability, as shown in Fig. 7.10. The dimethyl C18-packing showed little loss in
efficiency after > 33,000 column volumes of purge with methanol, and only a slightly
greater efficiency loss after > 27,000 column volumes of purge with acetonitrile as
organic modifier. In contrast, the diisobutyl C18-column failed after about 12,000
column volumes of purge with methanol-pH 9 buffer, but remained stable for >27,000
column volumes when purged with acetonitrile-modified mobile phase. However, since
only one column was tested in methanol, the earlier failure may have been due to a
more poorly packed bed, rather than bed degradation because of silica support
dissolution (see data in Fig. 7.4).

Fig. 7.10. Effect of organic modifier on plate height for column ageing at pH 9. Columns,
conditions and symbols as for Fig. 7.8.

Peak asymmetry data also is useful for defining when packed bed stability is
compromised. However, information on peak symmetry degradation closely follows
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that of plate height data. Therefore, although available for all studies, peak symmetries
generally are not reported since results are redundant with plate height data.
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Fig. 7.11. Comparison of ageing at pH 9 for some commercial dimethyl C18-columns. Columns: 15

x 0.46 cm I.D. Zorbax RX-C18 (�, k = 4.3), Hypersil ODS (�, k = 4.3), and Nucleosil C18 (�, k =
4.5); 15 x 0.39 cm I.D. Nova-Pak C18 (�; k = 4.1); mobile phase purge: acetonitrile-0.01 M
phosphate, pH 9.0 (50:50 v/v); flow-rate: 1.0 ml/min; solute: N,N'-dimethylaniline .

Several commercial C18-columns were tested with the phosphate pH 9-acetonitrile
system for stability, with the results shown in Fig. 7.11. As described previously in
Figs. 7.8 and 7.9, Zorbax RX-C18 (dimethyl-C18) packing exhibits stability for >27,000
column volumes of purge. Here, plate height data suggest that this column fails after
about 30,000 column volumes under the test conditions used. Tests with other
commercial columns produced similar results. Hypersil ODS showed higher stability
(wider pores? - see Table 7.1), while Nova-Pak C18 was only slightly less stable, based
on plate height data. But, Nucleosil quickly failed in this test. This result is in strong
contrast to previous tests on laboratory-synthesized bonded phases made with this silica
[17]. It also should be noted, however, that packing stability is a strong function of
silica type and purity, as discussed above. Therefore, it is difficult to isolate the
influence of bonded phase type when the type of silica support is varied.
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7.3.3. Sodium hydroxide column-flush studies
Workers analyzing protein and peptides often like to flush their columns periodically
with high-pH (>12) sodium hydroxide solution to purge strongly-retained extraneous
material from the separating system. Zorbax RX-C18 (dimethyl-C18) columns have
demonstrated interesting characteristics for analyzing peptides and small proteins with
conditions normally used for separating these materials. Therefore, we were interested
in determining the stability of this column with sodium hydroxide washing procedures
that might be required for some applications. Accordingly, a 1:1 mixture of methanol-
0.02 M sodium hydroxide (pH 12.3) was passed continuously through a Zorbax RX-
C18 column at 1.0 ml/min. Periodically, k values, plate heights and peak asymmetry
values (not shown) were measured for a neutral solute, toluene, and a basic solute,
N,N'-dimethylaniline.

Fig. 7.12. Stability of dimethyl C18-column at pH 12.3. Column: Zorbax RX-C18; mobile phase:
methanol-0.02 M sodium hydroxide, pH 12.3 (50:50 v/v); flow-rate: 1.0 ml/min; ambient temperature;
solutes: toluene (open symbols) and N,N'-dimethylaniline (solid symbols). � = k; � = H.
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The plots in Fig. 7.12 indicate that the packed-bed was unchanged after about 15 h of
this continuous treatment (ca. 900 ml). The column then exhibited a modest change,
then stabilized in performance for an additional 17 h before apparent bed collapse.
Inspection of the column after removing the frit showed about a 1-mm void at the
column inlet. This pH 12.3 study suggests that a column of this silica and functional
group type probably could be purged more than 60 times with ten column volumes (15
ml total) of pH 12.3 sodium hydroxide solution without objectionable dissolution of the
silica support. Previously, such a treatment for silica-based columns was believed to
invite an early catastrophic column failure.
Table 7.4 gives % carbon analysis data for certain column packings analyzed after
various chromatographic ageing studies. Little loss in carbon for the bonded-phase
columns was found as a result of the pH 9 tests, which is in keeping with the k data in
Figs. 7.6-7.9. Contrary to results at pH 10 (Table 7.3), % carbon values did not increase
- the density of the silica particles does not appear to have been significantly altered at
pH 9. The packing for the dimethyl C18-column aged at pH 12.3 was extruded so that
the top, middle and bottom third could be analyzed separately. The total carbon content
of the packing was unchanged by this treatment, as suggested by the constant k values
in Fig. 7.12. But, higher carbon values were found down the bed, suggesting that silane
removed from the top was captured by the stationary phase as it passed down the
column.

Table 7.4
Carbon analysis of column packings from chromatographic ageing testsa.

Column
type

Mobile
phase
purge

Initial %
carbon

Final %
carbon

After tests, % carbon

Inlet
third

Middle
third

Outlet
third

Diisopropyl-C8

(Zorbax SB-C8)
pH 9 5.91 5.56 n/a n/a n/a

Diisobutyl-C18

(Zorbax SB-C18)
pH 9 9.90 9.30 n/a n/a n/a

Dimethyl-C18

(Zorbax RX-C18)
pH 9 12.77 12.12 n/a n/a n/a

Dimethyl-C18

(Zorbax RX-C18)
pH 12.3 12.21 12.29 12.03 12.39 12.49

a Average of duplicate values
n/a = not available
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7.4. CONCLUSIONS

Several important conclusions can be derived from these high-pH chromatographic and
dissolution tests. First, densely bonded monomeric dimethyl C18-ligands better protect
the silica support from dissolution than bulky diisopropyl- and diisobutyl-substituted
bonded silanes. These results suggest that the silica support is more exposed when
bulky groups are used on the silane; the dimethyl-substituted silane groups apparently
are more tightly arranged on the surface. This feature is indirectly supported by studies
which showed superior peak shapes and column efficiency with diisopropyl- and
diisobutyl C18-packings for highly basic drugs whose retention at pH 7 is largely based
on interaction with silanol groups [26]. Here, the densely-reacted dimethyl C18-phase on
highly purified, low acidity silica support produced poorer results, presumably because
a smaller number of surface silanol groups were available for needed interaction with
basic drugs ionized at this pH.

Second, failure of silica-based columns at high pH is a direct result of solubilizing the
silica support, with ultimate collapse of the packed bed. Columns tested during the pH
10 silica-dissolution studies often showed several centimeters of void at the inlet after
the tests. But, after bed failure of columns in the pH 9 chromatographic tests, only a
small decrease in k values (ca. 10%) for solutes was observed. This result confirms that
column failure results from loss of silica support, and not in the hydrolysis of the Si-O-
Si siloxane bond of the bonded silane as has been proposed [2]. This is contrary to
effects at low pH, where hydrolysis of the covalently-bonding Si-O-Si group is the
mechanism of bonded-phase column degradation. Here, bonded phases with bulky,
sterically protecting groups show excellent stability at low pH and high temperatures
[24,25].

Third, the nature of the bonded C18-stationary phase (whether monomeric or polymeric)
does not significantly influence column degradation at high pH. The dominating feature
is the nature of the silica support, since siloxane (Si-O-Si) hydrolysis for the C18-bonded
silane either does not occur, or occurs very slowly at high pH. Loss of bonded phase
(and retention) at high pH likely is a result of silica dissolving around the covalently
attached silane, eventually causing mechanical attrition and a spalling off of the bonded
organic phase.
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Fourth, the rate of silica dissolution is a strong function of the nature of the porous silica
support. All three of the more stable columns in Fig. 7.11 apparently were prepared
from silicas made by consolidating silica sols, although by different methods. Here, the
similar pore structure is a series of cusp-shaped passages, with thick outer walls
represented by the outer surface of neighboring individual sol particles. Pore volumes of
these more stable silicas also are somewhat comparable. Conversely, some silica
supports apparently are prepared by a two-phase xerogel process that does not start with
a silica sol. The resultant material has a higher pore volume and differently shaped
pores. These silicas apparently have a more random pore structure containing a high
population of pores with thin walls that are readily dissolved at high pH. Rapid
dissolution apparently causes individual particles to break down, then the whole packed
bed to collapse.

Fifth, purity of the support affects the stability of silica-based bonded-phase packings.
More highly purified less-acidic Type B silicas dissolve more rapidly; less-pure Type A
silicas with significant contamination from aluminum, iron, zinc and other elements
appear to solubilize more slowly and are more stable at high pH. In keeping with a
previous studies [2,7], these results suggest that certain C18-bonded-phase column
packings prepared from silica sols are useful at pH 9 operation. C18-packings with less-
pure Type A silicas made from silica sols appear most stable; pH 10 operation seems
feasible for some of these materials. In all cases, however, potential lifetime of silica-
based bonded-phase packings will always be reduced with high aqueous pH operation.
Use of a precolumn of silica support (located between the pump and sample injector)
could enhance column lifetime. Such a precolumn would partially saturate the mobile
phase with silica, diminishing the tendency of the silica in the separating column to
dissolve. However, use of such a precolumn would make gradient elution impractical.
Sixth, in keeping with previous studies, we found that acetonitrile organic modifier
often prolongs column life at high pH compared to methanol. Other reports have shown
that silica support dissolution is reduced with increasing organic modifier
concentrations.

Finally, certain silica-based C18-columns can be safely purged with 0.02 M sodium
hydroxide solution to clean unwanted highly-retained materials from the column bed.
Bed stability under these conditions is strongly influenced by the type and purity of
silica support and the type of C18-bonded-phase functionality.
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CHAPTER 8

EFFECT OF BUFFERS ON SILICA-BASED
COLUMN STABILITY IN REVERSED-PHASE

HIGH-PERFORMANCE LIQUID
CHROMATOGRAPHY

Summary*

In Chapter 7 it was found that stationary phases for RPLC can degrade variably under
high pH conditions. In this chapter column lifetime is further investigated in the
intermediate (pH = 7) to higher (pH = 10) range, under elevated temperatures of 40
and 60°C. In order to better define eluent conditions for the improvement of the
chemical stability of RP-phases the influence of the nature and the concentration of the
buffer anions and cations in the mobile phase were also studied in more detail.

8.1. INTRODUCTION

In the previous chapter it was shown that degradation of silica-based bonded-phase
column packings for reversed-phase high-performance liquid chromatography (HPLC)
at high pH mainly is a result of silica support dissolution [1]. Further, this investigation
found that column-packing degradation is strongly affected by the type and purity of the
silica support, and also influenced by the nature of bonded silane stationary phase.
Surprising stability was found for certain C18-bonded-phase packings at pH 9 - 10, so
that routine use at pH values higher than those previously indicated in the literature
[2,3] (or suggested by many manufacturers) appears feasible [1,4]. These findings

                                               
* This chapter has been published: H.A. Claessens, M.A. van Straten and J.J. Kirkland, J. Chromatogr. A, 728 (1996)
259.
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confirmed earlier studies indicating that silica-based column packings could be
successfully used at pH > 8 with high concentrations of organic modifier [5-8], and
certain types and concentrations of salts in the mobile phase [9]. The type of silica
support especially influences the stability of packed beds of silica-based particles with
high-pH mobile phases. Column packings made with chromatographic silica
synthesized by the aggregation of silica sols consistently shows greater stability at high
pH than xerogel-type silicas [1].
Many workers now perceive that both basic and acidic compounds often are best
separated in reversed-phase at low pH where both the solutes and the silanols on the
silica support are protonated [10,11]. Such separations usually are more stable and
reproducible when the mobile phase pH is maintained at pH<3, where retention
variations are less pH sensitive. As a result, a large fraction of applications reported in
the literature now use low pH operation.
However, there are occasions where reversed-phase separations at low pH are less
desirable than at higher pH. Reasons for developing methods at intermediate (or higher)
pH include:
1. Compounds of interest are unstable at low pH
2. Desired selectivity cannot be obtained at low pH
3. Belief that bonded-phase columns are unstable at low pH
4. At low pH, protonated hydrophilic basic compounds are too poorly retained
This study provides additional information on the stability of silica-based bonded-phase
packings in both intermediate- and high-pH aqueous mobile phases. It is widely
recognized that many silica-based column packings are unstable when operated at high
pH. However, it is not well known that silica-based, reversed-phase packings can show
less-than-desired stability at intermediate pH (e.g., pH 7), depending on the operating
conditions used. We find that careful selection of column type, mobile phase and other
experimental variables can significantly improve the stability and reliability of such
columns. Of special interest was the influence of mobile-phase buffer type, concentra-
tion and temperature on column stability.

8.2. EXPERIMENTAL

8.2.1. Chromatographic reagents, columns
All 15 x 0.46 cm i.d. Zorbax columns of 5 µm particles were prepared by Hewlett
Packard (Newport, DE, USA). The spherical porous-silica support in these columns is a
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less-acidic, highly purified Type B silica made by aggregating ultra-pure silica sols
[12,13]. Physical and surface properties of these bonded-phase columns were
summarized in Chapter 7, and the characteristics of the silica support are described in
Refs. [13-15]. The dimethyl C18-stationary phase for the Zorbax RX-C18 column is
densely bonded (3.3 µmol/m2) on an ultra-pure Type B support (80 Å pores, 180 m2/g),
and this packing is not endcapped. Zorbax SB-CN has a densely bonded mono-
functional diisopropyl-3-cyanopropylsilane stationary phase at 2.1 µmol/m2 (not-
endcapped) on the same Type B silica support. Columns were prepared by conventional
slurry-packing methods [16]. HPLC-grade solvents used for separations were from EM
Science (Gibbstown, NJ, USA).

8.2.2. Silica support solubility studies

8.2.2.1. Apparatus and reagents
Columns were continuously purged with a Model 100A pump (Beckman, Fullerton,
CA, USA). Eluent fractions were collected with a Waters P/N 37040 fraction collector
(Waters, Milford, MA, USA). Absorbance measurements were with a Pye Unicam LC3
detector (ATI Unicam, Cambridge, UK). All chemicals and solvents were of analytical
grade from Merck (Darmstadt, Germany). Silicate standard solutions also were from
Merck. Buffers and reagent solutions were prepared with deionized water from a
Milli-Q purification system (Millipore, Bedford, MA, USA). After preparation of a
buffer of a specific pH, it was diluted with the appropriate amount of organic modifier;
pH 10 eluent series: methanol-0.1 M buffer pH 10.0 (50:50 v/v); pH 7 eluent series:
acetonitrile-0.01 M sodium phosphate buffer pH = 7.0 (20:80 v/v) and acetonitrile-
TRIS buffer, pH = 7.1 (20:80 v/v); buffer concentrations: 0.01, 0.05 and 0.25 M.

8.2.2.2. Procedures
To simulate the usual chromatographic practice, columns were continuously purged at
1.0 ml/min with eluents and not recycled. This approach is in contrast to column ageing
studies where packings are immersed in a static volume of mobile phase for a time
period (e.g., see [8]). Test were conducted at 25, 40 and 60oC for some systems. All
columns were flushed for 10 min with a mixture of methanol-water (50:50 v/v) prior to
the dissolution experiments. After beginning a specific dissolution experiment, we
sampled the effluent after about one liter had passed through the column, using a
fraction collector. Column effluent samples for silicate analyses were collected for a 5
or 10-min period (total: 5 or 10 ml).
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Dissolved silica concentrations were measured colorimetrically in collected fractions
using the well-known silicomolybdate complex method [17]. Absorbance was
measured at 410 nm. For the silica measurement, standard silicate mixtures were
prepared in the corresponding buffer-modifier purge solutions used for the dissolution
studies. Absorbance values were measured using blank solutions as reference.
The potential interference of phosphate buffer was overcome by removing phosphate
prior to the silica determination. Phosphate was precipitated by adding calcium chloride
to create insoluble calcium phosphate. This precipitate was centrifuged, then filtered
from sample solutions prior to silica measurements. The reliability of the colorimetric
method was determined by running calibrations with known amounts of silica for
several concentrations of phosphate buffers.

Fig. 8.1. Calibration reproducibility in phosphate buffer for silicomolybdate colorimetric method;
duplicate calibrations. Acetonitrile-0.25 M, pH = 7.0 phosphate buffer.

Fig. 8.1 shows the reproducibility of duplicate silicate calibrations performed on
different days with the acetonitrile-0.25 M phosphate buffer system. This level of
reproducibility provided credibility that soluble silica could be measured with good
accuracy in the presence of phosphate that might otherwise interfere with the molybdate
reaction. Individual silicate calibrations were prepared for the different types and
concentrations of buffers used in the dissolution experiments.
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Results from the colorimetric measurements made for the concentration of dissolved
silica in the eluents were plotted as a function of column effluent volume. The total
silica dissolved from the column was first determined by using the silica average of two
consecutive fractions. From this, the corresponding intermediate eluent volume was
calculated. By multiplying these values and summing the mass of silica over the total
effluent volume, cumulative plots then were obtained representing the mass of silica
which had been dissolved as a function of eluent volume flushed through the column.

8.2.3. Chromatographic column degradation studies

8.2.3.1. Apparatus and reagents
Analytical-grade methanol, acetonitrile, hydrochloric acid, sodium hydroxide,
potassium hydroxide, citric acid, tris(hydroxymethyl)aminomethane - free base (TRIS),
NaH2PO4 and Na2HPO4 were from J. T. Baker (Phillipsburg, NJ, USA). EM Science
(Gibbstown, NJ, USA) supplied HPLC-grade methanol and acetonitrile, and N-(2-
hydroxyethyl) piperazine-N’-(2-ethanesulphonic acid - free base) (HEPES). Test
solutes were from Chem Service (West Chester, PA, USA) and Sigma (St. Louis, MO,
USA), and were used as received. Column purging studies were performed with a
Shimadzu Model LC-600 pump (Tokyo, Japan). Chromatographic testing studies for
the pH 7 and 8 studies used a DuPont Model 860 pump and a Model 860 UV
absorbance detector. Chromatographic samples were injected with a Rheodyne Model
7125 sampling valve (Cotati, CA, USA).
Phosphate buffers were prepared by mixing appropriate 0.25, 0.05 and 0.01 M
NaH2PO4 and Na2HPO4 solutions to obtain the desired pH. Citrate buffer at pH 6.5 was
made by titrating 0.25 N citric acid with 0.25 N sodium hydroxide. (At 60oC, the actual
pH of this buffer is probably closer to pH 6.7). TRIS and HEPES buffers were prepared
by titrating appropriate concentrations of the free bases to the desired pH with
equivalent concentrations of hydrochloric acid solutions.

8.2.3.2. Column ageing procedures
For the pH 7 study, 15 x 0.46 cm Zorbax SB-CN columns (Hewlett Packard, Newport,
DE, USA) were continuously purged (1.0 ml/min, not recycled) with methanol-various
pH ~ 7, 0.25 M buffers (35:65 v/v) at 60oC. Buffer solutions were prepared at pH values
to maintain good buffering capacity (within about one pKa unit of the buffering agent).
These columns then were periodically tested first with toluene solute (uracil as t0
marker) using a mobile phase of methanol-water (60:40 v/v) at ambient temperature,
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1.0 ml/min, then with a mixture of tricyclic antidepressants (doxepin, trimipramine,
amitriptyline and nortriptyline at 0.025, 0.25, 0.025 and 0.25 mg/ml, respectively),
using a mobile phase of acetronitrile-0.01 M sodium phosphate buffer, pH 7.0 (20:80
v/v) at 40oC, 1.0 ml/min. Injected sample solution volumes were 5 µl. Before
chromatographic testing, each column was first flushed with at least 20 column
volumes of methanol-water (60:40 v/v), before equilibrating with about 20 column
volumes of the mobile phase.
For the pH 8.0 tests, 15 x 0.46 cm Zorbax RX-C18 columns were continuously purged
(1.0 ml/min, not recycled) with methanol-phosphate or TRIS buffers pH 8.0 (20:80 v/v)
at 40 or 60oC. Periodically during the purging, the columns were flushed with about 20
column volumes of methanol-water (35:65 v/v), then equilibrated with about 20
volumes of the mobile phase for chromatographic testing. Purging was maintained until
the columns showed serious chromatographic degradation. The test chromatographic
separations were performed at various temperatures with 5 µl injections of a mixture of
0.1, 0.07 and 165 µg/ml, respectively, of secobarbital, doxepin and toluene, using a
mobile phase of acetonitrile-TRIS, 0.01 M, pH 7 (40:60 v/v) at 40oC and 1.0 ml/min.
Detection was at 254 nm.

