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Preface

This book answers two basic questions regarding high-performance liquid
chromatography; it focuses on how compounds can be separated and on why
particular compounds are separated by liquid chromatographic methods. It
consists of six chapters: Basic Concepts of HPLC; Instrumentation: Prepara-
tion, Testing and Selectivity of Stationary Phase Materials; Selection of the
Eluent; Separation Based on an Improved Column Efficiency; Influence of
Physical Chemistry on Separations in Liquid Chromatography. The focus is on
the basic considerations in liquid chromatography rather than the applications
but there are also sections on trouble-shooting. The book is concerned mainly
with the selection of a packing material and the preparation of the eluent.
Theoretical optimization is demonstrated using the chromatography of simple
chemicals, to aid the understanding of liquid chromatography by graduate
students. The examples given go beyond what can be found in general textbooks
on liquid chromatography. The separations can be easily understood from the
differences in properties of familiar compounds known to undergraduate
students.

The chromatographic separations described are based on solubility using
molecular properties. The selection of chromatographic mode and column is
analysed using solubility parameters. The separation factor « is described in
detail by physical and chemical parameters. Discussion of instrumentation
focuses on high-efficiency operation and is concerned with degassing, the time
constant, flow cell design, connectors and trouble-shooting. Packing materials
and their synthesis and surface modification, liquid chromatographic analysis
of surface activity and the evaluation of packed columns, including the
measurement of void volume, are also considered.

I thank Professor Roger Smith, of Loughborough University, who reviewed
the original manuscript and offered many helpful suggestions. I also deeply
appreciate the support of The Royal Society of Chemistry for this publication.

Toshihiko Hanai, Yokohama
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CHAPTER 1

Basic Concepts of High-
performance Liquid
Chromatography

The two basic questions in high-performance liquid chromatography focus on
(a) how particular compounds can be separated, and (b) why particular
compounds were separated by the liquid chromatographic method used. The
answers can be obtained by the consideration of some simple representative
chromatograms of the separation of well-known compounds. Such separations
can be easily understood according to common principles of physics and
chemistry.

A separation is described by the following equation, which indicates the
degree of resolution between two peaks in a chromatogram, R,. A complete
separation requires R; > 1.2 units.

The resolution can be improved by increasing the column plate number, N, and/
or the separation factor, « (¢ = the ratio of the retention factors of the two
compounds). N is the physical parameter and o is the chemical parameter for the
separation. Higher N and « values give a better separation.

The physical and chemical aspects of liquid chromatography, in addition to
mechanical aspects, are briefly described in this chapter. Theoretical approaches
are explained in detail in later chapters. The effect of stationary phase materials
on the chemical selectivity is described in Chapter 3, and the influence of the
eluent components is covered in Chapter 4. The plate number theory is
discussed in Chapter 5. Quantitative optimization is explained in Chapter 6.

1 Physical Parameters for High-speed Separations

It was thought that high-speed separations would be achieved by the develop-
ment of a physically stable pumping system and highly sensitive detectors;

1



2 Chapter 1

however, the main contribution to high-speed separation is made by small-size
stationary phase materials. A shorter separation time with complete resolution
cannot be achieved simply by increasing the flow rate or by using a small
column. The theoretical plate number of a small column must be the same as
that of a larger column to obtain the same separation.

For example, the separation of a mixture of benzene, acetophenone, toluene,
and naphthalene has been completed within 5.5 min using a 15 cm long, 4.6 mm
i.d. column, packed with 10 um porous octadecyl-bonded silica gel, whose
theoretical plate number was 38000 m ™', as shown in Figure 1.1A. Increasing
the flow rate 4-fold reduced the separation time to 1.5 min, because this mixture
was well separated (Figure 1.1B). The same mixture was separated within
4.5 min using a 10 cm long, 4.6 mm i.d. column packed with 3 um octadecyl-
bonded porous silica gel with a theoretical plate number of 117000 m ™' (Figure
1.1C). Doubling the flow rate resulted in completion of the separation within
2 min, as shown (Figure 1.1D).

Comparison of these four chromatograms suggests that a fast separation can
be performed either using a longer column with 10 um stationary phase material
with a high flow rate of the eluent, to give high resolution, or by a smaller
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Figure 1.1  Effect of particle size and flow rate on high-speed separations. A and B column:
10 um C;g-bonded silica gel, 15 cm x 4.6 mm i.d.; C and D column: 3 ym
Cs-bonded silica gel, 10 cm x 4.6 mm i.d.; eluent, 70% aqueous acetonitrile,
flow rate A and C, 1, B, 4, and D, 2 ml min ™ "; pressure drop A, 1.2; B, 5.9; C,
13.4; D, 27 MPa; detection: UV 254 nm. Peaks: 1, benzene; 2, acetophenone;
3, toluene, 4; naphthalene.
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column packed with 3 um stationary phase material. However, a high flow rate
through the 3 um stationary phase material is limited by a high column back
pressure. The separation could also be completed within 1.2 min on the short
column packed with 3 um stationary phase material by using a stronger eluent,
as shown in Figure 1.2. Furthermore, the sensitivity was also improved by using
the smaller-size stationary phase material because the sample is less spread out
in the eluent and is more concentrated when it reaches the detector. The actual
peak height in Figure 1.1C is 1.6 times that in Figure 1.1A. A small column
packed with small particle-size stationary phase materials promises high
performance and a high-speed separation both in theory and in practice. The
following equation describes the relationship of the column length (L) to the
column efficiency: N = L/H. The high plate number N required for good
separation is proportional to the longer column length L and small A value.
The term H is the height equivalent to a theoretical plate (HETP), which is the
length of column needed to generate one theoretical plate. A good column has a
high plate number for its length, and, thus, a good column has a low H value.
The value of H can also be described by the following equation (which is
described in detail in Chapter 5):

2yD Dyd? d*u
H = 2dy + 22PM _4Dwdsu | G5t
u (1+Dm)2Ds Dy
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Figure 1.2 Effect on eluent component of flow rate. Column: 3 yum C,g-bonded silica gel,
10 cm x 4.6 mm 1.d.; eluent, 80% aqueous acetonitrile; flow rate A, 1, B,
2ml min~'; detection, UV 254 nm. Peaks: 1, benzene; 2, acetophenone; 3,
toluene; 4, naphthalene.
(Reproduced by permission from ref. 3)
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This equation indicates that the particle size, d,, is the main contributor to the H
value. The smaller the particles, the higher the theoretical plate number. The
optimum condition is obtained by the relationship between the theoretical plate
height and the flow velocity.

2 Physical Considerations

High-speed separations can be achieved with a short column packed with 3 um
stationary phase material, as shown in Figure 1.2. The sensitivity was also
improved by the use of smaller-size stationary phase materials, due to less
sample diffusion inside the column. The following conditions are required to
obtain such a separation.

a. small-diameter, spherical stationary phase materials that have high
physical strength;

b. a high pressure pump with controlled flow rate;

c. a system that limits sample diffusion, by considering the column design,
using small inner diameter connecting tubing, and a small volume detector
flow cell; and

d. a detector and recorder capable of a high-speed response.

The theoretical plate number N of peak B can be calculated from the
chromatogram given in Figure 1.3 by the following equation:

2
N= 16(5)
w

where Vg is the retention volume and w is the peak width at the base (measured
in volume units). However, the retention volume includes the hold-up volume
VM (also called dead volume). The hold-up volume is the sum of the void
volume of the column (Vy = YA), the volume of the injector (OX) and the
volume of the detector and connecting tubing (XY) as shown in Figure 1.3. The
actual separation efficiency is defined as the effective theoretical plate number
Neg, which excludes the hold-up volume:

Ve — V)
W

Negr = 16(

Commercial instruments have a reasonable balance between the recommended
column size and the volume of the column and connecting tubing (XY).
However, the theoretical plate number of a single column may give different
values on different instruments, and even on replacement of the components
and parts of a single instrument. Such discrepancies can be understood in terms
of differences in the mechanics of the instruments and the design of their parts.
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Figure 1.3 A4 schematic chromatogram: Vg, retention volume; Vy., adjusted retention
volume; V, elution volume of peak; Vy, void volume; W, peak width; Vi, hold-
up volume; OX, volume of injector; XY, volume of detector, including volume of
tubing.

The normally acceptable extra-column dead volume (OY in Figure 1.3) before
there is a significant effect on the efficiency of a 15 cm long, 4.6 mm i.d. column
should be less than 100 pl. This volume has to be reduced to less than 30 ul fora
5cm long, 4.6 mm i.d. column. Replacement of the connecting tubing with
shorter lengths of narrow-bore tubing and the selection of a smaller volume
detector flow cell are necessary when using a shorter or narrower column. These
changes together with a smaller column enable reductions in the volume of
eluent required and in the separation time. This approach is economical and
environmentally friendly. However, the reduced hold-up volume becomes
technically very critical in the handling of smaller columns. Details of the basic
mechanisms and the design of instrumentation are described in Chapter 2,
which also covers the similarities and differences of various instruments.

3 Chemical Influences on the Separation Factor

One column can be used for different types of liquid chromatography by
changing the eluent components. As an example, a column packed with
octadecyl-bonded silica gel has been used for size-exclusion liquid chromato-
graphy with tetrahydrofuran (THF), normal-phase liquid chromatography with
n-hexane, and reversed-phase liquid chromatography with aqueous acetonitrile.
Examples of the chromatograms are shown in Figure 1.4.

The elution volumes of polystyrene and benzene in the size-exclusion mode
were 0.98 and 1.78 ml, respectively (Figure 1.4A). This means that separations
by molecular size can be achieved between 0.98 and 1.78 ml in this system. In the
normal phase mode the elution volumes of octylbenzene and benzene were 1.98
and 2.08 ml, respectively, in n-hexane solution (Figure 1.4B). This type of
chromatography is called adsorption or non-aqueous reversed-phase liquid
chromatography. These are adsorption liquid chromatography and non-
aqueous reversed-phase liquid chromatography. The elution order of the
alkylbenzenes in the reversed-phase mode using acetonitrile was reversed
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UV 260 nm

1 | 1 | 1 1
0 5 0 5 1] 5 min

Figure 1.4 Different modes of chromatographs using the same column. Column, 5 ym
Cs-bonded silica gel, 15 cm x 4.6 mm i.d. Eluent A, tetrahydrofuran; B, n-
hexane; C, acetonitrile; flow rate, 0.5ml min~" at ambient; detection, UV
260 nm. Peak 1, benzene; 2, ethylbenzene; 3, butylbenzene; 4, octylbenzene;
and 5, polystyrene.

(Figure 1.4C). The elution volumes of benzene and butylbenzene were 2.01 and
2.52 ml, respectively. The elution volumes became larger with the addition of
water to the acetonitrile eluent. In each case the elution orders are based on the
solubility of the solutes (except in size-exclusion liquid chromatography).

When separation cannot be achieved by improving the theoretical plate
number of a column, it may be achieved by the selection of an appropriate
stationary phase material and/or eluent. The degree of separation, the separa-
tion factor «, is the difference in retention volumes of analytes. The separation
factor of two compounds is given by:

ARl 4
Vri — VM

where Vr, and Vg, are the retention volumes of peaks 2 and 1, respectively.
These retention volumes depend on the properties of the solutes (analytes),
stationary phase materials, and eluent components. A higher « value, i.e. an
increase in the difference in retention volumes, can be achieved by using a
different stationary phase material and/or eluent. Details of the selection of
stationary phase materials and eluent are described in Chapters 3 and 4.

4 Basic Considerations of Liquid Chromatography

Identifying the most suitable separation conditions is the main objective of
separation scientists. It is easier for skilled chromatographers, but this is a
complicated subject for beginners. One approach is to find a chromatogram that
exhibits the separation of a similar mixture. However, similar mixtures may
have been separated under very different conditions; either the separation
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columns and/or the components of the eluent may have been different.
Furthermore, the elution order is sometimes reversed. When an appropriate
chromatogram is found in the literature, the conditions may need to be modified
to take into account the other compounds in the mixture, any necessity for
sample pre-treatment and the purpose of the separation. The chromatographer
should be familiar with the capabilities and requirements of the following
methods.

a. Pre-treatment of samples, stationary phase materials, and elution solvents;
b. Separations based on molecular size;
(i) aqueous size-exclusion liquid chromatography;
(ii) non-aqueous size-exclusion liquid chromatography;
¢. Normal-phase liquid chromatography;
d. Reversed-phase liquid chromatography;
e. lon-exchange liquid chromatographyj;
f. Ion-pair liquid chromatography;
g. Chiral separation and affinity liquid chromatography.

Choosing the sample pre-treatment method is difficult. The most important
consideration is the final condition of the target compounds. What kind of
solution is obtained? The type of solvent and the concentration of the target
compounds are very important in the selection of the separation conditions.

The pre-treatment of stationary phase materials is also important for silica gel
and ion-exchangers, even when a new column is being used. Pre-treatment of the
elution solvent is also important. High-performance liquid chromatography
grade solvents from different manufacturers contain different amounts of
impurities. The purity of the water is especially critical. The specified solvent
for a special preparation stage is often not compatible with the desired
chromatography. A large amount of such a solvent should first be injected,
followed by measurement of the background of the chromatogram.

How are analytes retained on, or in, a stationary phase? This depends on the
physicochemical interaction between the analytes and the stationary phase
material. When a strong solvent, in which the solute readily dissolves, is used
for elution the solute is eluted very quickly from the column. The forces holding
an analyte on the stationary phase are similar to those responsible for
dissolution in the solvent. Eight solubility properties are recognized: van der
Waals (London dispersion) forces, dipole-dipole, ion—dipole, Coulombic and
repulsion forces, charge-transfer complexation, and hydrogen-bonding and
coordination bonds. The molecular interactions that are probably involved in
retention in liquid chromatography can be explained by these interaction
properties and are summarized in Table 1.1. The retention of a particular
molecule is not due to only one property, but rather to a combination of several
properties. The probable interactions can be estimated from the chemical
structure of the analytes and stationary phase materials.

The separation conditions employed for size-exclusion liquid chromatogra-
phy are simple. A strong solvent for analytes and a suitable stationary phase
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Table 1.1 Classification in liquid chromatographic methods

s 25 = &
2 E£24,8FTL S8
S B232E28TEL. .
Interaction 2 29883 cT25<33
<= b=} L .o % O
E 2 EE L s DETSELE
SE5g5o2wmgsLlEa®
sEESRET3EEEEE
Name of chromatography S STASES T S58&8ES
Size-exclusion L HONO)]
Reversed-phase OO0 eA A
Reversed-phase ion-pair OO0 ¢ A L4
Ion-pair partition OO0 O ¢
Ion-exchange OOOOO0 A ¢ O
Normal-phase OOCO ¢ O A O
Charge-transfer OO0 O e O
Salting-out O0O0O0O0 O ¢
Ligand-exchange ORONO)] o ¢
Chelation Q0O O O ¢
Affinity OO0OQCOOO0O O OO ¢
Chiral separation CNONOEONONORG) @) ¢

¢ The most important mechanism, O important property, A interaction depending on stationary
phase material.

material are necessary. If the impurities have high relative molecular masses
(M,), size-exclusion chromatography can be used effectively. Size-exclusion
liquid chromatography in conjunction with a recycling system can also separate
isomers; however, it is time-consuming and the columns are usually expensive.
If a mixture of molecules with a M, of less than 2000 has to be separated and a
recycling method seems to be insufficient for the separation, the following
chromatographic technique can be carried out. If the sample concentration is
large enough for chromatographic analysis, the eluted solution obtained by a
size-exclusion chromatographic pre-treatment can be directly injected onto a
liquid chromatograph using a syringe, after membrane filtration. If a good
combination of stationary phase material and solvent cannot be found, then
methods c—g in the above list are applied.

In reversed-phase liquid chromatography, increasing the molecular size
increases the hydrophobicity of solutes and results in a greater retention
volume. This indicates that the van der Waals volume is an important property
in optimization. Increasing the number of substituents with w-electrons and
hydrogen bonding increases the solubility in water, that is they increase the
polarity of the solutes. This indicates that dipole-dipole and hydrogen-bonding
interactions contribute to hydrophobicity. Therefore, these properties are
important in controlling the retention volume in reversed-phase liquid chroma-
tography. However, the n-electrons of stationary phase materials such as
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polystyrene gel and the hydrogen-bonding of non-endcapped bonded silica gels
also contribute to the retention.

Many compounds can be analysed by methods ¢ or d, and sometimes both
methods ¢ and d are employed. For a preparative-scale separation, method ¢
(normal-phase chromatography) is suitable due to the easy removal of solvent.
Identifying the best separation conditions for ion-exchange liquid chromato-
graphy (method e) is a little more difficult. Therefore, if the compounds can be
separated using methods ¢ or d, these methods should be used. Even sacchar-
ides, organic acids, and nucleic acids are often separated by methods ¢ and d.
The separation speed in ion-exchange liquid chromatography is also slower
than that in normal and reversed-phase liquid chromatography.

Affinity liquid chromatography and chiral separations (enantiomer separa-
tions) require similar analyte properties. The solutes may have interactions
through hydrogen-bonding, ligand formation, or Coulombic forces with the
surface of stationary phase materials or the sites of additives; however, the
selectivity is controlled by the steric effects of the structures of the analyte
molecules and the recognition molecules (chiral selectors).

The physical and chemical properties of stationary phase materials are
described in Chapter 3 (including methods for their synthesis) to clarify the
differences in similar stationary phase materials supplied from different manu-
facturers. A detailed selection guide to solvents is given in Chapter 4. The
unlimited selection of eluent components and their concentrations is a powerful
force in developing separations in liquid chromatography. Although this area
seems rather complicated, it is easy to understand the selection of a suitable
eluent when you first identify the molecular properties of the analytes and
solvents.
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CHAPTER 2

Instrumentation

The basic concepts of the instrumentation for liquid chromatography are
described here, with the mechanism of their operation and their influence on
the separation of analytes.

1 Chromatographic Systems

The components of all chromatographic systems are basically the same;
however, the specifications and sizes differ between systems. A schematic
diagram of a full-scale computerized system is shown in Figure 2.1. This type
of system was originally proposed at the start of studies to design instrumenta-
tion for liquid chromatography, and the fully automated system is now
commercially available. It is powerful, providing it is trouble-free. Its operation
seems simple to the user, but trouble-shooting for this system is complicated.
The basic concept of each of the components of the system is explained in the
following sections.

2 Injectors

The maximum injection volume depends on the volume of the sample loop in
the injection valve. The reproducibility of manual injection depends on the skill
of the operator. The use of a small sample loop and an overflow injection of the
sample solution so that the loop is fully flushed with sample are basic
requirements for quantitative analysis. The highest injection reproducibility
can be obtained by an auto-injector with a fixed sample loop. The smallest
reasonable injection volume is 1 ul. A nl-scale injection valve can be con-
structed; however, the memory effect at the surface of contact parts affects
quantitative analysis compared with the use of a ul-scale injection valve. For a
semi-micro system, a low hold-up volume injection valve is desired. The
minimum injection volume is 80 nl. For a preparative-scale injection, the
sample loop can be easily replaced with a larger-volume loop, such as a 200 ui,
instead of the standard 20 ul loop.

11
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Figure 2.1 Automated chromatograph. Components: solid line, liquid flow line; dotted
line, communication line; S1, S2, and S3, solvent reservoirs; DG, degassing
system; V1, V2, and V3, valves; Pu, pump; Pre, pressure sensor, Inj, injector;
C, column; F, fraction collector; RC, reaction bath; RR, reaction reagent;
D, detector; W, waste;, T1 and T2, oven;, COM, computer; Pro, solvent
programmer, Pri, printer; INT, integrator or recorder.

3 Eluent Delivery Systems

The pump is the heart of HPLC and must satisfy a number of requirements. It
must deliver a constant and pulse-free flow (stability: less than +0.5%, or
usually less than + 1 ul min~") which must be reproducible under high pressures
up to 50 MPa. The internal volume of the pump must be very small to enable
rapid eluent changes and enable a precise gradient to be formed. The material of
the flow lines must be compatible with all types of solvent, including organic
solvents and strongly acidic and basic solutions. Four types of eluent delivery
systems are popular. Widely used are the syringe pump and reciprocating piston
pumps. A syringe pump is used for micro-scale liquid chromatography and
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capillary liquid/supercritical fluid chromatography. The most widely used is the
double-piston reciprocating pump. This pump is suitable for a wide range of
flow rates, from semi-micro liquid chromatography (LC) to preparative-scale
LC under high pressure. The reciprocating piston pump design has been further
modified in the master/slave reciprocating pump; one piston works to pump the
eluent and the second piston works as the flow controller. The degree of
pulsation of the flow depends on the mechanical and electrical capability of the
manufacturer. The latest models provide improved precision of the flow rate,
and can handle semi-micro-scale liquid chromatography. A precise flow rate
(+1 ul min~?) improves the reproducibility of gradient elution on standard size
columns (6 mm > column i.d. > 3 mm). With the alternative diaphragm pump,
the maximum pressure is less than that of the reciprocating pump, but the
diaphragm resists a wider variety of solvents. A pneumatic amplifier pump is
suitable for high flow rate operations such as preparative-scale liquid chromato-
graphy, but may not deliver a constant flow rate as it operates at constant
pressure. This type of pump is also used for column packing.

Several methods are applied to reduce the separation time. The best way is the
selection of a suitable column and an eluent using isocratic elution. However,
much skill and knowledge are required to make such a system. A flow rate
gradient, step-wise elution, or eluent composition gradients are commonly
applied to reduce separation times.

Composition Gradient Delivery Systems

High and low pressure gradient systems are available, which mix two eluents to
give a defined increase in eluent strength through a separation run, effectively
reducing the separation time. A low pressure gradient system requires the pre-
mixing of two or more solvents before pumping. This system is economical, but
the internal system volume is higher than that of the high pressure gradient
system. The precision of the high pressure gradient system, in which two pumps
deliver the eluent components at changing rates to provide a total constant flow
with a changing composition, is better but the cost is higher. The change and the
reduction in elution time from an isocratic to a gradient elution are shown in
Figures 2.2 and 2.3. The maintenance of a gradient elution system is more
complicated than one using isocratic elution, but gradient elution is necessary
for the separation of complex mixtures, such as amino acids, nucleic acids, and
many biological samples.

Pressure Drop Changes due to Changes in the Eluent Composition

During a gradient elution the operational back-pressure changes due to changes

in the viscosity as the eluent mixture changes' (Figure 2.4). When methanol and
water are used as the components, the back pressure drop can become

particularly high and sometimes stops the pump because it exceeds its

maximum pressure limit. A high back pressure must be prevented, particularly

when a longer column packed with small particle size is being used.
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Figure 2.2 Separation of aromatic compounds using isocratic elution. Conditions: column,
5 um C,g-bonded silica gel, 15 cm x 4.6 mm i.d.; eluent, 0.001 M phosphoric
acid in 55% aqueous acetonitrile; flow rate, 1 ml min~™; temperature,
ambient; detection, UV 254 nm. Peaks: 1, phenol; 2, 4-methylphenol, 3, 2,4-
dimethylphenol; 4, 2,3,5-trimethylphenol; 5, benzene; 6, toluene, 7, ethylben-
zene; 8, propylbenzene; and 9, butylbenzene.
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Figure 2.3 Gradient elution of aromatic compounds. Chromatographic conditions as
Figure 2.2 except for acetonitrile concentration.
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Figure 2.4  Relationship of viscosity to water and organic modifier mixture ratio

Flow Rate Gradients

Increasing the flow rate also reduces the separation time. However, this method
is limited by the physical strength of the instrument and by the loss of detection
sensitivity. The chromatograms of aromatic compounds separated isocratically
and with a flow rate gradient are shown in Figures 2.2 and 2.5, respectively.
Doubling the flow rate roughly halved the separation time; however, the peak
areas became smaller. Flow programming elution is suitable for the separation
of a mixture of homologous compounds.

Step-wise Elution

If the separation by isocratic elution is perfect, the eluent can be switched during
the run to a stronger one to speed up late components (Figure 2.6). The
peak height of longer-retained compounds increases and the retention time
is shorter compared with the chromatogram of isocratic elution (Figure 2.2).
This method is not suitable for quick repeat injections, due to the requirement
for a significant column conditioning time after returning to the original
conditions.

