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SUMMARY

The work presented in this thesis was conducted in
the field of analytical chemistry and was 1intended to
improve the process of methodology development 1in the
related fields of analytical toxicology and therapeutic
drug monitoring. Most pharmaceutical and toxicological
analyses require a sample clean-up step before quantitative
detection of a drug by chromatography or spectroscopy.
solid phase extraction (SPE) techniques have recently
assumed considerable importance for this purpose and many
of these procedures utilise chemically modified silica as
adsorbents, in which 9organic substituents have been
introduced on to the silica surface. A diverse range of
polar and non-polar substituents has been used to provide
adsorbents for straight-phase, reversed-phase and ion
exchange systems.

Bonded silica is used as a stationary phase in high
performance liquid chromatography (HPLC) and although much
research has been directed towards understanding the solute
retention process in HPLC, as yet no attempt has been made
to apply this theory to SPE. In this study, the physical
and chemical parameters determining the retention of
analytes on SPE sorbents were examined to elucidate the
underlying mechanisms of the SPE process on different
sorbents. A mathematical model of the process could then

be constructed to predict the retention of novel analytes
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based solely on their physical and chemical
characteristics. These predictive rules are known as
Quantitative Structure-Retention Relationships (QSRR). The
substances of 1interest were B-adrenoreceptor antagonist
drugs related to propranolol.

In the first three chapters of the thesis,
background material 1is given concerning silica stationary
phases in 1liquid chromatdgraphy (LC), their synthesis and
properties, the role of the mobile phase in (LC) systems
and the interactions which take place between analytes and
the mobile and stationary phases. Thereafter, QSRR are
reviewed and parameters used to characterise analytes are
introduced: these fall into two categories - dispersive
parameters (e.g. molecﬁlar volume) and inductive parameters
(e.g. dipole moment). Finally, particular problems arising
in the SPE of basic substances are reviewed.

The problem was approached in a series of steps as
follows:

(i) Forty three substituted benzene teét compounds were
gelected as simple model solutes containing one or more
common functional groups. Physical and chemical data were
collected for each solute, including shape and size
descriptors, polarity terms and hydrogen-bond
donor/acceptor ability. Five non-polar Bond Elut®
gorbents were selected: ethyl-, octyl-, octadecyl-, phenyl-
and cyclohexyl-silica. Eight aqueous methanol mobile

phases were used as eluents containing four different
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percentages of methanol (20, 30, 40 and 50%), each
duplicated at pH 5 and pH 7.

(ii) Although SPE methods normally use small cartridges,
these were impractical for collecting sufficient data for
significant statistical analysis. The bonded gsilica
sorbents were packed 1into HPLC columns and retention
capacity factors (k') were measured with a continuous flow
system for each test sgolute in each 'chromatographic
system. The following criteria for "digital™ SPE
chromatography were used: if the log k' value of a solute
was greater than 1.7, it was assumed than the solute would
be indefinitely retained in SPE under those chromatographic
conditions ("off"). Log k' values of less than 1.7
indicated that the solute would be eluted ("on").

(iii) A second series of test solutes consisting of
propranolol and fourteen synthetic analogue compounds were
subsequently examined using octyl-, phenyl- and
cyclohexyl-silica and 30:70 methanol:water with 0.3M
tri-n-butylamine as an organoamine modifier to suppress
analyte retention by active silanol groups. The effect of
plasma protein solution and fresh plasma on retention
behaviour (matrix effect) was also studied.

(iv) A database was compiled containing k' values and
information relating to both the solutes and the
chromatographic systems. The data was then used for
statistical analysis. Independent solute parameters were

first established by factor analysis then the 1logarithmic
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capacity factors, log k', were correlated with these
parameters by multiple 1linear regression analysis. .\
series of equations were obtained by this method which
could be used to predict retention behaviour of solutes.

From the physicochemical parameters selected by
multiple linear regression analysis, the following
conclusions were drawn:
(1) The partition coefficient, log P, and the
ionisation-corrected partition <coefficient, 1log D, were

dominant in the regression equations derived for the

substituted benzene solutes. An inductive parameter, the
number of hydrogen-bond donor groups, was also
significant. With the n-alkyl bonded s8ilica sorbents,

gsolute retention increased with log P or log D. This was a
reflection of the hydrophobic contribution to retention by
the non-polar sorbent 1ligands. The hydrogen-bond donor
term reflected the ability of the mobile phase components,
methanol and water, to decrease retention by
hydrogen-bonding to solutes i.e. log k' decreased as the
hydrogen-bonding term increases.

(ii) Increased hydrophobic retentién by octadecylsilica

enhanced the hydrogen-bond donor contribution to retention
of substituted benzene solutes, and the coefficient of this
term was greater than for ethyl- and octyl-silica.

(iii) The volume of an acidic benzene solute was another
retention-determining parameter on octadecylsilica. Such

solutes resided in the most mobile part of the stationary
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phase where they could be enveloped by the flexible bonded
chains if their size was appropriate. No volume parameter
was observed inA the regression equations for the shorter
n-alkyl chains.
(iv) Phenylsilica was shape-selective towards substituted
benzene solutes as indicated by two additional terms,
volume and connectivity.
(v) Phenylsilica appeared to undergo a phase transition
at 40% methanol in water which increased the hydrophobic
" gsurface area of the bonded ligands.
(vi) Cyclohexylsilica could not be modelled successfully
with substituted benzene solutes.
(vii) The B-blocker test compounds were retained
indefinitely on octyl-, phenyl- and cyclohexyl-silica
through gilanol interactions, unless tri-n-butylamine was
added to suppress retention. Pretreating the sorbent with
either plasma protein solution or fresh plasma also masked
silanol behaviour. Use of tri-n-butylamine as well as
pretreatment with the biological matrix aided fast elution
of the solutes.
(viii) The three selected bonded phases for f-blocker
probes were all shape-selective, although octylsilica was
not a suitable sorbent for modelling the retention
behaviour of these solutes as the correlation between log
k' and the selected physicochemical parameters was poor.
Excellent <correlations were achieved with the —cyclic

gsorbents.
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The retention prediction equations derived for
phenyl- and cyclohexyl-silica with the B-blocker
compounds could be used to either predict log k' for a
particular chromographic system, or more useful for SPE, a
suitable eluent or sorbent could be selected by setting log
k' at 1.8 for retention of a solute, and at 1.6 for
elution, thereby allowing prediction of suitable systems

for method development.



CHAPTETR ONE

THE CHROMATOGRAPHIC SYSTEM

Introduction and Aims

Most pharmaceutical and toxicological analyses
require a sample clean-up step before quantitative detection
of a drug by such methods as high-performance 1liquiad
chromatography (HPLC), gas chromatography (GC) or mass
spectrometry (MS). As the quantity of analyte in the sample
is often less than a few microgrammes the extraction method
must remove the majority of matrix and interfering
compohents as well as preconcentrate the analyte.

The principle behind the different techniques
available is basically the same - to retain the analyte(s)
of interest allowing 1interfering compounds to be removed
with an appropriate solvent. An important class of analyte
in toxicology 1is drug substances, which are often organic
and therefore soluble in organic solvents such as methanol
or acetonitrile which allow concentration by evaporation.
The phase which retains the analyte can be a
water-immiscible solvent e.qg. ethyl acetéte as in the
popular 1liquid-liquid extraction (LLE), a solid phase such
as XAD-2 which 1is a polystyrene medium capable of removing
proteins, fats and 1lipids, porous polymer beads for urine
extraction or 1inorganic porous materials which depend on
adsorption of the drug. The latter group includes

diatomaceous earth, magnesium silicate, alumina and
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charcoal, but the most widely used sorbent is silica because
it can be easily modified with non-polar, polar and
ion-exchange substituents to produce highly stable,
non-swelling stationary phases. Termed "bonded phases”,
they allow a much wider range of extraction capabilities
than other adsorbents due to the different retention
mechanismg of the attached group 1i.e. hydrogen-bonding
(polar), vVan der Waals (non-polar) and ionic interactions.

Bonded phases have been routinely used as HPLC column
packings for well over ten years and recently many novel
solid-phase extraction (SPE) techniques have been developed
which utilise the modified silicas for sample clean-up. A
small quantity of bonded material (100-500mg) is packed into
a polypropylene cartridge'with a solvent capacity of 1-5ml.
Application of positive pressure or a vacuum of 10-15 mm Hg
draws the sample or solvent through the sorbent bed,
normally chosen to retain the analyte, allowing the matrix
to be washed off. Because the volumes of sample and elution
solvent(s) required are of the order of 11ml, a fast and
highly efficient method of extraction and preconcentration
is available.

