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ABSTRACT 

The effects of ethanol/water mobile phases on the structure and 

composition of the octadecylsilane bonded stationary phase were 

discussed in terms of solute retention changes induced by changes in 

the concentration of ethanol in the mobile phase and/or the 

temperature. Results from Van't Hoff plots showed evidences of changes 

in the conformation of the bonded hydrocarbon moieties in ethanol/water 

mobile phases with low concentrations of ethanol, and evidences of a 

relatively high molecular order in the bonded stationary phase for 

ethanol/water mobile phase with low and high concentrations of ethanol. 

A disordered molecular state in the bonded stationary phase was 

suggested for mobile phases with an intermediate concentration of 

ethanol. Comparisons of column efficiency and selectivity results for 

different test-solutes were discussed in terms of possible average 

locations of the solutes at different depths of the bonded stationary 

phase depending on their respective interactions with the components of 

the bonded stationary phase. 

xi ii 



CHAPTER ONE 

INTRODUCTION 

Reversed-phase liquid chromatography (RPLC) is the most used 

mode of high performance liquid chromatography (1,2). This technique 

is characterized by the use of hydrocarbonaceous bonded stationary 

phases that provides high column performance or resolving power, and 

the use of a wide variety of mobile phases which are more polar than 

the bonded stationary phase. The combination of these two 

characteristics accounts for the wide applicability of RPLC which 

involves the separation of many types of soluts (2,3,4,5). For 

example, solutes with a wide range of polarities and molecular weights, 

as well as homologous series solutes with the structural difference of 

a single methylene group, can be separated with RPLC (6,7,8). 

Moreover, ionic and ionizable solutes may also be separated with RPLC 

by means of secondary equilibria, such as ionization control and ion 

pairing in aqueous mobile phases (4,9,10,11). Furthermore, RPLC allows 

the separation of enantiomers and metal-complexing species, as well as 

normal and deuterated hydrocarbons (9,10). 

The hydrocarbonaceous bonded phases used in RPLC are usually 

alkyl bonded silicas, such as octadecyl, octyl and methyl-si 1icas 

(4,11). There are also other hydrocarbonaceous bonded phases used in 

RPLC, such as cyclohexylalkyl, phenyl, phenylalkyl, napthylalkyl, and 

1  
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pyrenylalkyl bonded silicas (12,13). The use of hydrocarbonaceous 

bonded phases in RPLC provides several advantages, such as high column 

efficiency and long column operational life. High column efficiency is 

due mainly to the rigid pore structure of the bonded phase packings. 

Long operational life is due to the fact that bonded stationary phases 

cannot be easily removed during use because of their chemical 

stability. Another advantage of hydrocarbonaceous bonded phases is the 

relatively rapid mobile phase-column equilibration which makes possible 

the use of gradient elution (4,11). 

The mobile phases used in RPLC may be non-aqueous, partially 

aqueous or aqueous. The use of this wide variety of mobile phases 

allows the separation of many types of solutes. Non-polar solutes, 

strongly retained, are separated with non-aqueous mobile phases which 

consist of mixtures of methanol or acetonitrile with methylene chloride 

or tetrahydrofuran. Moderately polar solutes are usually separated 

with partially aqueous mobile phases which are mixtures of water and 

water-miscible solvents, such as methanol and ethanol. Ionic and 

ionizable solutes are separated with mobile phases that consist of 

aqueous buffers or mixtures of aqueous buffers and water-miscible 

solvents. These mobile phases may contain ion-pairing counterions, 

such as alkylsulfonates for the separation of cationic solutes and 

tetra-alkylammonium ions for the separation of anionic solutes (10). 

Mobile Phase in Reversed-Phase Liquid Chromatography 

There are several properties that the mobile phase should have 

in RPLC. In order to obtain low pressure drops across the column, the 
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mobile phase should have low viscosity. Furthermore, low viscosity is 

preferred in order to obtain high column efficiency because solute 

diffusivity depends upon mobile phase viscosity (10,11,14). Other 

properties that the mobile phase should possess are unreactivity toward 

the bonded stationary phase, and ability to dissolve the samples. 

Another property is compatibility with the LC detector. For example, 

UV-visible photometers require mobile phases with high optical 

transparence at low wavelengths. However, refractive index detectors 

require a large difference between the mobile phase and solute 

refractive index values (14). Finally, the mobile phase should have 

the right solvent strength or eluting power in order to achieve 

reasonable retention volumes or times (10,11,15). 

The mobile phase most commonly used in RPLC is a mixture of 

water and an organic water-soluble solvent, usually called modifier. 

Some of the organic modifiers used in RPLC mobile phases are dioxane, 

tetrahydrofuran, iso-propanol, n-propanol, acetone, dimethylformamide, 

dimethyl sulfoxide, and ethylene glycol (10,16). However, the organic 

modifiers most commonly used are methanol and acetonitrile (4,9,15,17). 

