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ABSTRACT

The partition and displacement mechanisms of the solute’s retention are reviewed in terms of phenomenological thermo-
dynamics with special emphasis on their use in modeling reversed-phase liquid chromatography with mixed eluents. This review
contains some thermodynamic arguments for representing the solute’s retention on chemically bonded phases by a combined
partition—displacement model. A simplified version of this model, which represents the formation of the solvent—surface
stationary phase via a displacement mechanism and the distribution of the solute between the mobile and stationary phases via a
partition mechanism, is discussed in order to demonstrate its utility for characterizing RPLC systems. The composition of the
solvent—surface stationary phase may be studied on the basis of independent excess sorption measurements for the eluent-bonded
phase system. Also, the RPLC data can provide information about the composition of solvents in the stationary phase. Analysis
of the solvent sorption effects on the basis of sorption measurements as well as on the basis of the methylene selectivity data show
that the presence of solvents in the chemically bonded phases affects significantly the solute’s retention in typical RPLC systems.
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1. INTRODUCTION mobile phase (e.g., benzene-hexane mixture).
However, in reversed-phase liquid chromatog-
The so-called “normal” mode of liquid chro- raphy (RPLC) the polarity of the phases is
matography comprises systems with a polar reversed, i.e., the mobile phase is polar and the
stationary phase (e.g., silica gel) and non-polar stationary phase is non-polar. Although different
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non-poiar materiais can be used in RPLC as the
column packings (e.g., solid supports coated with

non.nnlar soamnnnnde nnr‘\nn-hncnr] nackino
LVIITPUIGAL VWIILIPU LIS, LUVt UVasvu yuvnn;xén,

etc.), several packings with chemically bounded
phases (e.g., silica-based alkyl bonded phases)
reached the greatest popularity in RPLC applica-
tions because they are chemically stable and
possess microparticulate structure which assures
a rapid mass transfer and a high degree of
prludubxbuu_y At Presem RPIC is froqueﬂtl_y
identified with the high-performance liquid chro-
matography with chemically bonded phases and
it will be subject of the current review.

Two extreme molecular processes, i.e., dis-
placement and partition, are most often used in
liquid chromatography (LC) to represent the
solute’s distribution between the mobile and
stationary phases (see reviews [1-13] and refer-
ences therein). Displacement is a surface process
which occurs at the solid-liquid interface. Ac-
cording to this process the solute’s molecules
migrate from the mobile phase to the interface
and displace the physically adsorbed molecules
of solvents. The displacement process, called
also competitive adsorption, is controlled by the

difference between the solute’s and solvents’
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sorption free energies. This type of the solute’s
distribution between the mobile and stationary
phases dominates in the normal-phase mode LC
systems, in which the stationary phase is a
monolayer or bilayer formed on a polar solid
surface.

An altarnative mechaniem of the calute’s dic-
AN aiternative mecnanisimn oI ing sCiuie’s Qis

tribution is partition, which is a volume process.
The partition mechanism is favored when the
stationary phase is “thick” enough in order to
accommodate solute molecules in its volume.
This condition is fully fulfilled in the liquid—
liquid chromatographic systems, in which the
stationary and mobile phases are immiscible
liquids. Also, the stationary phase in RPLC
systems with chemically bonded ligands is rela-
tively “thick” [11,13-16] and suitable for accom-
modating the solute molecules via the partition-
ing mechanism. However, the solute’s partition-
ing that occurs in the RPLC systems differs
31gnmcanuy from that taxmg pnace between two
immiscible liquid :phases because the chemically
bonded phase with incorporated solvent mole-
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cuies is by no means a buik liquid {i7]. A
common feature of the partition phenomena

occuring in the ||nn|t‘| llnnld and RPI C gvstems
1g in the §ys

is their molecular mechamsm, which involves: (i)
the creation of a solute-sized cavity in the
stationary phase, (ii) the transfer of a solute
molecule from the mobile phase to the formed
cavity in the statlonary phase and (iii) the closing
of a solute-size cavity in the mobile phase [11]

Ac chanld ha avyida [ tha ahava da
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tion, the solute’s partitioning is controlled by the
differences in the molecular interactions of sol-
ute molecules in the stationary and mobile
phases.

A brief description of the solute’s retention
given above shows that a variety of interactions
exists in LC systems, which must be identified in
order to understand the LC process. These
include the solute—solvent and solvent—solvent
interactions in both the mobile and stationary
phases and the interactions of the solute and
solvents with the solid surface (e.g., refs. 4,7,8
and 17-19). For LC systems with chemically
bonded phases a significant contribution to the
solute’s retention arises from the interactions of
the solute and solvent molecules with the bonded

AT SULAVY Qi SULVOILL JIICROLEDS Wakidl VAL DRSS

ligands (e.g., refs. 2 and 11). In addition, the
solute’s retention can be influenced by the other
factors such as: the composition of solvents in
the stationary phase [17,20-27], dissociation,
complexation and/or association equilibria (e.g.,
refs. 28-37), surface heterogeneity [38—42], size

nd chana af tha cahitea malaculag 91 A2_A851 ag

and shape of the solute mclecules [21,43-45], as
well as the orientation, dynamics and conforma-
tion of chemically bonded phases [46-49]. Al-
though the existing statistical thermodynamic
descriptions of the solute’s retention incorporate
the majority of molecular interactions [45,50-
56], they are inconvenient for interpreting the
LC data because the resulting cquations are
frequently quite complicated. Because of such
difficulties, simple retention models are very
popular in LC.