SPE has a number of advantages over conventional
LLE; the use of a bonded s8ilica phase and a solvent
eliminates emulsion formation between the two immiscible
solvents, common in LLE, which results in loss of analyte;
the large volume of organic solvent utilised by LLE is often
hundreds of millilitres compared to the few millilitres used

in SPE: single-step extraction compared to the multiple



- 3 -
back-extractions often required by LLE: the ability of SPE
to allow separation of a drug and its metabolites which
cannot often be achieved successfully by LLE; successful
automation. Hence SPE is more efficient than LLE in terms
of increased amount of analyte extracted from the endogenous
material and reduced analysis time and cost [1].

Many SPE methods have been developed for a wide range
of analytes of toxicological and pharmaceutical interest
[2-8] and although SPE is easy to use in terms of extraction
technique, the fundamental principles are not fully
understood. The bonded phases used for SPE are very similar
to those developed for 1liquid chromatography (LC) and
therefore LC theory can be applied in understanding the
retention/extfaction mechanism in SPE. A large amount of
research has been directed to bonded phase theory over the
past ten to fifteen years yet only a basic understanding of
the retention/extraction mechanism of SPE has been gained.
It is well established that as well as a primary interaction
between the bonded moiety, be it non-polar, polar or
ion-exchange, and the solute/solvent, there exists a
secondary weak polar or cationic-exchange interaction
attributed to unmodified silica surface hydroxyls. The
ability to predict solute/solvent/sorbent interactions would
improve development of new extraction procedures for SPE,
especially for basic solutes which are retained by the
excess surface silanols »present on bondéd phases. The
secondary interaction is undesirable if its influence on the

analyte cannot be predicted, but if it can be controlled an
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extra degree of sgpecificity is available to improve
extraction. The role of free s8ilanols is s8till highly
controversial in terms of theory and more discussion will be

given in the following section.

Aims

The following research work was intended to provide a
further insight into the bonded phase retention mechanism by
elucidating the physical and chemical characteristics of a
solute which are most significant in influencing retention
behaviour. Initial experiments to s8tudy the effect of
different bonded s8orbent substituents and mobile phase
components on the retention times of a number of substituted
benzene compounds were undertaken by HPLC. Quantitative
structure-retention relationships (QSRR) were derived by
statistical 1linear regression analysis to relate retention
behaviour to golute descriptors including physical
parameters (for example dielectric constant, melting and
boiling points) and molecular parameters (for example dipole
moment, molecular volume). Retention times were then
collected for the B-adrenergic receptor antagonistic drug
propranolol and several of its analogues. Remodelling the
equations for the f-blocker combounds enabled a
relationship to be established between their physicochemical
properties and retention behaviour. The effect of blood

proteins on the QSRR of the test compounds was also studied.



1.1 The Bonded Phase

Stationary phases used in gas and liquid
chromatography must be thermally and hydrolytically stable,
respectively, to withstand the chromatographic
environments. Carbon, alumina and silica [9,10] have all
been used as stationary phase sorbents, but in their
unmodified forms they are neither very reproducible 1in
performance nor highly selective [11].

In the 1late 1960's BAue and Hasting [1l2] prepared
surface-bonded silicones by reacting activated silica with
mono- and di-methylchlorosilanes. Use_ of alkoxy- and
organo-silanes gave bonded phases a hew dimension by
allowing non-polar, polaﬁ and 1ion-exchange groups to be
bonded to the silica through surface hydroxyl groups. These
phases offered a much wider range of selectivity
capabilities due to the unique character of each one.

The following sections describe the types of bonded
phase in more detail by discussing those aspects which
influence their behaviour such as the properties of the

silica substrate and their mode of synthesis.

1.1.1 Silica

Silica is an amorphous silicon-oxygen polymer with a
large specific surface area (50-400 mz/g) due to 1its high
porosity (figure 1). Exposed silicon atoms at the surface
are readily hydroxylated to form acidic silanols which can
assume a number of configurations (figure 2). Steady-state

luminescence spectroscopy studies have shown that the



(a)

Crystalline silica
*o-Sj O-0

(b)

Silicon atoms in silica

Figure 1 The structure of polymeric silica. (Wells AF.

"Structural Inorganic Chemistry" 4th Ed.: Oxford
University Press (1975))
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gilanols are not evenly distributed and that the surface is
heterogeneous [13]. It is through the silanol groups that
organic substituents can be attached to the silica. To
optimise this reaction and the resulting phase's efficiency,
it is necessary to know certain physical and chemical
parameters of the silica substrate such as the size and
shape of the particles, specific surface area, pore size and
silanol concentration. Small changes in these
characteristics will result in changes in the bonding
density and bonded layer thickness.

The shape of the silica particles determines the ease
with which a 1liquid will flow through the sorbent bed.
Large, irregqular particles of approximately 40 um are
‘preferred for SPE to reduce resistance of solvent passage
through the cartridge (figure 3). As the solvents are
pumped through the stationary phase under much higher
pressures in HPLC, spherical particles sizés of the order of
5-10 pm are used to make the phases to increase the number
of theoretical plates and consequently the efficiency of
separation. Very small silica particles, termed fines, must
be kept to a minimum as they block the frits used to hold
the bonded phase in the column or cartridge, increasing the
pressure of the system, and may even break through if they
are smaller than the pores of the frit (~2 um).

surface area is an important influencing factor for
the degree of modifier coverage. The maximum number of
accessible unassociated sﬁrface silanols must be initially

present to ensure optimum surface bonding although other
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determining factors 1include pore size [1l4-16], a fully
hydroxylated surface [17]) and length of modifier chain [18],
all of which will be discussed later on. A well-used method
for measuring surface area is the Brunaur, Emmet and Teller
(BET) method based on the extent of sorption of nitrogen or
similar gas (at 1its melting point) into the porous silica
substrate. The specific surface area, SRET* includes that
within the pores and is calculated by

18 Equation 1

S(BET)(mz/g) = X _.A_.N.10"
where Xm is the specific monolayer <capacity (calculated
from the gas's 1isotherm between two specified relative
pressures), Am is the cross-sectional area of the gas used
e.g. nitrogen or helium, and N is Avogadro's constant.

The porosity of the substrate 1is defined by the
specific volume. The volume (Vp) is calculated from the

following equation:-

1 1 »
Vp(em3/g) = pug - PHe “Equation 2
pHg is the apparent density of mercury and Pye is the
apparent density of helium [19]. By combining SBET and
Vp, the mean pore diameter; D, can be calculated
D(nm) = . 103 Equation 3

SBET
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A major drawback with the BET measurement is that the
gas molecules can penetrate into much smaller pores than the
larger, bulkier organosilanes thereby giving a greater area
than is truly available for substitution. It is therefore
wiser to quote mean pore diameter rather than volume for
pore dimensions. This parameter also prevents volume errors
from "ink-pot" ©pores with narrow openings which prevent
access of modifier or solute {20,21]. Ideally pore
diameters should be greater than 10-11lnm for maximum
efficiency: smaller pores prohibit entry and prevent longer
alkyl chains from extending {14,20,21] while 1larger pores
encourage lower bonding densities ([16]. The average pore
gsize used in manufacturing is 8-10nm , but this can only be
used as a guide because polymeric phases which possess a
large bonded-layer thickness require larger pore sizes than
the monolayer monomeric phases [20,22].

The different surface silanol configurations have
been under much scrutiny to understand which are the active
bonding gsites for chemical modification. Temperature
gstudies coupled with Fourier transform-infrared spectroscopy
(FT-IR) [23,24], GC [15] and adsorption 1isotherms [25]
suggest that acidic isolated sites are the most reactive
although more sensitive techniques such as diffuse
reflectance-infrared spectroscopy (DRIFT—IR) [11] and
gilicon-29 cross polarisation magic angle spinning-nuclear
maghetic resonance (zgsi CPMAS-NMR) [26,27] imply that
both isolated and weakly hydrogen-bonded geminal sites are

involved. Vicinal silanols may react to a lesser extent
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because of steric constraints [11].
Silanols are present in the bonded phase even after

extensive surface modification as steric restrictions

prevent 100% reaction completion. Excess silanols are
potential acidic, hydrogen-bonding sites capable of
retaining basic and some acidic solutes. This behaviour

will be discussed more fully in the following sections.

