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8.1. NATURE OF THE SOLUTE

General Aspects

The chemical nature of solutes in a sample is
a critical factor in selecting and performing an
HPLC analysis. The classification of analytes
based on their chemical nature can involve
several criteria. One such classification can be
based on the functional groups of the analytes
(e.g., similar to that of an organic textbook).
Another classification can be based on the role
of the analyte in everyday life. This section
presents a short description of these two
classifications.
Copyright � 2013 Elsevier Inc. All rights reserved.
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8. SOLUTES IN HPLC450
Solutes Classification Based on Their
Chemical Structure

Depending on the molecular weight, the
solutes/analytes are initially divided into small
molecules andmacromolecules. Small molecules
are further classified based on their chemical
structure. First, the organic and inorganic
compounds are separately classified. For organic
compounds, the simplest class is that of saturated
hydrocarbons (linear or branched). Following
this class are saturated cyclic hydrocarbons,
unsaturated hydrocarbons with one or more
double bonds, unsaturated hydrocarbons with
triple bonds, aromatic hydrocarbons, and so on.
Combinations of all these structures are possible.

Various functional groups can be attached on
the hydrocarbon backbone. They can be classified
based on the nature of atoms in the functional
group or other criteria (such as monofunctional
and bifunctional). This procedure will differen-
tiate halogenated compounds, alcohols, enols,
phenols, ethers, peroxy compounds, thiols,
sulfides, amines, imines, a variety of other
nitrogenous compounds (nitro, oximes, etc.),
aldehydes, ketones, carboxylic acids, various
derivatives of organic acids (such as esters,
lactones, and acyl chlorides), derivatives of
carbonic acid (such as ureas and cyanates),
sulfonic acids, and other less common types.
More than one type of functional group can be
attached on the hydrocarbon backbone. Specific
classes of compounds are generated from this
large variety of combinations, such as carbohy-
drates, amino acids, and lipids.

A special group of compounds is that of
heterocycles (both aromatic and nonaromatic).
Heterocycles can be classified based on the
heteroatoms in the cycle such as oxygen (furans,
pyrans), nitrogen (pyrole, pyrazole, imidazole,
triazole, pyridine, pyrazines, etc.), sulfur (thyo-
phene), or different heteroatoms (oxazoles, thia-
zole, oxadiazoles, etc.).

In addition to all the classes of compounds
containing C, H, O, N, or S, other types of
organic compounds must be included, such
as those containing boron, silicon, arsenic,
stibium, and metallic elements (organometallic
compounds).

For macromolecules, the chemical structure
also can be an important criterion of classifica-
tion. Specific groups such as polymeric carbohy-
drates, lignins, tannins, Maillard browning
polymers, proteins, and nucleic acids, as well
as various types of synthetic polymers, can be
differentiated based on their structure.

The information regarding the chemical
nature of the analytes (solutes) is very important
since the selection of the type of separation, the
best type of stationary phase to be used, the
nature and pH of the mobile phase, and so on
can be determined by it.

Classification Based on the Role
of the Solute in Everyday Life

Depending on the role/function in everyday
life, analytes are frequently classified in various
categories. No specific criteria are set for such
classification, and only some of the most impor-
tant categories are indicated here. It should also
be mentioned that the classification based on the
role in everyday life is frequently combined
with that based on the analyte structure.

One common classification of samples is
that of biological and nonbiological. The two
groups are frequently subdivided into multiple
subgroups. Another classification is based on
criteria related to environmental issues, and
groups such as environmental pollutants, pesti-
cides, herbicides, and fungicides are consid-
ered. Several large groups of compounds are
classified on the basis of their role in health
issues. These are the groups of pharmaceuti-
cals, metabolites, and biodegradation products
[1]. Numerous classes of pharmaceuticals
are further differentiated such as antibiotics,
anticancer drugs, antiepileptics, steroids, anal-
gesics, and vitamins. Metabolites and biodegra-
dation products are also further classified based
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on their source, mechanism of production, and
so on. A classification based on the compound’s
role in toxicology or in forensic science is also
utilized, with groups such as carcinogens, illicit
drugs, poisons, and other toxins.

Analysis of food and agricultural products
plays an important role in everyday life, and
as a result, classifications in groups related to
these fields are also common. Analyte groups
such as nutrients, flavors, toxins in food, and
main food components are frequently differenti-
ated. Numerous other groups of compounds not
listed previously are common. Among these can
be mentioned flavors, polymer additives,
solvents, surfactants, and dyes.