Recycle Elution

The recycle elution method can be applied to mixtures of very similar
compounds that cannot be fully separated by a single pass through the
column. This method makes more effective use of a column. The effluent from
the column is repeatedly re-passed through the same column. The number of
cycles multiplies the total theoretical plate number of the column if the system is
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Figure 2.5 Flow rate programming elution of aromatic compounds. Experimental con-
ditions as Figure 2.2 except the flow rate. Flow rate increased from 1 to

2 ml min~ .

1

75 %
A 55 % '
2
3
£
c
< 45 67 8 9
7o
N
>
oo |
M
1 I
0 10 min

Figure 2.6 Step-wise elution of aromatic compounds. Experimental conditions as in
Figure 2.2 except the acetonitrile concentration was changed from 55 to 75%

in water.

carefully assembled. This method is usually applied to larger columns and
preparative-scale separations. Figure 2.7 shows the recycle chromatogram of
the purification of a mixture of anthracycline antibiotics, in which a fraction (or
heart-cut) of each separation is recycled through the column, becoming
successively more resolved on each cycle.
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Figure 2.7 Purification of a mixture of anthracycline antibiotics using heart cut recycle
liquid chromatography to yield the most active fraction. Conditions: column,
JAIGEL-310; eluent, chloroform—methanol-25% NH,OH (200:5:1); flow
rate, 4 ml min~"; detection: refractivity index.

(Reproduced by permission from Japan Analytical Industry data)

Column Switching Separation

The selectivity of different stationary phase materials can be applied using
columns in sequence to provide high-speed isocratic separations instead of
gradient elution. An example for amino acids analysis is shown later in Figure
4.15, where the same eluent was used for all of the separations and the fraction

containing the sample components of interest was switched from one column to
another.

4 Degassing Methods

Degassing of the eluent is important for trouble-free operation and highly
sensitive detection,? otherwise the eluent may become supersaturated with
air that is released as bubbles in the pump check valves or the detector flow
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cell. Several methods have been proposed, and two on-line systems have
been commercialized. One method is bubbling helium gas into the eluent.
Another is an on-line vacuum. Both mechanisms are simple, but the latter
system is popular due to its compact size, low hold-up volume, and because
it does not require expensive helium gas. Even if the eluent is a premixed
mixture of water and organic solvent, pre-degassing is still important.
The eluent container should be degassed using a water pump vacuum.
If the operation is performed in an ultrasonic bath, degassing is completed
within 1 min. Longer degassing can cause loss of the more volatile eluent
components.

5 Column Temperature Control

If good reproducibility of the retention times is required, the column tem-
perature should be kept constant. A water bath or an air oven are common
systems, and thermo-tape is also effective if the column is made of steel.
When temperature control is extremely important, pre-heating of the
eluent is necessary. If the whole apparatus is placed in a temperature-
controlled box, the temperature is constant, but such a system is not usually
required.

6 Detectors

One of the first steps in the development of modern liquid chromatography
was the automation brought about by adding an on-line detector. Sub-
sequently, the development of small particle size high-performance stationary
phase materials provided more efficient separation systems, which then became
known as high-pressure or high-performance liquid chromatography (HPLC).
A variety of analytical instruments have been employed as detectors.
Originally, standard instruments were modified to monitor effluents from
a high-performance column. The highest possible sensitivity and selectivity
of detectors are required in biomedical research, and led to the introduction
of dedicated instruments with high qualitative performance. The
basic mechanism is the same as that of the original instruments, but tech-
nical improvements have been made in the mechanics and electronics.
The specifications of modern detectors for HPLC are summarized in Table
2.1

Spectroscopic Detectors

Energy from a light beam is absorbed by molecules with a chromophore. An
absorption spectrophotometer uses this mechanism, and the energy loss
depends on the concentration and molecular absorption constant of analyte
molecules and the wavelength of the light. The most popular detector, the
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Detector Sensitivity Cell volume Remarks
ul
Ultraviolet 1ngml™! 4.5-20 Common detector; selection of
(visible) 1x1073 wavelength improves the accuracy of
spectroscopy AUFS quantitative analysis, wavelength
scanning or photodiode array permits
qualitative analysis. W-lamp or complex
lamp is suitable for visible region
detection
Fluorescence 10pgml~"  7-60 Sensitive for fluorescent compounds
spectroscopy 1 x 107*FS
Refractive Index 10ngml~!  5-14 All purpose; temperature control for
1.6 x 1077 high sensitive detection, usually used for
RIU preparative LC or size exclusion LC,
eluent must be isocratic
Polarimeter 20 pg ml™! Specific for optical isomers
Infrared 10 ng ml™! Suitable for carbonyl compounds; NaCl,
spectroscopy CaF, and sapphire cells are available
Conductivity 10ngml~' 1.5 Detection limit 0.001 yumho is equivalent
to 0.01 ppm NaCl, suitable for ion
detection
Polarography 1 ngml~! 10 Suitable for ions, fatty acids, saccharides
2x 1078 4A
Coulometry 50 pgs~!,
5x 1078 A
Amperometry 50 ng ml !, Suitable for catecholamines, phenols
10 pA
Pulsed 50 ng ml ™}, Suitable for saccharides
amperometry 10 pA
Flame jonization 1 ngml™', All purpose; suitable for saccharides and
10 pA non-volatile compounds
Electron capture 100 pg mi™! Suitable for halogenated, phosphorus
and oxygenated compounds
Mass 10 pg ml~! All purpose; qualitative and quantitative
spectrometer detector
Inductive 20 ng mi ™! Element selective
coupled plasma
Atomic 20 pgml™! Organometallic compounds
absorption
Reaction heat ngs™! 9 All purpose
Radioactivity 4C:2nCi,  50-700 Metabolite analysis
’H:5nCi

Refs: MS: Anal. Chem., 1981, 53, 1603; ICP: J. Chromatogr. Sci., 1985, 23, 4, AAS, Analyst, 1981,

106, 921.
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ultraviolet absorption detector, uses a deuterium lamp as the light source. A
visible region absorption detector requires a tungsten lamp. A combined lamp is
useful for monitoring both in the ultraviolet and visible regions. Pre- or post-
column derivatization of sample molecules to introduce a strong chromophore
can be applied for highly sensitive and selective detection. Pre-column deriva-
tization is also used to aid selective extraction from the effluent for collection
purposes.

Fluorescence detection is usually more sensitive than absorption detection,
but the number of naturally fluorescent compounds is limited. Pre- or post-
column derivatization can also be applied for this type of detection. Chemi-
luminescence detection is the most sensitive method for some fluorescent
compounds.

A light beam is refracted to different extents by different compounds. This
mechanism is used for refractive index detection. This detector is not sensitive
and the selectivity differences are negligible for homologous compounds, but
any solvent with a different refractive index to the analyte can be used as the
eluent. This detector is mainly applied to size-exclusion and preparative-scale
liquid chromatography.

Infrared spectroscopy is often used for qualitative analysis, and its powerful
selectivity means that it can be used as a detector. However, the absorption of
the eluent molecules, particularly in reversed-phase separations, often interferes
with the detection of analytes. The infrared absorption detector therefore
requires mechanical assistance to eliminate the solvent or needs powerful
computer assistance to eliminate the background signal.

Atomic absorption and inductively coupled plasma spectrometers are metal-
selective spectrometers used for organic metal analysis. The connection of these
spectroscopic instruments to a liquid chromatograph is relatively simple.
Chromatograms of alkylmercury® and aminoplatinum analytes* are shown in
Figures 2.8 and 2.9, respectively.

A polarimeter can be used for the identification of optically active com-
pounds,’ as shown in Figure 2.10.

| | I
0 10 min 20

Figure 2.8 Detection of alkylmercury compounds using flameless atomic absorption
detector. Conditions: column, Corasil I, 50 cm x 2.1 mm i.d.; eluent, n-
hexane; flow rate, 0.5mlmin~"'; detection, flameless atomic absorption
spectrometer. Peaks: |, benzene; 2, ethylmercury chloride; and 3, methylmer-
cury chloride.
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Figure 2.9 Inductively coupled plasma detection of diaminodichloroplatinum(ir). Con-
ditions: column, Shodex OH, 25 cm x 4.1 mm i.d.; eluent, 0.01 M phosphoric
acid; flow rate, 1 ml min~"; detector, emission at platinum line 265.9 nm.
Samples: cis and trans diaminodichloroplatinums. The second peaks are
considered to be their oligomers.

(+)
A
P
=)
| I
0 15 min
¢)

Figure 2.10 Chromatograms of ( + )-trans-stilbene oxide. Conditions: column, Chiralpak
OP(+ ), 25cm x 4.6 mm 1.d.; eluent, methanol; column temperature,
ambient,; flow rate, 1 ml min~ L detector A, polarimeter, B, refractive index.
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Electrochemical Detectors

Electrochemical detectors, which are based on the electrochemical oxidation or
reduction of the analyte, can be applied to the analysis of selected compounds
such as phenols. It is physically simple, but is very sensitive for catecholamines.
However, the adsorption of reacted molecules on the surface of the electrodes
can reduce the conductivity. To overcome this problem a pulsed voltage is
applied, which cleans the electrode surface between measurements. This pulsed
amperometric detection is also sensitive for carbohydrates.

Conductivity detection, which involves measuring changes in the conduc-
tivity of an aqueous solution between two electrodes, is employed in ion
chromatography for the detection of ionized analytes.

Mass Spectrometer

The mass spectrometer is a very sensitive and selective instrument. However, the
introduction of the eluent into the vacuum chamber and the resulting significant
pressure drop reduces the sensitivity. The gas exhaust power of a normal
vacuum pump is some 10 ml min ' so high capacity or turbo vacuum pumps
are usually needed. The gas-phase volume corresponding to 1 ml of liquid is
176 ml for n-hexane, 384 ml for ethanol, 429 ml for acetonitrile, 554 ml for
methanol, and 1245 ml for water under standard conditions (0°C, 1 atmos-
phere). The elimination of the mobile phase solvent is therefore important,
otherwise the expanding eluent will destroy the vacuum in the detector. Several
methods to accomplish this have been developed. The commercialized inter-
faces are thermo-spray, moving-belt, electrospray ionization, ion-spray, and
atmospheric pressure ionization. The influence of the eluent is very complex,
and the modification of eluent components and the selection of an interface are
therefore important. Micro-liquid chromatography is suitable for this detector,
due to its very small flow rate (usually only 10 gl min~").

Other Detectors

Flame ionization and electron capture detectors, which are used in gas
chromatography, have been modified for liquid chromatography but have not
been widely used. It is again necessary to eliminate the eluent to improve the
sensitivity and to broaden their application. Moving-wire and moving-belt
flame ionization detectors are useful for the detection of organic compounds,
but a difference of greater than 80 °C between the boiling point of the analyte
and the eluent is required to prevent loss of the analyte. The sensitivity of the
electron capture detector is 0.12 ngml~' for aldrin; however, only volatile
organic solvents can be used as the eluent components. A radioisotope detector
has been used for radiolabelled metabolite analysis. Electron spin resonance
(ESR) has been used for the analysis of radicals. Nuclear magnetic resonance
spectroscopy (NMR) with a flow cell has also been used for qualitative analysis.
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The development of high-power NMR (800 MHz) spectrometers permits the
simple operation of LC-NMR for metabolite analysis.

Measurement of Detector Sensitivity

For ultraviolet and visible spectroscopic detectors, a standard solution of a
compound whose molar absorption constant is known must be prepared, and
placed in the flow cell. The absorbance obtained is then compared with the value
measured by a standard spectrophotometer.

For a fluorescence detector, quinine sulfate is used as the standard com-
pound. The flow cell is filled with a standard solution and the fluorescence
intensity is measured. The value is compared with that measured by a
fluorescence spectrophotometer. This standard solution is also used for fixing
the wavelength and position of the flow cell. The Raman spectrum of water can
also be used for this purpose.

For refractive index detectors, 13.33 g of sucrose is dissolved in 100 ml of
pure water and then diluted 200 times. The refractive index of the final solution
is 1 x 10™* RI, which is used to calibrate the instrument.

7 Recording Systems

The visualization of the detector signal helps to clarify the separation condi-
tions. Pen recorders were originally used, but the integrator is now popular due
to the automatic reporting of both the retention time and peak area or height.
The effective use of an integrator makes quantitative analysis easier. Computer-
based integrators are powerful for the storage and further arrangement of data,
and can also be used for column evaluation and as a system controller.

Selection of Detector Time Constant

The selection of the time constant of the detector and recording system is very
important in high-speed separations. If the peak height monitored at a high flow
rate is lower than that measured at the standard flow rate, what is the cause?
Sometimes the peak height is lower than that expected theoretically. Carrying
out a separation at a flow rate of 1 ml min~"' and a recorder time constant of 1 s
gave chromatogram A in Figure 2.11, and at 4 ml min~' chromatogram B was
obtained. The peak heights in chromatogram B are ca. 60% of those of A. The
peak heights in chromatogram C, using a time constant of 2 s and flow rate of
4mlmin~", are ca. 50% of those of A. When the time constant was then
reduced to 0.1 s, chromatogram D was obtained with peak heights ca. 80% of
those of A. This experiment demonstrates the importance of time constant
selection. The importance can be further observed by examining the peak height
changes of the first peak in Figure 2.11. These chromatograms were monitored
on a chart recorder. When the experiments were monitored by an integrator, the
area of peak 1 in Figure 2.11 was constant in all four runs, but the peak heights
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Figure 2.11  Effect of time constant of detector. Conditions: column: 10 um C g silica gel,
15cm x 4.6 mm i.d.; eluent, 70% aqueous acetonitrile; flow rate for A,
1 ml min™ l,for B-D, 4 ml min~'; time constant A and B, 1.0s5,C, 2.0 s, D,
0.1 s. Peaks: 1, benzene; 2, acetophenone; 3, toluene; and 4, naphthalene.
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Figure 2.12 Ratio of peak area and height related to time constant of detector. Experi-
mental conditions are the same as those in Figure 2.11. Peak height and area
ratios are calculated from the data of peak nos. 1 and 4 as a % of the
maximum value. Lines: A, peak height ratio of chromatograms measured at
1.0 ml min~" flow rate; B, peak height ratio of chromatograms measured at
4.0 ml min~' flow rate; C, peak area ratio of chromatograms measured
at 1.0mlmin~" flow rate; and D, peak area ratio of chromatograms
measured at 4.0 ml min~' flow rate.
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were affected by the time constant. The peak area ratio between peaks 1 and 4
was almost constant from 1 to 4 ml min~' (Figure 2.12, lines C and D), while
the time constant was varied from 0.1 to 2 s. A rapid time constant is required
when the flow rate exceeds 4 ml min~'. The peak height ratio of peaks 1 and 4
was affected by the time constant (Figure 2.12, lines A and B); therefore, the
selection of the time constant for quantitative analysis is important. Further-
more, the optimum peak recognition parameters of an integrator should be
determined for fast separations. When the time constant of the detector and the
peak recognition parameter are too small, the noise level becomes high and
quantitative analysis becomes difficuit. Suitable conditions must be selected in
each case for quantitative analysis.

8 Columns and Connectors

The best material for column tubing is glass, but careful handling is required
due to its physical vulnerability. The most commonly used column material is
stainless steel tubing, and the inner surface is polished like a mirror. These
columns are physically stable and are compatible with a variety of compounds
and eluent components. Some biological materials interact with metals; there-
fore, organic polymer and glass-lined stainless steel tubes are preferable for
biological samples, and also for eluents with high ionic strengths which can
attack the steel. The design of the inlet and outlet connections of columns
depends on the physical strength of the materials. However, different connec-
tors and fittings from different systems should not be mixed. Different
connectors sometimes damage the efficiency of a whole system because they
can create significant extra column dead volumes. The best approach is to use
one connection system, even with instruments from different manufacturers.
Replacement of the connection system is now simple, and does not damage
individual components. Finger-tight polymer-type (PEEK) connectors are
desirable if the instrument is operated at usual pressures (up to 20 MPa).

Column systems are basically classified into two groups: conventional and
cartridge columns. A conventional column usually demonstrates better column
efficiency than does a cartridge column due to a higher column packing
pressure, but its usefulness depends on the quality control system of the
manufacturer and the skill of their technicians. A cartridge column is econom-
ical, but its theoretical performance and lifetime can be less than a conventional
column.

9 Flow Cell Volume and Connecting Tube Dimensions
for High Efficiency Operation

If the correctly sized flow cell and connecting tubing are not used, the high
efficiency of a column or high theoretical plate number columns cannot be
effectively used. The detector cell volume contributes hold-up volume. The
larger is the cell volume, the greater the peak broadening. The cell volume
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should be less than 10% of the typical volume required to elute a peak. The peak
volume is related to the retention factor &, and the longer the retention time, the
larger is the peak volume. The cell volume is thus particularly critical for
compounds with short retention times. A well-designed small volume flow cell is
also required for smaller diameter or short columns. The relationship between
the maximum desirable cell volume and column i.d. of a 10 cm long column is
given by:

Cell volume (ul) = 4.2 x 1074* — 3.6 x 107 5x + 8.4 x 10~

for a compound with k£ = 1, where x is the column i.d.

The connecting tubing should be as short and narrow as possible. The volume
ofa20 cm x 0.5 mm i.d. tube is 39.3 ul. That of a 20 cm x 0.25 mm i.d. tube is
9.8 ul, and that of a 20 cm x 0.125 mm i.d. tube is 2.5 ul. Some detectors are
equipped with a heat exchanger that consists of a metal block containing a
capillary tube. The volume of this tube also affects the theoretical plate number.
If highly sensitive operation is not required, the heat exchanger can be removed
or bypassed.

10 Other Components in a Liquid Chromatograph

A fraction collector and a post-column derivatization system were included
(Figure 2.1) for a comprehensive and multi-purpose instrument. However, the
fraction collector is needed only when collecting components from the effluent,
and is generally not included in an analytical system. The post-column
derivatization system is connected only when required for the selective and
sensitive detection of specially targeted compounds. Usually, most compounds
are directly detected by an on-line spectroscopic or other detector.

A computer (Figure 2.1) can handle the complicated operations of controlling
the auto-injector (injecting different volumes, adding an internal standard
compound and selecting sample vials), the pumps (controlling the flow rate,
selecting the different gradient methods, and changing the eluent composition),
the detectors (selecting wavelength, sensitivity, time constant, and the optimiza-
tion), the column temperature, the recording system, and other parts of the
system. Additional software can improve the quality of reports, including the
modification of chromatograms and the results of quantitative analysis.
Furthermore, combination with a computational chemical analysis system can
enable the production of quantitative structure-retention relationships.

11 Trouble-shooting

General problems and the appropriate maintenance procedures are summarized
in Table 2.2. The details of individual instruments are well described in the
manufacturers’ manuals. The common problems are due to poor maintenance
of the instruments and poor understanding of the specificity of stationary phase
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Table 2.2 Trouble shooting and maintenance

Trouble: Diagnosis

Maintenance

1. No response after switching on
A. Fuse
B. Electric cable

2. No eluent flow from pump
A. No movement of pump
a. No current
b. Lack of grease oil
c. Safety pressure regulator on
d. Gears jammed

e. Recrystallized salt
B. Pump piston moves

a. Leak in line

b. Air bubble in pump

c. Dirty check valve

d. Aged piston seal

C. Back pressure too high
a. Plug in column, precolumn,
guard column, or on-line filter
due to dust from injector rotor
seal or sample
b. Expansion of stationary phase

c. Solvent filter blocked

3. Eluent flow present
A. Low flow rate
a. 2B a—d
B. No response from detector
a. No power to detector
b. Aged lamp or photo cell
¢. Others
C. No recorder movement
No current
. Broken wire
. Malfunction of resistance wire
. Selection of polarity
. Flow cells unbalanced
Others

- o o

Replace fuse
Check electric cable

See 1A and 1B

Oil

Fix or replace pressure gauge

Change flow rate; if this does not work,
then call the manufacturer

Wash with water; call manufacturer

Fix or replace appropriate part

Degas the eluent, disconnect the pump
and remove air by using a high flow rate
Disconnect pump, wash with a high flow
rate or remove check valve and wash in an
ultrasonic bath with a strong solvent;
finally, overhaul the check valve

Fit new seal. Call manufacturer if using a
syringe or diaphragm type pump

Clean inlet side of column or replace filter

Wash column using intermediate solvent
at low flow rate; change eluent; change
chromatography system

Replace with a suitable one

1A, 1B
Replace lamp or photo cell
Call manufacturer

1A, 1B
Replace
Clean; if this fails, go to f.

Clean cell or replace solvent
Use another recorder, and call
manufacturer

(continued)
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Chapter 2

Trouble: Diagnosis

Maintenance

4. Flow present and recorder responding
A. Irregular noise on baseline
a. Air bubble in flow cell

b. Small bubble or immiscible
solvent in flow cell

c. Dirty flow cell window

d. Insufficient light energy

e. Malfunction of ground/earth
B. Drifting baseline on output
Unstable current or voltage
Dust on light line
Leak at flow celi
Using refractive index detector

Ao ow

e. Step-wise movement

f. Vibration of pen recorder

C. Baseline drift without gradient elution

a. Dirty flow cell, expanding air
bubble

b. Using refractive index detector

c. Aged reference battery of
recorder

d. Soluble stationary phase

e. Unstable current or voltage

f. Expanding air bubble inside flow
cell

D. Signal out of range of baseline

a. 3Bc¢

b. 4A b

¢. Malfunction of light beam in
detector

d. Solvent

e. Reference flow cell
f. Fresnel type refractive index
detector

Degas eluent; remove air bubble from flow
cell

Wash flow cell with ethanol, THF or 6 M
HNO;

Apply b above; clean flow cell

Replace lamp; if using an unsuitable
eluent component of absorbance at
detection wavelength, change eluent

Fix or change earth connection

Use stabilizer on power line

Clean

Fix it, or replace seal

Flow rate too high; drafts; change prism
position

Clean recorder slide wire; slightly increase
gain of recorder

Decrease recorder gain a little

Wash flow cell

Control detector temperature
Replace battery in recorder

Change chromatographic system

Ba

Remove air from line, especially from
pump head; degas eluent

3B,C

4A b,c

Adjust flow cell position; remove flow cell
and fix it

Use HPLC grade solvent; use freshly
prepared eluent

Fill with the same eluent

Adjust zero balance

5. Bad peak reproducibility even when conditions 1-4 are satisfied

A. Increased peak retention times
a. 3A
b. Column temperature reduced
c. Unstable column

d. Chart speed

3A

Use fixed oven temperature

If due to previous solvent, wash column
sufficiently, if due to stationary phase,
wash column sufficiently; if stationary
phase is soluble in the eluent, change
chromatographic system

Fix recorder

(continued)
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Table 2.2 Continued

Trouble: Diagnosis Maintenance

B. Decreased peak retention times
a. Aged stationary phase Replace stationary phase or column; if
stationary phase soluble, change
chromatographic system
b. Remains of previous eluent Wash column sufficiently
(especially gradient elution)
c. Increasing column temperature  Fix oven temperature
C. Resolution becomes poor
a. 5Ba—c 5B a—c
b. Unbalanced density of column Repack column
stationary phase
c. Overloading of sample Resolution is poor even if repeated under
initial conditions, see 5C, a,b
D. Poor peak area reproducibility

a. Poor injection Wash micro injection syringe; fix injector
leakage
b. Trouble with detector 3B, b; 4A, ¢; 4C, b; 4D, f; if non-linear
range of detector used, change
concentration
c. Trouble with recorder 3C, b,c; 4C, c; fix the gain of the recorder
6. Tailing peak
A. Polluted column SA
7. Leading peak
A. Unsuitable chromatographic Change chromatographic system
system

materials and solvents. A high-performance liquid chromatograph may be used
by many operators under different conditions. All operators should therefore
study the maintenance manuals and keep a stock of frequently required
replacement parts, such as rotor seals and pump piston seals. Many toxic
organic solvents and eluent components are used in HPLC, and operators
should therefore use safety glasses and work in areas that have adequate
ventilation.
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CHAPTER 3

Preparation, Testing, and
Selectivity of Stationary Phase
Materials

The selection of the stationary phase material is generally not difficult when the
retention mechanism of the intended separation is understood. Stationary phase
materials have different physical and chemical properties that can be under-
stood from their chemical structure. They can be classified according to their
retention mechanism and chemical structure (Table 3.1). The symbol ¢
indicates a strong interaction. All stationary phase materials can be classified
in this manner, including chiral and affinity phases. For example, alkyl- or
phenyl-bonded vinyl alcohol gels are used in reversed-phase liquid chromato-
graphy, and ion-exchange group-bonded vinyl alcohol gels can be used as cation
or anion-exchangers. Non-bonded materials can be used for size-exclusion
liquid chromatography.