1.1.2 Chemical Modification

Bonded sillica stationary phases for SPE and LC can be
synthesised by similar surface-modifying reactions. They
are superior to unmodified silica as they provide a more
homogeneous chromatographic environment with better
efficiency and enhanced selectivity. The groups bonded to
the sorbent are normally organic and the modified silicas
are categorised into three groups relative to the primary
interaction exhibited Sy the attached organo-ligand:
non-polar e.g. n-alkyl chains, polar e.g. cyanopropyl, or
jon-exchange e.g. benzene sulphonic acid. Each of these
classes has a different solute retention ability which will
be discussed more fully in Section 1.1.3.

surface-modifying reactions are performed with
organosilanes either as a gas or as a liquid.
Organoalkoxysilanes are preferred for synthesising polar
phases while organochlorosilanes are often used to prepare
the non-polar phases [16,28]. The characteristics of the
resulting phase will be dependent on the functionality of

the organosilane, which may possess a single bonding site as
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with monofunctional reactants, or multiple bonding sites for
polyfunétional compounds as shown in figure 4. It is only
physically possible for monofunctional modifiers to form a
monolayer on the sgurface via a 1:1 reaction with an
accessible active sgite, but careful control of reaction
conditions 1is necessary to maintain a monolayer when using
bi- or tri-functional organosilanes. Phases synthesised
from multifunctional organosilanes will possess multiple
anchorage sites, although even with trifunctional
substituents the maximum number of bonding sites never
reaches three because of steric hinderance [29]. As these
reactants have more than one hydroxyl or chloro group, the
organosilane molecules will bind to each other to build a
polymeric network. The two structures of the bonded phase
each have their advantages and disadvantages which need to
be weighed up when choosing a phase for a specific
gseparation. Monomeric phases are preferred by research
workers as they have a more defined structure referred to as
‘brush' layers. They are easier than polymeric phases to
synthesise reproducibly and possess better separation mass
transfer. However, for commercial purposes polymeric phases
are easier to manufacture as the synthesis does not need to
be free of water - 1in fact water promotes the reaction.
Polymeric coverage appears to enhance gselectivity because of
the 1increased amount of modifying 1ligand exposed to the
solute [22].

Thermal pretréatment of the s8ilica 1is necessary

before bonding takes place to ensure the optimum number of
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R—Si—R ' Monofunctional

R—Si—X ~ Bifunctional

X— Si —X " Trifunctional

X— CI, OCHav 0C2H5

R - Non-polar, polar or
ion-exchange group

Figure 4 Structures of the three most commonly used
organosilanes in the synthesis of modified
silica.
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reactive silanols, often quoted as 7-8 pmol/m2 [19.17].
Heating the silica to around 130 °C will remove
surface-bound water which promotes condensation
polymerisation of the organosilanes and reduces the
reactivity of the silanol groups. It is recommended that
the sorbent is heated to a much higher temperature to remove
as much physisorbed water as possible from the microporous
structure. Van der Venne et al. [30] recommended a
temperature of 600 °C after studying how thermal
pretreatment affected pore structure, resulting carbon
content and unreacted silanol concentration while another
group found that temperatures up to 850 °C did not further
affect the substrate structure {[26]. At such temperatures
the surface was dehydroxylated, creating siloxane groups
such as =si—%~si=, which upon rehydroxylation with
boiling water over a period of a few days provided a more
homogenous cross-section of reactive silanols. Kohler's
group observed that the rehydroxylated surface silanol
concentrations did not exceed 6.5 }Jmol/m2 with water alone
[31] and showed that treating the silica with nitric acid
before boiling in water increased the concentration to
around 7 pmol/mz, which is nearer the assumed value of the
original silica before treatment. However, because of the
extreme conditions 1involved such thorough pretreatment 1is
often impractical in terms of time and in most cases it is
sufficient to heat the silica to 130-140 °C where
negligible surface water 1is present. It is critical that

water 1is removed from the reaction vessel 1if a monomeric
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phase is to be synthesised. All glassware must be
thoroughly dried and is often treated with
trimethylchlorosilane (TMCS) to block any possible reactive
gites to which the organosilanes will attach themselves. If
organochlorosilanes are used, dry pyridine is often added to
remove the hydrochloric acid produced which helps the
reaction to proceed. Multifunctional silanes have more than
one possible binding site as depicted in figure 5(b). If
excess water is present during the synthesis, a polymeric
organic layer will result.

Undesirable reactive silanols are always present
after modification even after the most careful work-up.
Some sites are inaccessible due to steric hindrance of the
large bulky organosilanes or because the silanols are
situated in narrow pores. Water will hydrolyse =Si-C1
and =Si-OR sites forming more silanols. This gives all
bonded phases unwanted potential sites for hydrogen-bonding
derived retention of some acidic compounds such as benzoic
acids and of basic solutes. This is especially troublesome
in n-alkyl-modified phases as all the polar sites should be
removed to <create a totally non-polar environment. An
effective method, though not totally successful, to reduce
the number of excess silanols is by chemical treatment after
synthesis. This 1is termed end-capping. Using a similar
organosilane to the bonded organosilane moiety, such as
TMCS, is effective as the chemical environment will not be
drastically altered and a silanol-reactive, small molecule

of this type is able to penetrate the polymeric network.
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However, as Lochmuller and Marshall pointed out [32], the
production of hydrochloric acid is detrimental to the bonded
surface as it will attack siloxane bonds causing them to
open up and form more acidic silanols. TMCS can be used to
end-cap phases which will be used to separate acidic or
neutral compounds, but these treated phases are not suitable
for basic or benzoic acid solutes. They suggested using
hexamethyldisilazane as the reaction by-product, ammonia,
will further reduce surface polarity. One disadvantage 1is
that the surface will have a greater chemical heterogeneity
because of the different species present.

Trimethylphosphine has also been proposed as the
phosphine produced is harmless with regard to the phase, and
with careful handling the toxic gas can be removed safely
(33]. Another approach involves treating the silica after
rehydroxylation with an end-capping compound such as
trimethylmethoxysilane or TMCS before modification. By
doing this the most reactive silanol clusters will be
blocked and the remaining silanols are free to bond with the
appropriate organosilane [11,34]. It must be remembered
that chemical pretreatment will result in long-chain alkyl
phases with reduced carbon content because a significant
amount of short chains will already occupy a number of
active sites.

Sorbent parameters and the synthetic method used will
be reflected in the overall performance and characteristics

of the stationary phase and this will be reviewed in the

subsequent section.
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1.1.3. Characteristics of the Bonded Phase

Commercially manufactured bonded phases with the same
nominal substituents exhibit significantly different solute
gselectivity capabilities [35,36]. Such diversities exist
because of subtle variations in physical and chemical
properties among silica substrates. The overall efficiency
of the modified silica as a solid-phase extraction sorbent
is sensitive to these differences and changes in separation
performance are obserVed even between batches from the same
manufacturer {[37]. Character differences are also a result
of the synthetic method used, which affects the extent of
surface coverage and amount of carbdn in the bonded layer.
Most commercial bonded phases are polymeric as the reaction
conditions are less stringent than those for monomeric
phase. Researchers, however, prefer monomeric phases for
studying the behaviour of bonded phases as they are easier
to characterise because polymeric phases made from bi- and
tri-functional reagents possess unreacted chloro or methoxy
groups which are easily hydrolysed in aqueous solvent [38].
Polymeric layers therefore change in the chromatographic

environment.