Although such classifications as those based
on the role of the analyte in everyday life may
appear to be unrelated to the HPLC separation
technique, this classification is in fact extremely
important. Most real-life samples are complex
mixtures thatmust be separatedand their compo-
nents detected. Depending on the group towhich
they belong, the analytes may be associated in
specific ways. The matrix that must be separated
from the analytes depends very frequently on the
group of the sample classified based on its
everyday life criteria. For example, biological
samples such as blood/plasma will contain
proteins, while food products may contain large
amounts of lipids or of carbohydrates. The selec-
tion of a separation frequently depends on the
matrix that is described by the information
regarding the class of sample.Also, the specificity
of the separation and sensitivity of the analysis is
frequently determined by the type of sample as
classified based on its role in everyday life.
8.2. PARAMETERS FOR SOLUTE
CHARACTERIZATION IN THE

SEPARATION PROCESS

General Aspects

The chemical nature of the solute determines
a number of physicochemical parameters
that are important for the HPLC separation.
These parameters must be known in order
to help in the choice of type of chromatography,
column, mobile phase, and separation condi-
tions. It should be noticed that solute parame-
ters are predetermined (depending on the
sample), while those of the column and mobile
phase can be selected to fit the analysis needs.
Solute properties are important not only for
the choice of column and mobile phase, but
also for decisions regarding the whole process
of analysis: sampling, sample preparation,
selection of the type of detection, and the quan-
titation procedure (see Section 1.3). It should be
underlined that the solutes in a sample include
all the species that must be separated, and not
only the analytes. For this reason, besides the
properties of the analytes, the properties of the
matrix components must be considered in an
HPLC analysis.
Molecular Weight

The molecular mass of one molecule is its
mass expressed in unified atomic mass units
(1/12 the mass of one atom of the isotope
carbon-12, sometimes named dalton or Da).
The relative molecular mass is frequently (and
not correctly) indicated as molecular weight
(MW) of a molecule. MW is the ratio of the
mass of the molecule to 1/12 of the mass of
isotope carbon-12 (MW is dimensionless). MW
and molecular mass are numerically equal, but
they are not the same parameter, although the
terms are frequently used interchangeably.

The molecular weight (relative molecular
mass) represents an important parameter in
molecular characterization. It is related to
many other molecular properties, as shown in
Chapter 4. Also, a common purpose of MW in
HPLC is its use in the differentiation between
small molecules and macromolecules. In fact,
as a common definition, macromolecules are
chemical compounds formed from at least
1000 atoms linked by covalent bonds. However,
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instead of number of atoms, a MW higher than
about 5000 is commonly used to indicate
a macromolecule, and a MW lower than about
2000 to indicate a small molecule. Between these
two limits is a gray area where, among others,
the molecules known as oligomers are placed.
Acidic or Basic Character of Solutes

A considerable number of molecules contain
some specific functional groups likely to lose or
gain protons (e.g. in aqueous solutions). As
shown in Section 3.5, basic compounds are
protonated as positive ions, while acidic
compounds are protonated as neutral mole-
cules, the process depending on the pH of the
solvation medium. The nonionizable, acidic,
basic, or amphoteric character of molecules is
important for their separation. Tables with
acidity constants are readily available in the
literature for common compounds. For more
complex molecules, various techniques are
available for pKa calculation. A common proce-
dure for this purpose is based on the calculation
of partial charges of atoms in the molecule [2,3].
Computer programs are also available for the
calculation of pKa (e.g., MarvinSketch [4]). For
macromolecules with multiple ionizable
groups, the individual pKa values for each func-
tionality are not anymore a relevant parameter.
Isoelectric Point

The isoelectric point (pI) is the pH value at
which the molecule carries no electrical charge
(in a solution). The concept is particularly
important for zwitterionic molecules such as
amino acids, peptides, and proteins. For an
amino acid, the isoelectric point is the average
of pKa values for the amine and the carboxilic
group. In the case of amino acids with multiple
ionizable groups (e.g., lysine with two amino
groups or aspartic acid with two acid groups),
the isoelectric point is given by the average of
the two pKa of the acid and base that lose/gain
a proton from the neutral form of the amino
acid. This can be extended to the definition
of pI of peptides and proteins. The pI value
can be used to indicate the global basic or
acidic character of a zwitterionic molecule;
compounds with pI> 7 can be considered basic,
and those with pI < 7 can be considered acidic.
For complex molecules such as proteins, isoelec-
tric point is useful in the description of acidic or
basic character, where individual pKa values are
not relevant

Molecular Polarity and Octanol/
Water Partition Constant

The asymmetrical charge distribution in
a molecule (separation of the center of positive
charges from that of negative charges), which
causes the molecule to act as an electric dipole,
is defined as polarity (see Sections 1.1 and 4.1).
However, the term polarity is frequently used
with a wider meaning, including polarity
caused by the presence of a dipole moment mi

in the molecule, as well as the molecule polariz-
ability ai. These two parameters are involved in
the calculation of various interactions between
solutes, solutes and stationary phase, and
solutes and mobile phase molecules. Besides
a quantitative characterization of molecules
based on mi and ai values, it is common to qual-
itatively assess a polar character by the presence
in the molecules of polar functional groups such
as -OH, -COOH, -NH2, >NH, and -SO3H since
these groups bring both dipole moments and
polarizability to molecules.