8.3. RESULTS AND DISCUSSION

Use of silica-based, bonded-phase columns at high pH eventually results in reduced
performance in reversed-phase chromatography because of deterioration of the column
packing, largely through solubilization of the silica support [1-4]. However, the rate of
degradation appears to depend on several factors: (a) the type of silica support; (b) the
type and concentration of bonded phase; (c) mobile phase organic modifier; (d) buffers
and additives and, (e) the operating temperature. In Chapter 7 the effects were defined
of (a) - (c), silica support, bonded phase and organic modifier. This work describes the
effects of (d) and (e), buffer type and concentration plus temperature on the stability of
silica-based reversed-phase columns at pH > 6. With this information, the utility of
silica-based, reversed-phase columns is significantly enhanced for intermediate and
high pH operation.
As in Chapter 7, two different experimental approaches were used to obtain data needed
to define the stability of columns under the desired operating conditions. In one
approach, columns were continuously purged with various aqueous-organic mobile
phases at different temperatures. Silicate dissolved in the mobile phase was measured
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with the well-known molybdate colorimetric method. With the second method, columns
continuously purged with different buffers at varying temperatures were monitored
chromatographically. We found that buffer type and concentration, column type, and
temperature all have a strong influence on column stability and lifetime at both
intermediate and high pH.
It should be noted that degraded bonded-phase-silica material may be retained within
the column during purging experiments, and that this material may not be completely
soluble in the purge mobile phase solvent used. As a result, actual column damage may
be even worse than indicated by dissolved silica measurements. However, the aim of
this part of the study was to measure the dissolved silica in the column effluent, and no
attempt was made to determine degraded siliceous material remaining in the column.
We expect that the overall practical effect of physically adsorbed, degraded column
packing is not significant, since chromatographic results reported in the next section
closely follow trends found for dissolution data.

8.3.1 Silica support solubility studies at pH 10
Chapter 7 showed that a variety of commercial C18-columns are rapidly degraded with a
mobile phase of methanol-0.01 M pH 10 sodium carbonate buffer (1:1 v/v) at ambient
temperature. Columns with silica supports made by aggregating silica sols were much
more stable under these conditions than those prepared with chromatographic silicas of
the xerogel type. We were interested in determining if the stability and lifetime of silica-
based, bonded-phase columns also was influenced by the types of anions and cations
used in buffers, as occurs in the dissolution of unmodified chromatographic silica [9].
Accordingly, experiments were devised to test the effect of buffer types on bonded-
phase columns. Silica support solubility experiments for this phase of the study used a
model monofunctionalized dimethyl C18-bonded-phase column with an ultra-pure Type
B silica support, Zorbax RX-C18 (see Section 8.2.1).

8.3.1.1. Anion effects
Fig. 8.2 shows the silica dissolved from this densely-bonded dimethyl C18-column
during continuous purging with 0.1 M pH 10 buffers (sodium cation, except glycine).
These results clearly show that a very large difference in the solubility of the silica
support occurs with different buffer anions, with highest solubility resulting from
carbonate. Surprisingly, the widely used phosphate buffer also aggressively dissolves
the silica support for this bonded-phase, but less rapidly than carbonate. Borate and
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glycine buffers were much less aggressive towards the support, with silica dissolutions
about ten-fold less than for phosphate buffer.
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Fig. 8.2. Effect of pH 10 purge buffer anions on silica support dissolution. Columns: Zorbax RX-C18,
15 x 0.46 cm I.D.; purge: methanol-0.1 M buffers, pH = 10 (50:50 v/v); 1.0 ml/min: 25oC.

Why do carbonate and phosphate more vigorously attack silica at this pH than other
buffers? The mechanism for this effect needs clarification. However, we speculate that
carbonate and phosphate ions may complex with the silica surface at intermediate and
high pH, weakening surface silica-siloxane bonds so that they are more readily attacked
by hydrated hydroxyl ions. The effect of phosphate ions in solubilizing silica at pH 7 -
10 apparently is entirely different than for low pH, where the addition of only 0.06%
H3PO4 greatly reduces the solubility of silica [18]. These effects suggest that only the
di- and tri-ionic forms of phosphate may be responsible for the strong tendency for
silica dissolution (also see data in Section 8.3.2 below).
The data in Fig. 8.2 strongly indicate that column lifetime for silica-based, bonded-
phase columns can be measurably improved by using borate or glycine buffers (and
other organic-based buffers), rather than commonly used phosphate and carbonate
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buffers. The results in Fig. 8.2 also suggest that densely-bonded monofunctionalized
C18-columns with supports made from the aggregation of silica sols might be safely
used with borate or glycine buffers up to pH 10. This conclusion is supported by
previous studies indicating that certain silica-based C18 columns can be used
successfully up to at least pH 9 with some mobile phases [1,4,7].

8.3.1.2. Cation effects
The influence of various pH 10 phosphate buffer cations on the solubility of the silica
support for Zorbax RX-C18 columns is illustrated in Fig. 8.3.
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Fig. 8.3. Effect of pH 10 phosphate buffer cation on silica support dissolution. Conditions same as for
Fig. 8.2, except different buffer cations.

While differences due to the different cations are not gross, lowest solubility was shown
for sodium phosphate at this pH, followed by potassium, then ammonium. Interestingly,
this pattern directly correlates with the solubility of many salts in water: ammonium >
potassium > sodium, which may provide a reasonable explanation for the observed
differences in the solubility of the silicate from silica support dissolution.
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Fig. 8.4. Effect of pH 10 borate buffer cations on silica support dissolution. Conditions same as for Fig.
8.2, except sodium and lithium borate buffers.

The effect of certain cations on support solubility in the presence of borate buffer is
shown in Fig. 8.4. Initially, lithium borate buffer causes significantly lower silica
solubility than sodium borate. However, after significant purging the amount of silica
dissolved is about equal for the two cations. The lower solubility of lithium silicate
would suggest that the lithium borate buffer would always result in slower silica support
solubility. Therefore, these data suggest that silicate solubility may not be the only
mechanism controlling degradation of the silica support.

8.3.2 Silica support solubility studies at pH 7
While the potential for appreciable solubility of silica supports at high pH (e.g., pH 10)
is well known, it is not readily recognized that the silica support solubility also can be
significant at intermediate pH values with some operating conditions. Therefore, we
investigated the effect of phosphate buffer concentration and temperature at pH 7 to
illustrate the magnitude of support solubility differences. Chromatographic results for
similar pH studies are given in following sections.
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8.3.2.1. Phosphate buffer concentration effects
Other reports on silica solubility suggest that the concentration of salts can significantly
affect the solubility of silica [19]. Literature accounts have suggested that the rate of
solution is enhanced at higher temperatures, and in solutions containing a minimum of
organic solvents [1,5,6]. Accordingly, we tested the solubility of the silica support for
Zorbax RX-C18 columns with different sodium phosphate buffer concentrations, using
low organic modifier concentrations and higher temperatures to magnify effects by
increasing silicate solubility.
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Fig. 8.5. Effect of pH 7 phosphate buffer on silica support dissolution. Columns: Zorbax RX-C18, 15 x
0.46 cm I.D.; purge: acetonitrile-buffer, pH = 7.0 (20:80 v/v); 1.0 ml/min; 60oC.

Results in Fig. 8.5 show that the solubility of the silica support does increase with
buffer concentration, as might be expected. However, the effect is not drastic, with 0.25
M buffer dissolving about one-third more than 0.01 M in this experiment. Mobile
phases with methanol cause greater silica support solubility than an equivalent
concentration of acetonitrile [1]. These results suggest that better column lifetime can
be expected at lower buffer concentrations. However, mobile phase buffer con-
centrations always should be adequate to ensure that the pH does not vary during the
separation as sample components pass through the column. For most separations, buffer
concentrations of 0.01 - 0.05 M usually are adequate.
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8.3.2.2. Temperature effects
The solubility of unmodified silica increases substantially with temperature increase
[19].

Volume of Eluent, Liters

0 2 4 6 8 10 12 14 16

A
m

o
u

n
t 

o
f 

S
ili

ca
 D

is
so

lv
ed

, m
g

0

100

200

300

400

500

60 o C
40 oC

Fig. 8.6. Effect of temperature with pH = 7.0 phosphate buffer on silica support dissolution. Conditions
same as Fig. 8.5, except buffer, 0.25 M; 60 and 40oC.

Fig. 8.6 shows the change in the solubility for the silica support of a bonded-phase
packing (Zorbax RX-C18 columns) with pH 7 sodium phosphate buffer at 60oC versus
40oC. The surprisingly large increase in solubility at 60oC strongly suggests that
separations with pH 7 phosphate buffer should be maintained at no more than 40oC for
better column lifetime and more rugged separations.

8.3.2.3. Effect of buffer anion
Results from the pH 10 studies above showed that phosphate buffers aggressively
dissolved the silica support from a dimethyl-n-octadecylsilane bonded-phase packing.
Much lower silica support solubility resulted with an organic buffer at the same pH
(Fig. 8.2). We found that the same effect also occurs at pH 7, as shown in Fig. 8.7.
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Fig. 8.7. Effect of buffer type and concentration on silica support dissolution. Columns: Zorbax RX-
C18, 15 x 0.46 cm I.D.; purge: acetonitrile-sodium phosphate and TRIS buffers, pH = 7 (20:80 v/v);
1.0 ml/min; 60oC.

At 60oC and pH 7, much larger amounts of silica support was solubilized with sodium
phosphate buffer than for TRIS, a model organic buffer. While only moderate
differences were found between 0.25 M and 0.05 M phosphate buffer concentrations
(see also Fig. 8.5), larger silica solubility differences were seen for 0.25 M and 0.05 M
TRIS buffers. These data support the conclusion that, relative to widely used phosphate
buffers, silica-based column lifetime at pH 7 can be prolonged significantly by using
organic based-buffers (i.e., TRIS) at lower concentrations (i.e., ≤ 0.05 M) and at
temperatures no more than 40oC.

8.3.3 Chromatographic studies at pH 7: cyano column

8.3.3.1. Effect of buffer anion
To study the chromatographic effect of buffer anions at pH 7, the highly aggressive
conditions of 80% 0.25 M buffer concentration and 60oC operation were selected. In
addition, a short-chain bonded phase (Zorbax SB-CN) was used as the test column.
(Previous studies have shown that the length of the bonded-phase ligand chain
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significantly affects the stability of the stationary phase - longer bonded phases (e.g.,
C18) are more stable than shorter phases (e.g., CN, C3; [20]). These conditions shortened
the experiment time needed for significant differences to be seen in column
performance.
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Fig. 8.8. Effect of buffer type on columns purged at pH ~ 7, 60oC. Columns: Zorbax SB-CN, 15 x 0.46
cm I.D.; purge: acetonitrile-0.25 M buffer (20:80 v/v) at 1.0 ml/min, 60oC; chromatographic test:
methanol-water (60:40 v/v), 1.0 ml/min, 22oC, UV at 254 nm; solute: toluene.

Fig. 8.8 shows toluene retention time results for columns continuously purged with
various pH ~ 7 buffers under these aggressive conditions. Previous studies have shown
that the retention of neutral hydrophobic solutes (e.g., toluene) is an accurate measure of
the relative amount of organic stationary phase remaining on the surface of degraded
bonded-phases columns [20]. These purging conditions were so aggressive for this
column type that k values significantly decreased with all buffers, indicating gross
dissolution of the silica support and a loss of stationary phase. (This loss in stationary
phase probably occurred by mechanical attrition, since other studies have shown that
the siloxane bond is not hydrolyzed appreciably even at pH 9 [1,4] More importantly,
duplicate experiments showed that phosphate buffer much more aggressively dissolves
the silica support than citrate, TRIS and HEPES buffers, all of which gave similar
results.
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Fig. 8.9. Chromatograms with columns purged at pH ~ 7, 60oC with different buffers. Columns:
Zorbax SB-CN, 15 x 0.46 cm I.D.; purge conditions same as for Fig. 8.8. chromatographic test: same
as for Fig. 8.8.

Fig. 8.9 shows chromatograms for these columns after about 2 l of purge with these
aggressive pH ~7 conditions. For phosphate buffer, the neutral solute, toluene, and t0

marker, uracil, showed double peaks after purging, compared to the chromatogram
before purging. TRIS, citrate, and HEPES showed minor changes, but much less than
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phosphate. Even more dramatic differences occurred with a mixture of highly basic
tricyclic antidepressants in the same test, as shown in Fig. 8.10.
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Fig. 8.10. Separations with columns purged at pH 7, 60oC with different buffers. Columns: Zorbax SB-
CN, 15 x 0.46 cm I.D.; purge conditions same as Fig. 8.8; chromatographic test: acetonitrile-0.01M
buffer (20:80 v/v), pH~7.0, 40oC; solutes: tricyclic antidepressants. A. Sodium phosphate and TRIS
buffers; B. Citrate and HEPES buffers.

Fig. 8.10A gives chromatograms after about 1 and 3 l of purge with phosphate and
TRIS under these aggressive conditions. Gross changes occurred with the phosphate-
purged column after only about 1 l of purge, compared to the initial chromatogram.
Changes were so great that no attempt was made to identify peaks. After about 3 l of
purge, the column was completely destroyed. When purging with TRIS, we found that
much less column degradation under the same conditions, as shown in Fig. 8.10A. Fig.
8.10B shows that citrate and HEPES buffers gave results similar to TRIS, with the
HEPES-purged column probably exhibiting the least change of the buffers tested.
The columns in this study all exhibited voids in the inlets when the inlet frit was
removed, strongly indicating that the silica support had dissolved during purging.
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Fig. 8.11. Voids created in column inlets by buffer purge. Conditions same as Fig. 8.8.

Fig. 8.11 shows the measurement of voids created in the column inlets as a function of
the buffer used. Columns purged with phosphate showed much larger voids than those
purged with the other buffers. (The two phosphate-purged columns were purged with
different volumes, with the larger purge volume creating the larger void). These results
with different pH 7 buffers correspond closely with the silica support solubility data
shown in Figs. 8.2 and 8.7. Widely used phosphate buffers clearly are more aggressive
towards silica supports than comparable organic-based buffers.
Citrate buffers have been mentioned as being aggressive towards some stainless steel
hardware used in HPLC equipment. However, in these and other studies spanning a
period of several months, there have been no obvious problems associated with the use
of citrate buffers in the pH range herein used.

8.3.4 Chromatographic studies at pH 8: C18-column
Chromatographic column stability studies were conducted using conditions similar to
those described above for silica support dissolution, including the same non-endcapped,
monofunctionalized, dimethyl-n-octadecylsilane-bonded column, Zorbax RX-C18. The
only difference was that the buffer was set at pH 8, to gain wider information regarding
the effect of pH on column stability. For these chromatographic tests, a mixture of
secobarbital (acidic), doxepin (basic) and toluene (neutral) was used. Both secobarbital
and doxepin are ionized in the pH 8.0 purge and subsequent pH 7.0 chromatographic
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tests. Under the test conditions used (no basic mobile phase additive), doxepin produces
a tailing peak with the non-endcapped C18-column used. In these studies, column
performance was compared after purging with phosphate and TRIS buffers, the latter
again used as a model organic buffer.

8.3.4.1. Effect of phosphate buffer concentration
Phosphate buffer concentration has a significant effect on the solubility of silica-based,
bonded-phase supports, as previously described (Fig. 8.5). This effect is also found in
chromatographic tests, as shown in Fig. 8.12.

Fig. 8.12. Effect of pH 8 phosphate buffer concentration. Columns: Zorbax RX-C18, 15 x 0.46 cm
I.D.; purge: methanol-sodium phosphate buffer, pH 8 (20:80 v/v) at 1.0 ml/min, 60oC;
chromatographic test: acetonitrile-TRIS, 0.01 M (40:60 v/v), 40oC, 1.0 ml/min; solute: toluene.

Purging the Zorbax RX-C18 column with the aggressive 0.25 M phosphate system
caused faster column degradation relative to lower concentrations, based on changes in
toluene k. (This very large decrease in retention for 0.25 M phosphate indicates gross
solubility of the silica support). Closely similar results were found for plate heights and
peak asymmetry (not shown here).



Effect of Buffers on Silica-Based Column Stability … 185

Fig. 8.13. Effect of pH 8 buffer type and concentration. Conditions same as Fig. 8.12, except sodium
phosphate and TRIS buffers at indicated concentrations; solute: toluene. A. k values, B. Plate height
values.

8.3.4.2. Effect of buffer type, concentration and temperature
Data in Fig. 8.13 give the effect of buffer type and concentration on the stability of
Zorbax RX-C18 columns as measured by toluene at 60oC. In Fig. 8.13A, k values
decrease almost at the beginning of the phosphate buffer purge with 0.25 and 0.05 M
buffers, with faster degradation at the higher concentration. With TRIS buffer, toluene k
values only begin to show a decrease after more than 5,000 column volumes of purge
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with 0.25 M buffer. For the 0.05 M TRIS buffer, at least 10,000 column volumes
produced no noticeable k decrease. In Fig. 8.13B the same trend holds for toluene plate
height values. Closely similar results were also found for secobarbital (not shown).
Again, results show that phosphate buffers attack silica supports much more
aggressively than TRIS under these conditions.

Fig. 8.14. Buffer type, concentration and temperature effects: secobarbital. Conditions same as Fig.
8.12, except variable temperature; solute: secobarbital. A. k values; B. Plate height values.

Temperature and concentration effects with phosphate and TRIS buffers are compared
in Fig. 8.14. In Fig. 8.14A the k values for secobarbital in phosphate buffers rapidly
decrease with purge of the Zorbax RX-C18 column. As expected, higher temperatures
much more rapidly degrade the column because of the higher rate of silica support
solubility. However, changes in k with TRIS buffer are much slower. The plate height
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data in Fig. 8.14B closely correlate with the k results of Fig. 8.14A. These results
indicate that phosphate buffers much more quickly degrade column performance than
TRIS, and higher temperatures dramatically increase the rate of deterioration. The
neutral solute, toluene, gave closely similar results to those found for the acidic
secobarbital (not shown).
The decisive influence of temperature compared to buffer concentration on column
degradation was further illustrated by column purge tests as in Fig. 8.14, but performed
with 0.25 M phosphate and TRIS buffers at ambient temperature (22oC). After 35,000
column volumes of methanol-phosphate purge, k values for toluene decreased by only
3% (secobarbital k decrease, 5%), compared to no detectable decrease in k values when
methanol-TRIS purge was used. As shown in Fig. 8.14, these levels of degradation
compare with the 29% and 38% k decrease in toluene and secobarbital, respectively,
when the temperature was raised to 40oC (Fig. 8.14).

Different effects were found for the basic doxepin solute, as shown in Fig. 8.15. Fig.
8.15A shows that as this non-endcapped column was purged with both buffers, the k
values for the strongly-tailing doxepin peak increased, with only modest differences
occurring with the different buffers, concentration and temperature. Little difference
between buffer types is noted. Curiously, plate heights decrease under the purge
conditions used, as shown in Fig. 8.15B. We speculate that with this C18-column, the
buffer purge alters the silica support surface and the residual silanol groups on the
bonded-phase packing. The noted decrease in plate height for doxepin suggests that the
resulting combined hydrophobic-silanol-interaction adsorption isotherm becomes more
linear with this treatment. It should be noted, however, that the precision for doxepin
data is poor, because of the broad peak and the strong peak asymmetry found for this
highly basic solute in the test system used.

In direct correlation with the silica support dissolution data given above, these
chromatographic studies clearly show that silica is more aggressively attacked by
phosphate, compared to organic-based buffers. Note that the densely-bonded Zorbax
RX-C18 column used as a model in these experiments is one of the more stable com-
mercial C18-columns, as the silica support is formed by the aggregation of silica sol.
Other silica supports based on xerogel silicas are less stable, and columns made from
these materials might be expected to degrade much more rapidly [1]. Phosphate buffer
concentration is a significant factor, but temperature is much more important. Our
studies strongly indicate that phosphate buffers should be used at lower concentrations
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and lower temperatures for optimum lifetime of silica-based columns and maximum
method ruggedness. Column lifetime and separation method ruggedness can be
increased at both intermediate and higher pH by using other buffers such as TRIS,
rather than phosphate.