Fundamental differences exist between monomeric and
polymeric phases. True monomerics are attached ¢to the
gilica by only one ether 1link wvia a surface silanol.
Non-polar monomeric n-alkyl bonded chains can be visualised
in a "brush-like" conformation [39] which wunder certain
temperature and solvent conditions collapse to form randomly

distributed "droplets" [40]. Using carbon-13 CPMAS NMR to
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study molecular movement of monomeric octyl- and octadecyl-
silicas, Sindorf and Maciel found that motion is negligible
near the silica anchorage point, but increases along the
length of the chain towards the unattached end [41]. Octyl
chains possess maximum movement around the seventh and
eighth carbon-carbon bond whereas octadecyl chains reach
maximum mobility about ~the eighth and ninth carbons,
possibly because of restricted freedom imposed by the radius
of movement around the end of the long chains. Polymeric
phases are more motion-restricted due to multiple bonding
between the modifier and substrate and intermolecular
interaction between the modifying ligands [42]. Such phases
are much harder to quantify as they possess both monomeric
and complex polymeric character [43]. A typical polymeric
layer 1is depicted in figqure 6. Character differences
between polymeric and monomeric phases become 1less obvious
when particular n-alkyl chain 1lengths are used 1in their
synthesis. Polymeric phases have been noted as exhibiting
monomeric character when chain 1lengths are small while
monomeric phases with greater than thirty carbons 1in the
functional substituent show similar behaviour to polymeric
phases with eighteen carbons in the ligand [44].

Solute retention is a function of the bonded phase
structure although several research groups disagree over the
phase property responsible. Sentell and Dorsey [45]
conducted studies with phenyl and methyl compounds on
monomeric phases and reported that selectivity relies on the

degree of alkyl chain ordering. Two other research groups
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Figure 6 Cross-section of a polymeric bonded silica phase.
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found selectivity to be dependent on extent of surface
coverage [46,47]. Sander and Wise proposed that overall
phase thickness 1is the determining factor from work that
highlighted selectivity differences between monomeric and
polymeric n-alkyl phases through changes in bonded 1layer
thickness [44]. They found that the thickness of the bonded
phase determines selectivity; monolayer thickness depends
only on chain length whereas selectivity by polymeric layers
is related to both chain length and degree of
polymerisation. Lochmuller et al. [40] reported that alkyl
chain lengths of more than twelve carbons are selective
towards benzene solutes as the chains can envelope the
solute molecules thereby enhancing non-polar interactions.
Substituted polyaromatic hydrocarbons (PAH) used 1in the
study were too large for such enclosure and some of their
surface area was not exposed to the alkyl chains of the
lengths used. Other groups have also noted that large,
hydrophobic solutes such as PAH need to be enveloped by the
n-alkyl chain for optimum retention and selectivity
[45,48]. There is, however, general agreement that
polymeric phases exhibit better selectivi;y than monomerics
[43], particularly for PAH solutes [22,44,49]. A study on
the effect of percentage carbon 1loading and 1length of
n-alkyl chain on the retention behaviour of polar phenols
and non-polar PAH solutes was undertaken by Hennion, Picard
and caude [50]. Both series of compounds were found to reach
maximum retention at 15% carbon (w/w) octadecylsilica, but

differences were apparent when the chain length was altered.
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PAH experienced an exponential increase in retention as the
number of carbons in the ligand increased while phenol
solutes gave 1linear plots for retention capacity ratios
versus length of chain. Selectivity for both groups
improved as the non-polar character of the phase 1increased
with chain 1length. This work highlights how differences
between batches can alter phase retention character. if
n-alkyl chains are less than four carbons in length, more
than one retention mechanism will prevail via accessible
silanol and non-polar interactions, giving rise to
unexpected retention behaviour ([47]. Such differences can
be utilised to separate a series of non-polar solutes with
subtle variations 1in polar character; polar groups are
capable of hydrogen-bonding to silanols thereby increasing

their retention times to varying extents.
Quoting percent carbon 1loading (Pc) for comparison

of different bonded phase samples is not recommended as it

does not allow for surface area differences. More widely
accepted is the combination of Pc with other
experimentally-determined sorbent characteristics to

calculate the degree of surface coverage, N, in micromoles

of modifier per metre2 of silica.

Pe
N ( pmol/m2) = .106 Equation 5
[1200 ng-Po(M-1)]S [51]

where n is the number of carbon atoms in the substituting
c

molecule, M is the substituent's molecular weight and S 1is
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the surface area of the unmodified silica (m?/q).
Spectroscopic methods have also been used to measure surface
coverage. Sindorf and Maciel employed silicon-29 CPMAS NMR
to estimate extent of coverage for both monomeric and
polymeric phases [52]. Spectral intensity differences
between the unmodified silica and the bonded phase related
to the extent of modification and §-value shifts indicated
degree of polymerisation. Silica-bonded charge-transfer
groups have been quantitatively examined by photoacoustic
spectroscopy [53].

The degree of modification determines the motional
freedom of é bonded phase. Clark and Lal studied coverage
effects on the behaviour of monomeric phases [54]. They
observed that as monomeric coverage increases, the
self-associated, collapsed chains uncoil by repulsion. The
thickness of the bonded layer therefore alters with
coverage. It has been suggested that the depth of the layer
influences solute selectivity {44] which would account for
selectivity variations among phases prepared by different
workers and manufacturers. Polymeric layers become
motion-restricted when coverage is high [39] with extent of
bonding dependent on silica pore size [20]. If the pore
diameter is too small, coverage 1is less than optimum as
organosilane access 1is restricted. Ssuch phases resemble
monomeric phases in behaviour [22,43]. However, large pores
encourage greater polymerisation and the overall pore size
sander and Wise found that a 300% pore

is decreased [21].

diameter was required for a good polymeric coverage of
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5 pmol/mz. They suggested that monomeric coverage should
be independent of pore size as long as the pores are large
enough to allow chain extension e.q. 21A for octadecylsilica
[20].

Dynamic alterations of the bonded chains can be
induced by changes in temperature. Such transitions alter
the environment to which a solute 1is exposed during
chromatography [55]. Gas chromatography studies on changes
in solute retention times (ln k') have confirmed that
densely bonded n-alkyl phases experience a motional
transition over a narrow temperature range dependent on the
length of the organic chain [55-57].° As the temperature
increases, solute retention increases until the onset
temperature, To. This transition 1is represented by a
sinusoidal drop 1in the 1linear plot of 1ln k' versus 1/T.
Below T,- the chains self-associate and the solute 1is
eluted relatively quickly. When sufficient thermal energy

is put into the system, the chains reorientate and become

more mobile. When To is reached, the phase assumes a more
stable conformation. The chains retain some degree of
conformation when thermal energy 1s removed. Solute and

solvent molecules in liquid chromatography are exposed to a
different bonded phase environment when the temperature is
equal to or greater than To’ which may 1increase polar
solute retention through exposed silanols. The chains
cannot relax back to their original relaxed state when the
is removed from the system after reordering

thermal energy

[56] T varies with chain length and solvent [58].
: o
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Incremental T0 changes of +10 ° per methylene group were
obgserved for alkyl chains between eight and ten carbon atoms
in 1length ([56]. At room temperature and in aqueous,
nonsolvating conditions, octadecylsilica is in a collapsed
state and solutes are retained through entrapment and
partitioning rather than adsorption.

A range of functional groups can be bonded to silica
as shown in fiqure 7. The different primary interactions
exhibited by the functional groups will dominate the
character of the bonded silica and bonded phases are
normally chosen for a particular extraction on this basis.
All of the bonded phases exhibit secondary weak cationic
exchange or non-polar <capabilities to varying degrees
through non-bonded, exposed silanols or n-alkyl chains (for
example, from _end—capping reagents or chain extensions to
prevent substituted polar groups from interacting with
exposed surface silanols) respectively. Many organic
analytes in toxicology. are ionisable and at the appropriate
pH (designated by the pKa value(s) of the analyte) will
become relatively non-polar, making octyl- and
octadecyl-silicas popular choices for SPE and HPLC. Such
phases are rather non-selective and therefore suitable for
general drug screens which remove most organic and other
non-polar compounds allowing polar endogenous material to be
washed away with aqueous solvent. Unless the analyte has to
be eluted in a solvent suitable for subsequent
derivatisation or quantitative analysis, the bonded phase is

normally chosen to retain the analyte(s) non-selectively.
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The retention/elution behaviour of the analyte(s) 1is then
controlled by the solvents chosen. Selectivity effects of
the mobile phase solvents will be discussed in the following
section. Careful choice of bonded phase, solvents and the
use of both primary and secondary interactions make HPLC and

SPE highly versatile separation and extraction techniques

respectively.