The fundamental behaviour of stationary phase materials is related to their
solubility~interaction properties. A hydrophobic phase acts as a partner to a
hydrophobic interaction. An ionic phase acts as a partner for ion—ion inter-
actions, and surface metal ions as a partner for ligand complex formation. A
chiral phase partners chiral recognition, and specific three-dimensional phases
partner affinity interactions.

Stationary phase materials are synthesized from different raw materials.
Those stationary phase materials synthesized from inorganic materials, such as
silica and alumina, are physically strong but chemically unstable. Conversely,
stationary phase materials synthesized from organic materials, such as poly-
styrene or poly(vinyl alcohol), are chemically stable but physically weaker.
Improvements in the chemical stability of inorganic stationary phase materials
and in the physical strength of organic stationary phase materials are required;
the marketed products do not have both and have to be used under restricted
conditions in liquid chromatography.

31
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Table 3.1 Stationary phase material selection guide

Stationary phase %
material 283
by o
) ) — 2 o 8 ?0 =
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Retention mode VLA <a<0Z>A0n
Normal-phase LC
Chemisorption, chelate ¢ a O
Charge transfer ¢$600A OO A
Physical adsorption, hydrogen bonding b e e A
Reversed-phase LC O0O0O0OO0OO0OOOOOO0
Ion-exchange LC L 2K 4
Size-exclusion LC O O V \AVAY
Affinity, optical isomer ¢
Hydrogen bonding acceptor ¢ ¢ 600 ¢ ¢
Hydrogen bonding donor O * ¢ ¢

#: strong interaction; Q: possible interaction, A: weak interaction; \/: a wide variety of stationary
phase materials available; * Ferrous ion in silica; b especially COOH form of ion-exchanger.

1 Synthesis of Stationary Phase Materials

The selectivity of stationary phase materials can be understood if the method of
their synthesis is understood. Differences in the same type of stationary phase
material from different manufacturers or even from the same manufacturer
depend on the synthetic methods and the quality control that has been
employed. Details of the individual synthetic processes from different manufac-
turers have not been published, but are basically the same.'+

Silica Gel

Silica gel is a three-dimensional polymer of silicic acid, usually synthesized from
tetrachlorosilane or sodium silicic acid. The reaction is as follows:

either SiCly + 2H,0 + 2Ag,0 — 4AgCl + Si(OH),4

ion-exchange

or  NaSiO, + 4(H* -form ion-exchanger)
Si(OH), + 4(Na ™" -form ion-exchanger)
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The removal of sodium and other metal ions is very important to obtain pure
silica gels. The next step in both routes is:

2Si(OH)4 — (OH);Si0Si(OH); + H,0 — silica gel
Silica gel is also made from colloidal silica (silica sol):
Si(OH),®~ — Si(OH), — silica gel

The particle diameter and pore size of the silica gel materials depend on the
concentration of silicic acid, the pH, the solvent and mixing conditions, and the
reaction temperature. Technical skill is necessary for reproducible large-scale
synthesis.

The purity of silica gel made from sodium silicate depends on the ion-
exchange stage, and is usually about 99%. A purer silica gel can be produced
from organosilica compounds. In this method tetraethoxysilane is polymerized
to polyethoxysilane. The emulsion of polyethoxysilane in a water—alcohol
mixture is further dehydroxylated and polymerized with a catalyst. The
hydrolysed silica gel is sieved, dried, and sieved again before use as a stationary
phase material. The pore size and particle size depend on the concentration of
polyethoxysilane, the solvent, the temperature, the amount of catalyst, and the
mixing conditions. Strong agitation leads to a smaller particle size, and a large
amount of catalyst leads to a large pore size. The purity of this silica gel is more
than 99.99%, depending on the purity of the water used for washing and
sieving.

The surface of the virgin silica gel is covered with water. Heating to 110°C
forms a monolayer of silanol groups on the surface (8 umol of silanol groups per
m?). Heating to over 600 °C produces a surface siloxane structure, and this is
rehydrated to the silanol form under humid conditions, as shown in Figure 3.1.

Electron microscopy photographs of classic irregular (A) and spherical (B)
silica gels and high purity, spherical silica gel (C), whose purity is over 99.99%,
are shown in Figure 3.2. The surface of pure silica gel is very smooth and
physically very stable due to the homogeneous structure. Modification of the
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Figure 3.1 Modification of silica gel surface.
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surface is easier (see section below on surface modification) than for ordinary
silica gels.

Surface Modification of Silica Gel

Spherical porous silica gel is the easiest stationary phase material to handle;
however, although it is physically strong it is chemically unstable. Surface
modification can expand its capability for different modes of chromatography,
such as normal-phase, reversed-phase, size-exclusion, and ion-exchange liquid
chromatography. These stable modifications are performed by chemical deriva-
tization of the surface silanol groups.

Modification Using a Halogenated Silica Surface. Silica gel is heated in 2 M HC],
filtered off, and washed with water; the dried silica gel is then reacted with pure
thionyl chloride. After removal of the excess of thionyl chloride and by-
products (SO, and HCl) under vacuum, chlorinated silica gel (=SiCl) is
obtained. This is unstable in water and alcohol. The chlorinated silica gel can
then be alkylated by one of a number of different reactions:

=Si-OH — (SOCl,, TiCl,, or SiCly) - =SiCl

=SiCl - (RMgCl) - =SiR + MgCl, (Grignard reaction)
=SiCl — (RLi) - =SiR + LiCl

=SiCl - (RNH,) -» =SiNHR + HCl

The chlorinated silica gel suspended in diethyl ether, dimethyl sulfoxide, or
dioxane will also react with diamine or amino compounds. After being washed
in an excess of amine and HCI, and then dried under vacuum, the final
stationary phase materials are obtained:

=SiCl + H,N—(CH,),~X — =Si-NH-(CH,),~X + HCl
X = CHs, NH,, CO,H, SO3H, CN, or NO,

Further modification of diamino bonded products with halogenated com-
pounds can lead to a variety of stationary phase materials:

=Si-NH—(CH,),~NH; + Y-CH,~R-X — =Si-NH—(CH,),~NH-CH,-R-X
R= CHz, C6H4

Modification Using a Chlorosilane. Silica gel is heated in 2 M HCI, filtered off,
and washed with water. The dried silica gel is then boiled under reflux in toluene

Figure 3.2 Electron microscopic photos of silica gels: A, irregularly shaped, B, ordinary
spherical, and C, high purity silica.
(Contributed by Hideyuki Negishi, Kanagawa Dental College, Yokosuka,
Japan)
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Figure 3.3 Molecular model of butyl-bonded silica gel.

containing the chlorosilyl reagent, using pyridine as the catalyst. Three types of
chlorosilyl reagents are available:

3 =Si-OH + RSiCl; - =Si0,SiR + 3HCI
2 =Si-OH + R,SiCl, - =Si0,SiR, + 2HCI
=Si-OH + R;SiCl » =SiOSiR; + HCl

A depiction of a butyl-bonded phase is shown in Figure 3.3. Monochloro-
silane reagents produce only monomeric phases; however, trichlorosilane
reagents can produce both monomeric and polymeric phases depending upon
the concentration of silyl reagent and the surface area. It is difficult to make a
multilayer bonded phase, even when a large quantity of trichlorosilane is used
for the reaction.

Synthesis of Ion-exchanger Stationary Phases

Cation-exchanger. Phenyl-bonded silica gel is suspended in chlorosulfonic acid-
acetone and boiled under reflux. After filtration and washing with acetone and
dilute HCI, the sulfonated gel is then converted into a suitable salt form:

=Si-Ph —» =Si-Ph-SO; "H™
Anion-exchanger. Phenyl-bonded silica gel is suspended in chloromethyl methyl

ether and boiled under reflux. Then, chloromethyl methyl ether containing
anhydrous ZnCl, is added and the mixture boiled under reflux. After filtration,
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the gel is washed using 1,4-dioxane and diethyl ether. The washed silica gel is
suspended in trimethylamine-1,4-dioxane solution, and the mixture stored at
0°C to give the quaternary ammonium ion exchanger:

=Si-Ph - =Si-Ph-N*Me; CI~

Organic Stationary Phase Materials

A variety of organic polymer gels are available for use as stationary phase
materials. Their physical strengths and hydrophobicity depend on the proper-
ties of the monomers. Dextran gels are polar and soft. Vinyl alcohol
copolymer gels are fairly polar. Polyacryl gels are physically hard and
relatively non-polar. Polystyrene gels (a copolymer of styrene and divinylben-
zene) are physically very strong and very hydrophobic. A higher divinylben-
zene concentration makes a physically stronger polystyrene gel. The particle
size, pore size, physical strength, and wettability in solvent depends on the
reaction solvent, temperature, mixing conditions, and catalyst. Furthermore,
ion-exchange groups can be introduced on the polystyrene surface to make
ion-exchange resins.

2 Sieving of Stationary Phase Materials

The narrower the particle size distribution, the higher in theory is the potential
theoretical plate number. A rough sieving is achieved by a water flow, air flow,
or a vibration method. A common sieving method is Hamiltonian water flow
(Figure 3.4). The particle distribution can be controlled within +1 um by this
method. A slurry of stationary phase material is allowed to float in the
cylinder, and a solvent flows from the bottom to the top. The smaller and
lighter particles float to the top of the cylinder and the larger and heavier
particles sink to the bottom. The required particles are collected at the top of
the cylinder. The selection of suspension solvent and control of the tempera-
ture are important.

3 Column Packing Methods

Dry packing is usually only used for large particle-size stationary phase
materials, especially in preparative-scale columns. High-performance
analytical-scale columns are packed by the wet slurry method. Balanced or
viscous slurry methods are applied to reduce the sedimentation of the stationary
phase materials during the packing process. Previously, balanced density
slurries were made by mixing high-density halogenated solvents. However,
halogenated solvents are toxic, so the viscous slurry method has been
developed, which uses an ethylene glycol-alcohol suspension mixture.

First, an empty analytical column, a pre-column, and a slurry reservoir are
connected in series. The narrow-bore analytical column and pre-column are
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Figure 3.4 Hamiltonian particle sizing system.

filled with a packing solvent such as methanol. The reservoir is filled with the
stationary phase slurry, and then the packing solvent is quickly pumped
through the system under high pressure, depending on the physical strength of
the stationary phase material.

For example: for the preparation of a 15 cm long, 4.6 mm i.d. stainless tube
column, 2.5 g of octadecyl-bonded silica gel was suspended in 25 ml of hexanol-
methanol mixture, and kept in an ultrasonic bath for a few minutes to remove
air. After the reservoir was filled with the slurry, methanol was pumped in at
10 ml min~! under constant pressure, 45 MPa (450 bar). After the replacement
of slurry solvent by methanol, the flow was stopped and the pressure allowed to
drop. When 0 MPa was reached the reservoir was removed. Then, 20 ml of
water was added and methanol was again pumped in under the same conditions
as before. Again, the flow was stopped and the pressure allowed to drop until it
reached 0 MPa. The pre-column was removed and the analytical column closed.
The maximum pressure that can be applied in the filling stage is based on the
pore size, particle shape, and purity of the silica gel. This reproducible packing
procedure is performed at constant temperature by using a water bath (60-
80 °C).
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4 Column Evaluation

The performance of columns is determined by using a simple procedure for both
new and used columns. The test method and the results are usually printed on a
sheet provided by the column manufacturer. Each manufacturer uses the most
suitable method for their column to obtain the best theoretical plate number.
The column evaluation provides important information for all users of liquid
chromatography.

Column Efficiency and Asymmetry

Common standard compounds for reversed phase columns are toluene and
naphthalene, which have retention factors, k, of about 3. The eluent modifier is
methanol or acetonitrile at a concentration of 50-80%, depending on the
hydrophobicity of the stationary phase material. For other stationary phase
materials, corresponding analytes, with k£ = 3-5, can be used.

The efficiency of a well packed column should be about 95000 m ™" + 5% for
a 5 um octadecyl-bonded silica gel column. The equations for the calculation of
the number of theoretical plates (V) and peak asymmetry (A4s) are as follows. A
model chromatogram is given in Figure 3.5.

The value of N is given by:

N=5.54(£Wi—)2 16(%)2 (':)

where the retention time (zg) is 5.87 min in Figure 3.5. Assuming the peak is
a Gaussian curve, the peak width at the base is considered to be 46 where ¢ is
the uncertainty in the retention times of individual analyte molecules. The
peak width (in the figure) at half-peak-height (w;) is 0.17 min; and wy,
the peak width at the base line, is 0.30 min. Therefore N is 6605 from wi, and
6126 from wy,. The difference is due to the uncertainties in the measurement of
the peak width. For comparison between columns of different lengths the
efficiency is often expressed as plates per m [100(N/L)], where L is the length of
the column in cm.
The value of the peak asymmetry As is calculated from:

As = bla

where a and b are, respectively, the widths of the front and back of a peak
measured at 10% peak height from the baseline. The a and b values (Figure 3.5)
are 0.12 and 0.16 min, respectively. Therefore, Asis 1.33. The desired As value is
1.0-1.25 for good separations and a long column life. The lifetime of columns
with As < 1.0 is usually short, due to an inhomogeneously packed bed.
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6 min

Figure 3.5 Schematic of a typical chromatogram. Vy, void volume; wy, width at half peak
height; wy, width at base; 10h, peak height; a, width of front at 1h; b, width of
back at 1h; w; = 20.10h.

Column Test for Reversed-phase Liquid Chromatography
Inertness Test for Basic Compounds

A bonded stationary phase whose silanol groups are completely modified by
alkylation is, in theory, inert towards basic compounds. The lifetime of such
columns is long, and can be maintained for more than 2000 h in 1% trifluoro-
acetic acid solution (pH 2) or 0.05 M disodium phosphate solution (pH 8.6).
Such a column will withstand the passing of more than 10 litres of trifluoro-
acetic acid solution for continuous peptide separation. The peak asymmetry of
basic compounds is excellent. The extent of unreacted silanol groups can be
measured by the chromatographic behaviour of pyridine compared with
phenol.>* The relationship of the different surface activity to the number of
silanol groups is shown in Figure 3.6. If no active silanol groups are present, the
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Figure 3.6 Test for active silanols on octadecyl-bonded silica gels. Column: 5 ym
octadecyl-bonded silica gel, 15cm x 4.6 mm i.d.; eluent, 60% aqueous
acetonitrile; flow rate, 1 mlmin™"; temperature, ambient; detection, UV
254 nm. Peak 1, pyridine; 2, phenol; and 3, toluene. A, Column with no active
silanol groups; B, some active groups; and C, numerous active groups.

pyridine peak is sharp and its symmetry is like that in chromatogram A.
Chromatogram B indicates the existence of some active silanol groups. The
pyridine is retained longer than phenol and the peak shape is poor. In
chromatogram C pyridine was completely adsorbed and could not be observed.
The lifetimes of columns B and C were short in buffered solution. These
columns are not suitable for the chromatography of nitrogen-containing basic
compounds due to a long tailing peak or the disappearance of the peak by
strong adsorption.

Inertness Test for Acidic Compounds

The retention and the peak asymmetry of benzoic acid also indicate the
inertness of the bonded phase. If basic compounds remain on the surface or
are used as reagents, the peak asymmetry of benzoic acid is poor. The peak
height is lower than that of the same quantity of o-toluic acid.** This
phenomenon is observed if the basic catalyst that was used in the synthesis
process has not been completely washed off the stationary phase or if active
amino groups remain. This type of column is not suitable for the separation of
acidic compounds.

Inertness Test for Heavy Metals

Active compounds often form a chelate with heavy metal ions, and elution from
a column containing heavy metal ions is poor.>* The existence of heavy metals
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on the surface can be examined by using 8-hydroxyquinoline, which is used for
heavy metal extraction from water. However, 8-hydroxyquinoline is regarded as
a human carcinogen. Therefore it has to be used under controlled conditions.
Other chelation reagents, such as pentan-2,4-dione and 2,3-dihydroxy-
naphthalene, can be used for the trace metal test, but they are not as sensitive
as 8-hydroxyquinoline. The metal contents of different grades of silica gels are
summarized in Table 3.2. Extra pure and pure silica gel contain only trace
amounts of heavy metals but contain traces of alkaline metals from the distilled
water used mainly during the sizing procedure. The effect of heavy metals in
relation to the purity of silica gel is shown in Figure 3.7. The purer the silica gel,
the sharper the peak shape, as in chromatogram A. From the peak tailing,
Chromatogram B indicates the existence of heavy metals on the surface. The

Table 3.2 Metal content of silica gels of different purity

Silica gel PS*  ps*®  SA4* Metal/ppm

(um) (A) (@@’g™") Na Mg Al Ca Ti Fe Zn
Ordinary 5 122 333 190 250 150 730 160 22 19
Purified 5 120 350 5 3120 10 130 SO0 nd
Pure 10 100 350 6 nd 63 nd 70 13 6
Extra pure 5 100 450 5 1 5 9 nd 1 1

2 Particle size; ® pore size; ®surface area; nd, not detected by inductive coupled plasma spectroscopy
(ICP), Cr, Mn, and Ni were not detected.
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Figure 3.7 Test for trace metal ions on the surface of octadecyl-bonded silica gel. Column
A, 5 um octadecyl-bonded silica gel, 15cm x 4.6 mm i.d.; B, octadecy!-
bonded silica gel, 15 cm x 4.6 mm i.d.; C, octadecyl-bonded 10 ym silica gel,
30cm x 40mm  id.; eluent, 50% aqueous acetonitrile; flow rate,
1 ml min~}; temperature, ambient, detection, UV 220 nm (the scales of A, B,
and C are not the same); sample, 8-hydroxyquinoline. Columns; A, metal ion
[free; B, low proportion of metal ions; C, high level of metal ions.
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peak of 8-hydroxyquinoline could not be observed on chromatogram C. This
also indicates that the surface treatment was poor. Pure silica gels
(purity > 99.99%) are necessary for the separation of porphyrins. For the
separation of biologically active compounds, bonded phases made from pure
silica gels whose purity is known and guaranteed should be used.

Physicochemical Tests of the Stationary Phase

The carbon content of a stationary phase is measured by an elemental analyser,
as a weight balance before and after heating at 800 °C. Particle size, pore size,
and surface area are measured by specific instruments, such as a particle size
analyser, nitrogen adsorption porosimeter, and mercury depression analyser,
respectively. The precision of the measurement of carbon content is high;
however, that of the other measurements is relatively poor. Therefore, it is
difficult to relate the surface area of different silica gels to analyte retention
factors.

5 Measurement of Void Volume

The retention factor, k, is the basic value in chromatography, and is related to
the void volume (dead volume). The void volume is the space inside the column,
where no retention of solutes has occurred and can be measured on a
chromatogram, as shown in Figure 1.3. The void volume is about half the total
volume of the column when it is packed with porous stationary phase materials.
In practice, the effective void experienced by the analyte is smaller because the
molecular mass of the analyte is usually much greater than that of the eluent
molecule. In a model of porous stationary phase material, the pores can be
represented as V-shape valleys (Figure 3.8), where region a is a support, such as

snsaeeey
snsene

Figure 3.8 A, Schematic structure of porous stationary phase; a, support; b, bonded
phase; and c, adsorbed solvent layer. B, detailed view of eluent components in
surface layer; @, lower phase molecules; O, upper phase molecules.



44 Chapter 3

silica gel or polystyrene gel, b is the bonded phase, such as octadecyl or ion-
exchange groups, and c is the solvent layer, which is the adsorbed components
of the eluent. In Figure 3.8, if a sample molecule is small it can pass to the
bottom of the valley. However, a larger sample molecule, such as a protein, is
large, and ‘jumps’ the valley if the pore size is small. The real void volume for a
particular analyte thus depends upon its shape and mass. The pore size
distribution of the stationary phase materials also affects the void volume of
individual analytes. The exact value cannot be measured. A practical com-
promise method is examined below.

In normal-phase liquid chromatography, the elution volume of the solvent is
nearly constant in eluents having different mixtures of solvent components. The
solvent peak can therefore be used to measure the void volume. In reversed-
phase liquid chromatography, the thickness of the organic solvent layer, which
is ¢ in Figure 3.8A, depends on the concentration of organic modifier and
additives. In addition, an ion-exclusion effect is observed for ionized solutes,
and the elution volume is often less than the exclusion limit of the column.
However, measurement of the void volume is necessary to calculate k. Figure
3.8B indicates the microscopic interface of a partition. The @ symbols are lower-
phase molecules and o are upper-phase molecules in a solvent partition. The
distribution between the phases b and c is not clear-cut, as in a partition model.
Phase b incorporates the bonded phase and the concentration of the organic
component of the eluent is higher than in the bulk eluent; it gradually reduces
towards the mobile phase in reversed-phase liquid chromatography. The
effective void volume is therefore not constant.

Elution Volume of Proposed Void Volume Markers

Several compounds have been proposed for the measurement of the void
volume, including sodium nitrate solution, water, deuterium oxide, fructose,
acetonitrile, tetrahydrofuran (THF), meso-erythritol, gluconolactone, and 2,4-
dinitronaphthol. The elution volume of a number of these compounds has been
measured in 10-90% aqueous acetonitrile and acidic-aqueous acetonitrile. The
results are given in Figure 3.9 where the volumes in A and B were measured in
aqueous acetonitrile and in C and D were measured in aqueous acetonitrile
containing 50 mM phosphoric acid. Methanol (a) and deuterium oxide (g)
showed two peaks when monitored by a refractive index detector (Figure 3.9C).

Even the elution volume of acetonitrile was not constant in these eluents and
varied from 1.25 to 1.95 ml. The volumes of ionized sodium nitrate (e) and 2,4-
dinitronaphthol (d) were smaller than the exclusion limit (1.0 ml) of this
column. The dramatic change for 2,4-dinitronaphthol in Figure 3.9A indicates
that the volume depended strongly upon the ratio of eluent components.’

In acidic eluents (Figure 3.9C and D), the retention of acidic compounds
becomes stronger and that of basic compounds becomes weaker. In this system,
uric acid (h) is not suitable as a void volume marker due to its longer retention
time. In neutral and basic eluents, an ionized acid can be used as the marker
because no other compounds are eluted more rapidly. Fructose (c) is a very
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Figure 3.9 Elution volumes (ml) of alternative void volume markers. Column, 5 um
octadecyl-bonded silica gel, 15 cm x 4.5 mm i.d.; eluents A and B, 10-90%
aqueous acetonitrile, eluents C and D, 10-90% aqueous acetonitrile containing
50 mu phosphoric acid; flow rate, 1 ml min~ . temperature, 30 °C; detection,
UV 210nm and refractometer. Sample: a, acetonitrile; b, methanol;
c, fructose; d, 24-dinitronaphthol; e, sodium nitrate; f, tetrahydrofuran;
g, deuterium oxide; and h, uric acid.

polar compound, and is not adsorbed on a hydrophobic stationary phase
surface. It is also UV-active at short wavelengths and non-ionizable under
practical conditions. Its elution volume is nearly constant in the above condi-
tions. The effect of injection volume and the necessity of a refractive index
detector are thus avoidable. Therefore, fructose can be used as the standard
void volume measuring marker. When analytes such as steroids are examined,
they are excluded from many of the pores and the molecular size of fructose is
too small to measure their void volume. Maltotriose may then be the compound
of choice for the void volume measurement.
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6 Selectivity of Stationary Phase Materials
Silica Gel-based Stationary Phase Materials

Separations can be performed on a single column by using different eluents.
Practical separations can also be achieved using column selection. In over 50%
of applications octadecyl-bonded silica gel is used as the hydrophobic stationary
phase material. As an alternative, phenyl-bonded silica gel is less hydrophobic
compared with octadecyl- or octyl-bonded silica gel. This means that a smaller
amount of organic modifier is necessary to obtain the same retentions. In
addition, aromatic compounds are relatively more highly retained on phenyl-
bonded silica gel than on octadecyl-bonded silica gel, and alkanes are more
retained on octadecyl-bonded silica gel than on phenyl-bonded silica gel as
shown in Figure 3.10. Such selectivity can be useful for the separation of
compounds having different degrees of aromaticity.