Fig. 8.15. Buffer type, concentration and temperature effects: doxepin. Conditions same as Fig. 8.12,
except variable temperature; solute: doxepin. A. k values; B. Plate height values.



Effect of Buffers on Silica-Based Column Stability … 189

8.4. CONCLUSIONS

Independent silica-support dissolution and chromatographic-lifetime studies show
remarkable agreement in defining the degradation of silica-based column packings at
pH 7 - 10. Silica support dissolution studies are useful in predicting the lifetime (and
stability) of silica-based columns at intermediate and high pH operation.

Both silica dissolution and chromatographic studies indicate the following:
• At pH 10, carbonate and phosphate buffers more aggressively dissolve the silica

support and degrade bonded-phase packings faster than organic-based (e.g., glycine)
and borate buffers.

• At pH 7-8, bonded-phase packings also are more rapidly degraded by phosphate
buffers than organic-based (e.g., TRIS) and citrate buffers.

• At pH 7-10, bonded-phase packings are more rapidly degraded by higher column
temperatures than higher buffer concentrations.

• Silica supports for bonded-phase packings are more rapidly dissolved with buffer
cations: NH4 > K > Na.

• Short-chain bonded-phase packings (e.g., CN) are rapidly degraded at pH 7 with high
concentration of phosphate buffers at higher temperatures (60oC).

• Certain densely-bonded silica-based C18-columns can be routinely operated at pH ≥ 9
with optimum mobile phases.
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CHAPTER 9

STABILITY OF SILICA-BASED, ENDCAPPED
COLUMNS WITH pH 7 AND 11 MOBILE PHASES
FOR REVERSED-PHASE HIGH-PERFORMANCE

LIQUID CHROMATOGRAPHY

Summary*

In the chapters 7 and 8 significant influence of the nature of the silica support on the
chemical stability of RP-phases was found. Furthermore in these chapters experimental
temperature and buffer conditions could be better defined to improve the lifetime of RP-
columns. In this chapter the influence of the nature of the silica substrate on the
chemical stability of RP-phases in the intermediate and higher pH range is further
investigated. In addition, the influence of endcapping on the lifetime of stationary
phases for RPLC was also part of this study.

9.1. INTRODUCTION

The results of the studies in Chapter 7 and 8 have confirmed previous reports [1-3] that
certain silica-based, bonded-phase columns can be routinely used at least to pH 9-10 in
reversed-phase separations, providing certain operating conditions are met [4-6]. In
these latter studies, the monofunctionally-bonded, non-endcapped columns showed
excellent stability when organic (e.g., glycine, TRIS) and borate buffers were utilised
[6]. Conversely, these same columns degraded rapidly with 0.1 M phosphate and
carbonate buffers at pH 10, and even with phosphate buffers at pH 7 and 8. The rate of

                                               
* This chapter has been published: J.J. Kirkland, J.W. Henderson, J.J. DeStefano, M.A. van Straten and H.A. Claessens,
J. Chromatogr.A, 762 (1997) 97-112.
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degradation was especially fast at higher operating temperatures and higher buffer
concentrations [6]. The type of silica support (silica sol-gel or xerogel) used in the
bonded-phase packings also was shown to have a strong influence on column stability
[5], as well as the type and method of bonded-phase attachment [4,5].
While many chromatographers have found that samples containing ionisable
compounds usually are best separated with mobile phases of pH ≤ 3 [7,8], some
separations are best performed at intermediate (4-8) and higher pH (>9) because [9]: i.
sample components are unstable at low pH, ii. basic compounds protonated at low pH
elute too quickly, and iii. required band spacings are not found at low pH. Therefore,
operation at intermediate or higher pH may provide a way that a needed separation can
be satisfactorily performed.
Separating basic compounds using mobile phases of pH ≥10 is especially attractive.
Here, many compounds of interest (e.g., basic drugs) exist as free bases, minimizing
problems with deleterious interactions with completely ionised silanol groups on the
silica support. While use of silica-based bonded-phase packings at pH ≥10 have been
reported (e.g., Refs. [4,10]), users often have been reluctant to place such packings into
routine use because of questions about column stability. Some column packings have
been designed to operate at higher pH (e.g., graphitized carbon, porous polymers,
polymeric phases on alumina, or zirconia supports). However, these materials have not
reached a high level of acceptance because of problems with reproducibility, efficiency,
and limitations in mobile phases that can be effectively used. Therefore, silica-based
column packings without these limitations would be especially attractive for use at
higher pH, providing columns of such materials are adequately stable.
Most users are aware that silica-based columns usually are not recommended for
operation at higher pH (e.g., >pH 8), because of potential dissolution of the silica
support with accompanying column failure. However, there are also not-so-widely-
recognised problems that can arise in separations that are designed for operation in the
pH 6 - 8 range [9]. Silica support solubility can be significant in this pH range, so that
separation reproducibility and column lifetime is less than might be expected. It has
now been documented that degradation of silica-based columns at intermediate (and
higher) pH largely is a function of dissolution of the silica support, rather than a loss of
bonded organic substrate due to hydrolysis [5]. It also has been found that silica support
solubility in the pH 6 - 8 range is greatly increased in the presence of phosphate buffers,
particularly at higher temperatures and higher buffer concentrations [6]. For best
stability, separation methods based on phosphate buffers at intermediate pH should be
limited to concentrations of 10-50 mM and column temperatures not exceeding 40°C.
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However, for best separation reproducibility and lifetime of silica-based columns, the
application of organic buffers (e.g., TRIS) in the intermediate and higher pH range has
been indicated [6].
This study was designed to determine if separation reproducibility and column lifetime
in reversed-phase separations at intermediate and higher pH could be further enhanced
by using endcapped alkyl bonded-phase columns. We also wanted to gain information
about the intermediate-pH stability of certain columns reported by suppliers to be
designed specifically for separating difficult basic compounds in this region.

9.2. EXPERIMENTAL

9.2.1. Chromatographic reagents, columns

HPLC-grade solvents used for separations were from EM Science (Gibbstown, NJ,
USA). All 15 x 0.46 cm i.d. Zorbax columns of 5 µm particles were prepared by
Hewlett Packard Corp. (Newport, DE, USA). The spherical porous-silica support in
these columns is a less acidic, highly purified Type B silica made by aggregating ultra-
pure silica sols [11,12]. Physical and surface properties of this silica support were
previously given [5,13,14]. The Zorbax XDB-C8 columns used are comprised of a
densely bonded (3.6 µmol/m2) dimethyl-C8 phase on an ultra-pure Type B support (80
Å pores, 180 m2/g). This stationary phase then was exhaustively double-endcapped with
dimethyl and trimethylsilane using a proprietary process. Columns were prepared by
conventional slurry-packing methods [15].
Other columns (15 x 0.46 cm) of 5 µm particles were obtained from suppliers:
Symmetry-C8 from Waters Assoc. (Milford, MA, USA); Hypersil BDS-C8 and Inertsil
C8 from Alltech Assoc. (Deerfield, IL, USA); YMC Basic from Y.M.C. (Wilmington,
NC, USA); and Supelcosil ABZ+ from Supelco (Bellefonte, PA, USA). The physical
characteristics of the silica supports for the tested columns are summarised in Table 9.1.
The data in Table 9.1 and previous results [6] suggest that two distinctly different types
of silica supports are used in commercial columns. The nomenclature for porous silicas
is not standard in the literature. Therefore, these two silica types can be defined by their
different physical and chromatographic properties. Particles usually made by gelling
soluble silicates or coalescing fumed silica (sometimes called xerogels) are
characterised by higher surface areas, higher porosities and irregular pore shapes with
variable wall thicknesses. These materials have been arbitrarily named “SilGel” silicas
[9]. Particles made by aggregating silica-sol particles (sometimes called sol-gel
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materials) have lower surface areas, lower porosities and more regular pores with
thicker walls defined by surrounding solid silica sol microparticles. These particles were
arbitrarily termed “SolGel” silicas [9]. The silica types for the columns used in this
study have been designated in Table 9.1, based on physical differences.

Table 9.1
Characteristics for silica supports used in bonded-phase packings of this studya.

Column designation Silica supporta

Surface
type

Silica
typeb

Surface
area, m2/g

Pore
diameter, Å

Porosity,
cm3/ml

Hypersil BDS-C8 A SolGel 170 130 0.65
Inertsil-C8 B SilGel 320 150 nac

Supelcosil ABZ+ A SolGel 175 120 0.60
Symmetry-C8 B SilGel 340 100 0.84
YMC-Basic B SilGel 325 120 1.0
Zorbax XDB-C8 B SolGel 180 80 0.50

a Data taken from commercial literature or manufacturer’s sources
b See text for assigned silica type description
c na = not available

Extensive studies with non-endcapped silica supports have shown that higher surface
area SilGel silicas dissolve much more rapidly than SolGel silicas in the pH range 6.5 -
10 [5,6]. Therefore, non-endcapped columns made with SolGel supports demonstrate
higher chromatographic stability in this pH range [2-6]. A specific goal of this study
was to determine the effect of endcapping on the stability of silica-based columns in the
intermediate pH range. Two experimental approaches were used: (a) chemically
measuring the rate of silica dissolution of the silica from the columns in a continuously-
flowing, non-recycled mobile phase, and (b) determining column stability by
appropriate chromatographic measurements after comparable purging.

9.2.2. Silica support solubility studies

9.2.2.1. Apparatus and reagents
Apparatus and reagents were similar as used in Chapter 8 and described in section 8.2.2.
pH 7 eluent series: acetonitrile-0.25 M sodium phosphate buffer pH 7.0 and 0.25 M
TRIS buffer, pH 7.1 (20:80 v/v).
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9.2.2.2. Procedures
The procedures used in the silica support solubility study here were similar as in
Chapter 8 and described in section 8.2.2. Dissolution tests were conducted at 60°C.

9.2.3. Chromatographic column degradation studies

9.2.3.1. Apparatus and reagents
Analytical-grade methanol, acetonitrile, hydrochloric acid, sodium hydroxide, citric
acid, TRIS (free base), NaH2PO4 and Na2HPO4 were from J.T. Baker (Phillipsburg, NJ,
USA). EM Science (Gibbstown, NJ, USA) supplied HPLC-grade methanol and
acetonitrile. Test solutes from Chem Service (West Chester, PA, USA) and Sigma (St.
Louis, MO, USA) were used as received. Pyrrolidine (99%) was used as received from
Aldrich Chemicals (St. Louis, MO, USA). Column purging studies were performed
with a Shimadzu Model LC-600 pump (Tokyo, Japan). Chromatographic testing studies
used a DuPont Model 860 pump and a Model 860 UV absorbance detector or a
Hewlett-Packard Model 1050 pump/detector system (Wilmington, DE, USA).
Chromatographic samples were injected with a Rheodyne Model 7125 sampling valve
(Cotati, CA, USA).
Phosphate buffers were prepared by mixing appropriate NaH2PO4 and Na2HPO4

solutions to obtain pH 7.0. Citrate buffer at pH 6.5 was made by titrating a 0.083 M
citric acid with 0.25 M sodium hydroxide. (At 60°C, the actual pH of this buffer is
probably closer to pH 6.7). TRIS buffer of pH 7.1 and pyrrolidine buffer of pH 11.5
were prepared by titrating an appropriate concentration of the free bases with
hydrochloric acid solution.

9.2.3.2. Column ageing procedures, pH 7
Columns were continuously purged (1.0 ml/min, not recycled) either with acetonitrile,
0.25 M buffers pH 7 (20:80 v/v) at 60°C, or methanol-0.05 M sodium phosphate buffer,
pH 7.0 (30:70 v/v) at 40°C, for two different experiments. Buffer solutions were
prepared at pH values to maintain good buffering capacity (within about one pH unit of
the buffering agent pKa). The columns purged at 60°C were periodically tested first
with toluene solute (uracil as t0 marker) using a mobile phase of methanol-water (60:40
v/v) at ambient, 1.0 ml/min, then with a mixture of tricyclic antidepressants (doxepin,
trimipramine, amitriptyline and nortriptyline at 0.025, 0.25, 0.025 and 0.25 mg/ml,
respectively) using a mobile phase of acetonitrile-0.01 M, pH 7.0 sodium phosphate
buffer (20:80 v/v) at 40°C, 1.5 ml/min. Columns purged at 40°C were periodically
tested with the tricyclic antidepressant mixture. Injected sample solution volumes were



196 Chapter 9

5 µl. Before chromatographic testing, each column was first flushed with at least 20
column volumes of methanol-water (60:40 v/v), before equilibrating with about 20
column volumes of the mobile phase.

9.2.3.3. Column ageing procedure, pH 11.5
A Zorbax XDB-C8 column was continuously purged (not recycled) at 1.5 ml/min with
a mobile phase of methanol-0.05 M pyrrolidine-HCl buffer, pH 11.5 (55:45 v/v) at
40°C. These columns were periodically tested under the same conditions at a flow-rate
of 1.0 ml/min, using a mixture of highly basic β-blocker drugs (pKa = 9.5 - 9.7).

9.2.4. Bonded phase identification studies

Since a goal of this study was to determine the effect of endcapping, there was a need to
gain information about the endcapping method used on the various columns studied.
Such data usually are not available from manufacturers, so we attempted to develop this
on some popular commercial column packings. For this, we used a variation of the
method for degrading the silica-based support with hydrofluoric acid, followed by
identification of the liberated fluoroalkyl silane derivatives [16].
A 10 mg sample of the designated column packing was placed in a 15 x 45 mm
polyethylene screw-cap vial. To this was added 0.1 ml of 50% hydrofluoric acid
solution, and after closure with a PTFE-covered butyl rubber-lined cap, the vial was
then lightly agitated to dissolve the sample. Hexane (1.0 ml) was added, and the vial
shaken to extract the hydrophobic fluoro-derivatives into the hexane layer. A sample
(0.5 µl) of the separated hexane layer was removed with a micro syringe and injected
into a Hewlett Packard GCD 1800A GC-MS instrument fitted with an electron
ionization detector (Wilmington, DE, USA). The GC-MS inlet system was operated in
the split mode (20:1) at a temperature of 200°C, using a glass-lined inlet tube. For the
separation, a 30 meter, 0.25 mm capillary column with a 0.25 µm-thick stationary phase
(HP-5, Hewlett-Packard) was initially held at 40°C for two minutes, then programmed
linearly to 160°C at 20°C/min with a column flow-rate of 1.0 ml/min. The MS detector
mass range was set at 45:425 m/z, and data were analyzed with the instrument computer
software.
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9.3. RESULTS AND DISCUSSION

9.3.1. Bonded phase identification

Based on data obtained by the HF-degradation GC-MS method, characteristics of the
bonded-phase for columns used in this study were assigned, as summarized in Table
9.2.

Table 9.2
Characteristics of column packings evidenced by HF degradation-derivatization/GC-MS

Column packing Apparent bonded
functionality

Endcapping agents identified

Trimethylsilyl Dimethylsilyl
Hypersil BDS-C8 Mono; normal C8 Yes ?a

Inertsil-C8 Di; normal C8
b Yes No

Supelcosil-ABZ+ Trifunctional silanec No No
Symmetry-C8 Mono; normal C8 Yes No
YMC Basic Mono; normal C8

d Yes No
Zorbax XDB-C8 Mono; normal C8 Yes Yes

a Not positive; separate head-space analysis suggests some dimethylsilyl.
b GC retention also indicated some branched C8.
c Insoluble reaction products; evidence of amide group in bonded ligand.
d Evidence for small amounts of short-chain dimethyl alkylsilyl groups.

Hypersil BDS-C8, Symmetry-C8, YMC Basic and Zorbax XDB-C8 all appeared to
contain monofunctionally-bonded dimethyl-n-octyl ligands. There was evidence for
small amounts of dimethyl-C6 ligands in the YMC Basic packing, which is in keeping
with the manufacturer’s claim that this is a mixed alkane stationary phase. Inertsil-C8
packing appeared to contain a difunctional methyl-n-octyl ligand, with evidence of C8

dimers. Results on Supelcosil ABZ+ suggest a trifunctional silane attachment. A GC
pyrolysis study gave evidence of an amide group. The presence of an amide
functionality was confirmed by the manufacturer.
The results in Table 9.2 further suggest that all packings had been endcapped with
trimethylsilyl groups except Supelcosil ABZ+. Zorbax XDB-C8 was the only packing
that gave definite evidence of being doubly-endcapped with dimethylsilyl and
trimethylsilyl groups (also confirmed by the manufacturer). A separate head-space
analysis of the Hypersil BDS-C8 reaction suggested the presence of a small amount of
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difluorodimethylsilane, but this was not taken as proof of a double-endcapping
procedure.

9.3.2. Silica support dissolution tests

9.3.2.1. Column tests
Aggressive support dissolution tests were conducted on candidate columns using the
conditions of 80% 0.25 M sodium phosphate buffer, pH 7.0, 60°C as applied in a
previous study [6]. Since the solubility of silica support is not at equilibrium during
passage of a mobile phase, the concentration level of dissolved silica is a function of the
surface area and porosity of the support, as well as support purity (impurities such as
alumina decrease solubility [5]). Tests were terminated when the back pressure of the
columns were too high for the pumping system to operate effectively, signifying gross
destruction of the column packed bed. In those cases where columns still could be
operated, experiments arbitrarily were terminated after 15 l of eluent was used. Fig. 9.1
summarizes the results of these aggressive dissolution studies.

Volume of Eluent, Liters
0 2 4 6 8 10 12 14 16

A
m

o
u

n
t 

o
f 

S
ili

ca
 D

is
so

lv
ed

, m
g

0

100

200

300

400

500

Symmetry-C8
YMC Basic 
Inertsil-C8
Supelcosil-ABZ+ 
Zorbax XDB-C8
Hypersil BDS-C8

Fig. 9.1. Silica support dissolution tests. Columns: 15 x 0.46 cm; purge eluent: acetonitrile-0.25M
sodium phosphate buffer, pH 7.0 (20:80 v/v); 60°C; 1.0 ml/min; measured by molybdate-silicate
color reaction.
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The resulting dissolution data suggest that the column packings tested belong to two
distinct groups: (a) a group in which the silica support was more rapidly dissolved
(Inertsil-C8, Supelcosil-ABZ+, Symmetry C8, and YMC Basic), and (b) those in which
dissolution was much slower (Hypersil BDS-C8 and Zorbax XDB-C8). Information on
the supports for these columns in Table 9.1 show that the more rapidly degrading
columns of the first group were of the higher surface area, higher porosity type which
have been termed SilGel silicas [9]. The exception was the Supelcosil-ABZ+ column
which is made from a lower surface area, lower porosity silica support. However, this
column packing does not have an alkyl bonded phase like the other columns, but
appears to use a trifunctionally-bonded silane derivative containing an amide group. We
speculate that this bonded phase with a polar functionality does not protect the
underlying silica support from dissolution as well as the lower surface energy (higher
surface tension) alkyl ligands for the other columns of this group.
The second, less soluble group of columns in Fig. 9.1 (Hypersil BDS-C8 and Zorbax
XDB-C8) are made from SolGel particles that have lower surface areas and porosities.
The Hypersil column shows slightly less silica support solubility than the Zorbax
column, perhaps because of a lower surface area and a higher level of silica impurities
that decrease silica solubility [5].
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Fig. 9.2. Effect of organic modifier type on silica support dissolution. Columns: 15 x 0.46 cm,
Zorbax XDB-C8; purge conditions same as Fig. 9.1, except also methanol-0.25 M sodium
phosphate buffer, pH 7.0 (20:80 v/v).
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9.3.2.2. Effect of organic modifier type
Previous studies have shown that organic solvent modifier type has a substantial
influence on silica support solubility for non-endcapped columns; silica support
solubility was higher with methanol modifier than with acetonitrile [5]. The results of
similar tests with an endcapped column (Zorbax XDB-C8) are shown in Fig. 9.2.
Contrary to that previously found for non-endcapped columns [5], an acetonitrile-
modified mobile phase initially showed somewhat higher solubility for the silica
support, compared to methanol. After continued purging, however, the silica solubility
becomes comparable for the two organic modifiers when the column packing is
sufficiently degraded.