1.2 The Mobile Phase

Liquid chromatography is used to separate components
in a liquid sample by distribution between two phases. The
phases may be two 1immiscible solvents e.g. water and a
lipophilic organic solvent as used in LLC, or a solid phase
and a liquid phase as in thin layer chromatography (TLC),
SPE and HPLC which employ solid supports such as silica and
alumina. Separation by LLC is described as partition
chromatography because the sample components will disperse
in either one of the two solvents depending on the ability
of each liquid to solvate the compounds. The mechanism by
which components are separated in TLC, HPLC and SPE was
originally believed to be an adsorption process and the
method is so named. 1In chromatography the sorbent is termed
the stationary phase because it is immobilised in the system
while the mobile phase, i.e. the solvents, move through the
stationary phase by, for example, applied pressure, gravity
flow or by capillary action. The sample is introduced as a
solution to the chromatographic system. 1In HPLC the sample

is injected 1into the continously flowing mobile phase
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whereas in SPE and TLC the sample is applied directly onto
the stationary phase and moves through the system with the
mobile phase under pressure or by capillary action
respectively. The components in the sample pass through the
system at different rates determined by their distribution
between the two phases. Components which are attracted to
the stationary phase are retained and subsequently eluted by
the mobile phase in a time related to the degree of
stationary phase-solute interaction. Retained solutes may
require many column volumes of mobile phase to elute them
and consequently their retention times, i.e. the time taken
for a molecule to move through the systen, are 1long.
Sometimes the solute may be adsorbed so strongly that the
mobile phase may have to be changed for elution to take
place.

Unfortunately the retention mechanisms in adsorption
chromatography are not as clear-cut as the name suggests.
Both adsorption and partition processes are possible giving
rise to much controversy over the principal interactions
responsible for retention. An overview of proposed theories
is given in section 1.3. Regardless of the mechanism by
which the solute is retained, the degree of retention and
rate of elution are dominated by the choice of mobile phase
[48,59]. The role which the eluent plays depends on the
mode of separation. Both routine HPLC and TLC demand a
solvent system capable of eluting the solutes within a
reasonable time while, ideally. separating them so that the

analytes are detected as a series of single peaks or spots.



- 30 -
On the other hand, because SPE is used to extract analytes
from a matrix, three eluents are required - one to enhance
retention of the analytes by the stationary phase, thereby
immobilising the molecules during sample application, one to
wash away endogenous material while keeping the analytes on
the sorbent and another strong enough to elute the retained
components in a single step (figure 8). The stationary and
mobile phases in SPE should promote "digital chromatography"
(60], that 1is, the analyte 1is either fully retained

(stationary, "off") or eluted (mobile, "“on").

1.2.1. Effect of Solvent on the Bonded Phase

As mentioned in section 1.1.3, the sorbent is usually
chosen before the mobile phase unless special requirements
dictate otherwise. single solvents and combinations of
solvents with varying elution strengths allow a wide scope
in the choice of an appropriate mobile phase. Mobile phase
selection will depend upon the primary interactions
exhibited by the solvent components as well as those from
the solute and stationary phase. Enhancement of attraction
between analyte and stationary phase 1is desired in SPE
during the loading stage so the sample application solvents
must encourage solute-sorbent interaction. Polar phases
including unsubstituted silica, diol- and aminopropyl-silica
will attract solutes capable of hydrogen-bonding and
dipole-dipole interactions. A non-polar solvent such as
hexane will therefore facilitate retention on polar phases.

Likewise non-polar, n-alkyl-bonded silica will show greatest
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affinity for solutes which exhibit van der Waals or
dispersion forces. Suitable solvents are polar e.g.
methanol and water. Conversely, solvents capable of
breaking the solute-sorbent bonds are used as eluting mobile
phases.

The most popular solvents employed in reversed-phase
HPLC (where the modified sorbent is 1less polar than the
mobile phase) and SPE (using non-polar modified sorbent) are
polar, specifically methanol, acetonitrile, tetrahydrofuran
(THF) and water. The organic solvents (termed "organic
modifiers") are miscible with water to give aqueous binary
phases suitable for most reversed-phase HPLC and SPE
applications. Another important property of the organic
modifiers is their ability to solvate the non-polar bonded
chains. This "conditioning" effect is necessary to solvate
the bonded chains so that they are in their fully extended
or swollen conformation to maximise mobile phase component
incorporation and solute retention [61]. When the bonded
phase is dry or exposed _to a non-wetting solvent such as
water, the hydrocarbon chains remain disordered and
collapsed [58,62] and HPLC peaks show strong fronting,
suggesting minimal solute contact with the shrunken bonded
phase [(48]. Intercalation of polar organic solvent
molecules between the chains encourages chain extension
because the solvent can distribute throughout the bonded
overcoming interchain attraction. Monomeric

phase network,

chains extend when conditioned whereas polymeric phases

swell [42,46]. As long as the bonded phase is prevented
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from drying out totally, it will remain solvated when
different mobile phases are used. Although THF and
acetonitrile are stronger solvating agents than methanol in
terms of the amount of energy required for solvation
[61,63], methanol is the preferred conditioning solvent as
it tends to form a monolayer O.6nm thick near the silica
surface [48]. Acetonitrile and THF are adsorbed more
strongly as they possess greater hydrophobic capacity and as
a result create an undesirable multilayer to which solutes

may be adsorbed 1in preference to  the stationary phase

[64,65]. Methanol also increases the motility of the
organised, extended chains through hydrogen-bonding
[61,64]. It must be remembered that the conditioning

golvents are actually bonding to a layer of adsorbed water
on the silica surface and not to the sorbent directly [49].
When aqueoUs phases are used after the bonded phase has been
conditioned with an organic solvent, the highly polar water
molecules will <compete with and replace some of the
solvating molecules [48]. A simple diagrammatic
representation of the solvation of a non-polar sorbent is
given in figure 9. If the percentage of organic modifier in
the aqueous phase is low, the chains will collapse a little
[66] and if a totally aqueous eluent is present, the chains
cannot remain extended [62]. The chaing then collapse and
entrap solvent molecules [66,67]. Zwier conducted carbon-13
studies on octadecyl- and octyl-bonded silica and the
gtructure of the solvated stationary ©phase [63]. He

observed that the stationary phase contained immobilised
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golvent molecules besides the bonded chains. The distance
from the surface which could then be classed as the
stationary phase actually extended past the length of fully
uncoiled octadecyl chains (2.5nm). When an 80:30
methanol:water mobile phase was used, the stationary layer

was 4.3nm thick.

1.3. Behaviour of a Solute in the Chromatographic System

The properties and characteristics of both the
stationary phase and the mobile phase in chromatography will
affect the behaviour of a solute. The time a solute takes
to pass through a liquid chromatographic system will reflect
its preference for one of the phases - a short retention
time (tr) indicates preferred interaction with the mobile
phase, a long retention time indicates preferred interaction
with the stationary phase. In HPLC, the capacity factor,

k', is normally quoted instead of t. and is calculated by

k' = tr-t Equation 6
Lo

where t is the time an unretained solute, such as a salt
or radiolabelled mobile phase component, takes to pass
through the column and corrects for delays caused by
stationary phase packing faults and dead volume in the
plumbing.

The principles behind reversed-phase LC solute
retention have not yet been fully described by any one

theory. It is now generally accepted that solute retention
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in a reversed-phase system does not occur by adsorption to
the ends of the bonded chains alone as originally thought
because the model does not allow for disordered, flexible
n-alkyl chains, mobile phase effects or competition between
the solute and the solvent layer. For a true partitioning
process the bonded phase must behave as another 1liquid
phase. Since the chains are anchored at one end, rendering
them motionally restricted, and the bonded layer may only be
a monolayer thick, partitioning cannot satisfactorily
describe solute retention either.

In the late 1960's, Sinanoglu [68] proposed a theory
to describe hydrophobic effects in biological systems. They
described the process in terms of the so-called “"solvophobic
effect". Horvath et al. applied the solvophobic theory to
reversed-phase chromatography [69,70]. They included
properties of the bulk solvent such as surface tension and
dielectric constant, and solute properties such as surface
area and dipole moment as well as assuming that a complex is
formed between the solute and non-polar chains. The free
enerqgy changes associated with the solvophobic effect arise
firstly from putting a solute 1into the mobile phase and
creating a cavity amidst the solvent molecules and secondly
from interactions between the solute and solvent molecules.