Many manufacturers sell the same types of stationary phase materials,® but
the most popular stationary phase materials, e.g. octadecyl-bonded silica gels,
from different sources, even from the same manufacturer, often demonstrate
different retention capacities and selectivities. Such differences are due to the
aggressive reactivity of the silylation method and the different bonding reactions
that are used, as described earlier.

The selectivity differences can be understood by the comparison of four
octadecyl-bonded silica (ODS) phases synthesized from the same silica gel. The

L] 15
&

2 4
8o o
=T 14 X O0A
B = s 9
o c
29 A
28 o0s
X 1 o 8
24 >+ 3
> © +
gR 01 +
&3 +
cc +
o~ 6
s 05 ; . .
= 0.5 0 0.5 1 15
o

logk on octadecyl-bonded silica gels
in 70% aq. acetonitrile

Figure 3.10 Selectivity of phenyl-bonded silica gel compared with ODS silica gel.
Columns: ODS-silica, YMC ODS, 15cm x 6.0 mm i.d., phenyl-bonded
silica gel, YMC phenyl, 10 cm x 6.0 mm i.d.; eluent, aqueous acetonitrile.
Compounds: x, polycyclic aromatic hydrocarbons;, O, alkylbenzenes;
O, polychlorobenzenes; +, alkanols; /\, alkanes; 1, benzene; 2, benzopyrene;
3, toluene; 4, heptylbenzene; 5, hexachlorobenzene; 6, hexanol; 1, tetra-
decanol; 8, pentane; and 9, octane.
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four materials are a high-carbon (HIC)-loaded silica gel with and without a
second silylation (end-capping) (HIC-ODS-E and HIC-ODS-NE, respectively)
whose carbon content is 16 wt%, and a low-carbon (LOC)-loaded silica gel with
and without a second silylation (LOC-ODS-E and LOC-ODS-NE, respectively)
whose carbon content is 8.9 wt%.” The selectivity-related hydrophobicity
differences can be compared using the differences in the retention factors of
homologous alkylbenzenes as the van der Waals volume increases (Figure 3.11).
The hydrophobicity, i.e. retention capacity, of HIC-ODS was found to be about
twice that of LOC-ODS. The end-capping treatment further increased the
retention capacity. This result indicates that if the quality control of the
bonding processes is poor, the products will have different retention capacities.
This difference also depends upon the surface area of silica gels.

The relationship of the selectivity to the polarity of the analytes can be
understood from the differences in the retention factors of homologous alkanols
(Figure 3.12). The polar alkanols are relatively more retained on the non-
endcapped bonded phases (LOC-ODS-NE and HIC-ODS-NE) because
smaller-size alkanols can reach the unreacted silanol groups on the surface of
silica gels.

The relationship of the selectivity towards m-electrons can be understood
from the differences in the retention factors of polycyclic aromatic hydrocar-
bons (Figure 3.13). The difference in the retention factors on end-capped and
non-endcapped stationary phase materials is less than that of alkylbenzenes.
This is due to the water content of the stationary phase. The content may be
higher in non-endcapped bonded phases.

The best octyl- and octadecyl-bonded silica gels should be chemically stable in
highly basic solutions. The well-bonded phases give good results in the inertness
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Figure 3.11 Comparison of the retention of toluene to decylbenzene as a measure of
hydrophobicity of different octadecyl-bonded silica gels with different carbon
loadings. Columns: (1, LOC-ODS-E; &, LOC-ODS-NE;, O, HIC-ODS-E;
A\, HIC-ODS-NE; eluent, 80% aqueous acetonitrile at 30 °C. Compounds:
1, toluene; 2, nonylbenzene.
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Figure 3.12  Polar selectivity of different octadecyl-bonded silica gels towards the reten-
tion of homologous alkanols. Columns: [}, LOC-ODS-E; &, LOC-ODS-
NE; O, HIC-ODS-E; A\, HIC-ODS-NE; eluent, 70% aqueous acetonitrile

at 30°C. Compounds: 1, butanol; 2, dodecanol.
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Figure 3.13 n-Electron selectivity of different octadecyl-bonded silica gels towards the
retention of polycyclic aromatic hydrocarbons. Columns: [, LOC-ODS-E;
<&, LOC-ODS-NE; O, HIC-ODS-E, A, HIC-ODS-NE; eluent, 80%
aqueous acetonitrile at 30°C. Compounds. polycyclic aromatic hydro-
carbons; 1, benzene; 2, naphthalene; 3, pyrene; 4, 3,4-benzopyrene.

tests (see above), and can be used for continuous analysis in basic solutions, pH
9.0, over a one month period. Such stability and inertness are guaranteed by the
manufacturers. All silica-loaded materials are unstable in high pH eluents. The
amount of carbon loading can be more than 110% of the theoretical calcu-
lation; however, the accuracy of surface area measurement is less than that of
the carbon loading measurement. Non-endcapped bonded phases sometimes
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demonstrate better relative separations; however, their long-term operation is
not guaranteed. The lifetime of short-chain bonded phases, such as butyl,
cyano, and amino, is also short in buffer solutions due to their weak hydro-
phobicity. It seems that these phases do not reject the adsorption of ions from
the eluent on to the untreated silanol groups.

Organic Polymer-based Stationary Phase Materials

Surface-modified silica gels are used for a variety of separations, but organic
polymer-based stationary phase materials are more useful for long-term opera-
tions, such as for an amino acid analyser and size-exclusion liquid chromatog-
raphy.

Physically strong organic porous and non-porous polymer gels are also used
for high-performance liquid chromatography. When difficulty in achieving
separation is encountered with silica gel-based stationary phase materials,
organic gels will often solve this problem even though the theoretical plate
number may be less than that of silica gel-based stationary phase materials.

For example, polystyrene gel is very hydrophobic, and aromatic compounds
are selectively retained. Polystyrene oligomers are separated on a polystyrene
gel using isocratic elution (Figure 3.14). Vitamins, anions, and nucleic acids and
bases have been chromatographed on polystyrene gel.® These separations can
also be carried out on alkyl group-bonded silica gels, if the silanol groups are
completely covered.® Large pore-size polystyrene gels are useful for the separa-
tion of proteins. Proteins with M, = 6000-66 300 have been separated on a

toluene
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Figure 3.14 Reversed-phase liquid chromatogram of polystyrene oligomers. Conditions:
columns, PLRP-S, 15cm x 4.6 mm i.d., 100 A (polystyrene gel); eluent,
70% aqueous tetrahydrofuran; flow rate, 1 ml min~'; detection, UV 254 nm.
Numbers beside peaks indicate the molecular weight.
(Reproduced by permission from Polymer Laboratories data)
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300 A pore size polystyrene gel, and M, = 120000 collagen and 340000
fibrinogen have been separated on a 1000 A pore-size polystyrene gel, as
shown in Figure 3.15. Silica gel-based bonded stationary phase materials with
a 1000 A pore size are not as physically strong as the narrow pore-size silica gels.
However, polystyrene gels have the advantages of surface inertness and
moderate physical strength.

Methacrylate polymers are as physically strong as polystyrene gels. Their
hydrophobicity is weaker than that of polystyrene gel, and the aromatic
selectivity is similar to that of octadecyl-bonded silica gel. A chromatogram of
hydantoins on a methacrylate polymer is shown in Figure 3.16. The elution
order is related to the hydrophobicity of the chemicals.

Vinyl alcohol copolymer gel is hydrophilic and has been developed for
aqueous-phase size-exclusion liquid chromatography; however, it is less polar
than the polysaccharides. Its specificity permits the direct injection of a
biological sample without deproteinization. For example, blood serum from a
patient suffering from chronic nephritis has been injected directly as a measure
of the degree of dialysis (Figure 3.17). Adenosine triphosphate, adenosine
diphosphate, and adenosine monophosphate in red blood cells have also been
separated directly (Figure 3.18). Theophylline in blood serum has been

| L”.k b

Figure 3.15 Chromatogram of fibre-type proteins on polystyrene gels having different
pore sizes. Column A, PLRP-S 300 A, 15cm x 4.6 mm id.; B, PLRP-S
1000 A (polystyrene gel), 15cm x 4.6 mm i.d.; eluent, 15 min linear
gradient from 20% of 0.25% trifluoroacetic acid to 60% of 0.25% trifluoro-
acetic acid in 95% aqueous acetonitrile; flow rate, 1.0 ml min~"; detection,
UV 220 nm. Peaks: 1, collagen (M, 120 000) and 2, fibrinogen (M, 340 000).
(Reproduced by permission from Polymer Laboratories data)
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Figure 3.16 Chromatogram of hydantoins on polymethacrylate stationary phase. Condi-
tions: columns, Shodex RSPak DEG613 (methacrylate gel); eluent, 1:1
mixture of 0.033 M disodium hydrogen phosphate and potassium dihydrogen
phosphate; flow rate, 2.0 ml min‘]; detection, UV 210 nm; temperature,
50°C. Compounds: 1, R = (CH,),CO;H; 2, R=CH,0OH; 3, R=H;
4, R=CHj and 5, R = C,H;.

(Reproduced by permission from Shodex data)
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Figure 3.17 Chromatogram of blood serum from a patient with chronic nephritis.
Conditions: columns, Asahipak GS320 (vinyl alcohol copolymer gel),
50cm x 7.6 mm i.d.; eluent, 0.1 M sodium phosphate containing 0.3 M
sodium chloride pH 7.0; flow rate, 1 ml min~"; detection, UV 250 nm;
direct injection of sample. Peaks: 1, protein; 2, orotidine; 3, creatinine; and
4, uric acid.
(Reproduced by permission from Asahipak data)

separated from proteins (Figure 3.19). In these separations, the proteins were
eluted first and the targeted compounds eluted later; the quantitative analysis of
the target compounds is thus easy. Pesticides in blood serum have also been
directly analysed on vinyl alcohol copolymer gels, as shown in Figure 3.20.
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Figure 3.18 Adenosine phosphates in blood on vinyl polymer column. Conditions: column,
Asahipak GS320 (vinyl alcohol copolymer gel), 50 cm x 7.6 mm i.d.; eluent,
0.1 M sodium phosphate buffer containing 3 M sodium chloride pH 7.0; flow
rate, 1.0 ml min~"; detection, UV 260 nm. Peaks: 1, haemoglobin; 2, adeno-
sine triphosphate; 3, adenosine diphosphate; and 4, adenosine mono-
phosphate.
(Reproduced by permission from Asahipak data)

R

| |
0 min 16

Figure 3.19 Theophylline in blood serum on vinyl alcohol polymer column. Conditions:
column, Asahipak GS320 (vinyl alcohol copolymer gel), 50 cm x 7.6 mm
1.d.; eluent, 0.01 M sodium acetate buffer pH 4.0 in 10% aqueous acetonitrile;
flow rate, 2 ml min~'; detection, UV 280 nm. Peaks: 1, protein; 2, low M,
impurity; and 3, theophylline.
(Reproduced by permission from Asahipak data)

These separations can be carried out using a silica-based bonded phase;
however, the important advantage of organic polymer stationary phase
materials is their chemical stability. The columns can be washed by using an
alkaline solution after a certain number of injections. According to the
chromatograms, the proteins in serum are completely eluted and nothing
remains inside the column. However, the pressure drop in this type of analysis
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Figure 3.20 Pesticide in rat blood serum on vinyl alcohol polymer column. Conditions:
column, Asahipak GS320 (vinyl alcohol copolymer gel), 50 cm x 7.6 mm
i.d.; eluent, 0.05 M phosphate buffer containing 0.2 M sodium chloride pH 7.2
in 20% aqueous methanol; flow rate, 1.0 ml min~ 1. detection, UV 254 nm.
Peaks: 1, blood serum protein and 2, methomyl.
(Reproduced by permission from Asahipak data)

may increase after several injections, depending on the injection volume. This
problem is not avoidable on all types of columns. Therefore, washing using an
alkaline solution is occasionally required.

The separation of basic and metal-sensitive compounds is difficult on silica-
based stationary phase materials, but these separations can be performed on
vinyl alcohol copolymer gels. Examples are the separation of methallothionein
from dolphin kidney, a-, f-, and y-endorphin, and nucleotide and nucleoside
mixtures.® However, an analytical-scale separation may also be performed on
surface-modified wide-pore silica gels (pore size 300 Aor more), using columns
which showed a negative response in the heavy metal test described above.

Modified vinyl alcohol copolymer gels with phenyl groups improved the
hydrophobicity and selectivity for aromatic compounds. Chromatograms of
protein mixtures and enzymes (phosphoisomerase) are shown in Figures 3.21
and 3.22, respectively. The separation mechanism on the surface of these
stationary phase materials is basically the same as that for reversed-phase
liquid chromatography, and is called hydrophobic liquid chromatography. The
chromatograms of protein mixtures shown in Figure 3.23 were obtained on a
phenyl-bonded vinyl alcohol copolymer gel and a trimethylsilyl-bonded silica
gel using basically the same eluent. The elution order of proteins was the same,
but the resolution was a little different. Octadecyl-bonded vinyl alcohol
copolymer gels are chemically stable and overcome the weakness of octadecyl-
bonded silica gels, which are influenced by unreacted silanol groups and high
pH instability.”

The selection of inorganic or organic polymer stationary phase materials
depends on the application. When information is needed rapidly, silica-based
bonded phases have the advantage due to their physical strength and high
theoretical plate number, although their lifetime is shorter. When a longer-term
operation is necessary, such as for an amino acid analyser, organic polymer-
based stationary phase materials are appropriate. Organic polymer-based
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Separation of proteins on wide pore phenyl-bonded column. Conditions:
column, TSKgel Phenyl-5 PW, 75 mm x 7.5 mm i.d.; eluent, 60 min linear
gradient of ammonium sulfate concentration from 1.7 to 0 M in 0.1 M
phosphate buffer (pH 7.0); flow rate, 1.0 ml min~"; detection, UV 280 nm.
Peaks: 1, cytochrome c; 2, myoglobin; 3, ribonuclease; 4, lysozyme; 5, o-
chymotrypsinogen; and 6, a-chymotrypsin.

(Reproduced by permission from Tosoh data)
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Chromatogram of phosphoisomerase. Conditions: column, TSKgel Phenyl-5
PW RP, 75 mm x 4.6 mm i.d.; eluent, 2 min linear gradient of acetonitrile
Sfrom 0.05 to 20% followed by 48 min linear gradient of acetonitrile from 20
to 80% in 0.05% trifluoroacetic acid; flow rate, 1 ml min~ 1. detection, UV
220 nm.

(Reproduced by permission from Tosoh data)

stationary phase materials can be recycled, but silica-based stationary phase
materials are used only once; this is another selection point, which depends on
the economic considerations.

The disposal of used stationary phase materials, especially those used for
biomedical applications, should also be of concern. Silica gel-based stationary
phase materials can be heated at high temperature before disposal, and organic
polymer-based stationary phase materials can be burned. Take care.

Other Stationary Phase Materials

Hydroxyapatite and titania are also useful stationary phase materials for
biological samples. Hydroxyapatite, Ca;o(PO4)s(OH),, as a hexagonal column
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Figure 3.23  Selectivity of phenyl and alkyl bonded stationary phase materials for protein

separation. Column A, TSK gel phenyl-5PW RP, 75mm x 4.6 mm i.d;
B, TSK gel TMS 250, 75 mm x 4.6 mm i.d.; eluent, 60 min linear gradient
elution from 5% of 0.05% trifluoroacetic acid in 5% aqueous acetonitrile to
80% of 0.05% trifluoroacetic acid in 80% aqueous acetonitrile; flow rate,
1 ml min~"Y; detection, UV 220 nm. Peaks: 1, ribonuclease; 2, insulin;
3, cytochrome c; 4, lysozyme; S, transferrin; 6, bovine serum albumin; 1,
myoglobin; and 8, ovalbumin.
(Reproduced by permission from Tosoh data)
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Figure 3.24 Separation of plasmid DNA on a titania column. Conditions: column, HCA
column A-7610 (titania), 10 cm x 7.6 mm i.d.; eluent, step-wise gradient o
potassium phosphate buffer concentration (pH 6.8); flow rate, 1.0 ml min™°;
detection, UV 260 nm. Peaks: 1, purasmid DNA (pBR 322) and 2,
cromorimal.

(Reproduced by permission from Polymer Laboratories data)
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crystal is formed as a porous stationary phase material. The large pore size, 700—
10000 A, is suitable for purification of bio-polymers. Bovine serum albumin,
lactic dehydrogenase, ribonucleic acid, and immunoglobulin in blood serum can
be purified. Hydroxyapatite is also used as a support for affinity liquid
chromatography.

The pore size of porous titania can be up to 2000 A. Titania is used for the
purification of proteins and as a support for bound enzymes. The purification
of B-lactoglobulin from cheese whey, of protease from pineapple, f-lactamase,
and amylase can be achieved with titania. The latter two purifications are
impossible on alumina. Titania is also used as a support in peptide synthesis.
The separation of plasmid DNA is shown in Figure 3.24.
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CHAPTER 4

Selection of the Eluent

The most important parameter for the control of liquid chromatography is the
composition of the eluent. Liquid chromatography is a powerful separation
method with unlimited possibilities of eluent selection. However, it is not easy to
choose a suitable eluent within a short time without a number of trial
experiments. The crucial factor is to control the solubility of the analytes in the
eluent. Increasing the solubility of analytes in the eluent decreases their
retention times. The selection of the components of an eluent is described
below, based on the properties of the analytes to be separated. The important
properties are hydrophobicity, dipole moment, hydrogen bonding, ionization,
and steric effects.

1 Reversed-phase Liquid Chromatography

The most popular system, with over 50% of separations, is reversed-phase
liquid chromatography on octadecyl-bonded silica gel. Analytes are retained on
the stationary phase materials based on their hydrophobicity. This means that
polar compounds are eluted faster than non-polar compounds. The higher the
hydrophobicity of the stationary phase surface, the longer will be the retention
times of the analytes. Bonding of donor-electron groups onto the stationary
phase surface results in a stronger retention of compounds containing dipoles.
In some cases, interactions between untreated silanol groups on the stationary
phase and hydroxy groups on the analyte increase the selectivity; however, polar
groups on the stationary phase are generally eliminated to obtain inert
stationary phase materials, which are more stable in long-term operation.

Selectivity of Organic Modifiers in the Eluent

Three organic solvents, acetonitrile, methanol, and THF, are usually used as the
organic modifiers. Increasing the concentration of the organic modifier
decreases the overall retention times, but changes in relative retention times
depend on the properties of the analytes.

57
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The general relationship between the type of solute and its retention can be
seen by comparing the retention factors, &, of a set of standard compounds with
their octanol-water partition coefficients, ie. the log P value (listed in Table
4.1), as a measure of their relative solubility in water. The logarithm of the
retention factor, logk, of these compounds measured in 50% aqueous aceto-
nitrile on an octadecyl-bonded silica gel column shows a close linear relation-
ship (Figure 4.1).

However, the elution behaviour of aromatic and aliphatic compounds is often
different (even though their carbon numbers and van der Waals volumes are
very similar) in eluents containing different organic modifiers. These variations
are due to differences in the solubility of analytes in the organic solvent.

Five organic solvents [acetonitrile, methanol, tetrahydrofuran (THF),
acetone, and dimethylformamide], which are homogeneously miscible with
water, have been used as modifiers to study the relationship of the selectivity of
the solvent to the molecular properties of analytes. The polar interaction

Table 4.1 Log P values of standard analytes

No. Chemical Log P No. Chemical Log P
1 Pentanol 1.33 11 Benzene 2.28
2 Hexanol 1.86 12 Naphthalene 321
3 Heptanol 2.39 13 Fluorene 391
4 Octanol 292 14 Anthracene 4.38
5  Decanol 3.98 15 Pyrene 5.03
6  Dodecanol 5.04 16  Chrysene 5.79
7  Methyl benzoate 2.15 17 Toluene 2.59
8 Isopropyl benzoate 3.09 18  Ethylbenzene 3.12
9  Butyl benzoate 3.74 19  Isopropylbenzene 3.52
10 Isopentyl benzoate 4.14
2
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Figure 4.1 Retention factors related to log P values. Column, Sum octadecyl-bonded silica
gel (LiChrosorb LC7) 25cm x 4.1 mm i.d.; eluent, 50% aqueous aceto-
nitrile; flow rate, 1 mlmin~". Compounds: O, alkanols; <, benzoates;
Q, polycyclic aromatic hydrocarbons; and /\, alkylbenzenes.
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Table 4.2 Interaction properties of solvents for reversed-
phase liquid chromatography

Solvent Po Xe Xd Xn

Tetrahydrofuran 4.0 1.52 0.80 1.68
Acetone 5.1 1.78 1.17 2.14
Methanol 5.1 2.45 1.12 1.58
Acetonitrile 5.8 1.80 1.57 2.44
Dimethylformamide 6.4 2.50 1.34 2.56
Water 10.2 3.77 3.77 2.55

Po: polarity, Xe: proton acceptor, Xd: proton donor, Xn; dipole
moment.

properties of the solvents were calculated from reference values,' and are listed
in Table 4.2. The values of the polarity (Po) and the polar interaction properties,
proton acceptor (Xe), proton donor (Xd), and dipole moment (Xn), of the
mixed solvents can be calculated from their concentrations.

As above, the logk values of the different types of compounds [alkanols
(ROH), polycyclic aromatic hydrocarbons (PAH), alkyl benzenes (RB), and
alkyl benzoates (ROB)] each demonstrated a linear relationship with their log P
values and this relationship was observed with different ratios of acetonitrile
and water. The experiment was then performed in eluents containing different
organic modifiers and it was found that the behaviour of analytes containing
different functional groups differed and the effect depended on the log P of the
analyte.

To demonstrate these differences, the experimental relationship between log P
and log k across a range of eluent compositions was determined for each group
of analytes. The results were then used to calculate the predicted logk in each
case for a theoretical model compound with log P = S as a hydrophobic model,
for log P =1 as a hydrophilic model, and for log P = 3 as an intermediate
model.

The results in a range of aqueous acetonitrile eluents are shown in Figure 4.2.
For both alkanols and polycyclic aromatic hydrocarbons the predicted values
for each of the model compounds fall on a single line represented by the solid
points (e) (as expected from Figure 4.1). However, with THF as the modifier,
predicted values for the model alkanols (ROH) (@) and polycyclic aromatic
hydrocarbons (PAH) (Q) differ and the relative positions change with the log P
values. The logk values of log P = 5 alcohols and PAHs in the aqueous THF
eluent were relatively smaller than those obtained for the alkanols and PAHs in
aqueous 30-70% acetonitrile, but the logk values of the log P = 1 model
compounds were higher. Furthermore, in aqueous THF the logk values of
polycyclic hydrocarbons were larger than those of alkanols. These results
indicate that when a separation between aromatic and polar aliphatic com-
pounds is necessary, THF may be an effective organic modifier.



60 Chapter 4

logP=5 logP=3 logP =1
20 10
x
3 1.0 1.0 + 1.0
- - o
0L 0 L 0}
1 N

[ ]
0 50 100/0 50 100/0 50 100
concentration of organic modifier / water

Figure 4.2  Predicted chromatographic behaviour in aqueous acetonitrile and tetrahydro-
Sfuran of model compounds whose log P values are 1, 3, and 5. Column, 5 um
octadecyl-bonded silica gel (LiChrosorb LC-7), 25cm x 4.1 mm i.d. Com-
pounds and eluent: o, polycyclic aromatic hydrocarbons and alkanols in
aqueous acetonitrile; &, alkanols in aqueous tetrahydrofuran; and Q, poly-
cyclic aromatic hydrocarbons in aqueous tetrahydrofuran.

Comparison of the Effect of Organic Modifiers on Analytes with
logP =3

The selectivity of a number of organic modifiers was examined using the
predicted logk values of the log P = 3 models from each group in different
organic modifier—water mixtures. The composition of the eluent was adjusted so
that either the solubility parameter,’ polarity (Po), proton acceptor (Xa), proton
donor (Xd), or dipole moment (Xn) values were kept constant to determine
which parameter affected the selectivity. The results are summarized in Table
4.3.