9.3.2.3. Effect of buffer type on silica support dissolution
Non-endcapped bonded-phases columns have shown much higher solubility and shorter
column lifetime with pH ≥7 mobile phases containing phosphate, compared to those
with organic-based or borate buffers [6]. It was proposed that at higher pH, phosphate
interacts with siloxane groups on the silica support surface, facilitating hydrolysis by
hydroxyl ions and enhancing silica solubility [6]. We now find that the large differences
in silica support solubility for phosphate and organic-based buffers also holds for
endcapped column packings, as indicated in Fig. 9.3.
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Fig. 9.3. Effect of buffer type on silica support dissolution for different bonded-phase C8-columns.
Columns: 15 x 0.46 cm; purge eluent: acetonitrile-0.25 M buffers, pH 7 (20:80 v/v); 60°C; 1.0
ml/min.



Stability of Silica-Based, Endcapped Columns … 201

Here, solubility plots are given at pH 7 phosphate- and TRIS-buffered mobile phases
for two C8-units: a double-endcapped SolGel column and a single-endcapped SilGel
column. Again, the TRIS-buffered mobile phase shows much lower silica support
solubility than for phosphate buffer with this aggressive test system. As noted in
Chapter 8, for maximum column stability and lifetime, such results suggest that at pH
≥6, mobile phases should contain phosphate at ≤50 mM, and column temperature
should be maintained at ≤40°C. The results in Fig. 9.3 also show the superior stability
of SolGel-based silica supports against the dissolution that causes packed bed
degradation. Double endcapping also may contribute to additional stability versus single
endcapping, but definite proof is not available to support this possibility.

9.3.2.4. Elemental analysis of aged columns
Carbon analysis of the column packings before and after the various treatments
described above further confirmed conclusions reached from the dissolution studies.
Following the ageing experiments on Zorbax XDB-C8 (double-endcapped dimethyl-C8)
columns, these units were sampled at the inlet, middle and outlet. These sections then
were homogenized and subjected to elemental analysis as summarized in Table 9.3.

Table 9.3
Elemental analysis of aged Zorbax XDB-C8 column. (Double-endcapped dimethyl-C8)

Mobile phase for ageing Column section % Carbon
Untreated (initial) - 7.71
0.25 M phosphate-ACN (80:20 v/v) inlet 9.09

middle 8.53
outlet 8.28

0.25 M TRIS-ACN (80:20 v/v) inlet 7.64
middle 7.69
outlet 7.65

0.25 M phosphate-MeOH (80:20 v/v) inlet 8.45
middle 8.18
outlet 7.90

The aggressive ageing in phosphate/acetonitrile at 60°C resulted in significantly higher-
than-initial carbon values for the aged packing, with the carbon content decreasing from
column inlet to outlet. Bonded alkylsilanes apparently are slowly (if at all) hydrolyzed
under pH 7 conditions [5,6]. Therefore, carbon concentration then is higher at the inlet
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because of the less-dense packing caused by silica dissolution. This means that the
carbon content is higher for aged packing caused by lower-density silica where the
support has been most dissolved.
On the other hand, Table 9.3 shows that the carbon content of the packing was hardly
affected under the same conditions with TRIS-acetonitrile ageing. No variation of
carbon content down the column was found, within experimental error. These results
indicate substantially higher silica support dissolution and lower column stability with
phosphate buffers at pH 7 for endcapped columns, just as was previously found for non-
endcapped columns [6]. The data in Table 9.3 and Fig. 9.2 further suggest that, contrary
to that found for non-endcapped columns, methanol-modified mobile phases cause
somewhat less column degradation by silica support dissolution than do acetonitrile-
modified mobile phases.

9.3.3. Chromatographic studies

9.3.3.1. Endcapping effects
Direct comparison of the stability of endcapped vs. non-endcapped columns is shown in
Fig. 9.4.  Here, the aggressive purge system with 0.25 M phosphate buffer at 60°C was
used on non-endcapped and double-endcapped dimethyl C8-bonded on SolGel silica
support. When tested with the neutral toluene solute, the non-endcapped column was
degraded much faster than the endcapped column, as shown in Fig. 9.4A. Solute k-
values for trimipramine in this ageing test is shown in Fig. 9.4B. The k-values for this
highly basic amine are higher at the start for the non-endcapped column, suggesting a
more acidic packing surface. The k-values for the non-endcapped column then increase
at a faster rate than for the endcapped column, indicating a more rapid degradation of
the non-endcapped packing surface to a more acidic and solute-retaining state. Results
such as those in Fig. 9.4 suggest that endcapping ligands provide an additional barrier
(lower surface energy, higher surface tension) that retards silica support dissolution in
the intermediate (and higher) pH range.
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Fig. 9.4. Stability tests for non-endcapped versus endcapped C8 columns. Columns: 15 x 0.46 cm;
purge - mobile phase: methanol-0.25M sodium phosphate buffer, pH 7.0 (20:80 v/v); 60°C; flow-
rate: 1.0 ml/min; Test with toluene - mobile phase: methanol-water (80:20 v/v); flow-rate: 1.0
ml/min; 22°C; Test with trimipramine-acetonitrile-0.01M sodium phosphate buffer, pH 7.0 (60:40
v/v); flow-rate: 1.5 ml/min; 40°C; sample: 5 µl containing 0.125 µg trimipramine.

9.3.3.2. Column comparisons
This part of the study was devised to compare the chromatographic properties and
stability of various commercial bonded-phase columns reportedly designed for
separating basic and highly polar compounds with a minimum of mobile phase
additives. To compare the residual silanol activity of the selected columns, a modified
“Engelhardt” test [17] was used. This test monitors the elution and peak shapes for
basic and acidic compounds without buffer or other modifiers in the mobile phase (only
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methanol-water). Also, with this test, m- and p-toluidine should co-elute for “good”
columns to indicate a low order of unwanted silanol interaction [17].

ZORBAX XDB-C8

YMC-BASIC

SYMMETRY-C8

0 2 4 8 10 12 14 16 18 206

Retention Time, min.

INERTSIL-C8

SUPELCOSIL-ABZ+

HYPERSIL BDS-C8

Uracil
Pyridine

Phenol
o-Toluidine m- & p-Toluidine

0 2 4 8 10 12 14 16 18 206

Retention Time, min.

Uracil Pyridine

Phenol
o-Toluidine

m- & p-Toluidine

Aniline

Aniline

Fig. 9.5. Comparative separations with unbuffered mobile phase. Columns: 15 x 0.46 cm; mobile
phase: methanol-water (30:70 v/v); flow-rate: 1.0 ml/min; ambient temperature; sample: 5 µl
containing 0.025 µg uracil, 0.25 µg aniline, pyridine and phenol, and 0.25 µg each of o-, m- and p-
toluidine.

Fig. 9.5 shows the results with this test on the columns of this study. All columns
showed that basic pyridine solute eluted prior to phenol, which is indicative of a surface
of reduced acidic activity. The Symmetry-C8 column co-eluted m- and p-toluidine, but
pyridine showed a broad band that tailed into the aniline peak, suggesting the presence
of some acidic sites on the packing surface. Hypersil BDS-C8 produced very broad
peaks for all solutes, suggesting poor wetting of the bonded phase with this mobile
phase of methanol-water (30:70 v/v). YMC-Basic overlapped pyridine and aniline, and
also did not co-elute the sensitive m- and p-toluidine pair; acidic sites on the packing are
suspected. Supelcosil ABZ+ produced excellent peak shapes, and co-eluted m- and p-
toluidine; however, for unexplained reasons, phenol did not elute in this test. Inertsil-C8
showed co-elution of the toluidine pair (with some band tailing), with also some tailing
of pyridine. Zorbax XDB-C8 eluted all peaks with good symmetry, with co-elution of
the toluidine pair. Results of this unbuffered test may have questionable practical value
since mobile phase buffers are recommended for methods with ionic compounds [9].
Nevertheless, the chromatograms of Fig. 9.5 show large differences in the columns,
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with some apparently having superior potential for separating basic and polar
compounds under these conditions.
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Fig. 9.6. Comparative separations with tricyclic antidepressant drug mixture. Columns: 15 x 0.46
cm. (A) Initial - mobile phase: acetonitrile-0.01M sodium phosphate buffer, pH 7.0 (60:40 v/v);
flow-rate: 1.5 ml/min; 40°C; sample: 5 µl containing 0.025 µg uracil, 0.125 µg doxepin, 0.25 µg
nortriptyline, 0.125 µg amitriptyline and 0.25 µg trimipramine. (B) After ~2,000 column volumes
of purge with mobile phase: acetonitrile-0.25 M sodium phosphate buffer, pH 7.0 (20:80 v/v); flow-
rate: 1.0 ml/min; 60°C; chromatographic test as in A.
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Since rugged and reproducible separation methods for ionic compounds should always
be performed with a buffered mobile phase [9], a test with a buffered mobile phase was
initiated to compare the relative stability of these columns. Fig. 9.6A shows the
separation of a mixture of highly-basic tricyclic antidepressants prior to column ageing,
using typical operating conditions for such basic compounds. To reduce the time and
effort required, aggressive operating parameters were used in continuously purging (or
“ageing”) these columns: a mobile phase of acetonitrile-0.25 M sodium phosphate
buffer, pH 7.0 (20:80 v/v), at 60°C. Periodically during this aggressive ageing, the
columns were re-tested with the tricyclic antidepressant mixture. Fig. 9.6B shows the
chromatograms obtained after about 2,000 column volumes (3 l) of purging mobile
phase. Note that two columns made with SolGel silica supports (Hypersil BDS-C8 and
Zorbax XDB-C8) showed the least degradation in this aggressive test. Although
Supelcosil ABZ+ column apparently was also made with a SolGel support (Table 9.1),
it was significantly degraded during this test. This result suggests that the polar amide
stationary phase functionality and lack of endcapping may have contributed to a higher
rate of silica support solubility (also see Fig. 9.1).

9.3.3.3. Effect of buffer type on column stability
As documented in section 9.3.2.3 and in previous studies for non-endcapped alkyl
bonded-phase columns [6], use of an organic (or borate) rather than a phosphate buffer
greatly decreases silica support dissolution during column use. This trend is further
verified in Fig. 9.7 for a double-endcapped dimethyl C8-column, comparing plate
heights resulting from the purge of columns with phosphate, citrate and TRIS buffers.
Fig. 9.7A shows the plate height plots for the neutral solute, toluene, as a function of the
column volumes of purge. Under the severe conditions of this test, the column quickly
failed with the phosphate buffer. Better column stability and longer column lifetime
were seen with the citrate buffer. By far the greatest column stability was experienced
using TRIS buffer, with no change noted after almost 30,000 column volumes of
purging. Fig. 9.7B shows comparable data for amitriptyline during this purging
procedure. Poorest stability again was found for phosphate buffer, with citrate slightly
better. For the TRIS buffer, a ~50% plate height increase in the highly basic
amitriptyline solute was observed, presumably because of minor changes in the silica
support (becoming more acidic) during the test.
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Fig. 9.7. Effect of buffer type on column stability. Columns: 15 x 0.46 cm Zorbax XDB-C8; purge:
acetonitrile-0.25M buffer, pH 7 (20:80 v/v); 60°C; 1.0 ml/min; test: acetonitrile-0.01M sodium
phosphate buffer, pH 7.0 (60:40 v/v), 22°C; 1.5 ml/min; sample: 5 µl. (A) toluene, 220 µg, (B)
amitriptine, 0.125 µg.

Curiously, with the endcapped columns in Fig. 9.7, citrate buffer did not show as much
improvement in stability as with non-endcapped columns [6]. We speculate that the
reason might involve the inability of highly-hydrophilic citrate to protect more highly
hydrophobic endcapped surface sites. On the other hand, the more hydrophobic and
cationic TRIS molecule seems able to bind tightly to the silica-based packing surface
(both non-endcapped and endcapped) to provide effective protection against attack of
hydrated hydroxyl groups that dissolve the silica support. Therefore, the use of basic
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organic buffers such as TRIS, 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid
(HEPES), etc. [6] at pH 6 and higher for both non-endcapped and endcapped columns
appears to be an effective approach for prolonging the lifetime of silica-based columns.

9.3.3.4. Effect silica support and endcapping
As indicated previously, the type of silica support and the bonding and endcapping
procedures all have a strong influence on the stability of silica-based columns when
used at intermediate (and higher) pH. Fig. 9.8 compares results for a single-endcapped
dimethyl C8-column prepared with a SilGel silica support and a double-endcapped
dimethyl C8-column made with a SolGel silica support. This study, performed under
conditions that are typical of many separations, found that the single-endcapped SilGel-
based column failed after about 8,000 column volumes of continuous purge with
acetonitrile-0.02 M sodium phosphate buffer, pH 7.0 (60:40 v/v) at 40°C, based on
plate height values for amitriptyline, as shown in Fig. 9.8A. On the other hand, the
double-endcapped column made with SolGel silica support still was functional under
the same conditions after 18,000 column volumes, when the experiment was terminated
arbitrarily. Note in Fig. 9.8B that the increase in k-values for the two columns during
this purging experiment initially are somewhat comparable for the column volumes
tested. The slight but steady increase in k for this highly basic drug (pKa = 9.5) is
suggestive of the exposure of more acidic silanol groups on the support surface during
purging. This effect has been noted for a variety of silica-based columns used at
intermediate pH [6,18]. The increased effectiveness of double versus single endcapping
against column failure also has been noted for cyano bonded-phase columns [19].

9.3.3.5. Column stability studies at pH > 11
Samples containing ionisable compounds, including basic solutes, usually are best
separated with mobile phases of pH ≤3 [7,8]. However, use of high pH (pH >9) mobile
phases for separating highly-basic compounds (e.g., basic drugs) may be desirable in
some cases because of possible problems at low pH, as discussed in the Introduction.
With high pH mobile phases, basic compounds are in the free (non-ionized) state, and
unreacted silanol groups on the silica support are completely ionized. Therefore, this
high pH condition minimizes any unwanted ionic interactions between basic solutes and
the silica support that might occur at intermediate pH where partial ionization of solutes
and silica surface can co-exist. While high pH operation should promote good peak
shapes and column efficiency, the perceived instability bonded-phase silica-based
columns above pH 8 has been a major deterrent to use under these conditions.
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Fig. 9.8. Comparative stability of SilGel- and SolGel-based columns. Columns: 15 x 0.46 cm;
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test: 1.0 ml/min; 40°C; sample: 5 µl containing 0.125 µg amitriptyline. (A) Plate heights, (B) k-
values.

The studies in the Chapters 7 and 8 have confirmed earlier reports [1-3] that certain
silica-based, bonded-phase columns can be used routinely for long periods to at least
pH 9-10, if particular operating conditions are used. We previously showed that
monofunctionally-bonded, non-endcapped columns exhibit excellent stability at high
pH when organic (e.g., TRIS, glycine) and borate buffers are used [5]. Conversely,
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silica-based columns are rapidly degraded when carbonate and phosphate buffers are
used at pH 10, and phosphate buffers can cause rapid degradation even as low as pH 7-
8, especially at higher temperatures and higher buffer concentrations [5,6].
Failure of silica-based, bonded-phase columns at both intermediate and high pH is a
result of support dissolution, causing collapse of the packed bed [5,6,10]. Therefore, a
strong factor in the stability of silica-based columns at both intermediate and high pH is
the type of silica support used [5,6]. Greatest resistance to dissolution are shown by the
lower surface area, lower porosity SolGel packings (made by aggregating silica sols -
see Table 9.1).

Previous studies have shown that silica-based columns can be used routinely at pH 11,
providing proper operating conditions are maintained [20]. Densely-bonded, endcapped
columns made from SolGel silica showed little change in plate numbers or peak
asymmetry for highly basic β-blocker drugs (pKa = 9.5 - 9.7) after use with about
30,000 column volumes of methanol-pH 11.0 1-methyl-piperidine buffered mobile
phase at ambient temperature. Separation α values also were essentially unchanged.
This test corresponded to more than 3 months of 8 h working days under these
conditions.
Even more stringent tests with an organic buffer at pH 11.5 now have confirmed the
capability of densely-bonded SolGel columns to operate effectively at high pH. Fig. 9.9
shows k and plate height values for a densely-bonded, double-endcapped dimethyl-C8

(SolGel) column for two highly basic β-blocker drugs and toluene after continuously
(not recycled) purging with methanol-0.05 M pH 11.5 pyrrolidine/HCl buffer at 40°C.
This column showed little change after about 10,000 column volumes, then slowly
degraded with continued purging until it failed at about 25,000 column volumes under
these conditions. Fig. 9.10 shows the initial chromatogram for this test, and the
separation after about 15,000 column volumes of purge. Column efficiencies and band
shapes were excellent at the beginning, and even after 15,000 column volumes, more
than half the plate numbers remained and peak asymmetries still were adequate. More
importantly, separation α values for these highly-basic solutes remained essentially
unchanged.
These and previous [20] results suggest that rugged methods for basic compounds at
high pH (at least pH 11) are feasible, provided the following conditions are used:
• columns of endcapped, densely alkyl-bonded SolGel silica support
• organic-based buffers at a concentration of ≤50 mM
• operating temperatures of ≤40°C
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9.4. CONCLUSIONS

As with previous studies with non-endcapped columns, these studies strongly suggest
that columns made with silica supports derived from aggregating silica sols are more
durable than SilGel silicas at intermediate and higher pH because of lower silica support
solubility. These studies also show that endcapping the alkyl stationary phase further
protects the silica support from dissolution that ultimately results in column failure.
Wide variations in the stability of illustrative commercial C8-columns with pH 7
phosphate-containing mobile phases were found. The functionalities associated with the
stationary phase/endcapping methods used to prepare these commercial columns were
identified by HF dissolution-derivatization, followed by GC-MS. Our dissolution and
chromatographic experiments indicate significant differences in silica support solubility
as a result of the type of silica support and the method of bonding/endcapping used.
Densely-bonded, double-endcapped stationary phases also appear to further increase
column stability, presumably by reducing solubility rate of the silica support. As with
previous studies with non-endcapped columns, strikingly longer column lifetime at
intermediate pH (e.g., pH 7) is obtained by using TRIS (and other organic) mobile-
phase buffers, rather than phosphate-based buffers. Finally, rugged methods with
mobile phases to at least pH 11 appear feasible, if certain silica-based, bonded-phase
columns are used at 40°C with organic-based buffers.
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CHAPTER 10

REVERSED-PHASE HIGH-PERFORMANCE
LIQUID CHROMATOGRAPHY OF BASIC

COMPOUNDS AT pH 11 WITH SILICA-BASED
COLUMN PACKINGS

Summary*

In this chapter additional ways are described in which silica-based column packings
can be stabilized for routine use at high pH (pH 9-11). Excellent column stability at
high pH is obtained by using densely-bonded, endcapped, longer-chain alkyl column
packings with certain organic buffers. Column lifetime can be further extended by using
untreated silica precolumns that partially saturate the mobile phase entering the
analytical column. Highest stability was obtained with a new densely-bonded, double-
endcapped bidentate-C18 silane stationary phase. Column packings with this material
exhibits superior stability at pH 11, while maintaining the high column efficiency and
excellent peak shapes that are characteristic of monofunctional bonded-silane silica-
based columns.

10.1. INTRODUCTION

Separating basic compounds at high pH (>9) as free bases is attractive for routine
analyses. Problems of unwanted ionic interactions are minimized as a result of the

                                               
* This chapter has been published: J.J. Kirkland, M.A. van Straten and H.A. Claessens, J. Chromatogr. A, 797 (1998)
111.
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inability of the free bases to interact by ion-exchange with the totally-ionized, unreacted
silanol groups on the silica-based packing. Although separations at high pH result in
excellent peak shapes and column efficiency for basic compounds, chromatographers
have been reluctant to use silica-based columns with high pH mobile phases because of
questions regarding column stability.
Earlier reports have indicated that certain silica-based, bonded-phase columns can be
routinely used at least to pH 9 - 10 in reversed-phase separations [1-3]. Recent studies
reported in chapters 7-9 confirmed these claims, and parameters such as silica support
and bonded phase type, buffer type and concentration, and temperature have been
systematically defined for optimum column performance, repeatability and stability in
high pH use [4-8].
This study provides additional approaches for improving the stability of silica-based
columns at high pH for routine separation methods. The use of precolumns
(“presaturators”) has been systematically investigated, and bonded phases useful for
high pH tested. A new bonded-phase type exhibits strong potential as a preferred
column packing material for high pH applications. This work suggests that silica-based
column packings have a wider pH range of applicability for developing rugged
separation methods than generally perceived.