Molecules can also be characterized by the
opposite of polar character, which is the hydro-
phobic character. Octanol/water partition
constant Kow is commonly used for character-
izing the hydrophobicity of a compound (see
rel. 1.1.1). For this reason, Kow values for solutes
are important parameters in HPLC, in particular
for RP-HPLC, but also for other chromato-
graphic types, such as HILIC. Octanol/water
parameters have, besides chromatography,
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a widespread utilization in other important
fields of science, such as drug design and envi-
ronmental studies. For this reason, values for
Kow for a large body of compounds are experi-
mentally available [5,6], can be calculated using
computer programs, for example, MarvinSketch
5.4.0.1, ChemAxon Ltd. [4], EPI Suite [7], and
can be calculated using an additive fragment
methodology [8]. Various calculation proce-
dures for log Kow are described in the literature
[9e13]. The polar and/or hydrophobic char-
acter of a molecule can be related to its Kow

value. Positive values for log Kow indicate
some hydrophobic character, and larger values
show more hydrophobicity. Molecules with
low or negative values for log Kow are frequently
indicated as polar, although there is not a direct
relation between Kow and the charge distribution
in the molecule.

Experimental Kow (or log Kow) as reported in
the literature [6] may be listed for the same
compound as having several values (that are
close or relatively close). Also, different
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FIGURE 8.2.1 The dependence between the calculated Kow

values.
estimation methods may not always provide
identical values or values identical to the exper-
imental ones for Kow. This should not create any
significant confusion regarding Kow since large
variations in its value for a unique compound
are uncommon. The dependence between calcu-
lated Kow values using two different computer
programs (MarvinSketch [4] and EPI Suite [7])
and Kow experimental values is shown in
Figure 8.2.1. For allowing a uniform comparison
between compounds, the Kow values used in this
book were the calculated ones based on the
MarvinSketch 5.4.0.1 program.

Another aspect regarding octanol/water
partition is related to the characterization of
ionic compounds using a distribution coefficient
Dow instead of Kow, as defined in Section 3.5. The
distribution coefficient Dow for ionizable species
depends on pH, and only for nonionizable
compounds Dow ¼ Kow. Variation of Dow with
the pH can also be obtained using computing
programs (e.g., MarvinSketch 5.4.0.1). For the
partition processes, the value of Dow better
y = 0.8415x + 0.2452
R2 = 0.9703

23x + 0.0931
 = 0.9813

6 8 10

ntal

Marvin
EPI Suite

(MarvinSketch [4] and EPI Suite [7]) and experimental Kow
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describes the affinity of a compound to one of
the phases involved in partition.

The values of log Kow are very useful for char-
acterization of polarity in small molecules.
However, the same technique cannot be applied
for characterization of the polarity of polymers,
where the log Kow values lose their meaning.
Proteins, for example, have the capability of
folding, and the polar groups have the tendency
to congregate in such a manner as to maximize
electrostatic interactions. In a polar solvent like
water or aqueous solutions of acids, the protein
may change its tertiary and quaternary struc-
ture and expose polar side chains toward the
solvent, the hydrophobic moieties being congre-
gated toward a more hydrophobic core. The
opposite effect may take place in the presence
of organic solvents. This behavior would lead
to a variable octanol/water partition.
Solubility in Water from Octanol/
Water Partition Constant

Water solubility is an important parameter
since mobile phases usually contain water. The
TABLE 8.2.1 Regression Equation for the Estimation of W

Equation Units for

log Ci ¼ �1.37 log Kow þ 7.26 mM/L

log (1/Ci) ¼ 1.113 log Kow e 0.926 mol/L

log (1/Ci) ¼ 1.229 log Kow e 0.720 mol/L

log (1/Ci) ¼ 1.013 log Kow e 0.520 mol/L

log (1/Ci) ¼ 1.182 log Kow e 0.935 mol/L

log (1/Ci) ¼ 1.221 log Kow e 0.832 mol/L

log (1/Ci) ¼ 1.294 log Kow e 1.043 mol/L

log (1/Ci) ¼ 1.294 log Kow e 0.248 mol/L

log (1/Ci) ¼ 0.966 log Kow e 0.339 mol/L

log (1/Ci) ¼ 1.214 log Kow e 0.850 mol/L

log (1/Ci) ¼ 1.237 log Kow þ 0.248 mol/L
evaluation of solubility of different organic
compounds in water based on thermodynamic
considerations is typically much less precise
compared to the estimation based on the values
of parameter Kow. Values for the octanol/water
partition constant Kow are readily available.
The estimation of solubility of organics in water
from Kow values is typically done using regres-
sion equations of the form:

log Ci ¼ a log Kow þ b (8.2.1)

or of the form:

log ð1=CiÞ ¼ a0 log Kow � b0 (8.2.2)

where Ci is the solubility in water and a, a0, b,
b0 are empirical parameters. Some values for
these parameters are given in Table 8.2.1 [14].
Van der Waals Molecular Volume
and Surface

Van der Waals molecular volume V and van
der Waals surface A are important parameters
for understanding molecular interactions
ater Solubility Based on log Kow [14]