The following relationship describes solute retention:

1
ln k' = ¢ + ___ [AA(NW + a) + NAgy(X€ - 1) + W QLJ
RT £

RT
Equation 7
PoV [70]
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where ¢ is the phase ratio, AR is the sum of surface areas
for the solute, the hydrocarbon substituent and the complex,

N 1is Avogadro's number, <y is the bulk solvent surface

tension (Nm‘2

2 e . . .
molecule (m“), X adjusts macroscopic surface tension to

). As is the surface area of a solvent
molecular dimensions, a and W are solvent-dependent
parameters, AZ 1is the sum of charge distribution and
molecular size of the solute, the hydrocarbon ligand and the
complex, £ is the bulk solvent dielectric constant and R, T,
Po and V have their usual meanings. All the terms, except
the phase ratio, are measurable physical properties of the
solute and solvent. Figure 10 illustrates the solvophobic
effect in a reversed-phase system.

Recently Dill redefined partitioning by considering
the severe conformational constraints imposed on bonded
ligands [71]. Termed an "“interfacial phase", the stationary
phase has a high surface:volume ratio with greatest
rotational freedom away from the substrate. The
conformation of the interfacial phase is dependent on three
factors - (i) geometry, density and length of the 1ligands;:
(ii) a high degree of disorder: (iii) exclusion of poor
gsolvents from the interfacial region which is assumed only
to contain solute and chains. Solvent interactions within
the interfacial boundary were ignored on the basis that
their incorporation requires an unfavourably high degree of
organisation. However, attractions between a solute and
silanol groups were }included. Evidence supporting this

model includes a linear relationship between 1ln k' and log




—_—]

e

Bonded
Ligand °
..._..___*________I
.'. .". !
eI, Bulk
.'.'.‘.' I
&k _w—//l D

Complex Region

4._.

D

TR ST 777

Attraction between solute and hydrocarbon ligand
facilitated by decrease in molecular surface area
upon complex formation

Attraction between solute and solvent through
polar interactions

Figure 10 The solvophobic effect on the partitioning of a
solute molecule between an alkyl chain and an

aqueous bulk mobile phase.




- 39 _

P, the solute's hydrophobicity (partitioning) coefficient,
with a slope equal to 1 as predicted for a partitioning
mechanism, a reduction in retention as surface density of
substituents increases, and independence of solute
gselectivity from bonded chain organisation. Dill did not
favour the solvophobic effect because it neglects creation
of a cavity by solute molecules within the stationary
phase. Although, for the reasons pointed out by Dill, the
solvophobic effect is not definitive as a reversed-phase
retention model, it is generally accepted as a satisfactory
model to describe reversed-phase retention.

Jaroniec and Martire combined solute and solvent
distribution models to define solute retention by a mixed

mechanism of displacement (adsorption) and ©partitioning

{72]. This thermodynamic approach included adsorbent
heterogeniety and specific solute-solvent and
solvent-solvent interactions. Consideration of solvent

molecule displacement from the surface solvation layer by a
solute is an important factor in this model as the solute
could be retained through such an interaction. If a polar
solvent is used as an organic modifier, a layer of organic
modifier will form a sélvation layer as already discussed in
Section 1.2.1. A solute may compete with an adsorbed
solvent molecule for a retention site by either
displacement, association, or both (figure 11) [48,49.65].
solvent molecules weakly held in a monolayer, either because
they do not hydrogen bond or are highly polar, but present

in low concentration, may be displaced by a well-retained
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a displacement mechanism,
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solute molecule (k'>10) (figure 11(a)). If an incomplete
bilayer 1is formed (figure 11(b)) or if the monolayer 1is
created with strongly bound solvent molecules and a solute
with k'<10 interacts with it (figure 11(c)) [73],
adsorption will occur. Both adsorption and displacement are
possible if a complete bilayer of solvent is formed (figure
11(d)). The solute will displace weakly held, secondary
layer solvent molecules and adsorb to the newly exposed
primary layer.

The size and shape of a solute play important roles
in determining the extenf of retention. Solutes which are
able to penetrate between chains, i.e. planar and linear
molecules, will maximise the area of nonpolar surface
available to interact by Van der Waals forces and are
therefore retained to a Jreater degree than those which
cannot intercalate as far into the stationary ©phase
[46,74]. Berendsen ahd De Galan studied the effect of
n-alkyl bonded chain lengths on the retention of various
aromatic compounds [48]. They observed a c¢ritical chain
length, independent of mobile phase composition, necessary
to achieve maximum interaction between the bonded phase and
the solute. Solutes with 1large nonpolar surface areas
needed longer n-alkyl ligands in order to be encompassed for
maximum effect. Consequently their retention times were
greater than those of small solutes which could be enveloped
by much shorter chains [75]. The depth of stationary phase
into which a solute can penetrate must also be considered.

The polarity change in going from the surface of the silica
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sorbent to the unattached ends of the alkyl ligands 1is not
constant, as depicted in figure 12(a). Schunk examined the
different regions of the stationary ©phase using four
different solutes - benzene, anisole, phenol and aniline
[76]. He found that polar compounds such as phenol and
anisole preferred to reside near the end of the alkyl chains
with their polar substituent exposed to the polar bulk
mobile phase. Benzene, being nonpolar, moved further 1into
the stationary phase to the region of least polarity.
Aniline was attracted even further down between the chains
to the sorbent surface where the region of greatest polarity
exists due to exposed reactive silanols and the solvated
layer of methanol and water.

Under certain solvent pH conditions polar solutes,
silica-surface bonded polar groups and unmodified, exposed
silanols will be ionised. When the solvent pH is equal to
the pKa value of an ionisable compound, the molecules will
be 50% ionised and 50% unionised. If' the solvent pH is
increased by at 1least two pH units above the pKa of an
acidic solute, or if the solvent pH 1is decreased by more
than two pH units below the pKa of a basic solute, then the
solute will be ionised and capable of interacting with other
ionic species. Within the pH range range of pKa+2 for acids
and pKa-2 for Dbases, the degree of 1ionisation varies
dramatically. The use of a buffered mobile phase is
therefore essential to ensure that an HPLC separation or
bonded phase extraction can be repeated on different

occasions under exactly the same conditions 1if the same
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batch of bonded silica is used.

Predicting solute behaviour in a reversed-phase
chromatographic environment is complicated by the existence
of unreacted, exposed hydroxyl groups at the silica
surface. When silanols participate in the retention process
either through hyrogen-bonding when neutral or by weak
cationic-exchange interactions when ionised (pH>4), s8trong
acids and bases will be retained. Under these circumstances
retention is no longer due to the solvophobic effect alone
and the retention mechanism becomes a mixed mode of polar
and hydrophobic 1interactions. The mobile phase pH range
recommended by silica bonded phase manufacturers to avoid
degradation of the bonded phase is between pH2 and pH9, but
within these limits many organic bases and acids, including
silica-surface silanols, are 1ionised. Although an 1ionic
analyte is readily solvated by an aqueous mobile phase and
should therefore be eluted quickly from a reversed-phase
system, it 1is instead preferentially attracted by the
competitive silanol sites; The retention time of the solute
is thereby greatly increased. 1In a multi-analyte SPE, such
a strong silanol-solute interaction prevents a single-step
elution of all the analytes while in HPLC the
gsilanol-retained analyte 1is recorded as a peak with 1low
resolution and a long tailing slope. One way in which to
overcome silanol effecﬁs in reversed-phase chromatography is
by ion-pairing. A water-soluble salt in the mobile phase
interacts with an ionised analyte to form a complex which is

more soluble in the organic modifier present in the mobile
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phase than the free analyte ion:-

+ - Y
A (aq) + B (aq) <— AB(orgq) Equation 7

+

where A and B are either ionised analyte or mobile
phase salt species and AB is the hydrophobic complex formed

through ion-pairing (a more detailed treatment of ion-pair

chromatography theory is given in reference 77). Popular
reversed-mobile phase ion-pairing additives include
alkylsulphonates for basic analytes, alkylammonium

counter-ions for carboxylic acid analytes, and chlorates for
amines ([78,79]. Addition of a salt to the mobile phase
reduces analyte interactions with the silanols. Figure 13
shows the changes in retention of an ionised analyte as the
concentration of salt 1increases. The plot 1is typically
U-shaped. Initially retention decreases as the
concentration of salt increases and ionised silanol sites
are preferentially occupied by the salt ions rather than the
ijonised analyte until a minimum 1in analyte retention is
observed at xmmol/l1 of salt. When the salt concentration
exceeds the optimum amount, the 1ionised analyte starts to
form a complex with the oppositely charged salt ion.
Hydrophobic interactions between the complex and nonpolar

bonded phase increase retention [80]. Analyte retention is

now by solvophobic interactions. Tetraalkylammonium

counter—-ions are often used in the chromatography of basic

drugs possessing an amine group. The counter-ions do not

complex with the analyte, but instead occupy silanol sites,
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through ion-pairing with a salt.
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effectively masking | solute-silanol interactions. The
analytes are no longer retained by the silanols and are
readily eluted [81].