In the current work the partition and displace-
ment models are reviewed with a special em-
phasis on their utility for describing the solute’s
retention in LC systems under re’v'ei‘seu-puaac
conditions. This review shows that a combination
of these models seems to be necessary for
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representing the overall process of the solute’s
retention in RPLC. Also, the present work
addresses an important role of the stationary
phase effects in the RPLC process. These effects
were often ignored in some earliest retention
models [57-60] and even at present they are
sometimes underestimated in modelling RPLC
processes.

2. THERMODYNAMIC MODELLING OF LIQUID
CHROMATOGRAPHY

2.1. Two-stage nature of chromatographic
processes at the liquid—solid interface

In a typical RPLC system the stationary phase
consists of chemically bonded ligands, which are
essentially not removable from the silica surface,
and incorporated molecules of a organic com-
pound (e.g., methanol, acetonitrile) and water,
which are used as the components of the mobile
phase. The injected amount of solute should be
infinitely low in analytical applications of RPLC
and does not alter the solvent composition of the
stationary phase. The concentrations of solvents
in the stationary phase are established according
to the conditions of thermodynamic equilibrium
and usually they differ from the composition of
the mobile phase. The stationary phase composi-
tion of solvents depends on the mobile phase
composition, chemical nature of the bonded
ligands, and their surface concentration and
conformation. In addition, the thickness of the
stationary phase in RPLC can change with the
mobile phase composition because the conforma-
tional structure of the bonded ligands is different
in aqueous and organic environments [46—49].

Another important factor that controls the
composition and structure of the stationary
phase in RPLC is silica, i.e., its porosity, surface
properties and the amount of unreacted silanol
groups. The “silanophilic” interactions, ignored
initially in the interpreting the solute’s retention
under reversed-phase conditions [61-63], have
been found to play an important role in RPLC
process [64—71]. It is obvious that the amount of
unreacted surface silanols controls the concen-
tration of -water molecules in the stationary
bonded phase and consequently, it influences
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significantly the composition of solvent mole-
cules in this phase. The above brief description
of the stationary phase in RPLC shows that its
structural and compositional properties differ
significantly from the physicochemical properties
of immiscible liquid phases used in classical
partitioning. A comparative study of partition
mechanisms in liquid-liquid and RPLC systems
showed essential differences between them {[72].

In earlier models of the LC process the so-
lute’s retention was identified with the distribu-
tion of the solute between both the mobile and
stationary phases (see refs. cited in ref. 8). For
example, one of the most popular equations in
the theory of LC with the mixed mobile phases,
the Snyder—Soczewinski equation [4,43], ignores
the composition of solvents in the stationary
phase. In 1979 Jaroniec et al. [21] derived, in
terms of the displacement model, a general
expression for the solute’s retention, which in-
volves the surface phase composition effects.
According to this expression the surface phase
composition significantly affects the solute’s re-
tention at low concentrations of the more polar
solvent. However, in the range of high concen-
trations it reduces to the Snyder—Soczewinski
relationship. This example illustrates that each
rigorous model of the solute’s retention should
take into account the stationary phase composi-
tion effects, which often are ignored. The impor-
tance of the surface phase composition effects
have been strongly underlined by Jaroniec and
Martire [17,73] in their thermodynamic treat-
ment of LC with mixed mobile phases. Accord-
ing to this treatment each rigorous model of the
solute’s retention should distinguish two stages
of LC process: (i) the formation of a combined
solvent—surface stationary phase and (ii) the
distribution of the solute between the mobile
phase and the solvent—surface stationary phase.
A brief discussion of these stages is given below.

2.2. Formation of the solvent—surface stationary
phase

Formation of the solvent-surface stationary
phase is an independent stage of the LC process
and takes place during conditioning the chro-
matographic column. Before injection of the
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solute a mixed eluent is pumped through column
and during this process the equilibrium composi-
tion of the stationary phase is established via
competitive sorption of eluting solvents. This
composition is not altered by injection of the
solute because its amount supposed to be infi-
nitely small. Generally, the equilibrium composi-
tion of the solvents in the stationary phase,
which depends on the type of chemically bonded
ligands, their surface conceniration, and the
surface and structural properties of the silica
support is a function of the mobile phase
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composition. In the case of simple chromato-
graphic systems it may be estimated in terms of
the theory of competitive adsorption at the
liquid-solid interface (see reviews [8,74,75] and
references therein). In the other cases the sur-
face composition of the solvents can be deter-

mined hv a diract dvnamic aor ¢tatic meacunramant
...... €C Oy a CGIrecl Gynamic or siaic measurement

of the excess sorption isotherm for the solvents—
chromatographic packing system (this problem
will be discussed later). Information about the
surface composition of solvents can be also
obtained on the basis of LC measurements
[26,27].