Ethanol is also an organic modifier used in RPLC mobile phases. This 

modifier is commercially available for use in liquid chromatography. 

Commercial ethanol contains 95.6% ethanol by weight which is the 

composition of the azeotrope mixture (bp 78.15°C) of alcohol and water 

(18). Anhydrous grade ethanol with 0.2-0.5% water by weight is also 

commercially available, but usually contains the UV chromophore, 

benzene (19). 
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There are some advantages in the use of ethanol as an organic 

modifier in RPLC mobile phases. For example, ethanol and its aqueous 

mixtures are compatible with photometric and refractive index 

detectors. Furthermore, ethanol is an excellent solvent for many 

compounds, such as fats, oils, fatty acids, hydrocarbons, and numerous 

organic compounds (18). Ethanol has a better ability to dissolve 

samples than methanol or acetonitrile which are the most commonly used 

modifiers. In the separation of highly retained compounds, 

ethanol-water mixtures are useful because they have higher solvent 

strength or eluting power than the corresponding water-methanol and 

water-acetonitrile mixtures. 

The use of ethanol as an organic modifier in RPLC mobile phases 

also has some disadvantages. For example, ethanol and its aqueous 

mixtures have higher viscosities than those of methanol, acetonitrile, 

and their corresponding aqueous mixtures. Nevertheless, the problem of 

the high viscosity of ethanol and its aqueous mixtures can be avoided 

by working at high temperatures (15). Another disadvantage is the fact 

that the viscosity of water-ethanol mixtures changes with the 

composition of ethanol. The viscosity first increases with the ethanol 

composition and after reaching a maximum, decreases (18). This same 

behavior occurs with water-methanol and water-acetonitrile mixtures 

when the composition of the modifier is varied (6,14,20). The change 

of viscosity with the ethanol composition in the ethanol-water mixtures 

leads to problems in gradient elution in which the modifier composition 

is gradually increased (9). The problems are due to the fact that the 
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column inlet pressure and the mobile phase flow rate vary with the 

viscosity change; consequently, quantitative presicion may be affected 

(14). 

Solute-Mobile Phase Interactions 

The most important interactions between solute and mobile phase 

molecules are dispersion, dipole-induced dipole, dipole-dipole, 

hydrogen bonding, and dielectric interactions (10,21). Dispersion or 

London-type interactions arise from induced instantaneous dipole 

moments due to momentary assymetry in the electron distribution of the 

molecules. These interactions occur between any solute and mobile 

phase molecule, and they are not temperature dependant (22). 

Dispersion interactions are weak; however, they increase with the 

molecular volume and the molecule polarizability (23). Dipole-induced 

dipole interactions result when the mobile phase molecule has a 

permanent dipole moment which induces an instantaneous dipole in the 

solute molecule, and vice versa. These interactions are not 

temperature dependant, and they increase with the size of the permanent 

dipole moment and the polarizability of the molecule with the induced 

dipole moment (24). Dipole-dipole interactions arise when both the 

mobile phase and solute molecules have permanent dipole moments. These 

interactions increase with increasing size of the permanent dipoles; 

however, they decrease with increasing temperature (23,24). 

Hydrogen bonding, a form of dipole-dipole interaction, and 

dielectric interactions are stronger than dispersion and dipole-induced 
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dipole interactions. Hydrogen bonding interactions arise when the 

solute molecule is proton-acceptor, and the mobile phase is 

proton-donor; and vice versa. These interactions are not all of the 

same strength; in fact, they become stronger as the proton-donor and 

proton-acceptor ability of the molecules increase (25). In addition, 

they become stronger when the hydrogen atom and the two adjacent atoms 

are on a straight line (21,25,26). Other strong hydrogen interactions 

are also encountered when solute or mobile phase molecules have the 

possibility of forming two or more hydrogen bonds. For geometrical 

reasons, the formation of the first hydrogen bond leads to the 

formation of the second one, and so on (26). One of the strongest 

commonly encountered hydrogen bonding interactions is the 0H--N 

hydrogen bond (21,27). The probability of hydrogen bonding 

interactions increases with decreasing temperature because of the 

decrease in proton exchange. The effects of hydrogen bonding 

interactions are most noticeable for acidic or basic solutes and mobile 

phase molecules (25). Dielectric interactions are the strongest 

interactions between solute and mobile phase molecules. These 

interactions occur when the solute is an ion, and the mobile phase has 

high dielectric constant. They are due to electrostatic attractions of 

the solute and mobile phase molecules (10). 

The total interaction between solute and mobile phase molecule 

is the sum of the dispersion, dipole, hydrogen bonding, and dielectric 

interactions (21). As this total interaction increases, the 
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concentration of the solute in the mobile phase may be increased. 