Ci Used for chemical class

Aromatics, chlorinated hydrocarbons

Alcohols

Ketones

Esters

Ethers

Alkyl halides

Alkynes

Alkenes

Aromatics

Various

Alkanes



TABLE 8.2.2 Van der Waals Radii r for Several Elements in Å [15]

H 1.20

Li 1.82 Be 1.53 B 1.92 C 1.70 N 1.55 O 1.52 F 1.47

Na 2.27 Mg 1.73 Al 1.84 Si 2.10 P 1.80 S 1.80 Cl 1.75

K 2.75 Ca 2.31 Ga 1.87 Ge 2.11 As 1.85 Se 1.90 Br 1.85

Rb 3.03 Sr 2.49 In 1.93 Sn 2.17 Sb 2.06 Te 2.06 I 1.98

FIGURE 8.2.2 Description of the calculation of the
volume of a diatomic molecule.
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during a separation. In RP-HPLC in particular,
van der Waals molecular area A plays an impor-
tant role in the expression of the free energy for
the partition equilibrium and directly to the
value of capacity factor for an analyte, as shown
in Section 5.1 (see rel. 5.1.26). The calculation of
both van der Waals molecular volume and area
starts with the concept of van der Waals radius
of an atom. This is the radius of an imaginary
sphere used to model the atoms describing its
finite size. The radius is obtained based on
results from gas kinetic collision cross sections,
gas critical volumes, crystal densities (extrapo-
lated at 0 K), liquid state properties, X-ray
diffraction data, and the like [15,16]. Several
“mean” van der Waals radii (in Å) are indicated
in Table 8.2.2.

For most organic molecules, the atoms are
placed at covalent-bond distance, which is
shorter than the sum of the van der Waals radii
of the connected atoms. For this reason, the van
der Waals molecular volume is smaller than the
sum of the volume of each component atom.
This is also true for the molecular surface. For
a diatomic molecule with two atoms with r1
and r2 van der Waals radii, and the covalent-
bond distance l, the calculation of the molecular
volume is obtained starting with the two inter-
locked spheres as shown in Figure 8.2.2.

The volume of one sphere V2 can be calcu-
lated asV2¼ (4/3)p (r2)

3. The volume of a spher-
ical segment DV1 ¼ p h1

2(r1 � h1/3) must be
added to V2, and the volume of another spher-
ical segment with DV2-1 ¼ p h2

2(r2 e h2/3)
must be subtracted from V2 to obtain the total
volume. The values for h1 and h2 are obtained
as h1 ¼ r1 þ l e m, h2 ¼ r2 e m and m ¼ (r2
2 e

r1
2 þ l 2) / (2l). The total volume will be V ¼
V2 þ DV1 � DV2-1. Note: The volume of a mole-
cule nj ¼ Vj/N (where V is the molar volume
V ¼ MW/r) is not the same as van der Waals
volume V since the volume of voids and the
changes in the volume due to interactions are
included in the value for n.

The area of themolecule can be obtained as the
sum of two spherical segments with A1 ¼ 2 p r1
h1, and A2 ¼ 2 p r2 (2r2 e h2). Since direct calcula-
tions of van der Waals molecular volumes and
areas are difficult for larger molecules, various
approximationswere developed for this purpose
[17]. Computer programs are available for calcu-
lating van der Waals volume and areas (e.g.,
MarvinSketch [4]). (Molar volume V can also be
obtained using computer programs [18])
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Correlation between van der Waals
Molecular Surface and Octanol/Water
Partition Constant

An expression for the octanol/water parti-
tion constant Kow can be obtained based on the
solvophobic theory developed for RP-HPLC in
Section 5.1. For liquid-liquid partition the
compound j is distributed between two nonmis-
cible liquid phases A and B in an equilibrium of
the type:

jB#jA (8.2.5)

When equilibrium is attained for “distrib-
uting” the compound j between phases A
and B, the difference between the chemical
potentials mi,A and mi,B of the component j in
each of the two phases A and B must be
zero. As shown in Section 3.1, this condition
(expressed by rel. 3.1.2) is equivalent to the
following expression for the equilibrium
constant (see rel. 3.1.12):

Kj ¼ exp½�DG0
j =ðRTÞ� (8.2.6)

Assuming that no volume changes occur
during the process, the free enthalpy DG0 is
taken as equal to the free energy of the process
DA0, and rel. 8.2.6 can be written in the form:

Kj ¼ exp ½�DA0
j =ðRTÞ�

¼ exp ½�ðAj;A � Aj;BÞ=ðRTÞ� (8.2.7)

In rel. 8.2.7, the value for the free energy Aj,S

(where S ¼ A or B) is given by the change
in standard free energy Asol

j,S necessary for
placing a molecular species j into a solution
formed by molecules S (symbol D and the
index “0” for standard expressions are omitted).
This energy is given by rel. 4.1.58. In Section 4.1
it was shown that the expression for Asol

j,S is the
following:

Asol
j;S ¼ Acav

j;S þ Aes
j;S þ Adisp

j;S

þ RT lnðRT=p0VSÞ (8.2.8)
where the expressions for the terms in rel.
8.2.8 are given by rel. 4.1.74, 4.1.75, and 4.1.76,
respectively. With rel. 8.2.8 used in the expres-
sion for ln K given by rel. 8.2.7, the following
formula is obtained:

RT ln Kj ¼ ðAcav
j;B � Acav

j;AÞ þ ðAes
j;B � Aes

j;AÞ
þ ðAdisp

j;B � Adisp
j;AÞ

þ RT ln ðVA=VBÞ
(8.2.9)

Each set of terms in rel. 8.2.9 can be further
estimated based on the solvophobic theory
developed in Section 4.1. For the difference in
the free energy for the cavity formation, making
the assumption that WS z 1, the following
formula is obtained:

Acav
j;B � Acav

j;A ¼ N ðg0B � g0AÞAj þ N
h
ðkeB

� 1Þ g0BðVBÞ2=3 � ðkeA
� 1Þg0AðVAÞ2=3

i
Aj=ðVjÞ2=3

(8.2.10)

The estimation in the difference in electrostatic
forces based on rel. 4.1.64 gives the expression:

Aes
j;B � Aes

j;A ¼ �
Nm2

j

2nj
ðDBP j;B � DAP j;AÞ

(8.2.11)

The estimation of the differences in the
dispersion forces obtained from rel. 4.1.66 using
the assumption that Q”j,S z 0.1 Q0

j,S gives:

Adisp
j;B � Adisp

j;A ¼ � 16:75 Dj

8p
ðQ0j;BY j;BDB

�Q0j;AY j;ADAÞ
(8.2.12 )

With the terms given by rel. 8.2.10, 8.2.11, and
8.2.12, it can be seen that the expression of the
equilibrium constant should have the following
form:

log Kj ¼ a Aj þ bðVjÞ�2=3Aj þ c (8.2.13)
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where the values for a and b depend only on
the solvents A and B, while the value for c
depends on the solvents and the solute as
well. For the two solvents A ¼ octanol and B ¼
water, it can be concluded that a and b are the
same for all analytes j. Since in this case g0B �
g0A > 0, and also (keB e 1) g0B (VB )2/3 e (keA e
1) g0A (VA)

2/3 > 0, from rel. 8.2.10 it can be
seen that a larger Aj will generate a larger Kow.

The term c in rel. 8.2.13 includes the contri-
bution of electrostatic and the dispersion
forces to the free energy. It is therefore
expected that more polar analytes will have
a negative c, larger in absolute value. Predic-
tions of this theory were very clearly verified
when plotting log Kow values as a function of
Aj for a number of compounds. This type of
plot is exemplified in Figure 8.2.3 for several
classes of mono-functional compounds. The
results from Figure 8.2.3 show that rel. 8.2.13
can be well approximated by a relation of
the form:
y = 0.014
R2 = 0.99

y = 0.0158x - 0.1983
R2 = 0.9985
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FIGURE 8.2.3 Dependence of log Kow on van der Waals m
compounds.
log Kj;ow ¼ a0Aj þ c (8.2.14)

where a0 is a constant (for Aj in Å2, a’ z 1.46
10�2 with Kow calculated based on MarinSketch;
other values are a0 z 1.57 10�2 with Kow calcu-
lated based on EPI Suite, and a0 z 1.63 10�2

with experimental Kow). The value for c depends
only on the nature of the substituent (polar or
nonpolar) on the hydrophobic moiety of the
compound j. Further investigation of rel. 8.2.14
indicates that it can be extended with excellent
agreement to the following formula:

log Ki;ow ¼ a0Ai þ
X
n

cn (8.2.15)

where cn are constants for each substituent.
Values for cn for different organic groups
attached to an aliphatic hydrocarbon chain are
given in Table 8.2.3 [19].

The calculation of log Kow based on rel. 8.2.15
with the values for c indicated in Table 8.2.3, for
a set of 147 compounds, including mono, bi, tri,
4x
62

 0.0142x - 1.4431
R2 = 0.9952

y = 0.0146x - 1.4299
R2 = 0.9989

500 600 700 800
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2
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TABLE 8.2.3 Values for Constant c in the Calculation of log Kow (MarvinSketch Values) from van der Waals Surface
Area of the Molecule* (a0 z 1.46 10�2).

Group cn Group cn

Aromatic ring** 0.055 Aliphatic secondary amine �1.897

Alcohol �1.444 Aliphatic tertiary amine �2.200

Phenol �0.470 Aromatic primary amine �0.998

Aliphatic ether �1.581 Aromatic secondary amine �1.320

Aromatic/aliphatic ether �0.825 Ketone �1.512

Aliphatic acid �1.375 Nitro aromatic �0.612

Aromatic acid �0.852 Chloro aromatic 0.357

Aliphatic primary amine �1.650 Bromo aromatic 0.481

Aromatic ester �1.100 Nitrile �1.072

* Note: each group is counted as many times as present.