Ve 4 evean o ~F A
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nUlUslbdl lhcl muuy-
namics the competitive sorption of solvents,
which is a displacement process, is usually repre-
sented by a series of the phase-exchange quasi-
chemical reactions for all possible solvents’ pairs
[21]. For the pair of solvents i and j this reaction
can be written as follows:

rj(i)l+ri(j)asrj(i)a+ri(j)l 1)

where (i)’ denotes a molecule of the ith solvent
in the pth phase, and p = [ (mobile phase) and o
(stationary phase). The parameter 7; is a measure
of the molecular size and denotes the total
number of segments in one moiecuie of the ith
solvent [21]. Although the phase-exchange reac-

tion mvpn hv ean. 1 suggests a monolaver
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character of the surface phase, the theoretlcal
studies by Dabrowski er al. [76] showed that it
can be used to represent the formation of a
multilayer with a special molecular order. At
thermodynamic equilibrium the phase-exchange
reaction 1 is characterized by the equilibrium
constant K.
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o )
a;\"(a;\" .,
K;= (;,—) (a_‘]') foriz*j 2)
where a} denotes the activity of the ith solvent in
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volume fraction, ¢, and the activity coefficient,
P.
V.

a’=¢’y?i forp=lo. 3)

Eqn. 2 is a general expression, which describes
the thermodynamic equilibrium of the phase-
displacement for the solvents i and j. This
equation contains the activity coefficients of
solvents in the mobile and stationary phases.
Special forms of eqn. 2 can be obtained by
expressing these activity coefficients in terms of
the volume fractions of all solvents. The mobile
phase activity coefficients can be evaluated on
the basis of the independent measurements, e.g.,
gas—liquid chromatography [77-79], liquid-
vapor equilibria [80]. However, analytical ex-
pressions for the activity coefficients can be only
obtained by assuming a molecular model for the
liquid phase [80]. For instance, Jaroniec and
Martire [17] discussed eqn. 2 with the activity
coefficients formulated in terms of the theory of
regular solutions.

In many modeis of the soiute’s retention the
surface phase composition of solvents is ex-
pressed by means of Everett’s equation [81]

Qiis VL e et i

K12xll
1 7
(k2 + Ki5x7)

v =
1

Eqn. 4 expresses the mole fraction, x7, of the 1st
solvent in the surface phase in terms of the
mobile phase composition, x, and x,=1-x.
This equation corresponds to the simplest ad-
sorption model that assumes: (i) thermodynamic

equmorlum of an ideal omary lquIG mixiure of

non-electrolytes on an inert solid, (ii) identical
sizes and spherical shapes of all molecules, (iii)

ideality of the surface (statlonary) phase and (1v)
energetic homogeneity of the solid. In mathe-
matical language, these assumptions can be
formulated as follows: (i) all activity coefficients
in eqn. 2 are equal to unity, (ii) the parameters 7;
and r; are identical and (iii) only one value of the
gnncmnt I(l is necessary for dpqcnhmo the over-
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all phase-displacement process between mole-
cules of the solvents i and j; the first two
assumptions define ideality of both phases,
whereas the third one defines the solid’s homo-

canaity Arnlicatinn af the ahave accumntione to
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eqn. 2 gives Everett’s eqn. 4. Although eqn. 4
corresponds to a very simple adsorption model,
for many LC systems it is already sufficient to
represent the surface phase composition of sol-
vents (see ref. 8 and references therein). It was
shown elsewhere [27,82,83] that in many cases
the representation of the surface phase ccmpos;—

tion effects by eqn. 4 significantly improves
description of L.C retention data.

2.3. Solute distribution between the mobile and

stationary phases

Any rigorous description of the distribution of
the sth solute (being at the infinitely low concen-
tration) between the mobile and stationary
phases should take into account its competitive

sorption with respect to all solvents and the
SOTplion wiinl respe OV ine

different solute-solvent interactions in both
phases {73]. In general, this process can be
characterized by the equilibrium constant K;
(analogous to the constant K; given by eqn. 2),
which 1s defined 1n terms of the activities of the
sth solute and ith solvent, i.e.,

I

- (5 (&) s
si ai a’ ( )

i

where a? denotes the activity of the sth solute in
the pth phase, where p ={, ¢. It is noteworthy
that one equilibrium constant K; is sufficient for
representing the solute’s interactions with the
other solvents because a simple combination of
Kﬂ with the solvents’ equilibrium constant, e.g.,
K, gives K;:
K,; = KK ()
Expressing all activities in egn. 5 in terms of the
activity coefficients and the volume fractions (cf.,
eqn. 3) and defining the solute’s distribution
coefficient k; as the ratio of the solute’s volume
fractions in the stationary and mobile phases,

i.e
v Loy
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ks = [ELTL >0 ™

[12]
Ts

one can transform eqn. 5 and obtain the follow-

IR, R P 1.