The compositions of the different eluents were determined using the values in
Table 4.2. The composition was adjusted in each case so that the selected
polarity term was equal in each eluent. For example, in Table 4.3 the polarity
(po) of the 40:60 THF-H,O is (0.4 x 4) + (0.6 x 10.2) = 7.72, when Xe, 2.87;
Xd, 2.58; Xn, 2.20. This has an equivalent polarity to 56:44 ACN-H,O
[(0.56 x 5.8) + (0.44 x 10.2) = 7.72 but now Xe, 2.66; Xd, 2.53; Xn, 2.49}.

Chromatographic Behaviour of log P = 3 Compounds in Aqueous Tetrahydro-
furan. For analytes whose log P = 3, in 40% aqueous THF the predicted logk
values of the model alkanols (ROH), polycyclic hydrocarbons (PAH), alkyl-
benzenes (RB), and alkyl benzoates (ROB) are 0.64, 0.77, 0.90, and 0.79,
respectively. The polarity of 40% aqueous THF is 7.72. The same polarity can
be obtained in 56% aqueous acetonitrile. As noted earlier, in aqueous aceto-
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Table 4.3 Solubility problems of eluents

Predicted log k of log P = 3

compound
Eluent Po Xe Xd Xn ROH PAH RB ROB
40% THF-H,0O 772 287 258 220 0.64 0.77 0.90 0.79
56% ACN-H,0 772 266 253 249 0.40
46% ACN-H,0 8.19 287 276 250 0.63
54% ACN-H,0 782 270 258 249 0.46
nc nc nc nc 2.20 nc
% of ACN-H,O to give the same log k as 40% THF 46 40 36 43
60% MeOH-H,0 7.14 298 218 197 0.81 0.63 0.67 0.62
69% ACN-H,0 7.14 240 224 247 0.18
40% ACN-HO 844 298 289 250 0.78
72% ACN-HO 7.02 235 218 247 0.14
nc nc nc nc 1.97 nc
% of ACN-H,O to give the same log k as 60% MeOH 39 46 44 46
50% ATN-H,O 765 278 247 235 0.35 0.33 0.41 0.31
58% ACN-H,0 765 263 250 249 0.37
50% ACN-H,0 799 278 266 249 0.53
59% ACN-H,0 760 261 247 248 0.36
% of ACN-H,O to give the same log k as 50% ATN 59 61 56 62
50% DMF-H,0 830 3.13 256 255 1.26 0.69 0.87 0.89
43% ACN-H,0 830 292 282 250 0.70
33% ACN-H,0 8.77 313 3.06 251 1.02
55% ACN-H,0 778 269 256 249 0.43
0% ACN-H,0O 10.2 377 377 255 nc

% of ACN-H,O to give the same log k as 50% DMF 26 44 37 36

Po: Polarity, Xe: proton acceptor, Xd: proton donor, X»: dipole moment, THF: tetrahydrofuran,
ACN: acetonitrile, MeOH: methanol, ATN: acetone, DMF: dimethylformamide, nc: cannot be
calculated.

nitrile the log k values for all compounds with log P = 3 are the same and thus
the predicted value for the ROH, PAH, RB, and ROB models is 0.40, unlike any
of the THF retentions. These results indicate that chromatographic behaviour
cannot be controlled only by polarity. The proton acceptor value (Xe) of the
40% aqueous THF eluent was 2.87. The same proton acceptor value can be
obtained in 46% aqueous acetonitrile (Table 4.3), where the predicted logk
values of each of the log P = 3 model compounds is 0.63. Thus in this case the
value of the logk of ROH is nearly equal to the value in 40% aqueous THF
(0.64).

If the proton donor value (Xd) is fixed at 2.58, the equivalent eluent is 54%
aqueous acetonitrile and the predicted log & value for the log P = 3 compounds
should be 0.46, which is again different from any of the logk values in 40%
aqueous THF. The dipole moment (Xn) of 40% aqueous THF was 2.20;
however, such a value cannot be obtained with any proportion of aqueous
acetonitrile. To obtain the same logk values as in 40% aqueous THF, a
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composition of 46% aqueous acetonitrile is needed for ROH, 40% aqueous
acetonitrile for PAH, 36% aqueous acetonitrile for RB and 43% aqueous
acetonitrile for ROB. This comparison demonstrates the different selectivity of
THF.

Chromatographic Behaviour of log P = 3 Compounds in Aqueous Methanol. In a
similar calculation, the logk values of ROH, PAH, RB, and ROB in 60%
aqueous methanol are 0.81, 0.63, 0.67, and 0.62, respectively (Table 4.3). The
same log & values can be obtained in 39% aqueous acetonitrile for ROH, in 46%
for PAH, 44% for RB and in 46% for ROB. The values of Po, Xe, and Xd (but
not Xn) in 60% aqueous methanol can be obtained in 69% for Po, in 40% for
Xe, and in 72% aqueous acetonitrile for Xd. Only the logk of ROH in 40%
aqueous acetonitrile demonstrated a nearly equal log k value to that obtained in
60% aqueous methanol. Thus the solvent properties do not have a specific
relationship with the log & values of these compounds.

Chromatographic Behaviour of log P = 3 Compounds in Aqueous Acetone. When
the Xe value in aqueous methanol was nearly equal to that in aqueous
acetonitrile (see above), the logk of ROH was about the same as that in
aqueous acetonitrile but the corresponding predicted value with aqueous
acetone (log k£ = 0.35) is very different to the equivalent aqueous acetonitrile
(logk = 0.53) (Table 4.3). However, when the Po and Xd values in aqueous
acetonitrile are nearly equal to those in aqueous acetone, the predicted logk
values of OH are about the same. To obtain the same logk as in 50% aqueous
acetone it was necessary to use 59% aqueous acetonitrile for ROH, 61% for
PAH, 56% for RB and 62% for ROB.

Chromatographic Behaviour of log P = 3 Compounds in Aqueous Dimethylform-
amide (DMF). DMF is a solvent with a strong dipole moment (Table 4.2). The
same log k values in 50% aqueous DMF can be obtained at a concentration of
26% aqueous acetonitrile for ROH, 44% aqueous acetonitrile for PAH, 37%
for RB, and 36% aqueous acetonitrile for ROB. When eluents with equivalent
Po, Xe, Xd, or Xn values in 50% DMF were selected, different log k£ values were
predicted in all three cases.

The above results only demonstrate the chromatographic behaviour of
compounds with log P = 3. Their relative retention factors thus are influenced
by the properties of solvents in the eluent. The relative values cannot be
controlled by only one property of the solvents and chromatographic behaviour
therefore also depends on the properties of the analytes.

Comparison of Effects of Modifiers on a Mixture of Analytes

The following results demonstrate the comparative chromatographic behaviour
of the 19 compounds listed in Table 4.2. In reversed-phase liquid chromato-
graphy, changing the concentration of organic modifier affects both the overall
retention time and the relative elution behaviour of different types of com-



Selection of the Eluent 63

pounds. The effect of the organic modifier especially influences the retention of
polycyclic aromatic hydrocarbons, as seen in Figure 4.3A (compounds 11-16).
The results in 50% aqueous acetone and aqueous acetonitrile indicate that the
retention times in 50% aqueous acetone are shorter than those in 50% aqueous
acetonitrile. A selectivity difference for alkanols (e, 1-6) is not observed but the
retention time of the larger PAHs is shorter than the values expected from their
size.

From the results in 40% aqueous THF and 50% aqueous acetonitrile (Figure
4.3B), the relative retention of PAHs (11-16) is weak and that of alkylbenzenes
(O, 17-19) is strong in aqueous THF. The alkyl group affects the strong
retention in aqueous THF. As found earlier (Table 4.3), a methanol-water
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Figure 4.3  Relative selectivity of different organic modifiers. Numbers beside symbols,
1-6 (8) ROH; 7-10 (&) ROB; 11-16 (filled hexagons) PAH, and 17-19 (O)
RB.
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mixture (Figure 4.3C) can distinguish alkanols (e, ROH) from the other analyte
groups.

Comparison of the retention behaviour in 50% aqueous DMF and acetoni-
trile (Figure 4.3D) indicated that DMF is a selective modifier for the separation
of alkanols (e, 1-6) and PAHs (11-16) and of aromatic and aliphatic
compounds. Unfortunately, DMF is too aggressive as a solvent and attacks
organic polymer piston seals in the pump and, therefore, highly concentrated
solutions cannot be used as an eluent.

From the theoretical viewpoint, acetonitrile is the most suitable solvent to
study the correlation of retention times and log P values of analytes, since the
dipole moment (2.44) is nearly equal to that of water (2.55) (Figure 4.4). The
electron donor effect can therefore be eliminated, and the elution order is not
changed on modification of the acetonitrile-water mixture ratio. The first choice
of an eluent should therefore be an acetonitrile-water mixture for non-ionic
compounds in reversed-phase liquid chromatography. Methanol, acetone,
THF, or DMF can then be added to improve the resolution.

Example 1: Separation of an alkylbenzene and an alkyl benzoate. The log P
values of butyl benzoate and isopropylbenzene are 3.74 and 3.52, respectively,
from Table 4.1. The separation of these compounds in 50% aqueous acetonitrile
therefore requires a high plate number column as the log k values will be nearly
identical. The most suitable eluent is 40% aqueous THF. See compounds 9 and
19 in Figure 4.3B.

Example 2: Separation of a polycyclic aromatic hydrocarbon and an alkyl
benzoate. The log P values of fluorene and butyl benzoate are 3.91 and 3.74,
respectively, from Table 4.1. The separation is poor in 50% aqueous aceto-
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Figure 4.4 Polarity, proton acceptor and dipole properties of water and organic modifier
mixtures. , acetonitrile; — — — , methanol; and - - - - tetrahydrofuran.
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nitrile; however, they can be separated in 60% aqueous methanol or 50%
aqueous DMF (compounds 13 and 9, Figures 4.3C and 4.3D).

However, in selecting a mobile phase the entire analytical system and
separation system should be considered. In many cases, a component of a
good eluent may not be suitable for research purposes. For example, the use of
water as an eluent in methods that will require further chemical reactions and
purification should be avoided due to the difficulty in concentrating the
products of interest after the separation and the stability of the products in the
process. In addition, organic solvents are flammable, combustible, and toxic.
The threshold limit concentrations of acetone, acetonitrile, DMF, methanol,
and THF are 250, 20, 10, 200, and 200 ppm, respectively. The most easily
handled solvent of these five is methanol. Acetone is the least used solvent due to
the strong UV absorption (UV cut-off = 330 nm). THF is unstable and easily
oxidized by oxygen in air, causing a cut-off at longer wavelengths as it ages.

At present, the selection of an organic modifier is estimated from the aliphatic
or aromatic nature of analytes. However, the properties of analytes often
cannot be easily obtained. Examples of quantitative structure-retention rela-
tionships based on the log P and van der Waals volume of analytes are
demonstrated in Chapter 6.

2 Chromatography of Ionic Compounds

Neutral compounds are retained by hydrophobicity in reversed-phase liquid
chromatography, and by hydrogen bonding and/or n—n interactions on hydro-
philic phases in normal-phase liquid chromatography. lonization of the analyte
reduces the retention time in reversed-phase liquid chromatography, but in
some cases increases the retention time on ion-exchangers. Retentions on ion-
exchange resins made from polystyrene gel are based both on ion-ion inter-
actions with ion-exchange groups and on hydrophobic interactions with the
polystyrene gel matrix. The addition of counter-ions can improve the resolu-
tion.

pH Effects

The retention factor of partially ionized compounds can be predicted in
reversed-phase liquid chromatography by Equation (4.1):?

ko + ki(Ka/[H*)) @.1)
— L+ (Ka/[HY) '
where kj is the maximum retention factor of the unionized form of the analyte.
The term k; is the retention factor of the fully ionized compound; K, is the
dissociation ionization constant; and [H ] is the hydrogen ion concentration of
the eluent. Every compound has its own kg, k;, and K, values. When the
hydrophobicities of compounds are nearly equal, separation is difficult in the
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reversed-phase mode. However, when their dissociation constants are different,
the separation can be easily accomplished in a pH-controlled eluent by
introducing differential partial ionization. The value of k; is close to zero in a
reversed-phase system; however, the value is not negligible in the ion-exchange
mode.

Example: separation of 3-chloro and 4-ethylbenzoic acids. The log P values of
these compounds are similar, and their pK, values are 3.96 and 4.35, respec-
tively. As seen by their chromatographic behaviour in Figure 4.5, the separation
is difficult at low pH due to the similar log P values giving similar log kq values.
The separation can be easily performed in an eluent with a pH of about 4.2, due
to the difference in pKj, values and different degrees of ionization.

The retention factor of an amino acid is given by the following equation, as
the amino acid has two ionizable groups (a carboxyl group and an amino group,
with K, and Kj,, respectively):

ko + ki([H*1/Ka1) + k_1(Kaa/[H*])
- 1+ [H+]/Kal + KaZ/[H+]

The maximum retention factor (ko) is related to the log P value and k; and & _
are the retention factors of the cationic and anionic forms, respectively. The pK,
values are known, and the retention factor in a given eluent can therefore be
predicted in reversed-phase liquid chromatography using an alkyl-bonded silica
gel or polystyrene gel column. The separation conditions can be adjusted
according to their log P and pK, values by the selection of a suitable organic
modifier concentration and the pH of the eluent.>*
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Figure 4.5 Effect of pH on the retention factors of 3-chloro- and 4-ethylbenzoic acids.
Column, octadecyl-bonded vinyl alcohol copolymer gel, 10 cm x 6 mm i.d.;
eluent, 0.05M sodium phosphate solution in 20% acetonitrile; flow rate:
1 ml min~'; temperature, 30°C. Compounds: 3Cl, 3-chlorobenzoic acid; and
4Et, 4-ethylbenzoic acid.
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The separation of compounds whose pK, values are different can be carried
out easily on an ion-exchanger using ion-ion interactions.’ For example, non-
ionized mandelic acid is eluted before benzoic acid due to weak hydrophobicity.
But mandelic acid is retained more than benzoic acid on an ion-exchanger due
to its stronger acidity. With polystyrene gel-based ion-exchangers both ion—ion
and hydrophobic interactions are important factors in the retention mechanism.
Compounds whose pK, values are similar can be separated on an ion-exchange
resin. For example, amino acids have been separated by cation-exchange liquid
chromatography (Figure 4.6) and carboxylic acids by anion-exchange liquid
chromatography (Figure 4.7). The elution order of these separations was
directly related to their dissociation constants. The high temperature of the
separation was also important, as were the acidic and ionic strength of the
eluents.

The separation of very hydrophobic compounds, such as proteins, is difficult
on an ion-exchange resin with a hydrophobic matrix, because organic modifiers
are required as part of the eluent. However, the separation can be performed on
an ion-exchanger with a hydrophilic matrix. A weak acidic ion-exchanger is
suitable for the separation of basic proteins, and a weak basic ion-exchanger is
suitable for the separation of acidic proteins (Figures 4.8 and 4.9, respectively).
The components of the eluents should not be harsh, to prevent the denaturation
of the proteins. A salting-out effect can be used to obtain a gradient elution. A
combination of buffer solutions and weak ion-exchangers on a polar matrix,
such as poly(vinyl alcohol), is suitable for the separation of bio-polymers,
especially for preparative-scale separations. Oligonucleotides from polyadenyl
acid and RNA of Escherichia coli have been separated on weak anion-
exchangers using ammonium acetate buffer and a sodium chloride concentra-
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Figure 4.6 Separation of amino acids in body fluid. Column, MCI GEL CKIOV,
15 cm x 4.6 mm i.d.; eluent, four-step gradient of sodium citrate buffer; flow
rate, 0.5mlmin~"; temperature, 60°C; detection, fluorescence reaction
detector of sodium hydrochlorite[orthophthaldehyde, Ex. 360 nm, Em.
450 nm. Peaks: 1, SSA; 2, TAU; 3, GCGA; 4, HPro; S, Asp; 6, Gin + Asp;
7, Thr; 8, Ser; 9, Sar; 10, Glu; 11, Pro; 12, Gly; 13, Ala; 14, Cys; 15, Val;
16, Met; 17, Ile; 18, Leu; 19, Tyr; 20, Phe; 21, His; 22, Orn; 23, Lys; 24, Trp;,
and 25, Arg.

(Reproduced by permission from Mitsubishikasei data)
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Figure 4.7 Anion exchange separation of carboxylic acids in red wine. Column, Shodex
C811, 100 cm x 7.6 mm i.d.; eluent, 3 mM perchloric acid; flow rate,
0.9 ml min—}; temperature, 60 °C; detection, reaction detection using chloro-
phenol red at 430 nm. Peaks: 1, citric acid; 2, tartaric acid; 3, malic acid; 4,
succinic acid, 5, lactic acid, 6, formic acid, and 7, acetic acid.
(Reproduced by permission from Shodex data)
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Figure 4.8 Cation-exchange liquid chromatography of basic proteins. Column, Asahipak
ES502C; eluent, 20 min linear gradient of sodium chloride from 0 to 500 mM
in 50 mM sodium phosphate buffer pH 7.0; flow rate, 1 ml min~"; tempera-
ture, 30 °C; detection, UV 280 nm. Peaks: 1, myoglobin from horse skeletal
muscle (M, 17 500, pl 6.8-7.3); 2, ribonuclease from bovine pancreas (M,
13700, pI 9.5-9.6); 3, a-chymotrypsinogen A from bovine pancreas (M,
257000, pI 9.5); and 4, lysozyme from egg white (M, 14300, pI 11.0-11.4).
(Reproduced by permission from Asahikasei data)




Selection of the Eluent 69

b U

! 1 I
0 20 min 40

Figure 4.9 Anion-exchange liquid chromatography of acidic proteins. Column, Asahipak
ES502N; eluent, 20 min linear gradient of sodium chloride from 0 to 500 uM in
50 mM bis-tris/ HCI buffer pH 7.0; flow rate, 1 ml min~Y; detection, UV
280 nm. Peaks: 1, conalbumin (M, 77 000-88 000, pI 6.0-6.8); 2, ovalbumin
(M, 45000, pl 4.6); 3, trypsin inhibitor (M, 8000, pl 4.5); and 4, (-
lactoglobulin (M, 18400, pI 5.1).
(Reproduced by permission from Asahikasei data)

tion gradient.%’ Subfragments of myosin have been separated on a weak cation
exchanger using a sodium chloride concentration gradient.® The selection of
eluent components such as pH and salt concentration makes possible the direct
analysis of catecholamines in urine without deproteinization and of haemo-
globin in red blood by cation-exchange liquid chromatography, as shown in
Figures 4.10 and 4.11, respectively.
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Figure 4.10 Direct analysis of catecholamines in urine sample. Column, Asahipak ES-
502C; eluent, 75 mM succinic acid + 25 mM borate buffer (pH 6.10) contain-
ing 0.5 mM EDTA; flow rate, 1.0 min~"; detection, fluorescence reaction
detection Ex. 350 nm. Peaks: 1, adrenaline; 2, noradrenaline; and 3, dop-
amine.

(Reproduced by permission from Asahikasei data)
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Figure 4.11 Direct injection analysis of haemoglobin in red blood cells. Column, Asahipak
ES-502C; eluent, 32 min linear gradient from 25% 30 mM sodium phosphate
buffer to 65% 30 mM sodium phosphate containing 300 mM sodium chloride
pH 5.5; flow rate, 1.0 ml min™ 1." detection, 425 nm. Samples: A, normal
subject and B, diabetic patient.

Ion-pair Separations

Ionic compounds are usually separated by ion-exchange liquid chromatogra-
phy, and non-ionic compounds are separated by normal-phase or reversed-
phase liquid chromatography. The separations of mixtures of ionic and non-
ionic compounds and of different ionic and polar compounds are more difficult.
One method for extracting such compounds from aqueous solution is ion-pair
extraction where the ionic charge on the analyte is neutralized by the addition of
a counter-ion of opposite charge, and the analyte is extracted into an organic
phase as the neutral ion-pair. This ion-pair extraction method was first applied
as ion-pair partition liquid chromatography by Schill ez al.’

The selection of the counter-ion and its concentration are important for the
separation of ionic compounds in reversed-phase and ion-exchange liquid
chromatography. The addition of hydrophobic ions is an especially powerful
method and several surfactants can be used as hydrophobic counter-ions. The
theoretical column efficiency of ion-pair liquid chromatography is much better
than that of an ion-exchange column, and the regeneration of a column is much
faster. Thus, if we can control ion-pair liquid chromatography, we can solve a
separation problem. (The important background sources in this area are listed
at the end of the chapter.)

Theory of Ion-pair Liquid Chromatography

An ionized solute A~ forms a paired ion AB with a counter-ion B™ in water.
The paired ion is extracted into an organic phase from the aqueous phase, as
given by the equation:

AL + Bag = ABorg
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where aq is the aqueous phase and org is the organic phase. When applying this
ion-pair extraction, the following parameters must be considered.

Selection of stationary phase material.

Selection of counter-ion and the concentration.

pH and ionic strength of eluent.

Selection of organic modifier and the concentration.
Selection of column temperature.

Selection of detector.

-0 o o

Two types of system are used for ion-pair liquid chromatography. When
polar stationary phase materials, such as silica gel, are used an ion-pair partition
mechanism is applied. When non-polar stationary phase materials, such as
octadecyl-bonded silica gel and polystyrene gel, are employed a paired-ion
adsorption mechanism is involved. The former is called normal-phase ion-pair
partition liquid chromatography, and the latter is called reversed-phase ion-pair
liquid chromatography.

The following conditions should be satisfied to perform satisfactory ion-pair
liquid chromatography.

A one-to-one ion-pair must be formed.

The equilibrium concentration of the ion-pair in the aqueous phase must
be very low compared with that of the ion.

Only the paired-ion is extracted into the organic phase.

The counter-ion makes an ion-pair only with the target ion.

The paired-ion is not decomposed in the eluent.

The partition equilibrium is related only to the chromatographic reten-
tion.

IS

-0 a0

Normal-phase Ion-pair Partition Liquid Chromatography

Analytes in the organic phase (eluent) form ion-pairs with counter-ions existing
in the hydrophilic stationary phase. The ion-pairs are then partitioned into the
organic phase. Usually, porous silica gel is used as the support, and water or
formamide is the stationary phase. The requirements are that a specific amount
of counter-ions must be contained in the stationary phase, and the pH must be
controlled to ionize the analytes. The eluent is not miscible with water, and
counter-ions must stay in the stationary phase.

The conditions were employed for the separation of sulfa drugs'® using
tetrabutylammonium hydrogen sulfate (TBAHSO,). The pH of this counter-ion
is greater than 6 in water; it exists as tetrabutylammonium cation (TBA ™) and
sulfate anion (SO4% 7). n-Pentane was used as the major component of the eluent
with a small amount of n-butanol, which enhanced the solubility of the paired-
ion. A small amount of water was added to the above mixture, which was then
left standing until equilibrium was reached. A proportion of the paired-ion
moved into the organic phase and a small amount of butanol and n-pentane
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moved into the aqueous phase. In this equilibrated system, the pH in the
stationary phase is constant before and after equilibration. In the aqueous phase
the amount of n-butanol is ca. 4-5% (w/w) and that of n-pentane is negligible.
The amount of water in the organic phase depends on the concentration of n-
butanol. In 25% n-butanol-n-pentane (v/v), the water concentration in the
organic phase is 1.5% (w/v), and 5.0% in the case of 50% (v/v) n-butanol-n-
pentane. These values meet the above requirements; however, it is not simple in
practice to obtain the appropriate experimental conditions.

Reversed-phase Ion-pair Liquid Chromatography

In this mode analytes form hydrophobic ion-pairs in the eluent, and the paired-
ions are retained on a hydrophobic stationary phase surface by their hydro-
phobicity. The hydrophobic paired ions are then eluted by reversed-phase liquid
chromatography. Gradient methods, such as organic modifier gradients,
counter-ion gradients, ionic-strength gradients, and pH gradients, can be
applied in this system. Usually less than 0.1 wt% of the counter-ion and buffer
concentration is employed. The selection of a stationary phase material is simple
and a variety of hydrophobic stationary phase materials for reversed-phase
liquid chromatography can be used. The organic modifier concentration
depends on the hydrophobicity of stationary phase materials used and the ion-
pair reagent. Increasing the size of the counter-ion increases the retention time.
The maximum retention time is reached when the counter-ion concentration
reaches the micelle condition. The relationship between counter-ions and
analytes is summarized in Table 4.4.