Consequently, strong total interactions between solute and mobile phase 

molecules may cause small solute retention volumes. Qualitative 

predictions of the solute retention volume can be made when the 

contributions to the total mobile phase-solute interaction are known as 

well as the contributions to the stationary phase-solute interactions. 

For example, small retention volumes are expected for proton-acceptor 

solutes when the mobile phase is a proton-donor solvent because of the 

strong interactions of these solutes for the mobile phase. 

Stationary Phase in Reversed-Phase Liquid Chromatography 

The stationary phase in RPLC is considered to be composed of 

bonded hydrocarbons moieties, residual silanol groups, and an extracted 

solvation layer consisting of mobile phase components (28,29,30). The 

bonded hydrocarbons moieties are usually obtained by reacting the 

surface silanol groups of porous 10, 5, or 3-micron spherical silica 

particles with organochlorosilane or organoalkoxysilane reagents 

(10,11). Monofunctional organosilanes such as 

alkyldimethylchlorosilanes lead to the formation of monomeric bonded 

stationary phases in which a monomolecular layer of alkyl-silane 

moieties is bound to the silica surface (4). The following equation 

represents the reaction between alkyldimethylchlorosilanes and silica 

surface silanols: 

iSi-OH + CI-Si(CH3)2R - iSi-O-Si(CH3)2R + HC1 Eqn.1.1 

One of the most commonly used monofuctional organosilanes is the 
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n-octadecyldimethylchlorosilane. Figure 1 illustrates the structure of 

the silica surface after reacting with n-octadecyldimethylchlorosilane 

reagents. The structure of monomeric bonded stationary phases presents 

residual silanol groups (Figure 1) due to incomplete reaction of the 

monofunctional organosilanes reagents with the surface silanols groups. 

Di- or tri-functional organosilanes such as di- or 

trichloro-alkylsilanes lead to the formation of polymeric bonded 

stationary phases in which a cross-linked polymer of alkyl-silane 

moieties is bound to the silica surface. The following equation 

represents some of the reactions between alkyldichlorosilanes and 

silica surface silanols: 

= Si-OH + RoSiCl2 • = Si-O-Si R2C1 —— > 
c C R2SiCl2 

= Si-O-Si R2-0-Si R2CI Eqn.1.2 

where the remaining chlorine atoms react with water to form more 

silanol groups which allow subsequent reactions and, therefore, the 

formation of the polymeric network (11,16,31). The structure of 

polymeric bonded stationary phases also presents residual silanol 

groups at the silica surface, and residual silanols groups due to 

hydrolysis of remaining chlorine atoms after the completion of the 

bonding reactions. Polymeric bonded stationary phases have usually a 

smaller column performance than monomeric bonded stationary phases 

because of their slower solute mass transfer kinetics (4). 

Another component of the stationary phase in RPLC, besides the 

bonded hydrocarbon moieties and the residual silanol groups, is the 
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extracted solvation layer consisting of mobile phase components. The 

composition of the extracted solvation layer depends upon the 

interactions of the mobile phase components with the bonded hydrocarbon 

moieties and the residual silanol groups. The organic modifier of the 

mobile phase interacts with the bonded hydrocarbon moieties by 

dispersion and dipole-induced dipole interactions. The mobile phase 

components interact with residual silanols groups by hydrogen-bonding 

and dipole-dipole interactions. The extent of these interactions is 

dependent on the length of the bonded hydrocarbon moieties, the nature 

of the organic modifier of the mobile phase, the number of residual 

silanol groups, and the temperature. As a result of all the 

interactions between the mobile phase components, and the bonded 

hydrocarbon moieties as well as the residual silanol groups, the 

extracted solvation layer has a composition different from that of the 

mobile phase (28). In fact, the extracted solvation layer has a higher 

percentage of the organic modifier than that of the mobile phase. The 

percentage of the organic modifier in the extracted solvation layer 

increases with increasing percentage of the organic modifier in the 

mobile phase or with increasing temperature. 

Conformation of the Bonded Hydrocarbon Moieties 

It has been suggested that the bonded hydrocarbon moieties can 

assume two possible molecular conformations or physical arrangements 

(32,33,34,35). These molecular conformations are functions of the 

temperature or the solvation of the bonded hydrocarbon moieties by the 
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organic modifier of the mobile phase. The possible molecular 

conformations of the bonded hydrocarbon moieties consist of a folded 

arrangement which occurs at high temperature or good solvation of the 

bonded hydrocarbon moieties, and a "bristle" arrangement which occurs 

at low temperature or poor solvation of the bonded hydrocarbon moieties 

(36) (Figure 2). 