mg gcucral CXpression for K

{

e () { f_" (Y7
Ink,=InK}; +m\—-)+nm\ }-r-nm\ }
®)
where
KY=(K)"" and n=r/r, 9

It was shown elsewhere [17,73] that eqn. 8
generates the majority of the known relation-
ships that describe the mobile-phase dependence
of the solute’s distribution coefficient. Two of
them are the most popular relationships because
they describe the solute’s distribution according
to the displacement and partition models. It was
proved in ref. 17 that after neglecting all solute—
solvent and solvent-solvent interactions in both

p!ldb@b, Cqu O glVCb LUC .lUl!UWlllg buupxc .lCla.‘

tionship:

o

Ink, =in K, +nin( £} (10)
P

Eqn. 10 defines a simple displacement of the
solvent molecules physically adsorbed in the
surface phase through the solute molecules con-
tained in the mobile phase The simple displace-

ment process is characterized Dy the difference in

the solute—surface and solvent—surface interac-
tinne nnly f’?’}] It chonld he amnhacized that
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eqn. 10, denved in terms of the dlsplacement
model [21], contains the volume fraction ¢,
which characterizes the stationary phase compo-
sition. Expressing in eqn. 10 the volume fraction
¢; by Everett’s eqn. 4 or an equation for
competitive adsorption of solvents on an

anargatically hotarnconanne enalid 741 Ana cnn
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obtain, respectively, analytical expressions for
the solute’s distribution coefficient on homoge-
neous and heterogeneous surfaces, as discussed
in refs. 20-23. At higher concentrations of the
most polar solvent, which interacts strongly with
the surface, one can assume that other solvents

are not nrecent in the gtationarv nhocee {7 o
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¢;—1) and eqn. 10 becomes the well-known
Synder-Soczewinski equation [4,43]:

Ink,=InK%—nlne, (11)

Eqn. 11 is the most often used in normal-phase
LC to represent the experimental dependence of
the solute’s distribution coefficient on the mobile
phases composition (see reviews [4,8] and refer-
ences therein).

The other important case of the general eqn. 8
is obtained by assuming the partition mechanism
of the solute’s distribution. This case can be
obtained from eqn. 8 by equalizing the solute—
surface and solvent—surface interactions [17,73]:

k,=vyiy? (12)

Eqn. 12 defines the solute’s distribution via the
partition mechanism, which is controlled by the
difference in the solute-solvent interactions in
both phases. It was shown in refs. [84 and 85]
that expressing in eqn. 12 the solute’s activity
coefficients in terms of the theory of regular
solutions one can obtain the Oscik equation [5].

A series of the other equations for the solute’s
distribution coefficient can be generated directly
from eqn. 8 by assuming the specific expressions
for the activity coefficients of the solute and
solvents. As it was suggested in ref. 17, the
activity coefficient of a component, solute or
solvent, in the mobile phase can be expressed as
a simple product of two quantities:

Yi=YiawYispe (13)

where yf,dis describes the mobile phase non-
ideality arising from dispersive interactions, and
yf,spe characterizes the phase non-ideality arising
from the specific interactions between molecules
of the solute and solvents. In the case of the
stationary phase an additional non-ideality of
this phase arise form the energetic heterogeneity
of the solid surface and it can be included to the
overall activity coefficient as follows [86—88]:

7;7 = Y?:disyzspe7:thet (14)

Combination of eqn. 8 with the suitable expres-
sions for the activity coefficients permitted deri-
vation of several relationships for the solute’s
distribution coefficient (see refs. 7, 17-18, 41 and
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89]. Some of them were also derived in terms of
the statistical thermodynamics [50-52,90].

3. PARTITION-DISPLACEMENT MODEL FOR RPLC
WITH MIXED ELUENTS

3.1. A brief description of the partition—
displacement model

A general description of the solute’s retention
in terms of phenomenological thermodynamics is
given by eqns. 2 and 8; the first of these equa-
tions describes the competitive adsorption of
solvents, whereas the second one characterizes
the solute’s distribution. For many RPLC
systems, especially for systems with chemically
bonded phases that contain a significant number
of unreacted silanol groups, the mechanism of
the solute’s retention may be complex, as has
been suggested in several works [64-71]. In
these systems the solute’s distribution is not only
controlled by the solvophobic interactions [61-
63] but also by the “silanophilic” interactions
[65,66]. In the author’s opinion the accessible
silanol groups may cause also a dramatic change
in the composition of solvents in the stationary
phase. This opinion found already some justifica-
tion through the studies of the excess adsorption
isotherms of solvents on chemically bonded
phases [91-97], as well as through the assess-
ment of surface phase composition effects on the
basis of the RPLC data [26,27,82,83,98]. If one
assumes that the unreacted silanols control the
stationary phase composition, then a simple
partition mechanism can be assumed to repre-
sent the distribution of the infinitely small
amount of the solute between the mobile phase
and the solvent-surface stationary phase. The
fact that the stationary bonded phase with the
incorporated solvent molecules is relatively thick
gives an additional justification for the above
concept. However, formation of the solvent—
surface stationary phase is usually associated
with phase volume effects, which need to be
treated in terms of the competitive adsorption
(displacement) model. Thus, a realistic model
for the solute’s retention in RPLC systems with a
mixed mobile phase may be obtained by a
combination of the displacement model that
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represents the formation of the stationary phase
and the partition model that describes the sol-
ute’s distribution between the solvent-surface
stationary phase and the mobile phase. Simple
equations resulting from the partition—displace-
ment (PD) model of the solute’s retention are
discussed below.