Example: ion-pair liquid chromatography of amino acids. Amino acids are
zwitterions. The amino group can form an ion-pair with an alkanesulfonate
ion (such as octanesulfonate), and the carboxyl group can form an ion-pair with
a tetrabutylammonium ion, depending on the pH of the solution.

! high pH low pH
Unpaired | -y oy, NH, | HOC-CHNH: | 1y CH,-NH,*
amino acids:
Ton-paired —0,C-CH,-NH; + BuyN™ — | Bu,N" ~0,C-CH,-NH,
systems HO,C-CH,-NH;* + Octyl-SO3 |—— | HO,C-CH,~NH,-H *-S0;-Octyl

In reversed-phase liquid chromatography, the ionization of the solute
decreases the retention. The addition of counter-ion under these conditions
forces the formation of an ion-pair between the ionized solute and counter-ion,
and then the retention of the analyte increases as the paired-ion is retained.

Aspartic and glutamic acids were not retained in a buffer solution without a
counter-ion; however, these acids were retained by the addition of octyl sulfate
to the eluent, as seen in Figure 4.12. These amino acids can form a complex with
copper ions and will be retained on the stationary phase. The addition of both a
counter-ion and copper ions further increased the retention and made possible
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Table 4.4 Relationship between analytes and counter-ions in ion-pair

liquid chromatography
Analytes Counter-ions
Strong and weak acids Quaternary amines
sulfate dyes tetrabutyl ammonium
carboxylic acids tetramethyl ammonium
sulfa drugs hexadecyl trimethylammonium
ammonia
Tertiary amines
trioctylamine
Strong and weak bases Alkyl-, allyl-sulfonic acids
catecholamines pentane, hexane, heptane, octane, decane,

dodecane sulfonic acids
Phosphoric and sulfonic acids
Alkyl sulfate, dodecyl sulfate®
Basic compounds Perchloric acid

# Use as alkyl sulfonic acids, the selectivity is slightly different.
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Figure 4.12  Effect of counter-ions and copper on the retention of amino acids. Column,
octadecyl-bonded silica gel, 25 cm x 4.6 mm i.d.; eluent, 0.0l M sodium
acetate buffer (pH 5.6) containing 1.2 mM sodium octanesulfonate (Oc) and/
or 0.1 mM copper acetate (Cu); flow rate, 1 mlmin~"; detection, UV
220 nm. Compounds: Glu, glutamic acid; Asp, aspartic acid.

the separation of these compounds. Increasing the alkyl chain length of the
counter-ion also enhanced the retention, as seen in Figure 4.13.

Increasing the concentration of the counter-ion further increased the reten-
tion, but the retention reached a plateau, as seen in Figure 4.14. A total
separation of the amino acids by reversed-phase ion-pair liquid chromatogra-
phy could be performed."’ A column switching technique reduced the total
analysis time (Figure 4.15).
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Figure 4.13  Effect of alkyl chain length of counter-ion on separation of amino acids.

Figure 4.14

Column, octadecyl-bonded silica gel, 15 cm x 4.6 mm i.d.; eluent, 0.01 M
sodium acetate buffer containing 0.4 M copper acetate and 1.0 mM sodium
alkanesulfonate (pH 5.6); flow rate, 1 ml min™"; detection, UV 230 nm.
Counter-ion: C6, sodium hexanesulfonate; C7, sodium heptanesulfonate; and
C8, sodium octanesulfonate. Compounds: Ser, serine; Gly, glycine; Glu,
glutamic acid; and Asp, aspartic acid.
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counter ion concentration

Effect of counter-ion concentration on separation of amino acids. Column,
octadecyl-bonded silica gel, 15 cm x 4.6 mm i.d.; eluent, 0.01 M sodium
acetate buffer (pH 5.6) containing 0.4 mM copper acetate and 1.6-12.8 mMm
sodium heptanesulfonate; flow rate, detection, and analytes, see Figure 4.13.

Two mechanisms for retention in reversed-phase ion-pair liquid chromato-
graphy have been considered. One is the adsorption of the hydrophobic paired
ion on the hydrophobic surface of stationary phase material. In the second
mechanism, the hydrophobic counter-ion is held on the surface of the hydro-
phobic stationary phase, and the analyte ion is retained by ion—ion interactions,
as shown in Figure 4.16. In the latter case, of a dynamic ion-exchange



Selection of the Eluent 75

1 N

30 mfn

Figure 4.15  Ion-pair liquid chromatography of free amino acids using a column switching
system. Column 1, butyl-bonded silica gel, 50 x 4.6 mm i.d., 2, octyl-bonded
silica gel, 50 x 4.6 mm id., and 3, octadecyl-bonded silica gel,
250 x 4.6 mm i.d.; eluent, 0.01 M sodium acetate buffer (pH 5.6) containing
4mM copper acetate and 0.8 mM sodium heptanesulfonate; flow rate,
1 ml min~Y; detection, UV 235 nm. Peaks: 1, Tyr; 2, Val; 3, Met; 4, His; S,
Lys; 6, Ile, 7, Leu; 8, Phe; 9, Arg; 10, Asp; 11, Ser; 12, Glu; 13, Thr; 14, Gly;
15, Pro; 16, Cys; and 17, Ala. 1-9 were separated on column I and 10-17 were
separated by a combination of columns 2 and 3.

. TBA
Silica Gel TBA*

TB4+
78 A
o) Yy So., -
oN 8. 04

Figure 4.16 Mode! of reversed-phase ion-pair liquid chromatography in which counter-
ions are held on the stationary-phase surface.

mechanism, the column efficiency is much higher than in the corresponding ion-
exchange liquid chromatography using an ion-exchange resin as the stationary
phase. Examples of samples, counter-ions, and stationary phases are summar-
ized in Table 4.5.

pH Effects

The retention of acids in reversed-phase liquid chromatography can be
predicted by Equation 4.1. The same equation can be applied to predict the
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retention factor in reversed-phase ion-pair liquid chromatography. The pH and
counter-ion effects on the chromatographic behaviour of indoleacetic acid are
demonstrated in Figure 4.17.

The addition of a surfactant counter-ion reduced the retention factor at low
pH due to the surface modification of the stationary phase material. Covering
the surface of the stationary phase with the surfactant reduces the hydro-
phobicity of the stationary phase material. The addition of the tetrabutyl-
ammonium counter-ion increased the retention factor at high pH. The pK, of
the indole acetate was 5.15 without surfactant, 4.85 with octyl sulfate ion, and
5.60 with tetrabutylammonium ion. That is, the addition of a same-charged
hydrophobic ion reduced the pK, value, and the addition of the counter-ion
increased the pK, value. The difference in the pK, value on the addition of
surfactant is not constant; it is affected by the kind of ion and the concentration.
It is difficult to estimate the pK, change.

The retention factor of the molecular form of the analyte, k., and the
retention factor of the paired-ion, k;,, can be easily measured experimentally.
When the retention factor is measured at low and high pH, and the pK, value is
known, k at a given pH is roughly estimated from the following equation:

_ km + kipKa/[H+]
~ 14K, /[HY]

where K, is the dissociation constant of the ion-pair complex.

15
NaP
10 - cs8
K4
5| TBA
0 1 l j

2 5 8 10
pH

Figure 4.17 Selectivity of counter-ion for the retention of indoleacetic acid. Column,
Hitachi 3011 (polystyrene gel), 25 cm x 4.1 mm i.d.; eluent, 50 mM sodium
phosphate (NaP) containing 25 mM tetrabutylammonium (TBA) or octy!
sulfate (C8) ion in 20% acetonitrile solution; flow rate, 1 mlmin~';
temperature, 40 °C; detection, UV 254 nm.
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Effect of the Ionic Strength of the Buffer Solution

In ion-exchange liquid chromatography, an increase in the buffer concentration
or the addition of a salt is effective in improving the resolution. Increasing the
inorganic ion concentration reduces the ion-pair formation in normal-phase
ion-pair partition liquid chromatography. The retention factor values then
become smaller. In contrast, the buffer concentration does not affect the
retention of the paired-ion in reversed-phase ion-pair liquid chromatography.
However, the solubility of inorganic salts in organic solvent-rich eluents is poor,
making the maintenance of the instrument difficult. It is highly recommended
that a low-concentration buffer solution should be used if the pH is not changed
during the separation.

Selectivity of Organic Modifier and the Concentration Effect

The selectivity and the concentration effect of the organic modifier in the eluent
are the same as those explained above for reversed-phase liquid chromatogra-
phy. Increasing the modifier concentration reduces the retention factor, as does
decreasing the counter-ion concentration. The degree of change in the retention
factor is due to changes in the solubility of the solute in the organic solvent.

Column Temperature Effects

Increasing the column temperature reduces the retention factor. The ion-pair
formation is based on a chemical equilibrium; therefore, temperature control is
important to obtain reproducible results.

Detection

The molecular absorption intensity of polar compounds is usually small, but
highly sensitive detection can be obtained after pre- or post-column derivatiza-
tions. The use of ultraviolet absorption or fluorescence-active counter-ions
makes it possible to achieve highly sensitive detection of polar compounds and
enhance the capability of ion-pair liquid chromatography. For example, N,N-
dimethylprotriptyline has been used as a counter-ion for carboxylic acids'? and
picric acid for quaternary amines'? in normal-phase ion-pair partition liquid
chromatography. Phenethylammonium, cetylpyridinium, 1-phenethyl-2-pyco-
linium, and naphthalene-2-sulfonic acid have been used for sulfonic acid and
alkyl amines detection.'*'® Ion-pair post-column extraction was applied on-line
for fluorescence detection.'®

Ion-pair liquid chromatography can be applied to compounds separated by
ion-exchange liquid chromatography, and mixtures of ionic and non-ionic
compounds are easily separated. The latter separation is difficult by ion-
exchange liquid chromatography. Anions can be separated by reversed-phase
ion-pair liquid chromatography (Figure 4.18).
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Figure 4.18 Analysis of anions in water using ion-pair liguid chromatography. Column,
octadecyl-bonded silica gel, 15 cm x 4.6 mm i.d.; eluent, 2 mM tetrabutyl-
ammonium hydroxide (pH 5.3) in 3% acetonitrile—water; flow rate,
1 ml min~}; detection, UV 200 nm. Peaks: 1, Br=;2, NO; ;and 3,1".

Trouble-shooting in Ion-pair Liquid Chromatography

Ion-pair liquid chromatography can be applied to the separation of a wide
variety of compounds. However, the flexibility of the selection of eluent
components can confuse the operation. Trouble-shooting solutions are sum-
marized in Table 4.6.

3 Normal-phase Liquid Chromatography

Normal-phase liquid chromatography was formerly called adsorption liquid
chromatography. Pure or mixed organic solvents are used as the eluent and
stationary phase adsorbent is more polar than the eluent. Hydrogen bonding is
one of the important molecular interactions between sample molecules and the
adsorbent. The possible molecular interactions are summarized in Table 1.1.
When no molecular interaction is recognized, such chromatography is called
size-exclusion liquid chromatography.

The basic molecular interaction in normal-phase liquid chromatography is
electrostatic forces. The sample molecules are retained strongly by hydrogen
bonding when the sample molecules themselves or the adsorbent act as both a
hydrogen-bond acceptor and donor. The specificity of normal-phase liquid
chromatography is the result of the direct formation of a strong molecular
interaction between sample molecules and the adsorbent. The position of
substitution of sample molecules directly affects the separation of isomers. The
substituent effect is weak in reversed-phase liquid chromatography. Therefore,
normal-phase liquid chromatography is suitable for the separation of isomers,
such as cis/trans, ortho/meta/para, and steric isomers. The steric effect is
especially important for chiral separations on suitable chiral columns. A
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variety of chiral separation phases have been synthesized; however, one phase
cannot separate many different types of optical isomers, because the steric effect
also depends on the molecular structure of the analytes.

In ligand-exchange liquid chromatography, the separation is performed by
the replacement of analytes, which form a complex with stationary phase
materials or a reagent trapped on the stationary phase surface, by components
in the eluent, which act as similar ligands to the analytes. In charge-transfer
complex liquid chromatography, analytes are retained by charge-transfer
complex formation on the surface of stationary phase material and are replaced
by other components in the eluent which form a charge-transfer complex with
the stationary phase materials or with reagents trapped on the stationary phase
surface.

Normal-phase liquid chromatography is thus a steric-selective separation
method. The molecular properties of steric isomers are not easily obtained and
the molecular properties of optical isomers estimated by computational chemi-
cal calculation are the same. Therefore, the development of prediction methods
for retention times in normal-phase liquid chromatography is difficult com-
pared with reversed-phase liquid chromatography, where the hydrophobicity of
the molecule is the predominant determinant of retention differences. When the
molecular structure is known, the separation conditions in normal-phase LC
can be estimated from Table 1.1, and from the solvent selectivity. A small-scale
thin-layer liquid chromatographic separation is often a good tool to find a
suitable eluent. When a silica gel column is used, the formation of a monolayer
of water on the surface of the silica gel is an important technique. A water-
saturated very non-polar solvent should be used as the base solvent, such as
water-saturated n-hexane or isooctane.

Example 1: Chromatography of phthalic acid alky! esters. Phthalic acid alkyl
esters have been chromatographed on different types of stationary phase
materials in normal-phase liquid chromatography. The stationary phase mate-
rials used were dimethylsilylated silica gel, propyl cyano-bonded silica gel,
polystyrene gel, pellicular-type silica gel, and pellicular-type anion exchangers.
In each case the longer the alkyl chain length of the phthalate, the shorter was
the retention time. This result suggested that the elution order depended on the
alkyl chain length of the samples and was not affected by the stationary phase
materials, and that molecular interaction and solubility, not the type of
stationary phase material, were important for the separation.®’

Example 2: Chromatography of nitroaniline isomers. The elution order of the
nitroaniline isomers was ortho, meta, and para in normal-phase liquid chroma-
tography using n-butanol-n-hexane mixtures as the eluent, when the stationary
phase material was either silica gel, alumina, an ion-exchanger, polystyrene gel,
or octadecyl-bonded silica gel. The results indicate that the separation of these
compounds can be performed on a range of different types of stationary phase
materials if the correct eluent is selected. The best separation will be achieved by
the right combination of stationary phase material and eluent.®®
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Classification of Solvents

The most practical method for finding a good eluent for normal-phase liquid
chromatography is a trial experiment using thin-layer chromatography (TLC).
When a rough separation is achieved by TLC and the maximum Ry value is less
than 0.5, the developing solvent is a good candidate to be a suitable eluent for
column liquid chromatography. The modification of components depends on
the surface activity, i.e. the water content, and the surface area of silica gel.

The selection of the solvent can be based on the solvent properties classified
by polarity (Table 4.7), hydrogen bonding (Table 4.8), and solubility para-
meters (Table 4.9). Snyder has classified solvents according to their hydrogen
bonding acceptor, hydrogen bonding donor, and dipole properties.”’ The
solvents useful for liquid chromatography are shown in Table 4.9. Water and
chloroform are classified in the same group (VIII); however, these solvents are
not miscible. The method for identifying a good developing solvent for TLC is
also applicable to liquid chromatography. First a solvent in which the analyte is
very soluble, based on the concept of ‘like dissolves like’ developed by Freizer,
must be selected, then a solvent in which the analyte is not soluble is selected and
these solvents have to be miscible together. The eluent is thus a mixture of
solvents for the analyte.

The selection of a solvent is based on the solvent strength ¢° experimentally
obtained on silica gel and alumina.®® An eluent having & = 0.40 on alumina can
be made from a mixture of methyl acetate—pentane (19:81) or acetone—pentane
(28:72). An eluent having £° = 0.20 on alumina can be made from a mixture of
acetone—pentane (6:94), chloroform—pentane (15:85), or benzene—pentane
(28:72), as shown in Figure 4.19. However, no linear relationship between

Table 4.7 Classification of solvents by Hecker'®

Non-polar solvent

Hexane Tetrahydrofuran
Heptane Dioxan
Isooctane Acetone
Cyclohexane Aniline
Cyclopentane Phenol
Carbon disulfide Ethanol
Carbon tetrachloride Glycol monomethyl ether
Benzene Acetic acid
Trichloroethylene Acetonitrile
Dichloroethylene Nitromethane
Chloroform Formic acid
Tetrachloroethylene Morpholine
Dichloromethane Formamide
Diethyl ether Water
Methyl ethyl ketone Inorganic acid
Ethyl acetate Y Salt, Buffer

Y Pyridine Polar solvent
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Table 4.8 Classification of solvent based on hydrogen bonding

Strong donor & acceptor Water, glycol, glycerol, aminoalcohol, hydroxylamine,
polyphenol, and amide
Weak donor & acceptor Alcohol, organic acid, phenol, primary and secondary

amines, oxime, nitro and nitrile compounds having
hydrogen at a-position, hydrazine, HF, and HCN

Donor Ether, ketone, aldehyde, ester, fert-amines, pyridine, and
nitro and nitrile compounds not having hydrogen at a-
position

Acceptor Chloroform, dichloroethane, CH,CHC]l,, CH,CICH,Cl,
and CH,CICHCICH,Cl

No hydrogen bonding Hydrocarbons, carbon disulfide, mercaptans, solvents

not included in above groups

«
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Figure 4.19 Solvent strength of combination of n-pentane and more polar solvents in
normal-phase liquid chromatography using alumina. Symbols: /\, methyl
acetate; , acetone; [, chloroform; and O, benzene.

these mixed solvents is obtained; this is both a rough estimation method and a
practical method.

The order of solvent strength () (Table 4.9) and the adsorption parameter on
alumina (¢°) are not parallel. This indicates that solvent strength cannot be
directly related to solvent selection in liquid chromatography. One way of using
Table 4.9 in practice is to rearrange the solvents in terms of the values of el
Increasing the & values strengthens the solubility. The retention time thus
becomes shorter. This method is not perfect, and the elution power also depends
on the structure of the analytes. Another method is the use of d4, d,, 8., and dy,.
These values indicate the interaction properties of the solvents. The solvent can
be selected on the basis of these values and the properties of the analytes. The
sum of these values and the steric effect may affect the chromatogram.
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For example, if the separation of a steroid mixture is difficult in one
chromatographic system, the selection of a different system is needed to separate
the mixtures. The substituents with a hydrogen-bonding effect due to a hydroxy
group, a hydrogen-bonding donor effect of a carbonyl group and a hydrophobic
effect due to an ester suggest the elution order and solvent selection. That is, the
solvent selection is based on dg, J,, 8,4, and dy, of analytes. Subsequently, another
solvent that is miscible with the first solvent is used for dilution. The final eluent
is a mixture of these two solvents.”! "3

Preparation of the Eluent

‘Like dissolves like’ is the basic concept for the selection of solvents in the eluent
for liquid chromatography. Controlling the solubility of analytes is the key to
success. If the selected solvent or mixture of solvents does not interfere with
detection, it is a good eluent. The selection of a suitable solvent for low-
wavelength absorption detection and post-column derivatization detection is
important to obtain highly sensitive detection. The selection of a volatile solvent
is the key for preparative-scale liquid chromatography and for mass spectro-
metric detection.

The selection of the solvent is based on the retention mechanism. The
retention of analytes on stationary phase material is based on the physicochem-
ical interactions. The molecular interactions in thin-layer chromatography have
been extensively discussed, and are related to the solubility of solutes in the
solvent. The solubility is explained as the sum of the London dispersion (van der
Waals force for non-polar molecules), repulsion, Coulombic forces (compounds
form a complex by ion—ion interaction, e.g. ionic crystals dissolve in solvents
with a strong conductivity), dipole—dipole interactions, inductive effects,
charge-transfer interactions, covalent bonding, hydrogen bonding, and ion—
dipole interactions. The steric effect should be included in the above interactions
in liquid chromatographic separation.

One example is the separation of tricarboxylic acid cycle organic acids. These
organic acids were originally separated on sulfonic acid-treated silica gel as the
stationary phase material, and a chloroform and isopentyl alcohol mixture was
used as the eluent. However, this eluent is not suitable for UV detection. A
mixture of n-hexane, THF, and tert-butanol was therefore selected for the same
separation.’*

One component of the eluent should have properties similar to those of
the analytes, and this solvent is diluted by another solvent to control the
retention time. The basic idea can be understood from the chromatographic
behaviour of phthalic acid esters and polycyclic aromatic hydrocarbons (PAH).
This approach can be applied to the separation procedure for a variety of
stationary phase materials, including silica gel, polystyrene gel, and ion-
exchangers.

The elution order of phthalic esters is related to the carbon chain length. The
longer the chain length, the shorter the retention time in normal-phase liquid
chromatography, and the elution order is reversed in reversed-phase liquid
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chromatography. The elution order of PAHs is based on the number of double
bonds, an increased number of double bonds leads to longer retention time in
both normal- and reversed-phase liquid chromatographies. These elution orders
are always observed on a variety of stationary phase materials, including ion-
exchangers. The retention time can be modified by changing the eluent
components or the ratio of the solvent mixture. Increasing the solubility in the
eluent shortens the retention time in both normal and reversed-phase liquid
chromatographies. Increasing the alkyl chain length of analytes makes them
more similar to alkanes. The analyte becomes more hydrophobic (lipophilic)
and hence soluble in #-hexane, but not in water. The solubility of both short and
long alkyl chain compounds is good in ethanol, which is miscible with n-hexane
and water. The addition of ethanol to the eluent makes the retention time
shorter in both normal and reversed-phase liquid chromatographies. This
phenomenon can be observed in the chromatographic behaviour of aliphatic
acids. However, the solubility of PAHs is poor even in ethanol; therefore, the
elution order is always the same in both normal- and reversed-phase liquid
chromatographies.

In normal-phase liquid chromatography, the elution order of benzene
derivatives on silica gel is alkylbenzenes with a long alkyl chain < alkylbenzenes
with a shorter alkyl chain < benzene < fluorobenzene < chlorobenzene <
cyanobenzene < nitrobenzene « aniline < phenol < benzoic acid. The elution
order of aniline derivatives is dinitroaniline < benzene < anisidine < chloro-
aniline < nitroaniline < phenylenediamine < aminophenol. This elution order
is also observed for anion-exchangers. Alkanes are almost unretained. Alkenes
are retained according to the number of double bonds. The elution order for cis
and trans isomers is cis,cis < cis,trans < trans,trans. This also suggests that the
eluent component should be selected according to the J, of dipole moment, §, of
hydrogen bonding acceptor, and J;, of hydrogen bonding donor, but not the
polarity 9.

In other interactions the surface silanol groups of silica gel can form hydrogen
bonds, and an alumina surface can form hydrogen bonds and a charge-transfer
complex. However, such molecular interactions are caused by positive and
negative charge sites, as in Lewis acid-base interactions. The chloro-ion of
chloride-form anion-exchangers may form hydrogen bonds with aniline and
phenol. Silver ions of silver-form cation-exchangers form charge-transfer
complexes with the n-electrons of alkenes and aromatic compounds.

4 Size-exclusion Liquid Chromatography (SEC)

This separation method is based on the molecular size of analytes. Analytes pass
through porous stationary phase materials having different pore sizes, and
molecular interactions between analytes and the stationary phase surface must
be eliminated. A very strong solvent is therefore required in this system. This
system is also called gel filtration liquid chromatography, gel-permeation liquid
chromatography, or molecular sieve chromatography. This system is used to
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measure the average molecular mass and for the purification of large- from
small-size molecules.