10.2. EXPERIMENTAL

10.2.1 Chromatographic reagents, columns

HPLC-grade solvents were from EM Science (Gibbstown, NJ, USA). All 15 x 0.46 cm
I.D. Zorbax columns were prepared at the Hewlett-Packard, Newport Site, USA. The
porous silica microsphere support in these columns is a Type B silica formed by
aggregating ultra-pure silica sols [9,10]. Type B silicas generally are the newer
chromatographic supports, that are highly purified and less acidic leading to superior
separations, especially for ionizable compounds. Physical and surface properties of this
silica support have been reported [5,10-12]. Zorbax XDB-C8 and XDB-C18 columns
are comprised of densely-bonded dimethyl-silane-substituted stationary phases
exhaustively double-endcapped with dimethyl- and trimethylsilane groups by a
proprietary process [8]. Columns of these packings are available from Hewlett-Packard
(Wilmington, DE, U.S.A). Column packings of the bidentate C18-stationary phase were
prepared using technology similar to that previously described [13]. All columns were
prepared by conventional slurry-packing methods [14].
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10.2.2 Silica support dissolution studies

10.2.2.1. Equipment and chemicals
As in the previous chapters 7-9, columns were continuously purged with eluent using a
Model 100A pump (Beckman, Fullerton, CA, USA). Eluent fractions were collected
with a Waters P/N 37040 fraction collector (Waters, Milford, MA, USA). Absorbance
measurements were with a Pye Unicam LC3 detector (ATI Unicam, Cambridge, U.K.).
All chemicals and solvents were of analytical grade from Merck (Darmstadt, Germany).
Silicate standard solutions also were from Merck. Buffers and reagent solutions were
prepared with deionized water from a Milli-Q purification system (Millipore, Bedford,
MA, USA). The purge solutions for the dissolution studies were composed of
acetonitrile-0.02 M potassium phosphate buffer, pH 11 (50:50 v/v).

10.2.2.2. Procedures
To duplicate actual chromatographic practice, columns were continuously purged at 1.5
ml/min with eluents and not recycled. The procedure is in contrast to “simulated
column aging studies” where packings are immersed in a static volume of mobile phase
for a time period. Here, the chromatographic process actually is not simulated since the
mobile phase becomes saturated with silica and further support dissolution cannot occur
as in actual use. In the present study, dissolution tests were conducted with the mobile
phase flowing at 1.5 ml/min with the columns thermostatted at 25°C. All columns were
flushed for 10 min with acetonitrile-water (50:50 v/v) prior to the dissolution
experiments. After beginning a specific dissolution experiment, we sampled the effluent
after about one liter had passed through the column, using a fraction collector. Column
effluent samples for silicate analysis were collected for a 6 min period (9 ml total).
Silica concentrations dissolved from the columns were measured colorimetrically at 410
nm for collected fractions using the well-known silicomolybdate complex method [15].
For these silica measurements, standard silicate mixtures were prepared in the
corresponding buffer-modifier purge solutions used for the dissolution studies.
Absorbance values were measured using blank solutions as reference. The potential
interference of phosphate on the colorimetric method was eliminated by removing
phosphate prior to silica measurement [5].
Results from the colorimetric measurements for the concentration of dissolved silica in
the eluents were plotted as a function of effluent volume. First, the volume of eluent (V)
between two consecutive fractions was calculated using the relationship (Vi+1 -Vi). With
this value and the measured concentrations of silica in the two consecutive fractions, the
average silica concentration of two consecutive fractions (Ci) was determined. Plots of



218 Chapter 10

the amount of silica dissolved (m) vs. eluent volume (V) then were obtained by
integrating the silica concentration vs. eluent volume (∆m/∆V vs V) using the expression
m =Σ Ci ∆i V, where ∆i V represents the effluent volume difference corresponding to
two consecutive fractions.

10.2.3 Chromatographic column degradation studies

10.2.3.1 Apparatus and reagents
Analytical-grade methanol, acetonitrile and buffer components were from J.T. Baker
(Phillipsburg, NJ, USA). EM Science (Gibbstown, NJ, USA) supplied HPLC-grade
methanol and acetonitrile. Test solutes from Sigma (St. Louis, MO, USA) were used as
received. Column purging (“aging”) studies were carried out with a Shimadzu Model
LC-600 pump (Tokyo, Japan). Chromatographic testing was with a Hewlett Packard
Model 1050 instrument and a DuPont Instruments column thermostat (Wilmington, DE,
USA). Chromatographic data were recorded and processed with CHROMPERFECT

Version 6.02 software (Justice Innovation, Palo Alto, CA, USA) Plate height
calculations were made using the half-peak-height method (Eq. 5.2 of [14]). Peak
asymmetry values were determined by the ratio of trailing vs. leading band widths (at
10% of the peak height) defined by dropping a perpendicular from the peak apex to the
baseline (Fig. 5.15 of [14]). Samples were injected with a Rheodyne Model 7125
sampling valve (Cotati, CA. USA). The bidentate C18 silane was synthesized at the
Newport Site laboratories and reacted with Zorbax RX-SIL [12] (80 �, 180 m2/g;
Hewlett-Packard) by a proprietary process [16,17].
The phosphate buffer was prepared by mixing appropriate K2HPO4 and KOH solutions
to obtain the desired pH 11. Triethylamine buffer was obtained by titrating 0.05 M
'Sequenal'-grade triethylamine (Pierce Chemicals, Rockford, IL, USA) with 5 M
hydrochloric acid to pH 11. The 0.05 M 1-methyl-piperidine buffer was made by
titrating a solution of the free base (Aldrich Chemicals, Milwaukee, WI, USA) to pH 11
with hydrochloric acid [7].

10.2.3.2 Column aging procedures, pH 11
Columns were continuously purged at 1.5 ml/min (not recycled) with an acetonitrile-
0.017 M potassium phosphate pH 11 buffer (50:50 v/v) mixture at ambient temperature
(23°C). (Note that all pH values relate to that of the buffer used and not the organic
buffer mixture.) These columns were periodically tested with toluene using a methanol-
deionized water mobile phase (80:20 v/v) at 1.0 ml/min at ambient temperature. Tests



Reversed-Phase HPLC of Basic Compounds … 219

also were made with a mixture of β-blocker basic drugs (pindolol, metoprolol,
oxprenolol, propranolol (pKa=9.5-9.7) at 0.008, 0.165, 0.413, 0.413 and 0.083 µg/µl,
respectively, in methanol:water, 1:1) at 40°C, using a mobile phase of acetonitrile-0.017
M potassium phosphate (pH 11) buffer (50:50 v/v) with a flow rate of 1.0 ml/min.
Sample injection volumes were 5 µl. Before chromatographic testing, each column was
first flushed with at least twenty column volumes of methanol-water (50:50 v/v) before
equilibrating with about twenty column volumes of the new mobile phase.

10.3. RESULTS AND DISCUSSION

Previous studies in chapters 7-9 have defined preferred parameters for ensuring
optimum stability and reproducibility of silica-based columns at intermediate and high
pH for separating ionizable compounds [4-8]. These approaches include using: lower-
porosity and surface-area sol-gel silica supports; densely-bonded, endcapped longer-
chain alkyl stationary phases; organic buffers with concentrations of no more than 50
mM; and operating temperatures of 40°C or lower. The present investigations were
designed to find ways that would further extent the practicality of operating silica-
based columns especially at high pH.

10.3.1. Effect of organic modifier on column stability

Previous studies have suggested that the type of organic modifier may influence the
dissolution of silica-based column packings at intermediate pH [6,8], Mobile phases
with phosphate buffer were shown to be especially aggressive in the dissolution of
silica at pH 7, resulting in column degradation. Tests at pH 11 with aggressive
phosphate buffer also indicate differences in organic modifier type on column
stability. Fig. 10.1 shows the effect of purging densely-bonded, double-endcapped
columns with mobile phases modified with acetonitrile or methanol. Significant
difference occurred with acetonitrile modifier as compared to methanol, using plate
heights of the highly basic propranolol solute as a measure of column degradation.
Similar results also were found for the neutral molecule, toluene (results not shown).
Since silicates from the dissolution of silica support are expected to be more soluble
in the methanol- rather than acetonitrile-modified mobile phase as confirmed in our
earlier studies with non-endcapped bonded phases [5], another effect apparently
dominates. We speculate that the difference is due to the aqueous mobile phase
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containing the highly hydrophilic methanol molecule being less able to “wet” and
penetrate this particular highly hydrophobic stationary phase than the less-hydrophilic
acetonitrile-modified mobile phase. The result would be that the silica support is less-
exposed to the aggressive pH 11 phosphate mobile phase for dissolution. It is also
likely that the effect of organic modifier on column lifetime at high pH is influenced
by the nature of the stationary phase.
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Fig. 10.1. Effect of organic modifier on column stability at pH 11. Columns: 15 x 0.46 cm Zorbax
XDB-C8; Aging: acetonitrile or methanol-0.017 M potassium phosphate buffer, pH 11 (50:50 v/v);
flow rate: 1.5 ml/min; temperature: 23°C. Chromatographic test: acetonitrile-0.017 M potassium
phosphate buffer, pH 11 (50:50 v/v); flow rate: 1.0 ml/min; temperature: 40°C; solute: propranolol.

10.3.2. Effect of buffer type

Previous studies showed that certain buffers based on organic amines (i. e., 1-methyl-
piperidine and pyrrolidine) exhibit surprisingly low solubility of silica supports at pH
~11, thus significantly enhancing column stability under this normally aggressive
condition [7,8]. It was speculated that the reason for this is that the nitrogeneous
portion of these rather large organic molecules is sorbed to the silica surface, leaving
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the hydrophobic portion of the structures to further “shield” the silica surface from
dissolution. Assuming that this is the correct mechanism, we proposed that an organic
buffer based on a smaller, less hydrophobic molecule may not be as effective in
protecting the silica surface. To test this postulation, columns with double-endcapped
dimethyl-C18 stationary phases were purged with methanol-modified pH 11 buffers
made with potassium phosphate, 1-methyl-piperidine and triethylamine, with the
results shown in Fig. 10.2.
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Fig. 10.2. Effect of buffer type on column stability at pH 11. Columns: 15 x 0.46 cm Zorbax XDB-C8;
aging: methanol-0.017 M potassium phosphate buffer, trimethylamine-HCl or 1-methyl-piperidine-
HCl buffers, pH 11 (55:45 v/v); flow rate: 1.5 ml/min; temperature: 23°C; Chromatographic test: same,
except: flow rate: 1.0 ml/min; temperature: 40°C.

Based on plate heights found for propranolol, the buffer made with the more
hydrophobic amine, 1-methyl-piperidine, resulted in the most stable column, with
very little column change after more than 32,000 column volumes of mobile phase
purge. (This corresponds to about 3 months of 8-h column usage). The buffer based
on the less-hydrophobic, smaller triethylamine molecule was clearly less effective in
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maintaining column stability, supporting the postulation of an adsorbed hydrophobic
amine structure protecting the silica surface. Note in Fig. 10.2 that rapid column
degradation occurs when a phosphate buffer is used under the same pH 11 conditions.
For this reason, phosphate-based buffers are not recommended for routine use at high
(and intermediate) pH [6,8].

10.3.3. Effect of bonding on silica support solubility

Bonding the silica support with a stationary phase greatly affects the rate of silica
support dissolution, as illustrated in Fig. 10.3.
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Fig. 10.3. Effect of bonding on silica support solubility. Columns: 15 x 0.46 cm Zorbax RX-SIL and
Zorbax XDB-C8; Purging: acetonitrile-0.02 M potassium phosphate buffer, pH 11 (50:50 v/v); flow
rate: 1.5 ml/min; temperature 25°C; silicate concentration by silicomolybdate color reaction.



Reversed-Phase HPLC of Basic Compounds … 223

Here, the amount of silica dissolved with an acetonitrile-phosphate buffer (pH 11)
mobile phase for an unmodified silica support is compared to that for the same silica
densely-bonded with a double-endcapped dimethyl C8-silane. The bonded stationary
phase greatly retards the rate of silica support dissolution, indicating protection of the
silica surface by the hydrophobic bonded silane.

10.3.4. Effect of stationary phase chain length

The length and bulk of the stationary phase also has a significant effect on column
stability at high pH, as shown in Fig. 10.4.
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Purging of comparable double-endcapped dimethyl C8- and C18-columns with a
highly aggressive methanol-phosphate buffer (pH 11) mobile phase indicated a
significant degradation of the C8-column after about 5,000 column volumes of purge,
as measured by the peak asymmetry for toluene. On the other hand, the C18-column
showed little change with 9,000 column volumes of purge, after which the test was
arbitrarily terminated. The indications are that the steric bulk of the C18-group assists
in reducing silica support dissolution, presumably by additional shielding of the silica
surface.

10.3.5. Effect of precolumns (“saturator columns”) on column stability

Precolumn or “saturator” columns placed prior to the sampling valve can be used to
precondition a mobile phase before entering a column. Precolumns usually are
required to saturate an incoming mobile phase with the stationary phase when liquid-
liquid chromatographic separations are attempted [18]. In this way, the concentration
of the stationary phase is maintained in the mobile phase so that solute retentions are
reproduced. The use of silica-based precolumns also have been reported for inter-
mediate and high pH mobile phases to minimize degradation of the analytical silica-
based column [e.g., see 19]. Here, the intent is to pre-saturate the mobile phase with
silica before passing into the analytical column, so that dissolution of the silica
support in the analytical column is reduced or eliminated. However, to our
knowledge, there has not been a study in which the proposed beneficial effects of a
precolumn were quantitated and documented. To determine level of potential benefit
of using a precolumn in high pH applications, we performed experiments measuring
the effect of using both untreated and bonded-phase precolumns in dissolution and
chromatographic tests.

10.3.5.1. Untreated silica precolumn
Column aging studies were carried out on densely-bonded, double-endcapped
dimethyl C8-columns with the aggressive acetonitrile-phosphate buffer (pH 11)
mobile phase, with and without a precolumn of untreated silica support of the same
type. The results in Fig. 10.5 clearly show the column stability advantage of using
such an arrangement. As measured with the basic drug, propranolol, and the neutral
solute, toluene, column stability was significantly improved with the precolumn,
compared with no precolumn. Without a precolumn, the analytical column quickly
failed (after 1,000 - 2,000 column volumes of purge) and tests were terminated after
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about 5, 000 column volumes. With a silica precolumn, there was only an indication
of a slight change in the analytical column after almost 11,000 column volumes of
purge, after which the test was arbitrarily terminated. As reported in previous studies
[6,8], plate height (Fig. 10.5B) and peak symmetry (Fig. 10.5C) measurements are
much more sensitive in defining column stability than solute k values. Stationary
phase eroded from aged columns largely is captured by the remaining stationary
phase [5]; retention apparently changes only when the freed stationary phase is eluted
from the column, as suggested in Fig. 10.5A.
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10.3.5.2 Bonded-phase precolumn
Some workers have used another bonded-phase column as the precolumn for
protecting the analytical column during high pH applications. To test this approach, a
densely-bonded double-endcapped dimethyl C8-column packing was used in a pH 11
dissolution study as a precolumn for an analytical column of the same type. Fig. 10.6
shows the amount of silica dissolved for this arrangement, compared to the silica
dissolved for the same analytical column type without a precolumn. The results
indicate that the bonded-phase precolumn actually increased the level of silica
dissolved, suggesting that the analytical column probably received some protection
by this approach.
This effect is substantiated by the chromatographic stability data in Fig. 10.7, where a
bonded-phase precolumn was used prior to the analytical bonded-phase column in the
same pH 11 stability test described for Fig. 10.5. The analytical bonded-phase
column with a bonded-phase precolumn showed some improvement in stability when
tested separately, but much less than that afforded by an unmodified silica precolumn
(Fig. 10.5).
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Fig. 10.7. Effect of bonded-phase precolumn on aging of bonded-phase analytical column at pH 11.
Columns: 15 x 0.46 cm Zorbax XDB-C8; conditions: same as Fig. 10.5 except no toluene data.

This might be anticipated, since the much reduced rate of silica dissolution expected
from the bonded-phase precolumn would not create the silicate concentration to
significantly reduce the dissolution of silica support in the analytical bonded-phase
column. We conclude that a preferred approach is to use a column of untreated silica
as the precolumn for maximum protection against silica support dissolution, as
suggested in Sect. 10.3.5.1. Since the effluent from such a precolumn apparently is
not completely saturated with silicate, this result suggests that a longer precolumn is
preferred over a short precolumn to ensure the highest possible level of silicate
concentration and resultant analytical column protection at high pH.
Although these studies confirm the capability of precolumns to extend the lifetime of
silica-based columns in high pH operation, this approach should be used with caution
because of potential limitations. First, precolumns generally preclude the possibility
of gradient elution separations. The large dwell volume associated with the
precolumn greatly distorts the gradient mixing. Also, the reproducibility of silica
support dissolution is difficult to maintain with the changing of organic modifier
concentration and the resulting effective change in mobile phase pH. Second,
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precolumns tend to sorb impurities from the incoming mobile phase, and these
eventually can elute into the analytical column to cause baseline perturbations. Third,
degradation of the silica in the precolumn can cause a large increase in system back
pressure, and such particle degradation also can plug the inlet of the analytical
column. An in-line filter may be of aid if this proves to be a problem. Generally,
however, the best approach is to use a fresh, unmodified silica column as a
precolumn, and periodically replace this unit before silica dissolution becomes
severe.

10.3.6. Bidentate stationary phase

Polymeric [20] and self-assembled, horizontally-polymerized silane [21] stationary
phases on silica supports have been proposed as stable column chromatographic
packings for high pH applications. The claimed stability for both of these materials
apparently is based on the premise that the component silanes are bonded to the silica
support by more than one covalent bond. Presumably, such an arrangement reduces
loss of the stationary phase as the silica support is dissolved by the high pH mobile
phase. On the other hand, a known disadvantage of both of these approaches is the
problem of reproducing the polymeric nature of these phases for repeatable
separations from batch to batch of column packing material.
We find that another approach for obtaining superior stability of silica-based column
packings is to use bidentate silane stationary phases. Column packings with bidentate
phases have shown superior stability at low pH, presumably based on the covalent
attachment of the silane in two places; both attaching siloxane bonds must be
hydrolytically broken before the bonded phase is lost from the silica surface [13,22].
In contrast to polymeric phases, a distinct advantage of the bidentate approach is that
the attached silane can be reproducibly reacted to the silica surface: one equivalent of
bidentate silane reacts with one equivalent of silanol groups. Therefore, the
repeatability of products from properly-conducted bidentate synthesis is equivalent to
that of materials with the widely-used monofunctional silane chemistry.
We now have determined that the stability advantage of bidentate phases extends
beyond the low pH range to high pH. Again, the apparent reason for increased
stability at high pH is the attachment of the silane to the silica support by two
siloxane groups. Silane loss by dissolution of the silica support is minimized because
of this two-fold attachment. Of particular interest in the present studies was the C18-
bidentate structure shown in Fig. 10.8. This bonded phase was found to have superior
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stability at high pH while maintaining all of the advantages of the reproducibility,
efficiency and excellent band shape of monofunctional stationary phases. Description
of the synthesis and chromatographic properties of this and other bidentate-based
stationary phases are given in other publications [16,17].