3.2. Fundamental relationships for the
distribution coefficient

In mathematical language, the PD model can
be formulated as follows: (i) the competitive
adsorption of solvents, occuring via the displace-
ment process, is characterized by the equilibrium
constants K, and the solute’s partition is de-
scribed by eqn. 12. The formulation of this
model in terms of the theory of regular solutions
gives the following expression for the distribu-

tion coefficient [85,98]:

Ink,=¢7In ko) t+ @, In k.2

+ (7 — 9"’1) In Ksii2) — ‘P; InkK,+Y (15)
where
Y =rx00705 — rx1eie (16)

The symbols k,,, and k,,, denote, respectively,
the distribution coefficients of the sth solute in
the pure solvents 1 and 2, k,, ,, is the hypotheti-
cal partition coefficient of the solute between
two pure solvents 1 and 2, r, is the size parame-
ter defined in eqn. 1, and x¥%, is the interaction
parameter for these solvents in the pth phase.
Note that —RT In k,; denotes the change in the
Gibbs free energy, AG,, for the solute’s reten-
tion in LC with a mixed mobile phase. However,
—RT Ink,,, denotes the change in the Gibbs
free energy, AG,,, which characterizes the so-
lute’s retention in the ith pure solvent. Since for
the stationary phase containing two solvents
1+, =1, the term ¢ AG,;, (i=1, 2) de-
notes the contribution to the total AG, arising
from the solute’s retention in the ith pure sol-
vent. If AG, for the overall retention process is
an additive quantity, eqn. 15 should contain only
the first two terms referring, respectively, to the
solute’s retentions in the pure solvents 1 and 2.
Since this is not the case, the remaining three
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terms in eqn. 15, after multiplication by —RT,
denote the excess in the Gibbs free energy. This
excess quantity reflects the effects associated
with the competitive adsorption of solvents
(through the equilibrium constant K,,; see the
fourth term in eqn. 15), the solute—solvent
interactions in the mobile phases (through the
hypothetical partition coefficient «,,,,); see the
third term), and the solvent—solvent interactions
in both phases (through the interaction parame-
ters x4, and xJ,; see the fifth term). The com-
petitive sorption effects are also reflected in the
third term, which is directly proportional to the
dimensionless adsorption excess of the 1st sol-
vent ¢ — ¢}. It was shown in ref. 5 that for
many LC systems the surface and mobile phase
solvent—solvent interaction terms are small and
approximately cancel, rendering the quantity Y
negligible in eqn. 15.

An interesting case of eqn. 15 is obtained by
assuming that the sorption excesses of both
solvents are equal to zero and Y =0. For in-
stance, the sorption excess of methanol from
water on some alkyl bonded phases is small and
sometimes it can be approximated by zero
[27,82,83]. With the above-mentioned assump-
tions the last three terms in eqn. 15 become
equal to zero, and then:

Ink, = % Ik, + @3 In k) (17)

Since the sorption excess of the solvents is equal
to zero, i.e., ¢; = goﬁ fori=1,2, eqn. 17 can be
also written in the following form:

Ink,=@;Ink,,, +¢3Ink,, (18)

Eqn. 17 refers to a simple partition model of the
solute’s distribution between the mobile and
stationary phases, the compositions of which are
not affected by the competitive adsorption of
solvents. In this case the logarithm of the solute’s
distribution coefficient is an additive quantity
with respect to the solvent composition. How-
ever, for the simple displaccment model of the
solute’s retention an additive quantity is the
distribution coefficient [1,20]:

k, = ‘P:ks(l) + Sogks(z) (19)

A comparison of eqas. 17 and 19 shows that the
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partition and displacement models of the solute’s
retention lead to essentially different results.

3.3. Selectivity

The selectivity, «,,, is an important quantity,
which is often used to study the nonspecific and
specific interactions in chromatographic systems.
It can be defined as the ratio of the distribution
coefficients for two solutes: s and r, i.e.,

o, =k, Ik, (20)

If a, is calculated for adjacent members in a
homologous series, it is called the non-specific
selectivity (or the methylene selectivity in the
case of alkyl homologues) [99]. However, for
two solutes differing in a functional group, «,,
can be called the specific (or polar) selectivity
[100]. The methylene selectivity is highly popular
in RPLC and is often used to investigate the
hydrophobic interactions between solutes and
chemically bonded phases [26,27,82,83,101-107].
For many types of homologous series this selec-
tivity, calculated at a fixed composition of the
mobile phase, is constant for a number of adja-
cent carbon atoms in the homologue’s alkyl
chain. The logarithm of the methylene selectivity
multiplied by the factor ~RT is equal to the
change in the Gibbs free energy that character-
izes the transfer of the methylene group from the
mobile to the stationary phase.