** Note: Separated rings are counted individually, condensed rings are counted as one.
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tetra, and pentafunctional ones, with identical
or different functional groups, produced an
excellent agreement with log Kow target values
obtained using the MarvinSketch program (for
which parameter c was optimized). This is
y = 1.0017x +
R2 = 0.99
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FIGURE 8.2.4 Correlation between log Kow calculated and ta
on rel. 8.2.15 with a’ ¼1.46 10�2 and the values for cn indicated
shown in Figure 8.2.4 where the excellent corre-
lation with R2 ¼ 0.9961 is displayed.

Optimization of cn paramaters based on log
Kow values calculated with EPI Suite or with
experimental values leads to values close (but
 0.0019
61
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rvinSketch)

rget values obtained using MarvinSketch. Calculation based
in Table 8.2.3.
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not identical) to those from Table 8.2.3, and also
to very good correlations between calculated
values and the target values.

Based on the theory developed for the evalu-
ation of log Kow the expression for cn should be
given by:

cn ¼ ½ðAes
j;B � Aes

j;AÞ þ ðAdisp
j;B

� Adisp
j;AÞ�=ð2:303 RTÞ þ log ðVA=VBÞ

(8.2.16)

where A ¼ octanol and B ¼ water. Relation
8.2.16 indicates that the value for c can provide
useful information regarding the electrostatic
and dispersion forces between the molecule of
the analyte and the two solvents.

Partial Charge Distribution

Analysis of the electronic population is
a subject of considerable interest for under-
standing molecular properties (see, e.g.,
[20,21]). The partial charge distribution deter-
mines physicochemical properties such as
dipole moment m, ionization constants, and
reactivity. Various approaches and procedures
are reported in the literature for calculating
partial charges [21e23]. Computer programs
are also available for partial charges calculation
(e.g,. MarvinSketch [4,24,25]). The values for
partial charges (point charges) are useful for
understanding molecular polarity, although
they are not used frequently in specific calcula-
tions related to separations. The potential appli-
cation of this parameter could be in those LC
separations based on electrostatic interactions,
such as HILIC, NP, ANP, and the chiral
mechanism.
Parameters for Solute Hydrophobicity,
Steric Effects, Hydrogen Bonding, and
Ion-Exchange Character

In the development of certain models for
the characterization of stationary phases, it
was necessary to include parameters for charac-
terization of solutes (analytes), with which the
stationary phase interacts. For example, in
Section 6.4 it was shown that the capacity factor
for a compound j is given by the expression (see
rel. 6.4.15):

log kð jÞ ¼ log kEB þ h0ð jÞHc1 � s0ð jÞS�c1
þ b0ð jÞAc1 þ a0ð jÞBc1 þ k0ð jÞCc1

(8.2.17)

where log kEB is the capacity factor for ethyl-
benzene, parameters Hc1, S*c1, Ac1, Bc1, and
Cc1 describe the column characteristics. The
corresponding parameters h’( j), s0( j), b0( j),
a0( j), and k0( j) describe solute properties:
h0( j)-hydrophobicity, s0( j)-steric interactions,
b0( j)-hydrogen-bonding acceptance, a0( j)-
hydrogen-bonding donation, and k0(j)-cation
exchange or ion-ion interactions. The values of
these parameters would be very useful for
solute characterization in HPLC, and some
were reported in the literature for selected ana-
lytes [26e29]. However, these parameters were
obtained for a specific mobile phase and were
established with the specific purpose of column
characterization. They were obtained from best-
fit regression lines and are not readily available
for solutes that were not in the “test” group.
Molar Volume, Hildebrand Solubility
Parameter

In several expressions for the calculation or
estimation of capacity factor k and therefore of
a, the molar volume V and the solubility param-
eter d for the solvent, the stationary phase, and
the analyte were involved. The discussion
regarding these parameters as given for the
solvent molecule is applicable for the solute
molecule. The calculation of the molar volume
V and of d was discussed in Section 7.1.

Capacity factor k can be calculated in prin-
ciple by knowing J for the stationary phase
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and Ki for the solute i (ki ¼ Ki J). Relation 7.1.17
shows, for example, how the equilibrium
constant Ki depends on di and Vi, and on solvent
and stationary-phase properties. However, the
direct calculation of a specific retention factor k
based on that formula or of a selectivity a based
on rel. 7.1.18 does not generate accurate values
and can be useful only as a directional
information.
Evaluation of Solubility of Nonpolar
Compounds from Hildebrand Solubility
Parameter

The dissolution process of nonelectrolytes
can be viewed hypothetically as being formed
from two steps. The first step is melting of
the compound i to form a supercooled liquid
(a liquid cooled below its freezing point
without solidifying). The second step is the
mixing of this liquid with the solvent S. For
a transformation at constant pressure and
temperature at equilibrium, the free enthalpy
DG¼ 0, and this holds true for melting at fusion
temperature Tf. Therefore, the free enthalpy of
melting (fusion) is DGf ¼ 0 and DHf ¼ Tf DSf,
where DHf is the heat of fusion and DSf is the
entropy of fusion. At a given temperature T,
the free energy of melting will be given by the
expression:

DGf ¼ DHf � TDSf ¼ DHf � ðT=Tf ÞDHf

(8.2.18)

The free energy of mixing for ideal solutions
does not take place with any heat change, and
therefore:

DGmix ¼ �T DSmix (8.2.19)

The ideal behavior of a solution assumes that
each component has its molecules behaving as
if it is surrounded by molecules of the same
kind (to follow Raoult law). The variation in
the entropy of mixing DSmix of ideal solutions
is given by the expression [30]:

DSmix ¼ �R
X
j

nj ln xj

0
@with xi ¼ ni

,Xr
j¼ 1

nj

1
A (8.2.20)

For the dissolution process of i in S, it can be
assumed that xS ¼ 1 for the solvent, and there-
fore DGmix ¼ e RT ni ln xi, (the index S from
xi,S and ni,S is omitted), or for ni ¼ 1 the expres-
sion for DGmix becomes:

DGmix ¼ �RT ln xi (8.2.21)

The total free enthalpy of dissolution DG ¼
e DGf þ DGmix, and at the equilibrium DG ¼ 0.
Including expressions 8.2.18 and 8.2.19 in the
formula for DG leads to the expression:

ð1� T=Tf ÞDHf þ RT ln xi ¼ 0; (8.2.22)

which can be rearranged in the form:

lnxi ¼ ½DHf ð1=Tf � 1=TÞ�=R (8.2.23)

Relation 8.2.23 gives the formula for solu-
bility (expressed as the maximum mole fraction
of a solute in the solvent) for the formation of an
ideal solution. As shown by rel. 8.2.23, the solu-
bility increases with the temperature T. This is
true for many compounds, including both
nonelectrolytes and electrolytes, although there
are exceptions.

In rel. 8.2.23 the mole fraction xi can be
changed into molar concentration ci using the
approximation:

xi ¼
ni

ni þ nS
z

ni
nS

¼ gici
MS

1000rS
(8.2.24)

where gi is the activity coefficient included to
correct for the deviation from ideal solutions,
MS is the molecular mass (weight) MW of the
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solvent, and rS is its density. In this case, rel.
8.2.23 can be written in the form [31]:

ln
giciMS

1000rS
¼ DHf

RT

T � Tf

Tf
(8.2.25)

From rel. 8.2.25, the solubility for nonelectro-
lytes can be estimated based on solubility
parameters d, using for gi its expression given
by rel. 7.1.12. Rearranging rel. 8.2.25 and using
rel 7.1.12 for ln gi, the expression for ln ci is
given by the formula:

ln ci ¼
DHf

RT

T � Tf

Tf
� Vi

RT
ðdi � dSÞ2 þ ln

1000rS
MS

(8.2.26)

Considering DHf z Tf DSf, and taking DSf z
13 cal mole�1 deg�1 (the fusion entropy being
relatively constant for many compounds), rel.
8.2.26 can be estimated by the formula:

ln ci ¼ 6:54
T � Tf

Tf
� Vi

RT
ðdi � dSÞ2 þ ln

1000rS
MS

(8.2.27)

Relation 8.2.27 is useful for evaluation of
a solid nonelectrolyte solubility into a solvent.
Solvatochromic Parameters
for the Solute

Solvatochromic parameters for the solute can
be developed in the same manner as for
a solvent (see Section 7.1). Parameters a, b, and
p* for a number of compounds were listed in
Table 7.4.1, and more such parameters are avail-
able in the literature [32,33]. However, except for
a limited number of analytes, estimation of these
parameters is difficult or impossible. This
reduces the utility of formulas using such
parameters to only directional information and
comparison for analogous cases where the
solvent is changed while the analytes and the
stationary phase remain the same. Accurate
calculations, for example, of the capacity
factor for a specific analyte, are not typically
successful.
Other Solute Properties Affecting
Separation

Depending on the type of HPLC analysis,
specific physical properties of the solute play
various roles in the separation process. A short
enumeration of some of these properties used
for calculating the capacity factor is as follows
for the main HPLC types.

1) For RP-HPLC, the solvophobic theory shows
that the capacity factor for an analyte is
expressed by rel. 5.1.26. In that expression, all
terms depend on analyte characteristics
except for log J and the term that accounts
for the change in the free volume of the
system during the retention process. Rel
5.1.26 includes the term representing the
interactions in an ideal gas system consisting
of solute molecule j and the ligand L of
the stationary phase ET( j, L), the terms
describing the dispersion and electrostatic
forces between the molecule j and the mole-
cules of the surrounding solvent S, a term
involving polar/polarizability interactions,
and two terms related to the energy neces-
sary for cavity formation by the analyte in the
mobile phase. The interaction between the
solute j and ligand L in the ideal gas phase is
related to the energy of intermolecular
interactions (as given by rel. 4.1.46) where the
dipole moment mj, polarizability a0,j, and
ionization potential Ij are implicated. Indi-
rectly, the molecular dimensions are also
a factor in the expression of ET(j, L). The same
parameters of the solute mj, a0,j, and Ij, plus
molar volume Vj and molecular diameter dj
are important for the term describing the
dispersion and electrostatic forces with the
surrounding solvent. The terms related to
the energy necessary for cavity formation in
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the mobile phase are related in particular to
the van der Waals solute area Aj .