A solute in a chromatographic enviroment will
experience a range of interactive forces with the stationary
and mobile phases as discussed in this section. The extent
of solute-solvent-sorbent interactions is primarily
influenced by the physical and chemical properties of the
solute. The following chapter discusses the use of such
properties 1in deriving correlations between a solute's
retention time and its physicochemical descriptors in order
to predict solute behaviour in reversed-phase 1liquid

chromatography.
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CHAPTER TWO

QUANTITATIVE STRUCTURE-RETENT ION RELATIONSHIPS

Introduction

Medicinal chemists have successfully predicted the
biological activity of drugs and other compounds by using
quantitative structure-activity relationships (QSAR) in
which the physical and chemical (physicochemical) properties
of the molecule are related to its bioactivity [82,83]. A

.

drug molecule i vivo partitions between 1lipid-containing

tissue e.g. brain, heart, kidneys, and aqueous extracellular
fluid e.g. blood, urine. The degree of partitioning is
dependent on the affinity of the drug molecules for either a
hydrophobic or hydrophilic enyironment. Parent drugs and
their metabolites which are hydrophobic will tend to remain
in the 1lipid membrane whereas hydrophilic compounds reside
mainly in aqueous areas and readily pass into the blood or
urine.

Reversed-phase liquid chromatography has been widely

used to derive QSAR because the non-polar stationary phase

and polar aqueous mobile phase are good models for in vivo
systems [84,85]. Relationships between the physicochemical
properties of a drug and its chromatographic retention can
be used to predict drug transport and disposition in the
chemical interactions which occur

body as well as the

between the drug molecule and its biological environment.

This information aids prediction of the effectiveness of a
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drug and also helps in the development and modification of a
compound to maximise its bioactive potential. An example of
HPLC applied to QSAR can be demonstrated by work conducted
by Rittich, Polster and Kralik on the relationship between
mono- and bi-functional phenols and their fungicidal
activities [86]. They wished to show that the
reversed-phase HPLC retention times of the substituted
phenols were related to their fungicidal acti;;ties, C. by
the hydrophobic descriptor, 1log P. Log P is called the
partition coefficient and indicates the preference of a
solute for either a hydrophobic or hydrophilic environment.
Log P can be represented by the Hansch parameter, = , if, as
in this <case, the test solutes have a common parent
structure. T represents the hydrophobicity of a

substituent group on the parent structure and was found in

this study to correlate well with 1log(l/C) (correlation

coefficient, r? > 0.9).

Quantitative relationships between solute structure
and chromatographic retention (QSRR) are analogous to QSAR.
QSRR are useful in three senses: (a) prediction of the
retention capacity factor, k', (b) measurement of
physicochemical parameters, and (c) understanding the
retention process. Chen and Horvath [87] applied the
fundamental principle of QSAR, linear free enerqgy
relationships (LFER), to QSRR. The LFER are a less rigorous

thermodynamic treatment of the energy changes associated

with the chromatographic system than classical

thermodynamics and are conceptually easier to interpret
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because they are expressed in chemical and physical
parameters Jrelating to the solute, solvent and sorbent.
Consider the chromatographic retention capacity factor, k'.
It is related to the thermodynamic equilibrium constant, K,

by
k'=K®d Equation 8

where ¢ 1is the phase ratio (the volume of stationary phase
to the volume of mobile phase). The associated total free
enerqy. AG°T, associated with ‘solute-sorbent and

solute-solvent interactions is given by

AG°T = -RT 1nK = -RT(lnk'- lndé) Equation 9
Therefore
-AG°p )
Log k' = + logd Equation 10
2.3 RT

where R is the gas <constant and T 1is the absolute

temperature. A(PT can be  sub-divided into two

contributory free energies - that from the stationary phase,

A Ge . and that from the mobile phase, A G°_ . Thus

-( AG® AG°y)
Log k' = (867 * N + log @ Equation 11

2.3 RT

Free energy changes agsociated with the stationary phase are
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assumed to be negligible, more from the point of view that
the stationary phase is difficult to quantify in terms of
associated energy rather than that the stationary phase does
not contribute to the retention process. If the same mobile

and stationary phases are used to determine log k', @

becomes a constant. Ultimately,

Log k' = — Equation 12
2.3RT
In general terms, LFER assume that the free enerqgy in
a biological or chromatographic system is a linear sum of
energetic contributions, namely hydrophobic, electronic and
steric interactions. Kamlet et al. [88] have shown that

solubility parameters can be expressed in these easily

characterised LFER terms:

Log k! = aA + 8B + ¢y C Equation 13

where A is the hydrophobic term, B is the electronic term,
C is the steric term, and «, B and y are constants.
Chromatographic retention can therefore be described
by a few physical and chemical solute properties which
relate to the interactions a solute is involved in with the
bonded phase and the mobile phase in chromatography. The
described by LFER can be separated

general interactions

into two distinct groups; dispersive and inductive forces

[89,90] Dispersive interactions can occur between
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non-polar molecules or between non-polar and polar

molecules. They are defined by "bulk" parameters such as
molar volume, molecular weight and the number of carbon
atoms either in the whole molecule or in a substituted
side-chain. Linear correlations between log k' and bulk
properties for homologous (cogeneric) series of solutes
with equal polarity imply that the dispersive forces are
additive [90]. However, different families of homologous
solutes appear as a series of parallel lines on a graph of
log k' versus (bulk parameter) through differences in
electronic and steric properties exhibited by the different
families [91]. Electronic and steric interactions are
termed inductive and, unlike dispersive forces, multiple
polar/steric effects do not follow linear relationships and
generally they cannot be added together e.g. dipole moments
[92 pp.l08]. Inductive parameters include dipole moment,
hydrogen bonding ability and topological indices. These
parameters are a measure of solute polarity. Retention
behaviour of non-cogeneric solutes has been successfully
correlated with a mixture of hydrophobic, electronic and
steric parameters [93,94].

A number of physicochemical properties have been
proposed as good descriptors for QSRR, and although a large
number of research workers have achieved good correlations

between retention and such parameters, no one relationship

has been accepted as definitive of the chromatographic

process Some of the more important and significant

parameters which have been used as physicochemical



- 53 -

descriptors are discussed below.

2.1 Dispersive Parameters

Dispersive interactions are one of three types of
Van der Waals forces and are called London interactions.
They occur between molecules both with and without dipole
moments, and are the most common interaction between two or
more molecules. London interactions are long range and
originate from the electric field generated by the electron
cloud which surrounds the molecule. Because they are
scalar, dispersive forces are additive.

Bulk parameters that define shape, volume and size
of alkyl' chains have been shown to correlate well with
retention data for homologous series of alkanes, alcohols
and alkylbenzenes in reversed-phase chromatography
[95,96]. Members of a cogeneric series with equal polarity
should not be distinguishable by 1inductive forces which
reflect polar properties. This allows selectivity amongst
such groups of solutes to be based purely on differences
between their bulk parameters [97]. Such relationships are
important in reversed-phase systems because the non-polar
part(s) of a molecule will determine the solubility of the
solute in the aqueous mobile phase; the more non-polar

character a solute exhibits, the less soluble it will

become in an aqueous medlum.