Silica Support

Si
O

Si

O

C18 C18

Fig. 10.8. Structure of bidentate C18-bonded phase.
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Comparison of the stability of the bidentate bonded phase with comparable
monofunctional densely-bonded, double-endcapped dimethyl C8- and C18-stationary
phases is shown in the pH 11 dissolution studies of Fig. 10.9. The double-endcapped
bidentate phase showed a strikingly slower silica solubility rate with this aggressive
pH 11 phosphate-based mobile phase than the C8- and C18-phases produced from the
same Type B silica support. As might be predicted, the C18-packing showed a lower
rate of solubility than the shorter-chain C8-packing, suggesting a better shielding of
the silica support from attack by hydroxyl ions.
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Similar results were found in chromatographic tests, as illustrated in Fig. 10.10.
When purged with an acetonitrile-phosphate (pH 11) mobile phase, the new bidentate
phase showed slower degradation than comparable monofunctional C8- and C18-
phases. Interestingly, even with the highly aggressive phosphate (pH 11) mobile
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phase, the bidentate packing showed only a modest increase in the plate height for the
highly basic propranolol test probe after about 10,000 column volumes of mobile
phase (about 1 month of 8-h day use). The monofunctional C18-packing also showed
increased stability over the C8-packing, which correlates with the dissolution data of
Fig. 10.9. Fig. 10.11 shows the initial chromatogram and the separation for the
bidentate C18-column after purging with almost 10,000 column volumes of aggressive
pH 11 phosphate mobile phase.
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Fig. 10.11. Stability of bidentate C18-column at pH 11. Column: 15 x 0.46 cm; conditions same as Fig.
10.10; solutes: β-blocker drugs. (A) - initial separation; (B) - separation after 9,419 column volumes of
purge with pH 11 mobile phase.
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As discussed above, silica-based columns demonstrate much higher stability at high
pH with organic buffers, compared to when phosphate-based buffers are used [6,7].
In previous studies, we found that the C8-column packing of Fig. 10.10 showed very
little change after more than 30,000 column volumes of purging with an
acetonitrile/1-methyl-piperidine pH 11 mobile phase [7]. We speculate that the new
bidentate C18-column packing should show even further stability against change when
a recommended organic-based high-pH buffer is used.
As a result of the increased stability of the bidentate C18-stationary phase, we
speculate that it should be possible to safely purge silica-based columns of this
stationary phase periodically with highly aggressive treatments (such as 0.1 M
sodium hydroxide) to clean unwanted, highly retained materials (e.g., endotoxins)
from the column bed. Such a treatment seems feasible, since the bidentate C18-
materials of this study are much more resistant to dissolution and degradation than
the densely-reacted non-endcapped dimethyl C18-columns previously described as
surprisingly resistant to such treatments [23].

10.4. CONCLUSIONS

Further studies with bonded-phase packings at high pH have revealed additional ways
in which silica-based column packings can be stabilized for repeatable routine
separations without sacrificing the desirable advantages of column efficiency and
peak shape. Densely-bonded, double-endcapped dimethyl C8-phase shows higher
stability at pH 11 in methanol-based mobile phase compared to acetonitrile. Silica-
based columns apparently are more stable at pH 11 with more hydrophobic organic-
based buffers, compared to shorter-chain, less hydrophobic organic buffers and
phosphate-based buffers. Both of these organic buffers show plate heights that are
comparable to those for phosphate buffers. Precolumns of unmodified silica greatly
extend the lifetime of columns used at high pH (e.g., phosphate buffer, pH 11);
bonded-phase precolumns appear less effective. Densely-bonded, double-endcapped,
silica-based C18 bonded-phase column packings are more stable at pH 11 than
comparable C8 packings. A new densely-bonded, double endcapped bidentate C18-
stationary phase exhibits superior stability at pH 11, while maintaining the
advantages of high efficiency and excellent peak shapes characteristic of mono-
functionalized, silica-based bonded-phase columns.
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CHAPTER 11

PROPERTIES OF BIDENTATE SILANE
STATIONARY PHASES FOR REVERSED-PHASE

HIGH-PERFORMANCE LIQUID
CHROMATOGRAPHY

Summary*

In this chapter a family of new silica-based bidentate silane stationary phases showing
distinct advantages as reversed-phase chromatography column packings are described.
Column efficiency, reproducibility and selectivity characteristics are equivalent to those
of conventional monofunctional silane stationary phases, but column stability is
measurably improved. A silica-based bidentate C18/C18-column packing exhibits excellent
stability with both low and intermediate pH mobile phases, but is especially notable for
high-pH separations. Highly basic compounds such as basic drugs can be separated
routinely at high pH as free bases. This study has defined how the structure of this
bidentate silane should be designed to position C18-ligands for optimum solute inter-
action and column efficiency. The characteristics of these new phases have been deter-
mined to describe areas of most useful chromatographic applications.

11.1. INTRODUCTION

Monofunctional silanes are widely used for bonded stationary phases in high-
performance liquid chromatography (HPLC) columns because of the ability to
reproducibly prepare efficient columns with silica supports [1]. Monofunctional
stationary phases often are preferred by users because of their superior kinetic
properties and the ability to be closely reproduced in surface reactions - one molecule
                                                  
* This chapter has been published: J.J. Kirkland, J.B. Adams, M.A. van Straten and H.A. Claessens, Anal. Chem.,  70
(1998) 4344.
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of silane reacts with one silanol group. Polymeric [2] and horizontally-polymerized
silanes [3] have been proposed as superior stationary phases in terms of stability in
both low and high pH mobile phases, presumably because of multiple attachment to
the silica support. While these materials have not shown higher stability than the
monofunctional sterically-protected silanes in low pH environments [1,4,5], they have
demonstrated better stability than many monofunctional stationary phases at high pH
[2]. An exception may be densely-bonded, double-endcapped C8- and C18-stationary
phases [6-8], although appropriate comparative data are not yet available.

There is considerable interest in conducting reversed-phase HPLC separations at high
pH (>9), especially for basic compounds. Here, the pH can be adjusted so that the
compounds are free bases, unable to interact deleteriously by ion-exchange with
totally-ionized unreacted silanol groups remaining on the silica support surface.
Operation at a pH well above the pKa value of basic compounds also should produce
more repeatable separations, since retention changes due to the formation of ionized
forms is not possible [6,8]. Therefore, in terms of retention reproducibility, separations
at high pH should be equivalent to those carried out in the often-recommended low pH
mobile phases where both ionizable solutes and silanol groups are fully protonated [6].
Consequently, great interest exists to improve the stability of monofunctional silica-
based column packings in high pH mobile phases further. This chapter reports on the
development of new bidentate silane stationary phases. These bidentate phases retain
the benefits of typical monofunctional silane phases - high column efficiency and
excellent reaction repeatability - while demonstrating good stability in both high,
intermediate and low pH mobile phases. This chapter describes the preparation and
characterization of some useful bidentate phases. Furthermore, in the same chapter the
reversed-phase HPLC characteristics of these materials and some important aspects of
structure in determining the kinetic nature of C18-modified stationary phases are also
described.
The stability of these new column packing materials at high pH were defined by two
approaches that also were used in previous studies [7-10]. First, the rate of silica
support solubility with continuously-flowing, aggressive mobile phase containing an
aggressive pH 11 phosphate buffer was measured using the well known
silicomolybdate colorimetric method. Second, in comparable column aging studies, the
change in chromatographic properties of the column packings was determined.

11.2. EXPERIMENTAL
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11.2.1. Silica support dissolution studies

As in previous studies [7-10], mobile phase was continuously purged through the
columns with a Model 100 A pump (Beckman, Fullerton, CA, USA). Fractions of the
eluent were collected with a Waters P/N 37040 fraction collector (Waters, Milford,
MA, USA). Absorbance measurements were with a Pye Unicam LC3 detector (ATI
Unicam, Cambridge, UK). All chemicals, solvents and silicate standard solutions were
of analytical grade from Merck (Darmstadt, Germany). Buffers and reagent solutions
were prepared from deionized water from a Milli-Q purification system (Millipore,
Bedford, MA, USA). The purge solutions for the dissolution studies were composed of
acetonitrile-0.02 M potassium phosphate buffer, pH 11.0 (50:50 v/v).
To duplicate actual chromatographic practice, columns were purged continuously at
1.5 ml/min at 25oC with eluents and not recycled. All columns were flushed for 10 min
with acetonitrile-water (50:50 v/v) prior to the dissolution experiments. After starting a
specific dissolution study, we sampled the effluent after about one liter had passed
through the column, using a fraction collector. Column effluent samples for silicate
analysis were collected for a 6-min period (9 ml total).
Silica concentrations dissolved from the columns were measured colorimetrically at
410 nm for collected fractions, using the silicomolybdate complex method [11]. For
these silica measurements, standard silicate mixtures were prepared in the buffer-
modifier purge solutions used for the dissolution studies. Absorbance values were
measured using blank solutions as reference. The potential interference of phosphate
on the color reaction was eliminated by removing the phosphate prior to silica
measurements [9].
Results from the colorimetric measurements for the concentration of dissolved silica in
the eluents were plotted as a function of eluent volume. First, the volume of eluent (V)
between two consecutive fractions was calculated using the relationship (Vi + 1 - Vi).
With this value and the measured concentrations of silica in the two consecutive
fractions, the average silica concentration for two consecutive fractions (Ci) was
determined. Plots of the amount of silica dissolved (m) vs. eluent volume (V) then were
obtained by integrating the silica concentration vs. eluent volume (∆m/∆V vs. V) using
the expression m = Σ Ci ∆iV, where ∆iV represents the effluent volume difference
corresponding to two consecutive fractions.

11.2.2. Column characterizations and equipment



238 Chapter 11

Chromatographic data for the plate height vs. mobile phase velocity plots were
obtained with a Hewlett Packard Model 1090 II instrument (Wilmington, DE, USA).
Data for the Van ’t Hoff plots were obtained using a Beckman Model 100A (Beckman
Instruments, Fullerton, CA, USA), a Rheodyne Model 7125 injector with a 5 µl
sample loop (Cocati, CA, USA), a Spark Mistral Model column oven (Spark, Emmen,
NL), a Linear UVIS 200 UV detector (Linear Instruments, Reno, NV, USA), and a
Nelson 3000 data system (Perkin Elmer, Cupertino, CA, USA). A 5 µL sample of 10 -4-
10-5 molar of uracil (Fluka Chemie, AG, Buchs, Switzerland), toluene (Aldrich,
Milwaukee, WI, USA) and trimipramine (Sigma, St. Louis, MO, USA) was used for
these tests. Molecular models for bidentate structures were prepared with HyperChem
software from Hypercube, Inc. (Waterloo, Canada).

11.2.3. Chromatographic reagents

Analytical-grade methanol and buffer components were from J.T. Baker (Phillipsburg,
NJ, USA). EM Science supplied HPLC-grade methanol and acetonitrile. Tricyclic
antidepressants and β-blocker test solutes from Sigma (St. Louis, MO, USA) were
used as received. Phosphate buffer was prepared by mixing appropriate K2HPO4 and
KOH solutions to obtain the desired pH 11.
The 0.05 M 1-methyl-piperidine buffer initially was made by titrating a solution of the
free base (Aldrich, Milwaukee, WI, USA) to pH 11 with hydrochloric acid [6,8]. The
0.05 M pH 11.5 pyrrolidine buffer was prepared similarly from the free amine (99%,
Aldrich, Milwaukee, WI, USA). Purging studies with 1-methyl-piperidine buffered
mobile phases prepared from the commercial amine showed that columns were slowly
fouled with unknown impurities in this free base. Therefore, this amine was purified by
forming the oxalic acid salt, recrystallizing, freeing the base with sodium hydroxide
solution, and distillation. Buffer made with this purified amine then was used for long
periods without difficulty.
Column aging (purging) studies were performed with a Shimadzu Model LC-600
pump (Tokyo, Japan). Chromatographic testing was with a Hewlett Packard Model
1050 instrument (Wilmington, DE, USA) and a DuPont Instruments column thermostat
(Wilmington, DE, USA). Chromatographic data were processed with CHROMPERFECT

version 6.02 software (Justice Innovation, Palo Alto, CA, USA). Plate height
calculations were determined by the half-peak-height method (Eq. 2.8a of [12]). Peak
asymmetry values were determined by the 10% peak height (Fig. 5.19 of [1]). Samples
were injected with a Rheodyne Model 7125 sampling valve (Cotati, CA, USA).
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11.2.4. Columns

All 15 x 0.46 cm columns were prepared at the Hewlett Packard Newport Site. The
physical and surface properties of the low-acidity, highly-purified Type B Zorbax RX-
Sil silica support used for these columns have previously been reported [13]. Surface
area for this silica support typically is 180 m2/g, with pores of 8 nm. The bidentate
silane reagents used in this study also were synthesized at the Newport Site [14].
Reactions with the silica support were conducted by proprietary methods to generate
densely-bonded surfaces that could not be further reacted because of steric limitations.
All packings were exhaustively double-endcapped with dimethyl- and trimethylsilane
groups [7], and columns were formed by conventional slurry-packing methods [15].

Table 11.1
Summary of results for bidentate column packings. Ethylene bridge between silicon atoms for
bidentate packings unless noted; Dimethyl C8- and C18- (Zorbax XDB) packings shown for
comparison; all packings double-endcapped.

Phase % Ca Amitriptylineb Toluenec

N K As N K As

Zorbax XDB-C8 7.15 9000 3.77 1.53 13400 0.93 1.05
Zorbax XDB-C18 9.38 9100 6.44 1.47 12900 1.46 0.97

C1/C18-bidentate 9.08 8800 6.02 1.84 12200 1.29 1.18
C4/C18-bidentate 9.32 9900 5.98 1.39 12500 1.36 1.23
C8/C18-bidentate 10.50 10000 5.55 1.27 12900 1.38 1.20
C18/C18-bidentate 12.09 6000 5.22 2.07 11400 1.22 1.45
C18/C18P-bidentated 11.94 9400 5.31 1.57 12100 1.48 1.21

a Standard deviation, 0.01%, absolute.
b Acetonitrile-0.01 M sodium phosphate buffer, pH 7.0 (60:40 v/v), 1.5 ml/min, 40oC
c Methanol-water (80:20 v/v), 1.0 ml/min, ambient temperature
d P = propylene bridge

A series of bidentate C18-containing stationary phases were prepared to investigate the
effect of different alkyl functional groups, as listed in Table 11.1 (chromatographic
implications from these data are discussed later). When reacted with the silica support,
the bidentate silanes produced a surface that assumed the structure of Fig. 11.1, where
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R is an alkyl group and Q is a -CH2CH2- or -CH2CH2CH2- bridging group. Complete
reaction of both reactive groups of the bidentate silane was observed under the
reaction conditions used, based on elemental analysis. This absence of reactive
functionalities on the reacting bidentate silicon atoms is taken as evidence that both
silicon atoms for the bidentate are attached to the silica surface. Additional evidence
(described below) is that the bonded bidentates show unusual stability in aggressive
low and high pH environments.

Si
O

R
Q

Si

O

Silica Support

C18

Fig. 11.1. General structure of bidentate stationary phases. R = methyl, n-butyl, n-octyl or n-octa-
decyl; Q = -CH2-CH2- or -CH2-CH2-CH2-.

11.2.5. Column aging studies

Columns were continuously purged at 1.5 ml/min (not recycled) with an acetonitrile-
0.017 M potassium phosphate pH 11 (50:50 v/v) buffer mixture at ambient
temperature (23oC). These columns were periodically tested with toluene using a
methanol-deionized water mobile phase mixture (80:20 v/v) at 1.0 ml/min (ambient
temperature). Tests also were made with a 5 µl mixture of tricyclic antidepressant
drugs (doxepin, trimipramine, amitriptyline and nortriptyline at 0.025, 0.25, 0.025 and
0.25 mg/ml, respectively) or β-blocker basic drugs (pindolol, metoprolol, oxprenolol,
propranolol - pKa=9.5-9.7 - at 0.008, 0.165, 0.413, 0.413 and 0.083 g/µl, respectively,
in 1:1 methanol:water) at 40oC. Before chromatographic testing, each column was first
flushed with at least twenty column volumes of methanol-water (50:50 v/v) before
equilibrating with about twenty column volumes of the new mobile phase.
11.2.6. Temperature studies

Data for Van ’t Hoff plots were obtained using a mobile phase of acetonitrile-0.02 M
sodium phosphate buffer pH 7.0 (60:40 v/v), at a flow rate of 1.0 ml/min. Uracil was
used as a t0 marker for k-value measurements of the test solutes, which were deter-
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mined as the arithmetic mean of triplicate runs. Measurements were performed by
stepwise increasing the column temperature.

11.3. RESULTS AND DISCUSSION

11.3.1. Characteristics at low pH

A potential advantage for bidentate silane stationary phases on silica supports is
superior stability with low pH mobile phases, as a result of the covalent anchoring by
two siloxane bonds to the silica support. The two-fold attachment assists in minimizing
the normal attrition of conventional monofunctional stationary phases that results from
the hydrolysis of attaching siloxane bonds and loss of the stationary phase. This
feature was demonstrated in two earlier reports characterizing bidentate phases
prepared from commercially available silanes [8,14].
The stability of the bonded bidentate structure at low pH is further illustrated with the
data in Fig. 11.2. Here, three different types of C18-stationary phases on the same type
of silica support were continuously purged (“aged”) under highly-aggressive
conditions with a methanol-1% trifluoroacetic acid (pH ~ 0.9) mobile phase at 90oC. It
was found that the bidentate-C18 was almost as stable as the sterically-protected
diisobutyl C18-silane, which has been documented as a highly-stable silane stationary
phase [4,5]. Fig. 11.2 also shows that the bidentate C18-packing clearly possesses
greater stability than a conventional monofunctional dimethyl C18-packing prepared on
the same type silica. If the bidentate silane was only attached to the silica support by a
single bond, one would expect that the packing stability would more nearly be that of a
conventional monofunctional C18-material. Therefore, the excellent stability of the
bidentate C18-packing is taken as additional evidence of attachment of the bidentate
structure in two places on the silica support, as illustrated in Fig. 11.1. We also
speculate that the formation of a thermodynamically-favorable ring structure (Fig.
11.1) may also contribute to the drive for reaction of both ends of the bidentate
structure.
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Column Volumes of Purge

0 5000 10000 15000 20000 25000 30000

F
ra

ct
io

n 
of

 to
lu

en
e 

k 
re

m
ai

ni
ng

0.0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9

1.0
Diisobutyl-C18

Bidentate-C18P

Dimethyl-C18

Fig. 11.2. Stability comparison for C18-bonded phase columns at pH 0.9 and 90oC. Columns: 15 x
0.46 cm; Purge mobile phase (continuous at 1.5 ml/min): methanol-water with 1.0 % trifluoroacetic
acid (50:50 v/v); temperature: 90oC; Test mobile phase: methanol-water (60:40 v/v); flow rate: 1.0
ml/min; temperature: ambient; solute: toluene.

The attractive low-pH stability of the bidentate configuration also is coupled with the
excellent mass transfer and high column efficiency that is characteristic of con-
ventional monofunctional silane stationary phases, as illustrated by the low-pH (~2)
chromatogram in Fig. 11.3 for the bidentate C8/C18-column packing (R= n-octyl, Q=
ethyl in Fig. 11.1). Similar results at low pH (not given here) also were found for other
bidentate structures.



Properties of Bidentate Silane Stationary Phases … 243

1. Aspirin
2. Phenacetin
3. Tolmetin
4. Ketoprofen
5. Fenoprofen
6. Ibuprofen
7. Phenylbutazone
8. Mefenamic Acid
9. Flufenamic Acid1

2

3

4
5

6

7

8 9

N  = 11,600
TF = 1.06

5

N  = 11,140
TF = 1.04

5

Fig. 11.3. Separation of drugs with bidentate C8/C18-column. Column: 15 x 0.46 cm; mobile phase:
acetonitrile-water with 0.1% trifluoroacetic acid (45:55 v/v); flow rate: 1.0 ml/min; temperature
23oC; UV detector: 254 nm; pressure: 75 bar; sample: 10 µl solution of components; Tf5 = tailing
factor at 5% of peak height [12].