A very simple equation for the logarithm of
the selectivity, s, =Ina,,, can be obtained in
terms of the PD model of the solute’s retention.
It is easy to obtain from eqn. 15 the following
expression:

Ser = P1So1y T P80y T (7 — ‘Pl1)s:r(1/2) (21)
where

Sery = 0 @,y = In(k, k) for i =1,2 (22)
and

s:r(llz) = ln(Ks(I/Z)/Kr(l/Z)) (23)

Eqn. 21 defines the logarithm of the selectivity
for two solutes charomatographed in a binary
eluent in terms of the selectivities referring to
one-component eluents and the sorption excess
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of the first solvent. Since the quantity Y in eqn.
15 is often negligible [5] and the forth term in
eqn. 15 does not depend on the solute’s nature,
these terms do not provide a contribution to the
logarithm of the selectivity. However, the
composition of the solvent—surface phase is
expressed by the volume fractions of both sol-
vents (cf., two first terms of eqn. 21). Addition-
ally, the solvent sorption effects are reflected by
the third term of eqn. 21, which through s, ,,,,
also includes the effects associated with the
solvent-solvent interactions.

4. SORPTION EXCESSES OF SOLVENTS IN THE
STATIONARY PHASE

As was mentioned in section 2.2, the composi-
tion of the solvents in the stationary bonded
phase can be evaluated on the basis of the
sorption excess measured for the mixed eluent-
chromatographic packing system. There exist
extensive literature dealing with the physico-
chemical interpretation and measurement of the
sorption excesses at the liquid—-solid interface
(see reviews [74,75,108-116] and references
therein). A special elaboration was prepared by
the Commission on Colloid and Surface Chemis-
try of the IUPAC on reporting data for adsorp-
tion from solution at the solid—solution interface
[117]). Although a rigorous thermodynamic de-
scription of liquid—solid adsorption was formu-
lated by Everett in 1964 [81], its first application
for elaborating the theory of LC with mixed
mobile phases appeared in the literature four-
teen years later [20]. The first use of the excess
adsorption isotherms of solvents for characteriz-
ing the surface phase in normal-phase mode LC
systems was demonstrated by Jaroniec et al. [21]
in 1979. Although from this date several excess
isotherms have been published for the normal-
phase [21,23-25,118,119] and reversed-phase
[93-97,120] systems, they are used rather seldom
for interpreting LC data [21,23,118]. The sorp-
tion excesses of the solvents on chemically
bonded phases can provide valuable information
about the structure and composition of the
stationary phase, which is essential for a proper
description of the solute’s retention in RPLC.

The available sorption data for the most popu-
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lar eluents in RPLC, i.e., for methanol-water
and acetonitrile-water on alkyl bonded phases,
show that the preferential sorption of acetonitrile
is much stronger than that for methanol
[92,96,120). This means that in the case of
acetomtnle its concentration in the stationary
bonded phase is much greater than that in the
mobile phase. A quantitative evaluation of the
sorption effects for acetonitrile on alkyl bonded
phases was performed in a few Iaboratories
[92,93,95-97,120]. Fig. 1 presents an interesting

comnarison of the acetonitrile sorntion excesses

LRI IS VL Al QUOARVANERS SUR MV VAMLSSY S

on octadecyl bonded phases. These excesses
were measured at room temperature on different
bonded phases in three different laboratories
[93,96,120]. One excess isotherm was measured
on the octadecyl bonded phase prepared by Tani
and Suzuki (TS phase) [120], the others were

nhtainad far Randanalr O {Watare Asenec ) [0K])
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and LiChrosorb RP-18 (Merck, Darmstadt, Ger-
many) [93]. Although all bonded phases were
prepared on different samples of silica, their
specific surface areas (about 300 m*/g) and mean
pore diameters (about 10 nm) were similar (see
details in refs. 93, 96 and 120). Also, all packings

gtrndind waen amdrnmenad malumensia ahacas
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They differ in the carbon load, which for the
Merck and TS phases were similar and, respec-
tively, equal to 19.8% {[121] and 18.5% [120].

Sorption Excess n? [mmol/qg]
N e

D

04 08 08 1.0
|
1
Fig. 1. A comparison of the excess sorption isotherms of
acetonitrile from aqueous solutions on octadecyl bonded
phases, The filled circies denote the excess data measured on
wnBondapak C,; at 298 K [96], the open triangles refer to the
data on the Merck RP-18 phase at 295 K [93] and the filled

trianolec refer to the data an the TR nhace at 202 ¥ 11901
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However, the carbon load for the Waters phase
was equal to 10% {122] i.e., about half that of

lllC IVICILB dllU 10 plldbCB ["lg l UclllUllblldl.Cb
that the concentration of alkyl ligands on the
silica surface, which is proportional to the %
carbon load, sngmﬁcantly affects the excess sorp-
tion of acetonitrile. The excess isotherm for the
Waters phase differs considerably from those
measured on the Merck and TS phases with the
high carbon ioad. At iow concentration of ace-
tonitrile in the mobile phase the acetonitrile
sorntion excess on the alkvl-rich nhases is small-