In the folded arrangement, the bonded hydrocarbon moieties have 

an open structure because of their good solvation condition. This 

open structure improves the access of the solute to the unreacted 

silica surface which has a polar nature because of the water layer that 

solvates residual silanol groups. The bonded hydrocarbon moieties in 

the folded arrangement are not rigid, they have a relatively high 

molecular motion. In this condition, the bonded hydrocarbon moieties 

can interact with each other or with the extracted organic modifier of 

the mobile phase (Figure 2b). In the "bristle" arrangement, the bonded 

hydrocarbon moieties are more or less perpendicular to the silica 

surface (Figure 2a). They do not have an open structure because of 

their poor solvation condition; consequently, the solutes have a 

restricted access to the polar silica surface. The bonded hydrocarbon 

moieties in the "bristle" arrangement are rigid, they have a restricted 

molecular motion. In this condition, the bonded hydrocarbon moieties 

have small interactions with each other, and most of the interactions 

are with the organic modifier of the mobile phase. Comparison of the 

two molecular conformations of the bonded hydrocarbon moieties leads to 



12 

a. Poor Solvation or Low Temperature 

b. Good Solvation or High Temperature 

Figure 2. Possible conformations of the bonded hydrocarbon moieties 
under different conditions of solvation and temperature 
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the folded arrangement being more liquid-like than the "bristle" 

arrangement (35). 

Solute-Stationary Phase Interactions 

In RPLC, solutes are able to interact with the stationary phase 

through different types of interactions. Solutes can interact, through 

dispersion and dipole-induced dipole interactions with the layer of 

organic modifier of the mobile phase which solvates the bonded 

hydrocarbon moieties. These interactions are important for non-polar 

solutes and for the non-polar moiety of solutes with polar groups. 

As a result of dispersion and dipole-induced dipole interactions, 

solute retention usually increases with increasing chain length of the 

bonded hydrocarbon moieties (37,38) since chain length controls the 

volume of the organic modifier layer in the bonded stationary phase. 

Furthermore, dispersion and dipole-induced dipole interactions cause 

solute retention to increase with an increase in the non-polar moiety 

of the solutes. 

Another type of solute-stationary phase interactions arise with 

solutes with polar groups. In this case, solutes interact through 

hydrogen-bonding and dipole-dipole interactions with residual silanol 

groups or with the hydrogen-bonded layer of water which is adsorbed to 

these residual silanol groups. These interactions are especially 

important for basic solutes because of the acidic character of the 

residual silanol groups. Hydrogen-bonding and dipole-dipole 

interactions occur at the unreacted silica surface; however, they can 
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also occur away from the unreacted silica surface in the case of 

polymeric stationary phases. This is because of residual silanol 

groups formed by hydrolysis of remaining chlorine atoms after the 

completion of the reactions to bond organosilane moieties to the silica 

surface. 

Hydrogen-bonding and dipole-dipole interactions in the 

stationary phase may increase in conditions of good solvation of the 

bonded hydrocarbon moieties by the organic modifier of the mobile 

phase. In this case, the bonded hydrocarbon moieties have an open 

structure which improves the accessibility of solutes with polar groups 

to the unreacted silica surface. According to this approach, organic 

modifiers of the mobile Iphase which are able to solvate well the 

hydrocarbon moieties improve the possibility of solutes with polar 

groups of carrying out hydrogen-bonding and dipole-dipole interactions 

at the unreacted silica surface. Therefore, hydrogen-bonding 

interactions in bonded stationary phases may increase with an increase 

in the ability of the organic modifier of the mobile phase to solvate 

the bonded hydrocarbon moieties. 

Retention Mechanisms in Reversed-Phase Liquid Chromatography 

It has been suggested that the retention mechanism in RPLC can 

occur either by partitioning of the solute between the bonded 

stationary phase and the mobile phase (39,40) or by adsorption of the 

solute in the bonded stationary phase (9,41,42,43,44). Nevertheless, 

it is not possible to consider either partition or adsorption as the 



dominant retention mechanism since neither of these two retention 

mechanisms is strictly applicable in RPLC. Adsorption is not strictly 

applicable in RPLC because this retention mechanism considers that 

solute-mobile phase interactions are the main factor in determining the 

solute retention, and the bonded stationary phase is only an inert 

receptor of the solutes. These assumptions are not valid since 

studies have shown that the bonded stationary phase also plays an 

important role in the retention of the solutes and in the selectivity 

of the separations (12,31,37,38,44). Partition is also not strictly 

applicable in RPLC since the bonded stationary phase can not be 

considered identical to a liquid. This is because the bonded 

hydrocarbon molecules have fewer translational and rotational degrees 

of freedom than similar hydrocarbon molecules in a liquid phase, and 

because the surface coverage of the bonded hydrocarbon moieties is 

insufficient so that the bonded stationary phase can not behave as 

though it were a liquid phase (9,45). 