The detailed contribution of each of these
parameters is rather difficult to assess, since
most interactions take place competitively
between the solute and the stationary phase
on one hand, and between the solute and the
mobile phase on the other. Only general
comments can be made indicating that
higher dipole moment and polarizability are
conducing to stronger polar interactions, and
that a larger van der Waals area Aj of the
solute molecule is an indication of stronger
hydrophobic interactions.

2) In ion-pair chromatography (IP) the theory of
separation is basically expressed by rel. 5.2.30
(see Section 5.2). According to this formula,
the capacity factor (and therefore the separa-
tion) in IP is determined by a capacity factor
kj(0) in the absence of IPA (hetaeron) and by
KIPA, and by the charge and concen-
tration of IPA. The values for kj(0) depend on
the same parameters as in RP-HPLC.

3) In polarity-based separations, basically the
same factors as in RP-HPLC determine the
capacity factor of analyte. As discussed in
Section 5.3, the weight of each term in the
expression of the change in free energy of the
separation process, and therefore in the
expression of the capacity factor, is different
from that in RP-HPLC, with the polar inter-
actions playing a more important role. For
this reason, the more polar compounds are
more strongly retained than the less polar
ones. Similar to the case of RP-HPLC, the
direct calculation of capacity factors is not
a practical way for assessing solute (analyte)
behavior in the separation process.

4) In ion-exchange chromatography (IC), the
separation process is described by equation
5.4.7, which indicates that the exchange
equilibrium depends on an osmotic term, the
charges of the ions, and the activity coeffi-
cients of each species. Again, since evalua-
tion of the terms involved in equation 5.4.7 is
difficult (e.g., the activity coefficient of an ion
in the resin), practical observations are used
for predicting the separation, such as the
knowledge that cations typically separate in
the order single charge (Naþ, Kþ, NH4

þ, etc.)
followed by double charge (Mg2þ, Ca2þ, etc.),
while small anions typically follow the
sequence F�, Cl�, Br�, NO3

�, SO4
2�, Cr2O7

2�.
Organic anions such as small organic acids
can also be separated using IC, specific
methods for separation being reported in the
literature (see, e.g., [34]).

5) In size exclusion, the physical dimensions of
the molecule are important for characteriza-
tion of the separation (see rel. 5.6.1 and 5.6.2).
In this separation technique, the hydrody-
namic volume of the solute (or the effective
mean radius) is involved in calculating
separation parameters.
8.3. OTHER PARAMETERS FOR
SOLUTE CHARACTERIZATION

General Aspects

Various properties of the solute molecule
are involved in the chromatographic process,
some of them, in particular being those that
are directly related to the separation process
(discussed in Section 8.1). In addition to those,
other properties are of importance. One such
property is the diffusion coefficient Dj of the
analyte. As shown in rel. 2.2.2, the longitu-
dinal diffusion in an HPLC column is propor-
tional with Dj. Different theories and also
empirical relations were developed for estima-
tion of diffusion coefficients. For example,
Stokes theory empirically modified for better
prediction gives the following formula for
the diffusion coefficient for nonelectrolytes j
in liquids B:

Dj;B ¼ 7:4$10�8ðjBMBÞ0:5T
hV0:6

j

(8.3.1)
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where Vj is the molar volume of solute j (in cm3

mole�1), MB is the molecular weight of solvent
B, T is temperature in Kelvin degrees, h the
viscosity of the solution (in 10�4 g cm�1 s�1, or
centipoise), and jB an “association” factor for
the solvent (jB is 1 for nonpolar solvents, 1.5
for ethanol, 1.9 for methanol, 2.6 for water).

Other formulas describing properties of the
solutes involve parameters such as the refrac-
tive index (see rel. 4.1.68), diameter of the mole-
cule, solvent-accessible area SASA, Kihara
parameter [35], and rate of hydrolysis. These
parameters can be either found in the literature
or estimated [14].
Physical Properties of the Analyte
Determining Detection

The choice of detection in HPLC is deter-
mined by a particular physicochemical property
of the analyte that allows its measurement at
very low levels. The selected property must
have a value significantly different from that
of the mobile phase. Examples of such proper-
ties include UV absorption, refractive index,
fluorescence, molecular mass, and fragmenta-
tion in a mass spectrometer. The subject of prop-
erties determining the choice of detection in
HPLC is vast and beyond the purpose of this
book. Such properties are typically discussed
in detail in each individual method of analysis.
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