SLIPWOI CALTSS AL R0 I8 YAm33%A0 PRrasts 2o Sailasd

er than that for the phase of low density.
However, at high concentrations of acetonitrile
the opposite sequence of the excess isotherms is
observed, i.e., for the alkyl-rich bonded phases
the acetonitrile excess assumes small positive
values, whereas for the low-density phase the

avcoce valuae ara neaoative Tha nevative avcece
WAMWWIIES YAIWMWD diw ll\rsu‘:l‘\—- ALl ll\dsull'\d N/ L2 WA

of acetonitrile denotes the positive excess of
water, which is an indication that at high concen-
trations of acetonitrile the water molecules are
preferentially incorporated to the low-density
phase. The excess isotherm of acetonitrile on the
Waters bonded phase is a nice illustration of the
importance of the phaac ueﬁSit'y' in COﬁli’O‘lhﬁg
the composition of solvents in the stationary
phase. The other interesting feature shown in
Fig. 1 is a surprising coincidence of the two
excess isotherms measured on the Merck and TS
bonded phases (note that these isotherms were
measured at slightly different temperatures)
Aun()ugn both pnases had similar carbon mdua,
they were prepared on the basis of different
silica samples in two laboratories. Also, the
excess isotherms were measured in two labora-
tories by employing the minor disturbance meth-
od and the method with the isotopically labelled
compounds {93,120]. A good reproducibility of
the excess data for acetonitriie on the alkyi-rich
bonded phases facilitates their use for charac-

terizineg solvent-surface cfaﬁnnary nhases in
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RPLC.

Fig. 2 illustrates the dependence of the solvent
sorption on the length of the alkyl bonded
chains. The excess isotherms shown in Fig. 2
were piotted on the basis of the sorption data
measured by Slaats er al. [93] for acetonitrile
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Fig. 2. A comparison of the excess sorption isotherms of
acetonitrile from aqueous solutions on the Merck RP-2 (open

lac)
circles), RP-8 (closed circles) and RP-18

phases at 295 K. The excess data taken from ref. 93.
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eight and eighteen carbon atoms in the bonded
alkyl ligands [93]. These bonded phases were
from Merck (Darmstadt, Germany), known as
the LiChrosorb RP-2, RP-8 and RP-18 chro-
matographic packings. The surface coverages of
the Merck RP-2, RP-8 and RP-18 phases,
evaluated by Buszewski and Nasuto [123], are
respectlvely equal to 3.91, 3.23 and 3.17 pxmol/

These vaiues indicate that RP-Z, RP-8 and
RP 18 can be treated as alkyl-rich bonded
phases. The surface coverage of the RP-2 phase
is about 20% higher than that for the RP-8 and
RP-18 phases and the sorption excess isotherm
of acetonitrile on this phase lies above the other
isotherm curves. It lies close to the isotherm on
RP-8 but differs significantly from that on RP-18.
The sequence of the acetonitrile excess isotherms

Quiea

111»aouu;d on Lhc all\_yl'lll’h RP PIIGDUB \DllUWll in
Fig. 2) differs from that deduced on the basis of
the RPLC data for the low-density bonded
phases [27].

The excess data illustrates in Figs. 1 and 2
show that at present their physico-chemical inter-
pretation is difficult because sorption of the
RPLC solvents on chemically bonded phases is
controlled by the various types of polar and
non-polar interactions. Extensive and systematic
studies of the solvent sorption effects in RPLC
systems are desirable in order to improve our
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knowledge about the structure and composition
of the solvent—surface stationary phases.

5. APPLICATIONS OF THE PARTITION-
DISPLACEMENT MODEL IN RPLC

PPV g
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methylene selectivity is often used to study
hydrophobic interactions in the RPLC systems.
There is a great number of publications reporting
the methylene selectivity data measured at the
different compositions of the mobile phase [99-
104,124-127]. For the methanol-water eluent
the logarithm of the methyiene selectivity, s,,,
changes almost linearly with the mobile phase
composition [101,103]. However, non-linearity is
observed for the other reversed-phase eluents
such as: acetonitrile—water, tetrahydrofuran-
water and isopropanol-water [99,101-103]. It
was demonstrated [26,27,82,83,98] that the con-
centration-dependent methylene selectivity data
can be interpreted in terms of the PD model of

tha caluita’e ratantiaon Qin intarnratation of tha
tng sgiule’s reienuon. Since mierpreiation o 1ag

non-linear behavior of s,, in terms of the PD
model is reasonable and interesting, its brief
discussion is given here in order to illustrate the
utility of this model for representing the solute’s
retention in the RPLC systems.

It is possible to show on the basis of eqn. 21
that the excess function, S:,, associated with the
logarithm of the methylene selectivity is propor-
tional to the sorption excess of 1st solvent [98],

ie.,

W€ = _ lg I — pranctant (A7 0N
Ser T9sr Y1dsr(1)  W29sp(2) T VVURMALY (¥ W)
(24)

The symbol s,,, denotes the logarithm of the
selectivity for the sth and rth solutes in the ith
pure solvent; when the solutes s and r denote
two adjacent homologues, this symbol refers to
the methylene selectivity.