Despite the fact that partition and adsorption are not strictly 

applicable in RPLC, they still can be used to explain the solute 

retention on different chromatographic conditions. For example, some 

workers have considered partition as the main retention mechanism in 

most of the chromatographic conditions of RPLC. These workers believe 

that although the bonded hydrocarbon moieties are deprived of some 

degrees of freedom, they still can interact and solvate the solute 

through the layer of organic modifier that solvate them. Consequently, 

the bonded stationary phase can approach a quasiliquid behavior (40). 
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This assumption leads to the consideration of the partition of the 

solutes in RPLC to be a result of the differences in solvation 

interactions of the solute in the mobile phase an in the quasiliquid 

bonded stationary phase. In contrast, other workers have considered 

that adsorption is the retention mechanism in some cases. For 

instance, adsorption is probably the retention mechanism for very large 

molecules because the bonded stationary phase is not able to completely 

solvate these large molecules. Furthermore, very polar solutes, 

especially basic solutes, may have some contributions from adsorption 

in their retention because of the hydrogen-bonding interactions that 

these solutes can carry out with exposed residual silanol groups in the 

bonded stationary phase (46,47). 

Based on the above considerations, it is apparent that the 

solute retention in RPLC is complex and can not be explained with one 

single retention mechanism. For this reason, it has been suggested 

that the retention mechanism in RPLC is probably a combination of both 

partition and adsorption where their respective contributions depend on 

the nature of the stationary phase and the mobile phase, as well as the 

nature of the solute (39,48). The dependence of the retention 

mechanism on the nature of the mobile phase arises from the fact that 

the quasiliquid nature of the bonded stationary phase increases with 

increasing the ability of the organic modifier of the mobile phase to 

solvate the bonded hydrocarbon moieties. The more the quasiliquid 

nature of the bonded stationary phase is, the more the contribution of 
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partition is, and the less the contribution of adsorption is to solute 

retention. 

The dependence of the solute retention on the nature of the 

bonded stationary phase, as well as the nature of the solute, is also 

another factor that has to be considered in the establishment of 

probably retention mechanisms. The dependence of the retention 

mechanism on the nature of the bonded stationary phase comes from the 

fact that the chain length and the surface coverage of the bonded 

hydrocarbon moieties affect the degree of solvation of the solutes in 

the bonded stationary phase. The smaller the chain length or surface 

coverage of the bonded hydrocarbon moieties is, the smaller the 

contribution of partition is, and the more the contribution of 

adsorption is on solute retention. On the other hand, the dependence 

of the retention mechanism on the nature of the solute is due to the 

fact that, depending on the size, the solutes can be solvated or not in 

the bonded stationary phase. For this reason, relatively small solutes 

are retained by partition since they can be solvated well by the bonded 

stationary phase. Nevertheless, as was referred to before, very large 

solutes are retained by adsorption, and very polar solutes also have 

some contributions in their retention from adsorption. 

Direction of Research 

The factors that influence the solute-stationary phase 

interactions in RPLC have not been well established. Many studies have 

been carried out to determine the structure and composition of the 
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stationary phase in RPLC in order to elucidate the possible 

solute-stationary phase interactions. The elucidation of 

solute-stationary phase interactions is very important in order to 

establish accurately solute retention mechanisms in RPLC and, therefore, 

the optimum chromatographic conditions for a given separation. Several 

workers have established that the stationary phase composition in RPLC 

depends on the nature and composition of the mobile phase. The 

influence of several mobile phases on the formation and composition of 

the stationary phase in RPLC has been studied by several workers 

(28,29,30). In this study, the influence of ethanol/water mobile 

phases on the composition of the stationary phase in RPLC is discussed. 

In addition, a model for the possible structure of the stationary phase 

and the possible solute-stationary phase interactions in RPLC for 

ethanol/water mobile phases is presented. 

This work consists of different parts that involve several 

aspects of the effect of ethanol/water mobile phases in RPLC. The 

first part of this work presents a description of the solvent strength 

of ethanol/water mobile phases in RPLC. In addition, predictions of 

solute retention in RPLC based only on the solvent strength of 

ethanol/water mobile phases are discussed. The second part of this 

work studies the determination of the stationary phase composition as a 

function of the composition of ethanol/water mobile phases in RPLC. 

This part provides additional support for the ternary model of bonded 

stationary phases in RPLC. This ternary model describes the bonded 
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stationary phase as a system consisting of bonded hydrocarbon moieties, 

residual silanol groups, and mobile phase molecules which solvate both 

the bonded hydrocarbon moieties and the residual silanol groups 

(28,29,30). 