11.3.2. Results at intermediate pH

Chromatographic results for the bidentate column packings prepared in this study are
summarized in Table 11.1, together with comparable data from conventional
monofunctional dimethyl-C8 and dimethyl C18-columns also double-endcapped and
prepared with the same type of silica support. Two chromatographic tests were used:
the highly basic drug, amitriptyline, with acetonitrile-phosphate buffer (pH 7), and
neutral toluene with a simple methanol-water mobile phase. It should be noted that no
attempt was made to optimize the packing method used to prepare the bidentate
columns, while the dimethyl C8- and C18-columns were commercial units whose
packing methods presumably had been optimized.
Despite the lack of column-packing optimization for the bidentate materials, data
obtained on four separate experimental lots of bidentate C18P-packing resulted in
columns showing peak asymmetry values with standard deviations of 4.5% and 5.3%
for toluene and amitriptyline, respectively. Plate number variations were similar for
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these columns, with standard deviations of 4.4% and 4.8%, respectively, for toluene
and amitriptyline. As might be expected, asymmetry and plate number deviations were
smaller for columns made from the same lot of bidentate C18P-packing.
Note that the method used in calculating the plate numbers in Table 11.1 results in
somewhat higher-than-actual values for some peaks. Peaks with asymmetry values of
<1.2 have plate number value errors usually not exceeding 15-20%; greater peak
asymmetry values cause larger errors [16]. However, this effect actually accentuates
the comparisons described below. Columns with peaks showing greater tailing actually
have significantly lower actual plate number than listed. Therefore, plate numbers for
bidentate C18P-columns actually are more competitive than those inferred by the plate
number comparisons in Table 11.1. Peak asymmetry or peak tailing values can be
more accurate in predicting kinetic effects for stationary phases, as illustrated by the
data in Table 11.1.
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Fig. 11.4. Effect of ligand of bidentate-C18 on performance. Columns: 15 x 0.46 cm; mobile phase:
acetonitrile-0.01 M sodium phosphate buffer, pH 7.0 (60:40 v/v); flow rate: 1.5 ml/min; temperature:
40oC; solute: amitriptyline.
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Keeping in mind the anticipated measurement precision of data obtained for the
bidentate packings, several interesting trends are apparent from the data in Table 11.1.
First, as might be anticipated, the percent carbon for all packings increases with
increased length of the functional groups. Second, the length (steric bulk) of the other
ligand (R-group in Fig. 11.1) appears to affect both the efficiency and the peak
asymmetry of the highly basic amitriptyline solute. Fig. 11.4 shows data for both
column plate height and peak asymmetry data for the bidentate packings studied. Both
plate height and peak symmetry values for bidentates with ethylene spacers decrease
as the length of the asymmetrical ligand increases. Plate height and peak asymmetry
values suddenly deteriorate with the introduction of a second C18-group. However,
introduction of a propylene bridge in the bidentate restores the plate height and peak
asymmetry values to near-optimum values. It is interesting to note that adjustment of
functional group spacing also aids in optimizing the interaction of chiral selectors for
separating enantiomers [17].

The data for bidentate columns in Table 11.1 and Fig. 11.4 can be explained by a
spacing of C18-ligands for the bidentate stationary phase. We speculate that the small
C1-group is less effective in “spacing” the C18-groups attached to the silicon atoms on
the other side of the bidentate. As a result, C18-ligands tend to enmesh, preferring other
highly-hydrophobic C18-ligands in the highly hydrophilic mobile phase. This would
create a less-favorable kinetic environment, resulting in poorer column efficiency and
increased peak tailing. However, when C4 and C8 are introduced as the asymmetric
alkyl ligand, these bulkier groups tend to “space” the C18-ligands so that more
favorable mass transfer produces higher efficiency and less peak tailing.
When the other ligand in the bidentate C18-structure is another C18-group, this
arrangement apparently creates an environment where the C18-groups are badly
entwined, creating much poorer plate heights and peak shapes because of greater
kinetic limitations. However, when a propylene group is introduced as the bidentate
bridge, the data in Table 11.1 and Fig. 11.4 strongly suggest that the two C18-groups
on the bidentate now are much less entwined and better spaced, leading to column
efficiency and peak shapes comparable to those for the C4- and C8-bidentates. Table
11.1 further shows that the effect just described for amitriptyline also occurs for the
neutral solute, toluene, although the level of difference with bidentate structures is less
because of the much smaller molecule involved. This smaller solute may be less
inhibited in finding areas for effective hydrophobic interaction.
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Note also in Table 11.1 that the C18-bidentate with the propylene bridge (bidentate-
C18P) shows greater retention for both amitriptyline and toluene than the ethylene-
bridged equivalent, even though there is essentially almost the same carbon content on
the packing. This trend further supports the mechanism of better C18-ligand spacing by
the propylene bridge, since a greater surface area for hydrophobic interaction is
available when the C18-groups are more favorably spaced and less entwined. The more
favorable spacing of C18-groups for the propylene-bridged bidentate appears to result
in easier (and greater) access of a solute to hydrophobically-interactive sites, im-
proving kinetics for better peak shape and column efficiency.

ETHYLENE BRIDGE

PROPYLENE BRIDGE

Si to Si
6.24 Å

A.

B.

OH OH

OH

Si to Si
5.38 Å

Fig. 11.5. Van ’t Hoff molecular models of bidentate C18-silanes. A: bidentate with ethylene bridge;
B. bidentate with propylene bridge. (For colour picture, see frontpage).
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The effect of the bidentate bridge group in the spacing of the component C18/C18-
ligands in the bidentate C18P-packing is illustrated further by the lowest-energy Van
’t Hoff molecular models in Fig. 11.5. Fig. 11.5A indicates that the lowest-energy and
preferred configuration of the ethylene-bridged C18/C18-bidentate (bidentate-C18E)
causes the C18-ligands to be inclined downward towards the silica support surface.
Here, the -OH groups attached to the silicon atoms represent the functionality that
would be reacted to the silica support surface via a siloxane bond. With this structure,
spacing between the two silicon atoms of the bidentate is about 5.38 Å. The resulting
downward-constraining bond angles encourage component C18-ligands between
attached bidentate silicon groups to become enmeshed, resulting in the reduced mass
transfer chromatographic effects just discussed.
Conversely, the propylene bridge for the bidentate-C18P model in Fig. 11.5B spaces
the silicon atoms to about 6.24 Å. Resultant bond angles cause the C18-ligands to be
directed upward from the silicon atoms and away from the silica support surface. This
configuration tends to improve C18-spacing, making entanglement of C18-groups less
likely. Such a configuration would lead to better mass transfer and improved peak
shape, and increased retention because of higher surface areas for hydrophobic
interaction.
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Fig. 11.6. Effect of bridge structure on separations with bidentate C18-columns. Same conditions as
Fig. 11.4, except mixture of tricyclic antidepressants. A. bidentate-C18 with ethylene bridge; B.
bidentate-C18 with propylene bridge.
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While there is no conclusive proof that the postulated mechanism is correct, this
picture is qualitatively supported by the chromatographic data in Table 11.1 and the
structural insights suggested by the models. Further evidence of the mass transfer
differences between the ethylene- and propylene-bridged C18-bidentate structures is
given in the chromatograms of Fig. 11.6. For this mixture of tricyclic antidepressants,
peak asymmetries and column plate numbers are superior for the propylene-bridged
C18-bidentate stationary phase, compared to the comparable ethylene-bridged
structure. The same peak shape differences have been noted for other solutes (not
given here).
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Fig. 11.7. Van ’t Hoff plots for C18-columns. Columns: 15 x 0.46 cm; mobile phase: acetonitrile-0.02
M sodium phosphate buffer, pH 7.0 (60:40 v/v); flow rate: 1.0 ml/min; detector: 254 nm; solutes as
shown.
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Table 11.2
Thermodynamic estimates from Van ’t Hoff studiesa.

Column Zorbax XDB-C18 Bidentate-C18P
Temp. range, oC 10-40 50-80 10-40 50-80

Toluene
Ho, kJ/mol -4.7 -7.9 -5.5 -7.5
So, J/molK +8.5 -1.6 +5.9 -0.4

Trimipramine
Ho, kJ/mol +8.6 +0.8 +14.7 +2.0
So, J/molK +60.7 +36.5 +78.3 +38.7

a Assumption: phase ratio = 0.18 [18].

The thermodynamic characteristics of the bidentate stationary phase are somewhat
similar to those for a monofunctional dimethyl C18-phase (Zorbax XDB-C18) on the
same type of silica support, as illustrated by the van ’t Hoff plots of Fig. 11.7. Table
11.2 summarizes Ho and So data calculated for different temperature ranges with these
plots. In calculating So, a method for approximating the phase ratio was used that was
previously calculated for a similar study with oligomers [18]. Note that the thermo-
dynamic data for the monofunctional and bidentate stationary phases are not unlike,
suggesting that the retention mechanism for the two stationary phases also may be
similar. One would expect that data for the two phases would not be identical since
different structures are involved. Nevertheless, the thermodynamic relationships are
not grossly dissimilar, suggesting that the two phases do not interact by a different
mechanism.
For both stationary phases in Fig. 11.7, the ln k vs. 1/T plot for toluene over the
temperature range of 10-80oC show little deviation in slope. This is contrary to that
usually found for some C18-stationary phases, where a significant negative change in
slope for retention with temperature is common. This effect sometimes has been
ascribed to a change in the posture of the C18-chains as temperature is varied; at some
lower temperature, aggregation of the ligands results in an increasingly less-available
surface area for hydrophobic interaction with a decreased rate of retention increase
with temperature decrease [19,20]. However, this chain-posture effect appears
insignificant with the two phases in Fig. 11.7, since the plots for neutral toluene show
little change in slope as the temperature is lowered. We speculate that this effect is due
to the favorable spacing of the C18-groups on the silica support surface, so that
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aggregation of these ligands is minimized even at lower temperatures. This postulation
also is supported by the more favorable retention and chromatographic results of Table
11.1 for the propylene-spaced bidentate C18P-stationary phase relative to the ethylene-
spaced equivalent.
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Fig. 11.8. Comparison of Van Deemter plots for C18 columns. Conditions as for Fig. 11.7.
A. toluene; B. trimipramine.

The change in the slope of trimipramine data for both stationary phases in Fig. 11.7
clearly is due to another mechanism. The significant change in retention rate for
trimipramine at 40-50oC probably cannot be ascribed to a C18 ligand aggregation, since
that level of change did not occur for toluene under the same conditions. Rather, this
trend likely involves the ionic nature of the solute. In this experiment at pH 7.0,
trimipramine (pKa = 9.5) largely is ionized (protonated). It is unlikely that the observed
retention decrease would be caused by a change in buffer pH, since phosphate buffers
change very little in pH with temperature change [21]. However, we speculate that this
unusual retention behaviour may be a result of the change in the ionization for the
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basic trimipramine. The effective pKa of amines is known to increase with temperature
decrease [22]. If this is the case, at lower temperatures (pH 7) the stronger amine
therefore would be more fully ionized, decreasing retention because of the lower
concentration of the more highly-retained free base form.
Plate height vs. mobile phase velocity (van Deemter) plots were obtained on bidentate-
C18P and monofunctional Zorbax XDB-C18 columns prepared with the same silica
support to compare the kinetic properties of these two systems. Fig. 11.8 shows plots
for toluene and the basic drug, trimipramine, for Zorbax XDB-C18 (Fig. 11.8A) and
the bidentate-C18 (Fig. 11.8B) with data points fitted to the Knox equation [12]:

H = Au1/3 + B/u + C u (11.1)

where H is the plate height, u is the velocity of the mobile phase, and A, B, and C are
constants for a particular sample compound and set of experimental conditions as flow
rate is varied. For both solutes, the plots are quite similar, suggesting similar kinetic
properties for the two stationary phases. (Slight difference in absolute plate height
values likely are the result of packed-bed difference for the two columns). The kinetic
similarities for the two stationary phases is further illustrated by the Knox equation
coefficient data in Table 11.3.

Table 11.3
Knox equation coefficients for Zorbax XDB-C18 and bidentate C18-columns.

Column Zorbax XDB-C18 Bidentate-C18
a

Coefficientsb Toluene Trimipramine Toluene Trimipramine
A 3.59 5.00 1.71 5.39
B 7.05 4.49 7.22 3.27
C 0.99 1.84 1.59 1.39

a Average of duplicate runs
b Equation 11.1

11.3.3. Stability of bidentate C18-packings at intermediate pH

To illustrate the stability of the bidentate packing at intermediate pH, a column was
aged by continuously purging with an acetonitrile/pH 7 phosphate buffer mobile phase
at 40oC. This system was selected as a critical test since phosphate buffers are known
to be highly aggressive in the dissolution of silica supports, resulting in the degradation
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of silica-based columns [7-10]. While certain operating parameters can be optimized to
retard support dissolution [8-10], the type of bonded phase also can influence column
stability under pH 7 conditions. It might be expected that a bidentate silane with two
attaching siloxane groups would exhibit good stability in the presence of silica-
dissolving conditions. This is confirmed by the data in Fig. 11.9, which measures the
chromatographic stability at pH 7 (phosphate buffer) for a bidentate-C18P (propylene-
bridged) double-endcapped [7] packing. Although phosphate-buffered mobile phases
previously have been shown to be highly aggressive in the dissolution of silica
supports [7], the bidentate C18P-packing remains essentially without change for about
12,000 column volumes of purging at 40oC, corresponding to more than a month of
eight-hour work days. Much longer column stability is predicted if organic-based
buffers were used in place of phosphate under the same conditions [7,9].
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Fig. 11.9. Aging of bidentate-C18P (propylene bridge) at pH 7. Purge and test conditions the same as
for Fig. 11.4.

11.3.4. Stability of bidentate C18-packings at high pH
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In chapters 9 and 10 the superior stability of densely-bonded, double-endcapped
column packings in both pH 7 and 11 mobile phases has been demonstrated [7,8]. This
superior stability is the result of the very slow dissolution of the silica support that
results in column failure. A comparison of the silica support dissolution is shown in
Fig. 11.10 for Zorbax XDB-C18 and a series of bidentate C18-columns when purged
with an aggressive acetonitrile-phosphate buffer (pH 11). The lower rate of silica sup-
port dissolution of the bidentate stationary phases apparently is a result of the densely-
bonded bidentate silane being attached in two places to the silica support (all packings
in Fig. 11.10 were double endcapped to assist in protecting the silica support from
attack by hydroxyl ions with subsequent dissolution).
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Fig. 11.10. Effect of stationary phase on silica support dissolution at pH 11. Columns: 15 x 0.46 cm;
mobile phase: acetonitrile-0.02 M potassium phosphate buffer, pH 11 (50:50 v/v); flow rate: 1.5
ml/min; temperature: 25oC; silicomolybdate color reaction to measure dissolved silicate.

The data in Fig. 11.10 also show that changes in the length of the R group (Fig. 11.1)
influence the rate of solubility of the silica support. However, there does not appear to
be a linear effect as the chain length increases. This is taken as an indication that the
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manner in which the groups are positioned on the silica support may influence the rate
in which the dissolving ions can reach the silica support for dissolution. The C18/C18-
bidentates show the lowest rate of silica support dissolution, with the propylene-
bridged bidentate-C18P having the lowest rate of any of the structures studied.
The conclusions from the dissolution results of Fig. 11.10 are supported by chromato-
graphic column stability studies carried out similarly, as shown in Fig. 11.11.
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Fig. 11.11. Stability of C18-bonded phases at pH 11. Columns: 15 x 0.46 cm; Purge: acetonitrile-
0.017 M potassium phosphate buffer, pH 11.0 (50:50 v/v); flow rate: 1.5 ml/min; temperature: 23oC;
Test: same, except flow rate: 1.0 ml/min; temperature: 40oC; solute: propranolol.

The bidentate C18P-column generally appears to degrade more slowly than the
monofunctional Zorbax XDB-C18 column and the rest of the C18-bidentates, when
purged with the highly aggressive acetonitrile-pH 11 phosphate buffer mobile phase at
40oC. This is especially apparent with more than about 8,000 column volumes of
purge. The C18-bidentate column with ethylene bridge was not included in this study
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because of its inferior kinetic and peak shape properties as compared to other C18-
bidentate columns.
Previous studies in this thesis, more particularly in Chapter 8, have shown that much
greater stability of silica-based columns at intermediate and high pH can be expected if
organic buffers are used instead of phosphate [7,8]. The advantage of using a
1-methyl-piperidine buffer instead of a phosphate buffer for pH 11 operation with the
bidentate C18-column is illustrated in Fig. 11.12. While the bidentate C18-column
shows significant degradation after about 10,000 column volumes of purging with the
pH 11 phosphate buffer, little degradation has taken place after almost 40,000 column
volumes of the 1-methyl-piperidine-buffered mobile phase has passed through the
column (about 4-months of 8-hour work days), after which the experiment was
arbitrarily terminated.
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Fig. 11.12. Effect of pH 11 buffer type on bidentate C18P-stability. Columns: 15 x 0.46 cm; mobile
phase: acetonitrile-0.05 M buffer, pH 11.0 (55:45 v/v); flow rate: 1.0 ml/min; temperature: 23oC; UV
detector: 215 nm.

Tests with even higher pH mobile phases have shown that the silica-based bidentate
C18-column shows surprising stability. Fig. 11.13 shows the results of continuously
purging this column with a methanol- pyrrolidine buffered (pH 11.5) mobile phase.
Little change in k-values (Fig. 11.13A) and plate heights (Fig. 11.13B) occurred after
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about 20,000 column volumes of mobile phase had passed though the column at 40oC,
after which packing degradation is apparent. Further improvement in column stability
is anticipated if the tests had been conducted at a lower temperature [9].
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Fig. 11.13. Aging of bidentate C18P-column at pH 11.5. Column: 15 x 0.46 cm; mobile phase:
methanol-0.05 M pyrrolidine buffer, pH 11.5 (55:45 v/v); flow rate: 1.5 ml/min; temperature: 40oC;
UV detector: 215 nm; solutes: β-blocker drug mix with toluene.

Fig. 11.14 shows a separation of β-blocker drugs carried out with this pH 11.5 mobile
phase. Note the excellent efficiency and peak shape that occurs as a result of
separating these compounds as the free bases.
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Fig. 11.14. Separation of β-blocker drug mixture at pH 11.5. Conditions as for Fig. 11.13.

11.4. CONCLUSIONS

Bidentate silane stationary phases exhibit highly useful properties for reversed-phase
HPLC separations in high, intermediate and low pH environments. In this study,
C1/C18-, C4/C18-, C8/C18- and C18/C18-bidentate column packings have been
synthesized and tested for the first time. Superior results have been obtained with a
specially-designed C18/C18-bidentate phase. The spacing between the C18-groups of
this stationary phase has been adjusted by synthesis to provide superior retention and
propylene-bridge kinetic interactions. This silica-based bidentate C18P-column exhibits
superior stability to a comparable dimethyl C18-monofunctional column at all pH - low,
intermediate and high - while demonstrating comparable retention, column efficiency
and thermodynamic properties. Plate height vs. mobile phase velocity and Van ’t Hoff
data are quite similar for bidentate-C18 and monofunctional dimethyl C18-packings.
High pH studies (pH 11) especially demonstrate the superior stability of the bidentate-
C18P packing. Highly basic compounds such as basic drugs can be routinely separated
as free bases for superior peak shape and retention.
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Summary

High Performance Liquid Chromatography (HPLC) has developed into one of the most
important analytical techniques. Worldwide approximately 300,000 instruments for HPLC
have been installed, providing analytical information in many fields of application. To
solve such great numbers of separation problems, several hundreds of HPLC-columns are
available for the chromatographer. Apart from the nature of the components also the
physico-chemical properties of the stationary and mobile phases and, more particularly,
their often unique combination, can be decisive in the success or failure of a particular
separation. Knowledge of these physico-chemical properties supports an objective
selection and better application of the many available types of HPLC stationary phases. In
addition, a better insight into the mobile and stationary phase properties, particularly in
combinations thereof, will result in more accurate predictions of chromatographic
separation conditions. This latter aspect will be a much appreciated replacement for the
time-consuming and less economic 'trial-and-error' approaches still often used at present.
The majority of all HPLC separations is carried out using so-called 'reversed-phase'
stationary phases. It is estimated that about 90% of all HPLC separations are at present
performed by reversed-phase liquid chromatography (RPLC). The availability of many
high quality stationary phases, the possibilities for separation optimization by the eluent
composition, and a reasonable knowledge of and the predictability of the retention process
in RPLC have substantially contributed to the great popularity of this technique.

Generally stationary phases for RPLC are prepared by a chemical modification of a
usually polar substrate. In RPLC silica is still mostly applied as the substrate of choice,
while others like inorganic oxides, e.g. alumina or zirconium oxide, copolymers and
carbons are used on a much smaller scale. Silica has a number of attractive properties as a
starting material for the synthesis of RPLC-phases. On the basis of silica a large number of
different substrates with well-defined properties can be produced. In addition, the
modification chemistry of silicas is wellknown and silicas are relatively cheap materials.
The main disadvantage of silicas and the stationary phases synthesized thereof, is its
chemical instability, especially at pH-values above 7.
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The synthesis and properties of substrates of stationary phases for RPLC are summarized
in Chapters 1 and 2 of this thesis. Furthermore, in the same chapters attention is paid to
retention and selectivity, the properties of eluents, and the characterization of columns.