Aqueous Phase Size-exclusion

The elution time is related to the logarithmic relative molecular mass (log M,)
within a certain range of M, for a particular column, as seen in Figure 4.20. The
relationship for proteins is not as simple as that for dextran and polyethylene
glycol. This is because the molecular shape of proteins differ even though 0.2 M
sodium phosphate buffer, pH 6.8, was used as the solvent. The molecular shape
effect can be understood from the different calibration curves in Figure 4.20.
The elution time of polyethylene glycol, whose structure is like a straight chain,
was longer than that of dextran. Dextran and polyethylene glycol can be eluted
with only water as the solvent. The hydrolysates of dextran have been separated
by SEC in pure water.”®

The non-uniform behaviour of proteins makes the measurement of their
molecular mass difficult; however, their rough estimation and purification are
very important for biochemical research. Generally, phosphate buffer and tris—
HCl buffer (pH 7) are used for SEC for biological polymers, and some additives
are required for further separation. Only 0.2 M sodium phosphate buffer was
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Figure 4.20 Calibration curves for size-exclusion liquid chromatography. Column, TSK
GEL G3000SW, 120cm x 7.5 mm i.d.; eluent, 0.2 M sodium phosphate
buffer pH 6.8; flow rate, 1.0 ml min~'. Standards: 1, protein; 2, dextran;
and 3, polyethylene glycol.

(Reproduced by permission from Tosoh data)
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used for the analysis of gelatin. However, 0.1 M sodium phosphate buffer (pH
7.0) containing 0.1 M sodium chloride was required for the analysis of ribonu-
cleic acid from E. coli,” and 0.1 M sodium phosphate buffer (pH 7.0) containing
0.3 M sodium chloride was required for that of serum from bone marrow.® Tris—
HCI buffer (pH 7.5) containing 0.1% sodium dodecylsulfate was used for the
analysis of cellular membrane protein from rat microsomes,’” and 50 mM Tris—
HCl buffer (pH 7.2) containing 2 mM EDTA and 300 mM NaCl for the analysis
of plasmid DNA fragments as the elution solvent.®

SEC is a useful tool for monitoring enzyme reactions, as seen in Figure 4.21,
where the speed of decomposition of f-lactoglobulin by a-chymotrypsin is
shown. SEC is widely used for purification of proteins, but the separation is due
only to the difference in molecular mass. Therefore, ion-exchange liquid
chromatography is combined with SEC to improve the selectivity.

Organic Phase Size-exclusion

The average molecular mass of synthesized polymers can be measured by SEC.
This system has been called gel-permeation liquid chromatography, using
porous polystyrene gel as the stationary phase material. Polymers are usually
dissolved in THF or chloroform for separation by SEC. The molecular density

..__)"/ l«' ‘J\/\‘i_/\'\-v-\ "l. .
/ immediately

/.

| | |
10 20 min 30

Figure 4.21 Monitoring of an enzyme reaction using size-exclusion liquid chromatogra-
phy. Column, TSK GEL G3000SW, 60 cm x 7.5 mm i.d.; eluent, 0.07 M
potassium phosphate buffer containing 0.1 M potassium chloride; flow rate,
1 ml min~"; detection, UV 280 nm. Peaks: 1, B-lactoglobulin; 2, a-chymo-
trypsin; and 3, decomposed products.

(Reproduced by permission from Tosoh data)
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Figure 4.22 High temperature size-exclusion liquid chromatography of an engineering
plastic, poly(phenyl sulfate). Column, SSC GPS-3506, 50 cm x 8 mm i.d.;
eluent, I-chloronaphthalene; flow rate, 1.0 ml min~'; column temperature,
210°C; detector, refractive index detector.

(Reproduced by permission from Senshu Kagaku data)

of analytes is measured by comparison of chromatograms obtained from light
scattering and refractive index detectors.

Newly synthesized organic polymers having high temperature resistance and
physical strength are not soluble in THF or chloroform. High-temperature SEC
is therefore being developed, and the pressure-drop measurement detector and
flame ionization detector are also used for monitoring the high temperature
effluent. A' chromatogram of an engineering plastic, poly(phenyl sulfate), is
shown in Figure 4.22. The column temperature was 210 °C and the eluent was
1-chloronaphthalene.”’
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CHAPTER 5

Separation Based on an Improved
Column Efficiency

High-speed separation can be achieved by reducing the column length, column
internal diameter, the size of the stationary phase particles, and by increasing
the eluent flow velocity, as explained in Chapter 1. In addition, the development
and optimization of pumps, detectors, injectors, and the recording systems
contribute to improved separations. The influence of diffusion theory on the
experimental separation should also be considered. If the unresolved chromato-
gram shown in Figure 5.1A has been obtained for two compounds, two
methods can be applied to achieve a complete separation. Figure 5.1B
demonstrates that achieved by improving selectivity (relative retentions), and
Figure 5.1C demonstrates a separation achieved by improving the column
efficiency.

The resolution, R, is used to describe the separation conditions of two
compounds. The R value is given by the ratio of the distance between

A
s 5
s

e

8 /\/\
3 c

elution volume —

Figure 5.1 Improvement of separation. A, unresolved peaks; B, increase in peak separa-
tion; C, improved peak efficiency.
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the maxima of two peaks, Arg, and the mean of the peak widths, wy, at their
base:

IRz —tR1 AR G.1)

ST ez we)/2 e

where tr; and tg, are the retention times of the peaks, and wy; and wy,; are the
base widths of the two peaks.

Theoretically, when R, is 1, the two peaks are 98% separated. An R; value
> 1 indicates a good separation and an Ry value <1 indicates a poor
separation. In Figure 5.2, the resolution between peaks 3 and 4 was 1.1. The
resolution between peaks 4 and 5 was 1.5, and that between peaks 5 and 6
was 2.4, The resolutions do not exactly match with their respective peak
shapes because of their different intensities. If two symmetric peaks have a
separation that results in a resolution of R; = 1, when the peaks have equal

1N
-
| | 1
0 4 8 min
0 1 2 mL
peak 3 4 5 6

plate numberN 3,364 2.116 3.330 1.129
Rs 1.1 1.5 24

Figure 5.2 Normal phase separation of phthalates. Column, Yanapak CN,
25cm x 2mm i.d.; eluent, n-hexane-n-butanol (200:1); flow rate,
0.25 mi min~!; pressure, 3 MPa. Peaks: 1, lauryl phthalate; 2, heptyl
phthalate; 3, butyl phthalate; 4, propyl phthalate; 5, ethyl phthalate; and
6, methyl phthalate.



98 Chapter 5

areas (Figure 5.3A), the resolution will deteriorate if there is a change in the
ratio of the areas of the peaks, even if the retention times remain constant. An
example is shown in Figure 5.3B; as the ratio increases the experimental
resolution decreases. In designing a procedure it is therefore desirable to
obtain equal peak areas for overlapping peaks. When the wavelength of the
isosbestic point of the spectra of two compounds is used for photometric
detection, the peak areas of a 1:1 mixture will be equal. Alternatively, the
selection of the wavelength can be used to generate equal peak areas even if
the mixture ratio is very different. When pure standard chemicals are used,
their spectra should first be measured, and the most suitable wavelength
selected to obtain good resolution and the correct peak area ratio. In practice,
the selectivity depends on the structure of the analytes and the mixture ratio,
and it is therefore often difficuit to obtain an appropriate relationship between
the R, value and the mixture ratio. When one large peak is observed on a
chromatogram, the purity of the peak should be studied by using a longer
column or changing the detector wavelength. Conversely, poor resolution on
a chromatogram can be improved by appropriate selection of the detector
wavelength.

An improvement in the resolution can also be achieved by increasing the
separation of the peak (Atg) or narrowing the peak width (increased N). An
increase in Arg depends on the selection of stationary phase materials and
eluent; a reduction of the peak width depends on improving the column

(A) theoretical (B) experimental
volume resolution volume resolution
ratio 0.8 1.0 1.25 ratio
2 M. L M
2:1 1.46
1 /\-\ /\,\ /\/\
! g : JM 4:1 1.32
8:1 0.84
32:1 | ' g

Y
- UL

Figure 5.3 Resolution related to peak area ratio. (A) theoretical and (B) experimental
changes in resolution with volume ratio. Column, 10 um octadecyl-bonded
silica gel, 15 cm x 4.6 mm i.d.; eluent, 90% aqueous acetonitrile; flow rate,
1 ml min~"; detection, UV 254 nm. Sample: different ratios of 10 ul benzene
and toluene in 10 ml ethanol.
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efficiency. The enhancement of high-performance liquid chromatography
depends mainly on improving the column efficiency.

1 Improving Separation by Changing the Selectivity

The selectivity of a separation is based on differences in the physicochemical
interactions of the analytes with the stationary and mobile phases. This
difference is measured as Azg on a chromatogram.

The retention volume of each component, ¥y, is given by:

VR = VM + K x VS (52)

where Vy is the volume of mobile phase inside the column, Vg is the volume of
the stationary phase in reversed-phase chromatography, and X is the distribu-
tion constant of the analyte between the mobile and stationary phases. In
normal-phase liquid chromatography, Vs is related to the surface area of the
stationary phase material, and in ion-exchange liquid chromatography to the
ion-exchange capacity. Differences in K values between analytes in one system
reflect differences in the properties of the compounds. In any one column the
distribution between the stationary and mobile phases is described by the mass
distribution coefficient. To change values of AK between analytes, either the
phases must be changed (changes in stationary and mobile phase selectivity, see
earlier) or the temperature must be changed.

amount of solute in stationary phase
amount of solute in mobile phase

Mass distribution constant =

where Vs and V' are constant for all analytes in a particular column. This value
is equal to the retention factor k. The stronger is the interaction between the
sample molecule and the stationary phase the larger the retention of solute.
Thus the larger the difference in K between analytes (AK), the better will be their
separation. To improve the separation, the difference between the distribution
constants (K values) of compounds 1 and 2 must be increased, or the volume of
the stationary phase (¥5) must be increased.

m+ KaVs
At =Vry - Ve =——+—=Vs(K — K
R R2 RI= TR Vs s(Ky 1)

To increase Vg, the chromatographer can increase the surface area of the
stationary phase materials in normal-phase liquid chromatography, increase the
stationary phase volume in reversed-phase or partition liquid chromatography,
or increase the ion-exchange capacity in ion-exchange liquid chromatography.
In general, if the internal diameter of a column is constant, the retention time
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difference (Atg) is related to the column length (L). Therefore, doubling the
column length doubles the difference Atrz. However, the resolution of the
analyte (R;) is only related to /L due to the diffusion of the samples inside the
column.

There is no molecular interaction in size-exclusion liquid chromatography,
and therefore the resolution can only be improved by increasing the column
length.

2 Improving Separation by Increasing the Column
Efficiency

The peak broadening due to diffusion is related to the square root of L as
follows:

wp X VHL 5.3)
where H is the column efficiency, i.e. the height equivalent to a theoretical plate
(HETP). A smaller H value gives better resolution.

From Equation 5.3;

H oc wy? /L 54

If a peak diffuses as a theoretical Gaussian distribution, wy, is equal to 4¢. One
peak width is 4o standard deviation, from Equation 5.4:

H o 6?/L (5.5)

The separation factor « of two compounds is given from Figure 3.4:

gm0 _Vre—Vo_ K

= = = 5.6
tRi—tRo Vri—Vo K (56)

The number of theoretical plates is given by:
% 2 2 2 2
N= 16(—R) - 16(’-“) - 5.545(’—“) = (’—R) (5.7)
Wb Wb Wh a

The effective number of theoretical plates is the number of usable theoretical
plates and is calculated after elimination of the void volume:

— I\ 2 2
Neff = (tR - t()) = (%) N (58)

If the peak widths of peaks 1 and 2 are assumed to be equal, the following
equation is derived from Equation 5.1:
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28tk _2AVr2—Vri) _ V2 VR — Vri

" Wl + ey 2wp: W2 Vr2 (59)
e Vre— VM) —(Vri= VM) Vre—Vm  Pm
Wp2 VR2 — VM 4Y Vr2
From Equation 5.7,
YR _ 50w (5.10)
Wh2

From Equation 5.2, (VRZ - VM) = Kz Vs, (VR] — VM) = K] Vs
Hence:

_Ure=VM)-Vrn-Vvw)_KVs-KVs K-k

R. =
i Vr2 — VM K Vs K,

From Equation 5.6, « = K5/Kj, therefore

R _(K/K) -1 (a—1)
T KK«

The mass distribution coefficient k = K.Vs/ Vv = (Vr — Vm)/ VM, and

w1 1 o
Vee Vea/VM (VrRe—=VMm)/Vm+1 k+1

Therefore, from Equation 5.9:

VN a-1 1 1 [fa—1 k
Ry =~ x— xkx1+k__z( - )(1+k)J1V (5.11)

Combination of Equations 5.8 and 5.11 gives:

Rszi(“_l)«/ﬁ (5.12)
4\ «

The relationships between R, «, and N are given in Figure 5.4. When « is
small, a large N is required for a good separation. However, the use of a longer
column should be avoided for fast analysis even if a longer column provides
excellent plate numbers. An improvement in the value of « can be estimated for
a good separation.

A column having a smaller HETP value is a good column because diffusion
inside the column is small, resulting in better separation. The HETP value is
given by the Van Deemter equation, which describes the peak broadening of
packed columns through which a non-compressible solvent is moving.
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Figure 5.4 Relationship between separation factor o, resolution R, and plate number N.
Line:1, R, = 1.5;2, R, = 1.25,3, R, = 1.0; and 4, R, = 0.8.

H = Hg + Hy + Hs + Hy. The H value can be expressed as the sum of (a) eddy
diffusion (HEg), (b) longitudinal diffusion (Hy), and (c) resistance to mass
transport in stationary and mobile phases (Hg and Hy, respectively).

Reducing the Eddy Diffusion Term

Eddy diffusion is a result of the presence of particles of stationary phase
material in a column, and depends on the stationary phase conditions, shape
of the column, and the structure of the stationary phase material. The influence
of the stationary phase material can be divided into the particle size (d;), the
shape of the particles, and the porosity of the particles. The standard deviation
for peak broadening due to the particles is described by: oF* = 24d,L, and
therefore from Equation 5.5:

Hg = 23d, (5.13)

A depends on the irregularity of the particles (particle shape) and on the column
material (steel gives more disturbance than glass); the relative effect will always
increase as the column diameter decreases. The above-mentioned effects have
led to an optimum internal diameter of 2-5 mm for LC columns. In a column
with this internal diameter, which is uniformly packed with small spherical
particles, the eddy diffusion will be limited. The A value is about 1 for spherical
particles.
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Reducing the Effect of Longitudinal Diffusion

Molecules tend to diffuse randomly, in no particular direction, within any fluid,
independently of the flow rate of the mobile phase. Their diffusion rate is
determined by the type of molecule, the nature of the mobile phase, and the
temperature, and is expressed quantitatively by their diffusion constants.
Molecular diffusion is related to time, as shown by the Einstein equation:

0% =2Dt (5.14)

where D is the diffusion coefficient. The standard deviation due to longitudinal
diffusion is o1, and the time during which diffusion can occur is ¢, = Lfu;
therefore, o> = 2yDut, = (2yDmL)/u, and from Equation 5.5, H = ¢%/L

Hy = (2yDwm)/u (5.15)

where y is the factor of anti-diffusion, and is less than 1; Dy is the diffusion
constant of sample molecules in the mobile phase; and u is the linear velocity of
the mobile phase. The term Hj is important in gas chromatography because Dy,
is high. The Dy value in liquids is ca. 1077, and the flow rate is greater than the
diffusion speed; therefore, H} is not as important.

The Hy value is reduced by an increase in the viscosity of the solvent or by a
decrease in the temperature. Longitudinal diffusion can thus be reduced by
decreasing the diffusion coefficient and increasing the flow rate; however, these
two actions are counter-effective in liquid chromatography because of the mass
transport term.

Reducing the Effect of Resistance to Mass Transport in the
Stationary and Mobile Phases

This dispersion effect results from the mass transfer of the analyte between the
stationary and mobile phases, and is an important phenomenon in high-
performance liquid chromatography. The injected analyte molecules are first
present in the mobile phase. They then transfer back and forth from the
stationary phase in order to interact. This process is repeated along the
column, from the inlet to outlet. Such a phenomenon occurs in all kinds of
chromatographies: normal-phase, reversed-phase, partition and ion-exchange
liquid chromatography. (In size-exclusion liquid chromatography, such move-
ment of sample molecules occurs as a diffusion process between the inside and
outside of the stationary phase material.) Under ideal conditions, the sample
molecules move along the column at the same speed in both the mobile and
stationary phases (dotted lines in Figure 5.5). In practice, the movement of the
mobile phase drags the analyte along faster than their movement through the
stationary phase because equilibration at the interface is restricted by the
diffusion rates within the phases. Therefore peak broadening occurs according
to the total diffusion profile, as shown in Figure 5.5. The total diffusion effect
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Figure 5.5 Diffusion of analyte in mobile and stationary phases while moving along the
column.

can be divided into diffusion in the stationary phase (Hs) and that in the mobile
phase (Hw). Within a certain time (7,), the sample molecules in the mobile phase
move a particular distance (ut,) at a linear velocity (). During this period, the
movement of the sample molecules in the stationary phase is zero. If the number
of sample molecules transferred between the mobile and stationary phases is
defined as ng, and the distance the centre of the band has moved is defined as dy;
ns can be related to 2dr/ut,. The time the analyte spends in the stationary phase
is tg. The ratio R of the moving speed of the band and the mobile phase is
defined as #,/(t, + t4). The following equation is then obtained:

ns = 2L[ut, = [2(1 — R)L])/Ruty
The distance (/) that the band centre has moved is related to R and uty:
Is = Ruty = (1 — R)ut,
The standard deviation caused by molecular diffusion is:
o’ = lszns (5.16)

Therefore, the standard deviation due to molecular diffusion inside the
stationary phase (gs) is:

os> = 2gR(1 — R)uLt4 (5.17)

where g is a parameter that depends on the type of stationary phase used, e.g.
spherical, irregular, fiber or porous. The ¢ value is 2/3 for pellicular-type
stationary phase materials and 1/30 for porous-type stationary phase materials.

The average residence time (#4) of the sample molecules in the stationary
phase is related to the thickness of the stationary phase (ds) and the diffusion
constant (Ds) of the sample molecules in the stationary phase. Thus o2 = 2Dt
(Equation 5.14) and 14 = ds®/2 Dy is obtained.
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R = Vm(Vm + KVs) and Dy = KVs/Vy, therefore R = 1/(1+ Dyy). Then,
Equation 5.17 is converted into:

o® = [gR(1 — RyuLds’)/Ds
= (¢Dmds*uL)/(1 + Dp)*Ds

Therefore, the band broadening due to diffusion of sample molecules in the
stationary phase (Hs) is given by:

Hs = (¢Dmds’u)/(1+ Dr)*Ds (5.18)

From this equation, the Hg value is small in a high-efficiency column. Such a
column has a stationary phase with a thin film or small dg value. That is, a high-
performance separation can be achieved by using a stationary phase in which
the depth into which the sample molecules can move is diminished. This means
that a thinner or shallower stationary phase gives higher performance in
reversed-phase liquid chromatography, and a smaller particle size gives higher
performance in ion-exchange and size-exclusion liquid chromatography.
However, speeding up the diffusion counteracts lowering the flow rate. For
diffusion in the mobile phase, we can consider the eddy diffusion (Hg) of
Equation 5.13, longitudinal diffusion (Hy) of Equation 5.15, and the diffusion
toward the wall from the centre of a column (or space between particles) (Hp).
The time taken for the sample molecules to move from the column side wall or
particle surface is given by Equation 5.14, where the distance is given as w,d,:

t = w,2dy 2Dy

where w, is the ratio between the distance moved to the wall and the particle
diameter (d,). When wy, is defined as the ratio between limited partial linear
velocity and the average linear velocity, the distance for sample molecules
movement (/) is wgut. Therefore, the standard deviation, g, is:

op® = Pn = [(wput)’L]/ut = (0, wg’dy’uL)/2Dy
= (wd,’uL)/ Dy

where © = w,’wz*/2. Then the diffusion effect due to the mobile phase, Hp, is:
Hp = (wdy*u)/ Dy (5.19)

where w is the column constant, which depends on the shape of the column and
the packing conditions.

As measured, the Hg term means that a smaller particle size reduces the
distance between particles, and thus the spreading due to diffusion of sample
molecules is minimized. From Equations 5.18 and 5.19, a decrease in H value is
achieved by increasing the diffusion speed (elevating the column temperature,
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using a low-density, low-viscosity solvent), decreasing the flow rate, reducing
the thickness of the stationary phase, and decreasing the particle size.
The overall effects of peak diffusion can be summarized as follows:

Hye = 2Ad, (5.13)
Hy = 2yDw)/u (5.15)

Hs = (gDwdsu)/(1 + Dy)*Ds (5.18)
Hp = (wdy’u)/ Dy (5.19)

H=HF+HL+H5+HD
= 2}d, + (2yDw)/u + (gDwmds’w)/(1 + Dp)*Ds + (wdy’u)/ Dy (5.20)

Overall, the most effective factor in Equation 5.20 is the particle size. The
smaller the particle size, the higher the column efficiency. Equations 5.13, 5.15,
and 5.18 are depicted in Figure 5.6 against flow velocity as A, B, and C,
respectively. The band spreading is thus influenced by Equation 5.15 at a low
flow rate. The band spreading is influenced by Equations 5.18 and 5.19 at a high
flow rate. For gas chromatography curve D is obtained.

In liquid chromatography, the diffusion rates are slower than that in gas
chromatography, and the values of Dy and Dg are very small; therefore, the
minimum / value is obtained at a low flow rate, as shown by curve E in Figure
5.6. The value of H increases slowly at higher flow rates in liquid chromato-
graphy. An experimental result is shown in Figure 5.7. The HETP was minimal
at a certain flow rate, and the measured optimum value was less than 10 um for
this column. The optimum flow rate was about 0.9 ml min !, corresponding to
a linear flow velocity of about 55 mm min~".

Experimentally, high-performance separations can be performed at lower
flow rates using small particle-size stationary phase materials as shown in
Figure 1.1. A fast analysis can be achieved at a higher flow rate when the H

Liquid chro”
matogl‘aphy

A

HETP

linear velocity cm/min

Figure 5.6 Van Deemter curves relating H to linear flow velocity. A, eddy diffusion term;
B, molecular diffusion term; C, resistance to mass transfer term; D, summation
for gas chromatography, and E, summation for liquid chromatography.
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flow rate 1.0 mL / min

40
A benzene k = 0.86
30- A > toluene k = 1.18
X ethylbenzene  k = 1.55
£ A A o] propylbenzene k = 2.18
3
20 X A A L, a|l + butylbenzene k = 3.18
o A
= A pentylbenzene k = 4.34
ty 8
x 10-4%—8—5‘4- N = 100,000 / m
0 T T T L Y
0 20 40 60 80 100

Linear flow velocity mm/min

Figure 5.7 HETP of compounds with different k values related to linear flow velocity.
Column: 5 um ODS-bonded silica gel, 15 cm x 4.6 mm i.d.; eluent: 80%
aqueous acetonitrile.

value is smaller; however, Equations 5.18 and 5.19 indicate that a high flow rate
operation has negative effect. Curve E in Figure 5.6 indicates that a high flow
rate operation does not significantly increase the A value in liquid chromato-
graphy. This means that a fast, efficient analysis can be performed by using a
short column packed with small particle size stationary phase materials.

The pressure drop, Ap, inside a column is given by Equation 5.21:

Ap = (unLf)/x° (5.21)

where 7 is the viscosity of the eluent, L is the column length, u is the linear flow
velocity, fis the sum of the void volume of a column, and «° is the parameter
indicating the column permeability. When the void volume between the
stationary phase materials is ¢, k° is given by Equation 5.22:

dy,? &
o_ %
§ 180X(1_g)2

(5.22)

From tg = L(Dy + 1)/u and Equation 5.21, the following equation is obtained:
tr = L% (1 + D))/ Apx® (5.23)

Thus when #, £, and L are constant, shortening the analysis time can be achieved
by increasing the pressure drop and the k° value. Increasing x° can be done by
decreasing ¢ and/or increasing the particle size, d,, of the stationary phase
material. Increasing the particle size decreases the resolution, Rg; therefore,
small particle-size stationary phase materials must be densely packed. As a
result, a high-pressure operation is unavoidable.
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In conclusion, the smaller is the particle size the better the separation;
however, a high pressure drop requires the optimum design of columns and
instruments. A column well packed with spherical small particles has a high
plate number, and is suitable for the separation of a homologous series of
compounds. However, the separation of isomers requires a high selectivity of
stationary and mobile phases as described in Chapters 3 and 4.