2.1.1 Number of Carbon Atoms

A parameter which has been used extensively to
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predict retention times in gas chromatography is the number
of carbon atoms in the alkyl chain of cogeneric
hydrocarbons (nc) which wultimately gave rise to the

Kovats retention index [92, pp.50]:

log t'ri - log t'yre
Ii(T) = 100 x + 100c¢ Equation 14
log t'r(c+1) - log t're

where Ii(T) is the Kovats GC retention index of a solute,
i, at temperature, T; t e is the corrected retention time

of a homologous standard with ¢ carbon atoms; t'r(c+1) is

the corrected retention time of a second homologous standard
with (c+1) carbon atoms and I is the corrected
retention time of solute, 1i. Analogous retention indices
for LC has been proposed by several other groups [98-101]}].
Jandera observed a linear correlation.between log k' and log
(nc) when no polarity effects were operational between a
pair of aromatic solutes [101]. Another group found
excellent correlation between log k' and nc for
hydrocarbons and PAH when the two series were considered
separately [102]. such observations allow the free energy
involved in transferring a non-polar solute from the mobile
phase to the stationary phase to be calculated in terms of
each methylene group 1increment added to the substituent.
The enthalpy involved will be constant for n-alkyl chain
substituents and has been quoted as 300 kcal/mol per

methylene group [103]. However, non-linearity c¢an occur

when either the number of carbon atoms in the n-alkyl chain
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of a cogeneric series of polar compounds is either less than
2 or dgreater than 8, possibly due to changes in polarity

group shielding as the alkyl chain increases in length [104].

2.1.2 Volume and Surface Area Parameters

Both volume and surface area relate to solute
solubility which 1is one of the most important properties
affecting reversed-phase iiquid chromatography. Solubility
is an indicator of the ease with which a solute can make a
cavity within the structural network of the bulk mobile
phase in order to be solvated. This largely depends on the
size of the solute when no inductive forces are in play: a
large non-polar solute requires more energy than a small
non-polar solute to be solvated by a polar mobile phase. It
may be energetically more favourable for a large non-polar
molecule to interact with the non-polar bonded phase through
dispersive interactions compared to breaking polar bonds
between mobile phase components [105] and this will be
observed as an 1increase in the retention time of the
golute. The partition coefficient, log P, which represents
the hydrophobicity of a' solute, 1is s8trongly related to
solubility, although other electronic factors are also
involved (Section 2.3) [106,107].

The increase in retention of alkyl-substituted
molecules as the non-polar side chain increases in length,
shown by log k' versus n, plots, is a reflection of the
increase in surface area [108]. The 1incremental surface

area contribution made by the addition of a methylene group
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to the overall surface area of an n-alkane was used by
Mockel et al. 1in the prediction of retention times of
polar-substituted n-alkanes [91]. The enthalpy effects
which are associated with the transfer of a solute from the
mobile phase to the stationary phase can be measured from

Van't Hoff plots of 1ln k' versus (1/T) where retention is

related to enthalpy, - AH, by the expression

-AH AS
In k' = + - + 1ln® Equation 15

2.3RT 2.3RT

[97,109]
The slope of a Van't Hoff plot gives - AH. The change in
enthalpy between homologues of alkylphenols is linear [110],
but it has been shown that -A H is not constant between
homologous alkylbenzene compounds because of rx -~electron
enerqgy effects [1l03]. The length of the chain bonded to the
silica sorbent does not appear to influence -A H and either
octyl- or octadecyl-silica 1is suitable for such studies
[111].
Volume and surface area are conformation dependent,

dne example being shown by work on six ethers [106].

Measurement of these properties therefore needs to be

accurate. An early modelling technique called the
Corey-Pauling-Koltzman (CPK) method used a scaled
representation of the solute. The surface area was

calculated from the maximum number of telatively—sized water
molecules which could be physically packed around a

styrofoam model of the molecule in its lowest energy form
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{92, p.8s8]. Bondi and Van der Waals group increments and
bond lengths, which are to be found in the literature, lend
themselves more readily to computer-assisted measurement of
size parameters [112]. The most common method of generating
computer-calculated parameters is by Complete Neglect of
Differentail Orbitals (CNDO/2). Volume 1is calculated by
CNDO/2 by sampling points within a box enclosing the
molecule which is input in its lowest energy conformation.
The box is sampled at a density of 8000 points/i&3 if box

is less than 50&3, 1000 points/ﬁ3 if between 501'\3 and

125ﬁ3, and 125 points/f\3 if greater than 12553.
Parameters calculated by the CNDO/2 method are highly
dependant on geometry and the length and angle of bonds.
Other parameters such as molar refractivity,
polarisability, melting and boiling points, and molecular
weight are all highly correlated to volume and surface

area. It 1is therefore wise to use only one of these

descriptors in multi-parameter QSRR to represent size.

2.1.3 Parameters Relating to Shape

There are not many solutes whose retention times 1in
reversed-phase LC appear to be related to their shape apart
from polyaromatic hydrocarbons. Polyaromatic hydrocarbons
(PAH) form a special class of aromatic molecules which are
rigid and planar. They have received special attention in
QSAR and QSRR because they are toxic by-products of the
combustion of fuels and synthetic foams. The retention

behaviour of methyl-substituted PAH [99,113] and various PAH
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which are found in coal fractions retention behaviour is
shape-dependent [114]. but simple descriptors such as the
Verloop parameter are not sufficient. The Verloop parameter
is a ratio of the length-to-breadth of a molecule (L/B). It
is a simplified form of the Principal Elliptical Axes which
serve to define the shape of a molecule in three dimensions
by x, Yy and 2z coordinates. Other simple descriptors include
the F-parameter created by Jinno and Kawasaki as a shape

parameter for PAH [114] where

F = (number of double bonds) + (number of primary
carbon atoms) 4+ (number of secondary carbon
atoms) - 0.5 Equation 16

(0.5 is deducted if a non-aromatic ring is included)

Rohrbaugh and Jurs introduced a "shadow index" to define the
shape of PAH. It is based on the three-dimensional
structure of the solute in the x, y and 2z planes. The
shadow area defines any two of these planes together [113].
This parameter appears to be more significant for
unsubstituted PAH than for substituted PAH on a polymeric
octadecylsilica phase.

Unfortunately none of these three examples of simple
shape descriptors correlate well with retention behaviour by
themselves. They are often used in conjunction with a
topological index, specifically the connectivity index, x ,
developed by Kier and Hall in the mid-1970's from the Randic
branching 1index [115]. A topological index defines the

position, and often the type, of atoms in a molecule as a
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mathematical graph. This graph is represented by a
numerical index. The simplest connectivity index, termed
the "zero order' index (ox), is an 1index relating to the

number of atoms in a molecule. 1t is calculated by

O = 2:(6i)—0'5 Equation 17
A more useful connectivity index is the “"first order" index,
1Xv_ The postscript, v, 1indicates that the index 1is
related to the valency of each atom in a molecule, but 1is
often omitted because the index is assumed to be determined
by this method anyway. Each atom in the molecule (except
hydrogen atoms) 1is assigned a "é-value" indicating the
number of bonds between the atom and adjacent carbon atoms
or heteroatons. Figure 14 illustrates the calculation with

toluene and methyl-4-hydroxybenzoate. The index is

calculated by
lx = E:(éiéj)_o's Equation 18

where 1 and j are adjacent atoms. Heteroatoms have
valency-related §-values, e.g. a nitrogen atom in a nitrile
group has a § -value of 5, but 1in a secondary amine the
d-value 1is 4. § ~-values for heteroatoms can be found 1in
Reference 115, pp.l7.

The first order connectivity index is not strictly a
descriptor of dispersive forces alone because it includes
heteroatoms which participate in the retention process

through inductive 1interactions. Electronic and steric



- 60 -

.1x= 4+ 2 + 1 -
v(3.3) V(4.3) A4.1)

=2.411
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X 2 + 4 +2 + 1 + 1 + 1
/3.3 /B.D) M. /4.1 /4.6) /4.5

= 3.249 .

Note 1 Hydrogen atoms have been omitted

Note 2 Numbers beside atoms indicate their respective
§-values.

Figure 14 FExamples of calculation of the first-order commectivity indesx.
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parameters are therefore needed to describe polar
interactions more fully and commonly-used inductive

parameters are discussed below.

2.2 Inductive Parameters

Inductive interactions arise from another kind of Vvan
der Waals force, the Debye interaction. A molecule which
has an unequally distributed electron cloud 1isg s8aid to
possess a "dipole moment®". The dipole moment may be
permanent if atoms in the molecule have nnequal
electronegativities, such as oxygen and nitrogen, or the
dipole moment may be induced in a non-polar molecule by a
neighbouring molecule with a permanent dipole (figure 15%).
The energy associated with an inductive interaction is ten
times stronger than a dispersive interaction.
Polarisability is a measure of the ease with which the
electron cloud of a molecule can be distorted. It is
actually a dispersive force because it is additive (scalar)

and is highly correlated to volume.

2.2.1 Dipole Moment and &

The very fact that inductive forces are not scalar
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