The third part of this work shows the effects of ethanol/water 

mobile phase composition and temperature on the solute retention in 

RPLC. In this part, the enthalpies of transfer of different test-

solutes which involve different types of possible solute-stationary 

phase interactions are determined. Based on the results of this part, 

as well as the results of the second part, a model is proposed for the 

structure of the bonded stationary phase in ethanol/water mobile 

phases. Moreover, the possible solute/stationary phase interactions 

that may occur in ethanol/water mobile phases are proposed. The last 

part of this work provides a description of the stationary phase 

selectivity in RPLC as a function of the ethanol/water mobile phase 

composition and as a function of the temperature. The results of this 

part provides additional support for the model of solute-stationary 

phase interactions proposed on the third part of this work. 



CHAPTER TWO 

SOLVENT STRENGTH OF ETHANOL/WATER MOBILE PHASES 

Introduction 

Solvent strength is the property of the mobile phase that 

determines the magnitude of solute retention volume and, therefore, 

solute capacity factor (ratio of the grams of solute in mobile and 

stationary phase) for a given stationary phase. This property depends 

upon solute-mobile phase and solute-stationary phase interactions. The 

contributions of solute-mobile phase interactions to solvent strength 

are compensated by those of solute-stationary phase interactions, and 

vice versa. Solvent strength has been estimated by means of different 

solvent parameters, such as the solvent strength parameter e°, the 

Hildebrand solubility parameter 6, the interaction index parameter I, 

the solvent strength parameter S, and the polarity index parameter P". 

The solvent strength parameter e° is used to measure solvent 

strength quantitatively for a give polar adsorbent in adsorption LC 

(25); however, e° is also used in RPLC as an index of solvent strength 

(6,8,20,45,49). In RPLC, the change on solute capacity factor, k1, 

associated with the change in mobile phase can be estimated through the 

equation given by Snyder (25) for adsorption LC: 

log (ki/k2) - A (E5 - EJ ) Eqn.2.1 

20 
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where A is the molecular area of the solute whose capacity factors in 

the mobile phases 1 and 2 are and k£ respectively. For a given 

stationary phase, the e° values of a series of mobile phases or 

eluotropic series can be obtained from Eqn. 2.1 by choosing one mobile 

phase as a reference solvent, for which e° is defined equal to zero. 

Using this approach; Colin, et al., (20) and Grushka, et al., (8) 

measured the relative e° values of methanol/water mobile phases in 

pyrocarbon adsorbents and C-18 bonded phases respectively. 

Furthermore; Colin, et al., (6) measured the relative e° values of 

several water/organic and organic mobile phases in C-18 bonded phases. 

Predicted k' values in eluotropic series can be obtained from Eqn. 2.1 

by using the e° values corresponding to the eluotropic series, the 

solute molecular area (A), and the k1 value in the reference mobile 

phase. However, these predicted k' values are very approximate because 

e° values depend upon the solute used to measure them (8,49). 

The Hildebrand solubility parameter 6 is another index of 

solvent strength. The parameter 6 measures intermolecular interactions 

in pure liquids and can be subdivided into the partial parameters <5d, 

So, 6a, and 6b which account for the contributions from dispersion, 

dipole, proton-donor, and proton-acceptor interactions respectively 

(21). In RPLC, solvent strength decreases with increasing mobile phase 

6. Moreover, in RPLC, solute capacity factors, k', may be predicted 

using 6 parameters by means of the following equation (50): 



In k'i = + (^s-^i)^ + 1° ^ Eqn.2.2 

where the subcripts i, m, and s refer to the solute, mobile phase, and 

stationary phase respectively. R is the gas contant, T is the absolute 

temperature, V is the molar volume, n is the number of moles, and <5m is 

a function of the mobile phase composition. Eqn.2.2 may also be 

expressed in terms of the partial solubility parameters corresponding 

to the solute, mobile phase, and stationary phase (51). In RPLC, 

predictions of solute k1 values by using 6 parameters have some 

limitations, such as the need of very accurate 6 parameters, the fact 

that bonded stationary phases are not bulk phases for which the use of 

<5 was derived, and the assumption often used when appying the 

solubility parameter concept in LC that the stationary phase 6 

parameter is independant of the nature and composition of the mobile 

phase (50,51). 

The interaction index parameter I is a solvent strength index 

that measures solute-aqueous mobile phase interactions. This parameter 

is determined from retention data measured in organic-organic mixtures 

(52). In RPLC, solvent strength decreases with increasing mobile phase 

I. Furthermore, in RPLC, solute capacity factors, k1, may be predicted 

using I parameters by means of the following equation (52): 

< (Cm2 Ijfl^ - Cm Cy Im Iv) Vy 
log k1 = log $ + —E H! RJ Eqn.2.3 

where the subcripts x and m refer to the solute and mobile phase 

respectively. ^ is the phase ratio, C is a coefficient that accounts 
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for all the possible interactions that take place between the solute 

and aqueous mobile phase molecules depending on their relative chemical 

functionalities, V is the molar volume, R is the gas constant, T is the 

absolute temperature, and Im is function of the mobile phase 

composition. In RPLC, predictions of k' values by using I parameters 

have some limitations such as; the need of accurate coefficients C, as 

well as phase ratio values, and the assumptions, considered in the use 

of I, that the solute retention is mainly controlled by the mobile 

phase, and that the stationary phase can only induce negligible 

non-polar interactions (52). 