If s° (¢) = 0 in the whole concentration range,
then according to egn. 24 the sorption excess of
the first solvent is equal zero. The zero value of
the sorption excess denotes that the composi-
tions of solvents in both phases are identical.
Thus, a deviation of the s¢,(¢}) dependence from
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Fig. 3. Excess function of the methylene selectivity (cf., eqn
24) plotted against the volume fraction of water in the binary
hydro--organic mobile phases with methanol (O), acetonitrile
(®) and tetrahydrofuran (A). These functions were plotted
on the basis of the selectivity data measured at 298 K by
Colin et al. {101]. From ref. 98.

zero indicates that the solvent concentrations in
the stationary phase differ from those in the
mobile phase. Thus, the s° (¢}) plot is a simple
chromatographic test for assessment of the sol-
vent sorption effects in RPLC. It is illustrated in
Fig. 3, which was prepared on the basis of the
methylene selectivity data published in ref. 101.
This figure presents the excess selectivity func-
tion for three different binary hydro—organic
mobile phases, i.e., methanol-water, acetoni-
trile~water and tetrahydrofuran-water. For the
methanol-water mobile phase the excess selec-
tivity function is almost zero at low water con-
centrations and assumes small positive values in
the range of high water concentrations. This
result justifies neglection of the solvent sorption
effects in interpreting the dependence of the
methylene selectivity on the methanol-water
composition. In this case eqn. 21 reduces to the
following expression:

_ 1 I
Ser = ‘Plssr(l) + ‘P2ssr(2) (25)

Eqn. 25, describing additivity of the s, quantity
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with respect to the solvent mobile phase compo-
sition, represents the linear behavior of the
s,,(¢}) function, as was observed experimentally
[101,103]. However, for the acetonitrile—water
and tetrahydrofuran—water phases the excess
selectivity function deviates strongly from zero.
This fact is a clear indication that the solvent
sorption effects influence strongly the solute’s
retention in the above-mentioned systems.

In refs. [27, 82 and 83] a simplified version of
the PD model was used for analyzing the non-
specific selectivity data. It was shown in these
references that a combination of eqn. 17 (which
refers to a simple partition model of the solute’s
retention) with eqn. 4 (which describes the
composition of the solvents in the stationary
phase in terms of a simple displacement model)
gives the following expression:

)

L)
=g +b %2 26
(ssr(2) - ssr) (Pi ( )
where
1 K>
a=-———— and b= 27
(ssr(2) - ssr(l)) (ssr(Z) - ssr(l)) ( )

The methylene selectivity data reported by Colin
et al. [101] were plotted according to eqn. 26 (cf.,
Fig. 4). As was mentioned in ref. 82, eqn. 24
gives a good representation of these data over
the range of the water volume fractions from

10.0

0.0 1.0 2.0 3.0
Volume ¥raction Ratio 'f,’ 19

Fig. 4. The linear dependencies plotted according to eqn. 26
for the data shown in Fig. 3.
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zero to 0.7. The observed deviation for the
water-rich mobile phases is not unexpected since
solution non-ideality effects are significant in this
range; however, eqn. 4, used to obtain eqn. 26,
was derived assuming ideality of both phases.
The results presented in Fig. 4 show that inter-
pretation of the methylene selectivity data can be
improved significantly by taking into account the
composition of solvents in the stationary phase.
Even the use of a simple displacement model to
represent the composition of solvents in the
stationary phase, like that described by eqn. 4,
gives a satisfactory description of RPLC systems.
For instance, the equilibrium constant for the
water—acetonitrile eluent evaluated according to
eqn. 26 on the basis of the methylene selectivity
data plotted in Fig. 4 is equal to 0.36. A value of
K,, smaller than unity indicates a relatively
strong sorption of acetonitrile from aqueous
solutions, which is in a good agreement with the
independent sorption measurements discussed in
the previous section.

6. CONCLUDING REMARKS

The phenomenological thermodynamic de-
scription of the multicomponent sorption equilib-
ria at the liquid—solid interface gives foundations
for considering the solute’s retention in LC with
mixed mobile phases in terms of the partition
and displacement models. In contrast to the LC
processes occuring in some normal-phase
systems or liquid-liquid systems, where the
solute’s retention can be represented, respective-
ly, by the simple displacement or partition
models, the RPLC process is more complex and
its description by the above-mentioned models is
not satisfactory. It is shown that a combined PD
model needs to be used for representing this
process. The current review demonstrates the
theoretical and experimental arguments that
justify the use of a simplified version of the PD
model for studying RPLC systems. This simple
mode] assumes that the solvent—surface phase is
formed via a displacement mechanism and the
solute’s distribution occurs via a partition mecha-
nism. The solvent-surface phase may be charac-
terized on the basis of excess sorption measure-
ments, as well as on the basis of RPLC data. A
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short discussion of this problem shows that
further systematic studies are desirable in order
to explain the role of the stationary phase in
RPL.C processes.
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