3 Bibliography
See Chapter 1 for details.



CHAPTER 6

Influence of Physical Chemistry
on Separations in Liquid
Chromatography

1 Quantitative Structure—Retention Relationships in
Reversed-phase Liquid Chromatography

Various methods have been employed for the prediction of retention times in
reversed-phase liquid chromatography.

As the alkyl chain length of fatty acids increases, their solubility in water
becomes poorer and that in n-hexane becomes higher. Such a phenomenon is
easily understood from a comparison of the properties of acetic acid and butter
fat. In reversed-phase liquid chromatography, the retention time of fatty acids is
related to the number of methylene units, i.e. the chain length. This relationship
is a basic concept used to study retention times in reversed-phase liquid
chromatography. In early work the number of carbon atoms of the aliphatic
chain was related to the retention of alcohols'® and phenols."*'® Even the
polymerization of very polar compounds, such as amino acids and monosac-
charides, makes them less soluble in water than their monomers. This means
that polymerized molecules become more hydrophobic and their retention times
become longer in reversed-phase liquid chromatography. Therefore, the reten-
tion time of a homologous series of compounds is easily predicted from the
number of monomer units, and sometimes by the carbon numbers. It can also
be related to molecular size, van der Waals volume, and surface area.

A quantitative analysis of the structure-retention relationship can be derived
by using the relative solubility of solutes in water. One parameter is the partition
coefficient, log P, of the analyte measured as the octanol-water partition
distribution. In early work, reversed-phase liquid chromatography was used to
measure log P values for drug design. Log P values were later used to predict the
retention times in reversed-phase liquid chromatography.The calculation of the
molecular properties can be performed with the aid of computational chemical
calculations. In this chapter, examples of these quantitative structure—retention
relationships are described.

109
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Prediction of Retention Times from log P in Reversed-phase Liquid
Chromatography

Prediction of Partition Coefficient (log P)

The measurement of the solubility of drugs in polar and non-polar media is very
important in the pharmaceutical field. One method proposed to describe this
solubility is the partition coefficient between octanol and water. The mathema-
tical calculation of an octanol-water partition coefficient from values for
functional groups was first proposed by Hansch et al. as Hansch’s 7 constants,
and was later developed by Rekker as hydrophobic fragmental constants
(log P).? This method was further improved by the use of molecular connectiv-
ities.!” The prediction of log P values can be performed by either a computer
program or by manual calculation. For example, approximate partition
coefficients (log P) have been calculated by Rekker’s method:

logP:Zf; (6.1)

A part of his fragmental constant tables is given in Table 6.1. (The predicted
log P values are summarized in Table 6.4.)

Attempts have also been made to determine octanol-water partition coeffi-
cients empirically using liquid chromatography by comparison of retention
times with those of compounds of known log P.>!?

Correlation between log P and log k Values

It seemed possible to correlate the elution order in reversed-phase liquid
chromatography with the octanol-water partition coefficient, log P. For
example, the partition coefficients calculated by Rekker’s method showed a

Table 6.1 Rekker’s hydrophobic fragment constants

Fragment Alog P Fragment Alog P Fragment Alog P
CgHs 1.886 (al)COOH —0.954 (al)OCH,COOH —1.155
C¢H, 1.688 (ar)COOH —0.093 (ar)OCH,COOH —0.581
Ce¢Hj; 1.431 (al)Co0O —1.292

CHj; 0.702 (ar)COO —0.431

CH, 0.530 (al)Co —1.703

CH 0.235 (ar)CO —0.842

CH (ar) 0.36 (al)o —1.581

C(al) 0.15 (ar)O —0.433

CH,=CH, 0.935 (al)OH —1.491

CH=CH 0.73 (ar)OH —0.343

H 0.175 (ar)COH -0.38

ar: substituent on aromatic compound, al: substituent on aliphatic compound; hydrophobic
fragment constants in octanol-water from Rekker®.
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linear relation to logk values measured in reversed-phase liquid chromatog-
18
raphy:

logk=yxlogP+m (6.2)

where y and m are constants in a given system. An example is given in Figure
6.1. The values of log P obtained from Equation 6.1 using the measured log k of
58 compounds, including alkanols, alkylphenones, alkyl benzoates, polycyclic
aromatic hydrocarbons, halogenated benzenes, etc., were related to the log P
values calculated according to Rekker’s method. The average difference was
within 0.16log P unit. The correlation coefficient was 0.975.' However, the
peak for aniline showed tailing. An organic modifier effect on log P was
described, and a method for the qualitative analysis of free fatty acids was
proposed.'*18:20

Prediction of Retention Times from log P

The prediction of retention times in a given eluent from log P has been proposed
for aromatic hydrocarbons.!” The logk values of phenols®' and nitrogen-
containing compounds®® were also related to their log P, and the calculated
log P was used for the qualitative analysis of urinary aromatic acids, i.e. for the
identification of metabolites in urine from the differences of log P in reversed-
phase liquid chromatography.?>?*

A good correlation was obtained in 20-80% acetonitrile-water mixtures. The
standard non-ionic compounds used to evaluate the columns were 2-hydroxy-
acetophenone, coumarin, acetophenone, indole, propiophenone, butyro-
phenone, isopropyl benzoate, butyl benzoate, and isopentyl benzoate. The
plotted lines for the linear relationship measured in five different proportions

15

logk

0.51

04

logP by Rekker's

Figure 6.1 Relationship of Rekker’s log P values to log k values on octadecyl-bonded silica
gel column at 30°C. Column, Chromosorb LC7; eluent, 60% aqueous
acetonitrile. Number beside symbols: see Table 6.4.
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of acetonitrile-water mixtures merged at a single point. These slopes () have a
fourth-degree polynomial relation with the acetonitrile concentration (x)
(Equation 6.3, where q; is a contant):

=n
y=) axx n=2-8 (6.3)
=0

Further, an optimization of the organic modifier concentration for the
separation of known compounds was proposed. When the value of the actual
column plate number, the resolution, and log P of pairs of compounds a and b
were known, the percentage concentration (x) required for their separation was

calculated from Equations 6.4 to 6.6:'%%°
R, = [(« — 1)/0]0.25y/Negr (6.4)
» = [log y/Nett — 10g(v/Nett = 4Ry))/[log Py — log Py] (6.5)
Jj=n A
x=) bxy (6.6)
Jj=0

The difference between the logk values measured and those predicted by
Equations 6.1 and 6.2 from log P values calculated by Rekker’s hydrophobic
fragmental constant was within 5%. An example of logk values obtained
experimentally compared with those predicted from Rekker’s log P values is
shown in Figure 6.2, where the predicted and measured retention factors of
aromatic acids are shown. The correlation coefficient was 0.993 (n = 32), and
the slope was 1.014. The precision is very high.

50

40 249

304 248
20

234
10{ 183

Predicted retention factorr

0 T U U T
0 10 20 30 40 50

Measured retention factor

Figure 6.2 Comparison of measured and predicted retention factors of aromatic acids
from Rekker’s log P values. Column, 10 um polystyrene gel, Hitachi 3011,
15cm x 4.6 mm i.d.; eluent, 30% aqueous acetonitrile containing 50 mm
phosphoric acid at 55°C. Numbers beside symbols: see Table 6.4.



Influence of Physical Chemistry on Separations in Liquid Chromatography 113

Prediction of Retention Time of Ionic Compounds from log P and
Pk,

The retention times of neutral non-ionized compounds can be predicted by the
above calculation method, but those of ionized compounds are also very
important. The inclusion of the dissociation constant in the calculation made it
possible to predict the retention times of ionized aromatic acids.>>?® The
dissociation constant was calculated by the method proposed by Perrin et al.?’

When a compound is ionized, the retention becomes shorter than that of the
molecular form, and the retention factor of the ionized form is obtained from
Equation 6.7:

k— km + ki(Ka/[H*])
T 14 K,/[HY]

6.7)

where kp, is the retention factor of the non-ionized acid and can be obtained
from log P as above and k; is the retention factor of the 100% ionized acid. The
ki value cannot be predicted mathematically at present, but the value is close to
ZEro in many cases.

Equation 6.7 was further modified to improve the precision in low pH
solutions where the strong acid used for pH control reduced the retention of
weak acids by excluding them from the hydrophobic surface of the stationary
phase.”® A modified version of Equation 6.7 is given in the following form (a
slight modification of constant 4 improved the precision):

km+ki
2

k= AI—(%kitanh(pKa —pH) +

(6.8)
An example of the relationship between the predicted and observed log k values
at pH 4.00 is shown in Figure 6.3.

The agreement between the observed and predicted & values of aromatic acids
was within 10%. The correlation coefficient was 0.954 (n = 32). An error of
greater than 10% for 3-hydroxy-2-naphthoic acid and 2-hydroxybenzoic acid
was attributed mainly to an error in their K, values.?® The partition coefficient,
log P, and dissociation constant, pK,, of analytes can be obtained by simple
calculations and by computational chemical calculations, and thus the retention
time can be predicted in reversed-phase liquid chromatography.

Calculation of Dissociation Constant pK, from Hammet’s Equation

The dissociation constant of an analyte can be calculated mathematically from
Hammet’s equation.”’” The organic solvent effect on the pK, has also been
examined:*®

pK, = A +BZoi



114 Chapter 6

predicted retention factor at pH 4.00

30

measured retention factor at pH 4.00

Figure 6.3 Comparison of measured and predicted retention factors of aromatic acids
from Rekker’s log P values. Column, 5 ym polystyrene gel, Hitachi 3013,
15cm x 4.6 mm i.d.; eluent, 20% aqueous acetonitrile containing 50 mM
sodium phosphate at 55°C. Numbers beside symbols: see Table 6.4.

where 4 and B are constants for individual groups of compounds, and o is
Hammet’s ¢ constant. However, it is difficult to predict the pK, values of ortho-
substituted compounds. Examples of pK,s from modified Hammet’s equations

are:®®
Benzoic acids: 4.20-1.00%" ¢
2-Hydroxybenzoic acids: 420-1.13%" ¢
Phenylacetic acids: 430-035> ¢
Cinnamic acids: 4.38-0.66% ¢
Mandelic acids: 3.38-0.454> ¢

The original equations for phenolic and nitrogen-containing compounds are:?’

Phenolic compounds: 9.92-2.23% ¢
Anilines 4.58-2.28% ¢
Pyridines (1): 5.25-5903 ¢
Pyridines (2): 5.39-5.703 "¢
Quinolines (2-substituted) 5.12-9.04% ¢
Quinolines (8-substituted) 4.64-3.11% ¢
a-Naphthylamines: 385281 ¢
p-Naphthylamines: 429281 ¢
Benzylamines (ring substituted): 9.39-1.05 ¢
N-Substituted anilines 506-3.46> ¢
1-Aminoanthracene: aniline + 0.17
Quinoline: pyridine (1) + 0.06

where ¢ = Hammet’s sigma constant. Examples of ¢ constants are given in
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Table 6.2 Hammet's substituent constants

Substituent O meta Opara Substituent O meta Cpara
Br 0.39 0.22 CH; —0.06 —0.14
Cl 0.37 0.24 OCHj; 0.11 —-0.28
H 0.00 0.00 NH, 0.00 —0.57
1 0.35 0.15 CO,H 0.35 0.44
OH 0.13 -0.38 C,H;s —0.07 —0.15
From Ref. 27.

Table 6.2. The calculated values are summarized in Table 6.4 (along with
reference values).

2 Van der Waals Volume as the Basic Property

In a reversed-phase liquid chromatography system, if the hydrogen-bonding
and Coulombic forces are negligible, the retention of molecules depends upon
their size, and the presence of = electrons enhances the selectivity. The molecular
size, i.e. the van der Waals volume, can be calculated by hand, by Bondi’s
method,*® or by certain computer programs.

The possibility for predicting the retention time of polycyclic aromatic
hydrocarbons from a combination of the calculated van der Waals volume and
the reference values of the delocalization energy has been demonstrated.?® The
precision of a method for predicting the retention times of polycyclic aromatic
hydrocarbons in reversed-phase liquid chromatography has been improved by a
combination of the van der Waals volume calculated by the computer program
MOPAC-BlogP and the kinetic energy calculated by molecular dynamics.*
However, the precision for polychlorinated benzenes could not be improved by
this method.’! The prediction of retention times of phenols was further
improved by using the ionization potential calculated by the computational
chemical program CAChe™.

Calculation of van der Waals Volume

Bondi’s calculation method is simple. The van der Waals volumes are the sum of
the van der Waals volumes of fragments, as given in Table 6.3. The calculated
van der Waals volumes are summarized in Table 6.4. However, these volumes
are different from those calculated using the MOPAC-BlogP program, even
though the correlation is excellent.

Prediction of Retention Times Based on van der Waals Volumes

The relationship between the log k and the van der Waals volumes of alkanes,
alkylbenzenes, and polycyclic aromatic hydrocarbons measured in 70%
aqueous acetonitrile on octadecyl-bonded silica gels®' is shown in Figure 6.4.
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Table 6.3 Bondi’s group contributions to the van der Waals
volume of hydrocarbons

Groups Vvwye Groups VWvye

Alkane Olefinic

C 3.33 =C= 6.96

CH 6.78

CH, 10.23 “c=c” 10.02

CH; 13.67 SN

CH, 17.12 =CH— 8.47
=CH, 11.94

Aromatic >C:CH2 16.95

>3—(cond.) 4.74 >C:CH— 13.49

>:——R 5.54 Acetylenic

\Z—H 8.05 —C= .

P C 8.05

Benzene 48.36 =C—H 11.55

Phenyl 45.84 =C—(diacetylene) 7.82

9Van der Waals volume (cm> mol ~') from Ref. 28.

1.5
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|
144
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32
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25 75 125 175
van der Waals volume by Bondi cm3/mole

Figure 6.4 Relationship of log k values measured on ODS-bonded silica gel to Bondi's van
der Waals volumes. Column, Develosil ODS, 15cm x 4.6 mm i.d.; eluent,
70% aqueous acetonitrile at 30 °C. Numbers beside symbols: see Table 6.4:
O, Polycyclic aromatic hydrocarbons; x, alkylbenzenes;, O, halogenated
benzenes; /\, alkanols; and [, alkanes.
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Influence of Physical Chemistry on Separations in Liquid Chromatography
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126 Chapter 6

The ionization potential calculated by MOPAC seemed to be capable of
correcting the logk values of polychlorobenzenes when alkylbenzenes were
used as standards, as shown in Figure 6.5 where the ionization potentials of
alkyl and polychlorobenzenes are shown.

The relationship between the van der Waals volume (V) and the log k values
of the alkylbenzenes is given by:

logk=AxV+B (6.9)

The constants A and B are related to the percentage concentration of
acetonitrile (x), and their values are:

A =1.1503 x 1072 +4.9525 x 10~°x — 1.0825 x 10~¢x? (r* = 1.000)
B =1.305—3.2936 x 10~2x + 1.2900 x 10™*x2 (r* = 1.000)

For hypothetical alkylbenzenes having the same van der Waals volume as
alkanes, polycyclic aromatic hydrocarbons, and polychlorobenzenes, the calcu-
lated log k values were determined by means of Equation 6.9 with constants 4
and B obtained from the alkylbenzene results. The difference (A log k) between
the measured and the calculated values of logk in the same eluent was
determined.

The ionization potential energy, IP, of alkylbenzenes calculated by MOPAC
was used as the standard, and it was almost constant for a series of alkyl
compounds. The difference in the ionization potential, AIP, of other com-
pounds from that of alkylbenzenes was calculated. The relationship between
Alogk and AIP is given by:

Alogk = CAIP + D (6.10)
10,0
59 @ ® 64

?
T ®e0
= °®
2 o954 53 O
]
o
c
S AR RLE R
-~ 32
g 40
c
o

9.0 T — T

50 100 150 200 250

van der Waals volume A3/ mole

Figure 6.5 Relationship of ionization potential to van der Waals volume. Compounds:
W, alkylbenzenes;, and @, polychlorobenzenes. Number beside symbols: see
Table 6 4.
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where C and D are constants in the same eluent. The relationship between C, D,
and the acetonitrile concentration (x) was obtained from

C = 0.266 + 2.826 x 1073x — 3:640 x 1073x? (*=0999)  (6.11)

D=-0.1134+2177x 1073x - 8.798 x 10~x> (¥ =0.989)  (6.12)

The logk of alkanes, polycyclic aromatic hydrocarbons, and polychloro-
benzenes was therefore estimated from Equations 6.9 and 6.10 in 60-90%
aqueous acetonitrile. The calculated equation is:

log kcaie = Ax + B+ CAIP + D (6.13)

where A, B, C, and D are constants. The correlation coefficient between the
measured and calculated retention factors was 0.922 (n = 27), 0.946 (n = 32),
0.966 (n = 35), and 0.971 (n = 37) in 60, 70, 80, and 90% aqueous acetonitrile,
respectively.

This method was applied to the prediction of the retention factor of phenols.
First, this method requires a relationship between log k£ and the van der Waals
volume of a homologous series of alkyl compounds such as alkylbenzenes or
alkylphenones. When alkylbenzenes are used as the standard, the value of B in
Equation 6.8 should be altered to give a parallel relationship at a suitable
position (E) on the y-axis for a different group of compounds. When B is moved
to E for phenols, the logk values of para-alkylated phenols (y) are simply
predicted from their van der Waals volume by the following equation:

log kegie = Ax + E (6.14)

For other substituted phenols, the difference in their ionization potential from
that of phenol was calculated, and then their Alogk was obtained from
Equation 6.10. The logk of substituted phenols was then estimated
from Equations 6.9 and 6.13.

The retention time of phenols was predicted in 70 and 60% acidic aqueous
acetonitrile on an ODS silica gel column. The constants 4, B, C, and D were
obtained from the above equations. The result in 60% aqueous acetonitrile is
shown in Figure 6.6. The correlation coefficients between the measured and
predicted retention factors of substituted phenols in 60 and 70% acidic aqueous
acetonitrile were 0.974 (n = 36) and 0.967 (n = 36), respectively. In this system,
the values of the slopes, which indicate the relationship between the measured
and predicted retention factors, were 0.81 and 0.94 in 60 and 70% acidic
aqueous acetonitrile, respectively.>

This system of using the van der Waals volume and ionization potential is
much simpler than previous systems. It requires only one homologous series of
alkyl compounds and one standard such as phenol for substituted phenols. The
precision could be improved for polar compounds if para-alkylphenols and
para-alkylbenzoic acids are used; however, only a few such compounds are



128 Chapter 6

8
£ )
S
7] 149
& 6 o
c
o 148
= O
c
[ 44 (o]
® 147
b 123 8@
1] ﬁ
k<
@
-
o 112

0 T T T

0 2 4 6 8

measured retention factor

Figure 6.6 Comparison of measured and predicted retention factors of substitute phenols.
Column, S ym ODS-bonded silica gel, 15cm x 4.6 mm i.d.; eluent, 60%
aqueous acetonitrile containing 0.05 M phosphoric acid. Number beside
symbols: see Table 6.4.

available at present. This system seems to be practical for estimating the
approximate retention time.

3 Enthalpy as a Thermodynamic Property in Retention
Studies

The chromatographic retention parameters used in correlation studies are
normally assumed to be proportional to the free energy change.

Adsorption is accompanied by a loss of surface free energy. Free energy
change is related to enthalpy, AH, and entropy, AS, changes by the Gibbs
equation:

AG = AH — TAS (6.15)
The retention factor is related to the thermodynamic equilibrium constant K for
solute binding by £ = K, where f is the phase ratio of the column. The free-
energy change for the chromatographic process is expressed by

AG = —RTInK= —RTIn(k/B) (6.16)

where R is a gas constant (8.314J K 'mol™!) (1cal is 4.184J). From
Equations 5.38 and 5.39:

Ink = —(4H/RT) + (AS/R) + In B 6.17)
A van’t Hoff plot of In k against 1/T yields a straight line if the stationary phase

is not deformed. The relation Ink and —AH/RT is used to study the
temperature-dependent selectivity of the stationary phase. >
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Measurement of Enthalpy by Liquid Chromatography

Enthalpy can be measured by liquid chromatography where enthalpy is a slope
of the relationship between Ink and the inverse value of the absolute tempera-
ture. A schematic diagram is shown in Figure 6.7. The slope depends upon the
solutes being retained by the same liquid chromatographic mechanism. An
example is given in Table 6.4. The results, measured on an octadecyl-bonded
vinyl alcohol copolymer gel, did not show a simple linear relationship. This is
due to-a conformation change of the octadecyl-bonded vinyl alcohol copolymer
gel stationary phase material, which has a phase transition point at about 33 °C.

Enthalpy Related to Retention

The higher the enthalpy change (AH), the longer the retention, and log k shows
a linear correlation to enthalpy.*? As seen in Figure 6.8, a number of groups of
compounds exhibit such a linear relationship between enthalpy and logk,
although it is not perfect. The AH values were independent of their van der
Waals volumes, as seen in Figure 6.9.

The AAH value of a methylene unit of alkanols is fairly constant.>® However,
the AAH value of a methylene unit of alkylbenzenes was not constant and the
larger molecules had a higher AAH value than the average AAH value of a
methylene unit. This larger value may be due to dimerization between solutes as
described schematically,” and/or to a strong direct interaction between alkyl-
benzenes and the octadecyl group of the stationary phase material, because
alkylbenzenes with a longer alkyl group must lose their aromaticity.

The isomeric effect of the AAH value of substituted chlorobenzenes was very
small. This means that the molecular size of the isomers is almost the same;
howeggr, the actual size is not the same under these chromatographic condi-
tions.

log k

AH=slope=b/a

1/T

reciprocal of absolute temperature

Figure 6.7 Measurement of enthalpy using chromatography for the relationship between
absolute temperature and retention factor.
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Figure 6.9 Relationship of enthalpy to Bondi’s van der Waals volumes. Column, ODS
silica, ERC-ODS, 15cm x 4.6 mm i.d.; eluent, 80% aqueous acetonitrile.
Numbers beside symbols: see Table 6.4. &, Polycyclic aromatic hydrocarbons;
x , alkylbenzenes; O, halogenated benzenes; /\, alkanols; and (1, alkanes.

The enthalpy of methylphenols was about 2.0 kcal mol™!, and that of
chlorophenols varied from 2.0 to 2.4 kcal mol ~ in the case of pentachlorophe-
nol, indicating that the retention difference depended not upon the size but on
the m-electron density.*® A similar result was obtained for alkylated and
halogenated aromatic acids, whose enthalpies were nearly equal, but whose
retention factors were different.** The AH values may depend on the type of
stationary phase used and the water content of the eluent.*!
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The highest enthalpy was found on non-endcapped high carbon octadecyl-
bonded silica gels, and was slightly higher on high-carbon endcapped gels than
on low-carbon endcapped gels. There was a selectivity difference in the retention
between alkanols and other hydrophobic compounds that depended on the end-
capping treatment applied.*’ The order of enthalpies of phenols showed no
direct relationship to the retention factor or hydrophobicity of octadecyl-
bonded silica gels with different carbon loadings.*? Further, enthalpy was not
directly related to the log k values nor to the alkyl chain length of bonded-silica
gels, although the retention behaviour of individual groups of compounds such
as polycyclic aromatic hydrocarbons, and especially the retention of smaller-
size polar compounds, appeared to indicate this.**

4 Conclusion

The qualitative analysis of retention behaviour in liquid chromatography has
now become possible. Quantitative retention—prediction is, however, still
difficult; the prediction of retention time and the optimization of separation
conditions based on physicochemical properties have not yet been completely
successful. One reason is the lack of an ideal stationary phase material. The
stationary phase material has to be stable as part of an instrument, and this is
very difficult to achieve in normal-phase liquid chromatography because the
moisture in organic solvents ages the silica gel.

Several improved stationary phase materials have been synthesized for
reversed-phase liquid chromatography. One material is vinyl alcohol copolymer
gel. This stationary phase is quite polar and chemically very stable; however, it
demonstrated a strong retention capacity for polycyclic aromatic hydrocar-
bons.*>™* Although stable octadecyl- and octyl-bonded silica gels have been
synthesized from pure silica gel*>>! and are now commercially available, such
an optimization system has not yet been built. Further experiments are required
to elucidate the retention mechanism, and to systematize it within the context of
instrumentation.
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