With an eye to optimal use and further application of RPLC-stationary phases, the present
situation can be summarized as follows:
i. The available methods for the selection of stationary phases for specific separations

by objective criteria very often provide contradictory information. Improvement of
existing methods and further developments in that direction are most desirable.

ii. There is limited knowledge with respect to the chemical stability of these phases
under practical conditions. First, this concerns the question which chemical processes
are responsible for the loss of quality of such phases under specific conditions. The
direct relation with the knowledge and developments in the synthesis of that type of
stationary phases is evident here. Next, it appears that significant improvements can
also be made with respect to the chemical stability by the optimization of the nature
and composition of the eluent and other experimental conditions.

iii. Also from the point of view of the increasing demand for validated analysis
protocols, the permanent availability of stationary phases of exactly the same quality
is another very topical subject. Clearly this is a prime responsibility of the
manufacturers of RPLC-phases.

Issues 1 and 2 in the above are the subject of Chapters 3 to 11 of this thesis.

Chapters 3 and 4 discuss in more detail the problems with respect to the selection of
RPLC stationary phases. For that purpose the important group of peptides and proteins
was selected as example components. The problems outlined here, however, are very
similar to those found in many other areas where RPLC is applied.

Chapter 3 deals with the selection of stationary phases for RPLC for the separation of
peptides and proteins. For this a number of column testing methods already applied in
daily practice are evaluated and mutually compared. The most important parameters to
express the quality of RPLC-columns in this case include hydrophobicity and acidic/basic
properties.
It has become obvious that the results of the investigated testing methods often provide
contradictory information with respect to the selection of columns for this type of
compound.
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Considering the great importance of the analysis of peptides and proteins in Chapter 4, the
separation of these compounds has been placed in a more general framework. This chapter
provides an overview of the different strategies that can be used for the separation of
peptides and proteins. Besides that, in the same chapter, selection methods for RPLC-
stationary phases are discussed in more detail.

The logarithm of the distribution coefficient of a compound in the system n-octanol/water
(log Po/w) is an important parameter for its hydrophobicity. In pharmaceutical and
biomedical sciences, for example, knowledge of log Po/w-values is important to study
pharmacokinetics and the behaviour of xenobiotic substances in organisms. The direct
measurement of log Po/w faces a number of especially experimental problems. In principle,
RPLC offers an attractive alternative. Chapter 5 describes this approach for a specific
group of substances. In this case two hydrophobicity parameters, the logarithm of the
retention factor at 100% water (log kw) and the so-called hydrophobicity index, ϕ0, are
derived from the chromatographic data. From this investigation it becomes clear that the
selection of the RPLC-stationary phase is not arbitrary for all the substances involved. For
a number of substances a specific influence of the nature of the stationary phase on the
hydrophobicity parameters log kw and ϕ0 is found. With methanol as the organic modifier
for all substances and columns for log kw satisfying (r>0,99) and for ϕ0 fair (r>0,96)
correlations with calculated and experimentally determined log P-values are found.
Acetonitrile proves to be much less generally useful as an organic modifier for this type of
measurements. Only in combination with specific RPLC-phases can satisfactory log kw and
ϕ0 versus log P correlations be obtained with acetonitrile.

In chapter 6 an important aspect of the characterization viz. the testing and description of
the chromatographic properties of RPLC-columns is discussed. In this chapter four test
methods described by Galushko, Engelhardt, Walters and Tanaka, respectively, are
investigated and compared. The investigation shows that the various testing methods
provide nearly identical results with respect to the measurement of the hydrophobicity of
this kind of columns. By contrast, the results of the silanol activity measurements of the
different tests are poorly correlated, if at all. This latter finding implies that the evaluation
of the properties and the classification of RPLC-columns based on the results of these tests
result in very divergent interpretations. This investigation further shows that in order to
obtain reliable and comparable silanol activity data buffering of the eluent is mandatory.
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Chapters 7 to 10 describe the investigation of the influence of various parameters on the
lifetime of RPLC-columns, more specifically in the pH range 7-12. In principle the lifetime
of these columns can be improved by an optimal column selection and/or the optimization
of the composition of the eluent and other experimental conditions.

In chapter 7 the influence of the nature of the silica substrate and the type and
concentration of the organic modifier on the chemical stability of this type of stationary
phases is described. The investigation shows that large differences in chemical stability
exist between stationary phases for RPLC. Based on these findings, no general rules for
the improvement of the lifetime of such columns can be defined. Furthermore, it has
become obvious that the occurrence of traces of metals, like e.g. aluminum and zinc, in the
silica substrate significantly improve the lifetime of the columns. To preserve column
lifetime acetonitrile is to be preferred over methanol as an organic modifier.

Chapter 8 discusses the influence of the nature and concentration of the buffer in the eluent
and the temperature on the lifetime of RPLC-columns. From this investigation it is
concluded that the commonly applied inorganic, e.g. phosphate, buffers substantially
decrease the lifetime of these columns as compared to eluents, buffered with organic
substances like e.g. TRIS and glycine. Furthermore, it is also clear that higher
concentrations of buffering salts and counter-ions in the order NH4 > K > Na decrease the
column lifetime. Finally, higher temperatures of the separation system have a significantly
negative influence on the chemical stability of stationary phases.

The investigation of the influence of the nature of silica substrates and endcapping on the
lifetime of RPLC-columns is described in Chapter 9. The results of this part of the
investigation show that the lifetime of these stationary phases synthesized on so-called Sol-
Gel substrates is relatively high. This contrasts with substrates prepared according to the
Sil-Gel principle. These latter materials show significantly less chemical stability under
comparable experimental conditions. Furthermore, it has become obvious that the
presently applied endcapping synthesis procedures substantially improve the lifetime of
RPLC-columns.

Chapter 10 discusses in more detail the nature of organic buffers and the application of
precolumns in view of the lifetime of RPLC-columns. It has become clear that at
increasing hydrophobicity of the organic buffer in the eluent these columns can be used for
a substantially longer time. This investigation also made clear that the use of precolumns
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packed with unmodified silica substrate and positioned before the injector significantly
contributes to the column lifetime under high pH conditions. In this chapter the concept of
the synthesis and use of so-called bidentate phases is introduced too.

Finally, in Chapter 11 the importance is discussed of the nature of the modification of the
silica substrate in view of the chemical stability of stationary phases for RPLC. It is shown
that the synthesis of such phases using a bidentate attachment to the substrate offers further
perspectives to improve the chemical stability of these columns. Optimization of the
bidentate bridge and the lengths of the involved ligands demonstrate that with this type of
stationary phases a further improvement of the lifetime of columns over the entire pH
range can be obtained.

In sum it can be concluded that the majority of liquid chromatographic separations is
performed by RPLC. The results with respect to testing methods for the inventory of
relevant chromatographic properties, described in this thesis, can be applied for a more
objective selection and proper use of columns. The same is true for the test methods
developed here to determine the chemical stability limits of columns. This improved
knowledge of the application potentials and restrictions of stationary phases is of great
importance for the set-up and elaboration of robust and validated analysis protocols. The
results of the research described in this thesis contribute to a more efficient and economic
use of stationary phases for RPLC.
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Samenvatting

Hogedruk vloeistofchromatografie (HPLC) heeft zich ontwikkeld tot één van de
belangrijkste analytische technieken. Wereldwijd staan ongeveer 300.000 HPLC-
instrumenten opgesteld, die analytische informatie leveren in vele toepassingsgebieden.
Om deze grote diversiteit aan scheidingsproblemen op te lossen staan de chromatografist
daarnaast honderden verschillende scheidingskolommen ter beschikking. Naast de aard
van de componenten zijn het tevens de fysisch-chemische eigenschappen van de
stationaire en mobiele fasen, en hun veelal unieke combinatie, die beslissend kunnen zijn
in het succes of falen van een bepaalde scheiding. Kennis van deze fysisch-chemische
eigenschappen ondersteunt een objectieve keuze en een meer verantwoord gebruik van de
vele typen beschikbare stationaire fasen voor HPLC. Tevens zal een beter inzicht in de
eigenschappen van mobiele en stationaire fasen en met name combinaties hiervan, leiden
tot meer accurate voorspellingen van optimale chromatografische scheidingscondities. Dit
laatste aspect is een welkome vervanging van de tijdrovende en weinig economische 'trial-
and-error' benaderingen, die nu vaak nog de regel zijn. Voor het merendeel van de
scheidingen uitgevoerd d.m.v. HPLC worden zgn. 'reversed-phase' stationaire fasen
toegepast. Geschat wordt dat ongeveer 90% van alle HPLC-scheidingen momenteel wordt
uitgevoerd met reversed-phase vloeistofchromatografie (RPLC). De beschikbaarheid van
vele kwalitatief goede stationaire fasen, de mogelijkheden om scheidingen te optimaliseren
via de samenstelling van de mobiele fase en een redelijke kennis en voorspelbaarheid van
retentieprocessen in RPLC hebben veel bijgedragen aan de grote populariteit van deze
techniek.

Stationaire fasen voor RPLC worden in het algemeen bereid via chemische modificatie
van een veelal polair substraat. Silica is het meest toegepaste substraat in RPLC op grote
afstand gevolgd door andere anorganische oxiden zoals b.v. aluminium of zirkoniumoxide,
copolymeren en fasen gebaseerd op koolstof. Silica heeft een aantal aantrekkelijke
eigenschappen als uitgangsmateriaal voor de productie van RPLC-fasen. Op basis van
silica kunnen een groot aantal verschillende substraten met nauwkeurig bekende
eigenschappen worden gesynthetiseerd. Daarnaast is de chemie van de modificatie van
silicas goed bekend en het is een relatief goedkoop materiaal. Het grote nadeel van silica
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en daarop gebaseerde stationaire fasen ligt in de chemische instabiliteit van deze
materialen, m.n. bij pH-waarden boven 7.

In de hoofdstukken 1 en 2 van dit proefschrift worden de synthese en eigenschappen van
substraten en stationaire fasen voor RPLC samengevat. Eveneens wordt daar aandacht
besteed aan retentie en selectiviteit, eigenschappen van eluenten en karakterisering van
kolommen.

Vanuit het oogpunt van een optimaal gebruik en verdere toepassing van RPLC-stationaire
fasen kan de huidige situatie als volgt worden samengevat:
1. De beschikbare methoden om via objectieve criteria stationaire fasen te selecteren

voor bepaalde scheidingen geven veelal tegenstrijdige informatie. Verbeteringen in
bestaande methodieken en verdere ontwikkeling hiervan is derhalve gewenst.

2. De kennis m.b.t. de chemische stabiliteit van deze fasen onder praktijkcondities is
beperkt. Dit betreft allereerst de vraag welke chemische processen verantwoordelijk
zijn voor de achteruitgang van de kwaliteit van zulke fasen onder bepaalde
experimentele condities. Uiteraard bestaat hier een directe relatie met de kennis van
en ontwikkelingen in de synthese van dit type stationaire fasen. Daarnaast blijkt ook
veel winst te behalen m.b.t. de chemische stabiliteit d.m.v. optimalisering van aard en
samenstelling van eluent en andere operationele condities.

3. Mede vanuit het oogpunt van de vraag naar gevalideerde analyseprotocollen is de
permanente beschikbaarheid van stationaire fasen van exact dezelfde kwaliteit een
uiterst actueel onderwerp. Het is duidelijk dat hier allereerst een belangrijke taak
voor de producenten van RPLC-fasen is weggelegd.

Bovengenoemde punten 1 en 2 zijn het onderwerp van de hoofdstukken 3 tot en met 11
van dit proefschrift. In de hoofdstukken 3 en 4 worden de problemen m.b.t. de keuze van
RPLC-stationaire fasen nader uitgewerkt. Als voorbeeldcomponenten is hier gekozen voor
de zeer belangrijke doelgroep van peptiden en proteïnen. De geschetste problematiek is
echter sterk parallel aan die op vele andere scheidingsterreinen, waar RPLC wordt
toegepast.

Hoofdstuk 3 behandelt de keuze van RPLC-stationaire fasen voor de scheiding van
peptiden en proteïnen. Hiertoe worden een aantal reeds in de praktijk toegepaste
methodieken om kolommen te testen geëvalueerd en onderling vergeleken. De
belangrijkste parameters waarin hier de kwaliteit van RPLC-kolommen wordt uitgedrukt
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zijn hydrophobiciteit en zuur/base karakter. Het blijkt dat de resultaten van de onderzochte
testmethoden vaak tegenstrijdige informatie opleveren m.b.t. een optimale keuze van
kolommen voor dit soort verbindingen.

Gezien het grote belang van de analyse van proteïnen en peptiden is in Hoofdstuk 4 de
scheiding van deze verbindingen in een meer algemeen kader geplaatst. Dit hoofdstuk
geeft een overzicht van de verschillende strategieën die voor de scheiding van peptiden en
proteïnen kunnen worden toegepast. Daarnaast wordt in dit hoofdstuk verder ingegaan op
selectiemethoden voor RPLC stationaire fasen.

Een belangrijke maat voor de hydrophobiciteit van een verbinding is de logaritme van de
verdelingscoëfficiënt hiervan in het systeem n-octanol/water (log Po/w). Kennis van log Po/w

is b.v. van belang in de farmaceutische en biomedische wetenschappen om de
farmacokinetiek van geneesmiddelen en het gedrag van xenobiotische stoffen in
organismen te bestuderen. Aan de directe meting van log Po/w kleven een aantal voor-
namelijk experimentele bezwaren. RPLC vormt in principe een aantrekkelijk alternatief. In
hoofdstuk 5 wordt deze aanpak beschreven voor een specifieke groep verbindingen.
Hierbij zijn uit de chromatografische gegevens twee hydrophobiciteitsparameters afgeleid,
nl. de logaritme van de retentiefactor bij 100% water (log kw) en de zgn. hydrophobiciteits-
index ϕ0.
Uit dit onderzoek blijkt dat de keuze van de RPLC-stationaire fase niet voor alle
onderzochte stoffen arbitrair is. Voor een aantal verbindingen wordt een specifieke invloed
van de aard van de stationaire fase op de hydrophobiciteitsparameters log kw en ϕ0

gevonden. In combinatie met methanol als organische modifier worden voor alle
verbindingen en kolommen voor log kw goede (r> 0,99) en voor ϕ0 redelijke (r>0,96)
correlaties met berekende en experimenteel bepaalde log P-waarden gevonden.
Acetonitrile blijkt voor dit soort metingen een minder algemeen bruikbare modifier te zijn.
Slechts in combinatie met bepaalde RPLC-stationaire fasen worden ook met acetonitrile
bevredigende log kw en ϕ0 versus log P-correlaties gevonden.

In hoofdstuk 6 wordt ingegaan op een belangrijk onderdeel van het karakteriseren van
RPLC-kolommen: het testen en beschrijven van de chromatografische eigenschappen
hiervan. In dit hoofdstuk zijn een viertal methoden, t.w. de tests van Galushko, Engelhardt,
Walters en Tanaka, onderzocht en vergeleken. Het onderzoek toont aan dat m.b.t. de
meting van de hydrophobiciteit van dit type kolommen de resultaten van de diverse
testmethoden vrijwel identieke resultaten opleveren. Daarentegen is gebleken dat de
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resultaten van de silanolactiviteitsmetingen van de verschillende testen nauwelijks enige
correlatie vertonen. Dit laatste houdt ook in dat de evaluatie van de eigenschappen en de
classificatie van RPLC-kolommen gebaseerd op de resultaten van silanol tests tot sterk
uiteenlopende interpretaties leidt. Het onderzoek toont verder aan dat voor zinvolle
metingen en vergelijkingen van residuele silanol activiteit buffering van het eluent een
noodzaak is.

In de hoofdstukken 7 tot 10 wordt het onderzoek naar de invloed van verschillende
parameters op de levensduur van RPLC-kolommen, in het bijzonder in het pH gebied 7-
12, beschreven. De levensduur van deze kolommen kan in principe verbeterd worden
middels een optimale kolomkeuze en/of optimalisering van de samenstelling van het eluent
en andere experimentele condities.

Hoofdstuk 7 beschrijft de invloed van de aard van het silicasubstraat en type en
concentratie van de organische modifier op de chemische stabiliteit van dit type stationaire
fasen. Het onderzoek toont aan dat er grote verschillen bestaan in chemische stabiliteit
tussen stationaire fasen voor RPLC. Algemeen geldende richtlijnen om de levensduur van
deze kolommen te verbeteren kunnen dan ook niet geformuleerd worden. Verder blijkt
ook dat sporen van metalen zoals b.v. aluminium en zink in het silicasubstraat een
significant positieve invloed hebben op de levensduur van de kolommen. In termen van
kolomlevensduur blijkt acetonitril een aanzienlijk betere organische modifier te zijn dan
methanol.

In hoofdstuk 8 wordt de invloed van aard en concentratie van de buffer in het eluent en de
temperatuur op de levensduur van RPLC-kolommen beschreven. Uit het onderzoek kan
worden geconcludeerd dat de veel toegepaste anorganische b.v. fosfaatbuffers de
levensduur van deze kolommen aanzienlijk bekorten in vergelijking met eluenten die
gebufferd zijn met organische verbindingen, zoals b.v. TRIS en glycine. Verder blijkt dat
hogere concentraties aan bufferzouten en tegenionen in de volgorde NH4 > K > Na de
kolomlevensduur eveneens bekorten. Hogere temperaturen van het scheidingssysteem
hebben een sterk negatieve invloed op de chemische stabiliteit van de stationaire fasen.

Hoofdstuk 9 beschrijft het onderzoek naar de invloed van de aard van het silicasubstraat
en endcapping op de levensduur van RPLC-kolommen. De resultaten van dit deel van het
onderzoek tonen aan dat deze stationaire fasen gesynthetiseerd op substraten bereid
volgens het zgn. SolGel-principe een relatief lange levensduur hebben. Dit in tegenstelling
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tot substraten bereid volgens het SilGel-principe, welke onder vergelijkbare condities een
beduidend lagere chemische stabiliteit vertonen. Uit het onderzoek blijkt verder dat de
huidige endcapping syntheseroutes de levensduur van RPLC-kolommen aanzienlijk
verbeteren.

Hoofdstuk 10 gaat verder in op de aard van organische buffers en het toepassen van
voorkolommen m.b.t. de levensduur van RPLC-kolommen. Het blijkt dat met toenemende
hydrophobiciteit van de organische buffer in het eluent deze kolommen significant langer
kunnen worden gebruikt. Het onderzoek toont verder aan dat het gebruik van
voorkolommen, gepakt met ongederivatiseerd silicasubstraat en geplaatst voor het
injectiesysteem, leidt tot een aanzienlijk langere levensduur onder hoge pH-condities. In
dit hoofdstuk wordt ook het concept van de synthese en het gebruik van zgn. bidentaat
stationaire fasen geïntroduceerd.

In hoofdstuk 11 tenslotte wordt ingegaan op het belang van de aard van de modificatie van
silicasubstraten m.b.t. de chemische stabiliteit van stationaire fasen voor RPLC. Synthese
van deze fasen d.m.v. toepassing van een bidentaat-aanhechting aan het substraat biedt
verdere mogelijkheden om de chemische stabiliteit van deze kolommen te vergroten.
Optimalisering van de bidentaat-brug en de lengte van de liganden laat zien dat met dit
type stationaire fase een verdere verbetering van de levensduur van kolommen over het
gehele pH gebied bereikt kan worden.

Afsluitend kan geconcludeerd worden, dat binnen de vloeistofchromatografische schei-
dingsmethoden RPLC verreweg het meest wordt toegepast. De in dit proefschrift
beschreven resultaten m.b.t. testmethoden voor de inventarisatie van relevante chromato-
grafische eigenschappen kunnen toegepast worden voor meer objectieve selectie en
oordeelkundig gebruik van kolommen. Dit is eveneens het geval voor de hier ontwikkelde
testmethodieken, om de grenzen m.b.t. de chemische stabiliteit van kolommen vast te
stellen. Deze grotere kennis van de gebruiksmogelijkheden en beperkingen van stationaire
fasen is van belang bij het opzetten en uitwerken van robuuste en gevalideerde analyse-
protocollen. De resultaten van het in dit proefschrift beschreven onderzoek kunnen dan
ook bijdragen aan een meer efficiënte en economische toepassing van stationaire fasen
voor RPLC.
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