The solvent strength parameter S is an index used to related 

the strength of pure solvents. The parameter S of an organic modifier 

is calculated from the slope of a plot of log of solute capacity 

factor, k1, versus volume fraction,V, of the organic modifier in 

water/organic modifier mobile phases. Parameters S may be used in RPLC 

to predict solute capacity factors, k1, by means of the following 

equation (53,54,55): 

log k1 = log k'w - sVb Eqn.2.4 

where k'w is the solute k1 value in pure water (usually an extrapolated 

value), andV'b is the volume fraction of the organic modifier b in the 

water/organic modifier mobile phase. Predictions of solute k' values 

by using S parameters are very approximate because S depends on the 

solute used to measure it (53,54). Furthermore, S values are not 

strictly valid because the plots of log k1 versus organic modifier 



volume fraction are linear only over a determinated range of mobile 

phase compositions. These plots have been reported to be slightly 

concave (53,54,55). 

The polarity index parameter P' is another index of solvent 

strength in RPLC (10). This parameter is calculated from experimental 

solubility data, reported by Rohrschnnider (56), of test-solutes in a 

given solvent (57,58). The parameter P1 is a better measure of solvent 

strength than the parameter 6. This is because P' measures the ability 

of a given solvent to interact with several test-solutes which involve 

all possible types of interactions. In contrast, 6 only measures 

interactions that exist in the pure solvent (57). In RPLC, solvent 

strength decreases with increasing mobile phase P1 (10). The parameter 

P' of a binary mixture of solvents, which is the most usual mobile 

phase in RPLC, is estimated by means of the following equation (10,57): 

P' = ^a Pa + ^b Pb Eqn.2.5 

where the subcripts a and b refer to the solvents a and b respectively, 

f is the solvent volume fraction in the mixture, and P is the P' values 

of the pure solvent. Parameters P' can be used to predict the change 

in solute capacity factor, k', associated with the change in mobile 

phase. The predicted change in the k' value is calculated by means of 

the following equation (10): 

log (k12 - k'i) = (P2 - Pi)/2 Eqn.2.6 

where the subscripts 1 and 2 refer to the mobile phases 1 and 2, P are 

the P' parameters of the mobile phases. Predicted k1 values are 



approximate because parameters P' account only for solute-mobile phase 

interactions while solute-stationary phase interactions are neglected. 

As was referred to before, different solvent parameters e°, 6, 

I, S, and P' can be used to predict solute capacity factors values. 

These values are usually very approximate because of the limitations 

involved in the use of each solvent parameter considered. However, 

predicted solute capacity factors can be used qualitatively for the 

selection of the mobile phase with the best solvent strength for a 

particular separation. Mobile phases with the best solvent strength 

allow optimum solute capacity factorse values which are those between 

one to ten (10,11,15,59). Solute capacity factors greater than ten 

lead to long analysis time and wide peaks difficult to detect, but 

these problems may be avoided by using mobile phases with a greater 

solvent strength. On the other hand, solute capacity factors smaller 

than one lead to poor separations because solutes are poorly retained, 

and elute close to the unretained species. In this case, separations 

may be improved by using mobile phases with a weaker solvent strength. 

In RPLC, the best solvent strength of water-organic mobile phases is 

adjusted by changing the organic modifier composition. 

In this chapter, the solvent strength of ethanol/water 

mobile phases is discussed as a function of mobile phase composition. 

The solvent strength parameter e° of ethanol/water mobile phases is 

calculated in order to establish the relative solvent strength of these 

mobile phases. In addition, the solvent strength parameter S for pure 



ethanol, at 30°C, is obtained from experimental chromatographic data. 

The polarity index parameter P1 of ethanol/water and methanol/water 

mobile phases is also calculated in order to estimate the expected 

solvent strengths of ethanol/water mobile phases with respect to those 

of methanol/water mobile phases. These expected solvent strengths are 

confirmed by experimental solute retention volumes of several 

test-solutes in ethanol/water and methanol/water mobile phases. 

Finally, predicted solute capacity factors values are calculated for 

some ethanol/water mobile phases by means of the solvent parameters e°, 

S, and P'. These predicted solute capacity factors are compared with 

experimental values. The results provide a description of the solvent 

strength of ethanol/water mobile phases in RPLC. 

Experimental 

Chromatographic Measurements 

Chromatographic measurements were performed with different 

instruments that consisted of the Spectra-Physics Models SP 8700 and SP 

8750 of a solvent delivery system equipped with a Rheodyne Model 7125 

injection valve with a 20 yL sample loop, and a Perkin-Elmer (Oakbrook, 

Illinois, U.S.A.) Model LC 55 variable-wavelength UV detector or a 

Micromeritics Instruments Corp. (Norcross, GA, U.S.A.) Model 771 

refractive index detector. Chromatograms were obtained with a Linear 

Instruments Corp. (Irvine, California, U.S.A.) Model 261/MM recorder. 

A column of 4.6 mm x 10 cm slurry packed with 5-um LiChrosorb RP-18 
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(Merck) was used to obtain the chromatographic data, at ambient 

temperature, for the comparison of the solvent strength of 

ethanol/water and methanol/water mobile phases. 

In addition, a 5.5-um Zorbax ODS (DuPont) analytical column 

(4.6 mm x 15 cm) was used to obtain the chromatographic data for 

experimental solute capacity factors values in ethanol/water mobile 

phases. This chromatographic data was obtained with the column 

thermostated at 30°C through a column jacket, using a Haake Model FE 

circulating water bath that maintained the temperature to within 0.2°C. 

The solute capacity factor, k1, was calculated from k' = (Vr - Vm)/Vm, 

where Vr is the average of at least three solute retention volumes 

obtained for each solute, and Vm is the mobile phase volume in column 

whose measurement is described on Chapter three. 

Ethanol/water mobile phases were prepared with the azeotrope 

mixture of 95.6% ethanol and 4.4% water by weight, and distilled water. 

Methanol/water mobile phases were prepared with HPLC grade methanol and 

distilled water. All the solvents used in the preparation of the 

mobile phases were filtered separately with a 0.45 ym membrane filter, 

then measured dependently by volume, and finally mixed thoroughly. .The 

mobile phase flow-rate used in all the chromatographic measurements 

was approximately 1.00 ml/min. For each mobile phase, the column was 

allowed to equilibrate with the mobile phase by passing approximately 

100 column volumes of mobile phase through the column at a flow rate of 

about 1.00 ml/min. The mobile phases were purged with helium during 



use. The solutes used were reagent grade. All the samples used were 

prepared by dissolving the solutes in each mobile phase studied to give 

a suitable detector response. 

Results and Discussion 

The relative eluotropic strengths or solvent strength 

parameters e° of ethanol/water mobile phases (Figure 3) were calculated 

by means of the Eqn.2.1 and from experimental chromatographic data of 

the solute pentanol in an ODS bonded stationary phase at 30°C. The 

mobile phase 5% ethanol/95% water (v/v) was taken as the reference 

mobile phase, for which e° was defined equal to zero. e° values were 

calculated using a pentanol molecular area (A) obtained from data 

reported by Snyder (25). The e° values of Figure 3 are 

semi-quantitative estimates of solvent strength because they are 

dependent on the solute used to measure them. This is because eqn.2.1 

does not take into account the variation of the stationary phase volume 

and the mobile phase volume in column associated with the change in 

mobile phase, as well as the contributions of the solute activity 

coefficients in the mobile phase and in the stationary phase (20,45). 

Nevertheless, the e° values of Figure 3 are useful for the relative 

comparisons of the solvent strength of ethanol/water mobile phases. 

Figure 3 shows a continuous increase in the e° values with increasing 

percentage of ethanol in the ethanol/water mobile phases. Figure 3 

also displays that e° values seem to be linearly dependent on the 

ethanol percentage for the range from 5% to 40% (v/v) of ethanol. 
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Figure 3. Solvent strength parameter, e°, as a function of percentage 
of ethanol, %EtOH (v/v) in ethanol/water mobile phases. 
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The plot of Figure 4, which has a correlation coefficient of 

0.9970, was obtained from the same chromatographic data used in the 

determination of the parameters e° of ethanol/water mobile phases. 

This data was obtained in an ODS bonded stationary phase at 30°C. The 

equation of the plot of Figure 4 is: 

log k' = 1.6 - 2.4 VEtOH Eqn.2.7 

which has the same form of Eqn.2.4. The experimental solvent strength 

parameter S for pure ethanol, at 30°C, is obtained from the slope of 

the plot of Figure 4 and, therefore, is equal to 2.4. The parameter S 

for pure ethanol has been reported equal to 3.6 at 25°C in RPLC (53). 

Values of parameters S for other organic modifiers have been reported 

in RPLC, but these values vary from one study to another. These 

differences may be due to differences in the solute used to measure S, 

as well as variations in the column packing (coverage or alkyl chain 

length) and in the temperature. 

As was referred to in the introduction of this chapter, the 

mobile phase solvent strength decreases with increasing mobile phase 

polarity index parameter P'. In accordance with this approach, Figure 

5 indicates that ethanol/water mobile phases should have more solvent 

strength than methanol/water mobile phases because parameters P' of 

ethanol/water mobile phases are smaller than those of methanol/water 

mobile phases. In addition, Figure 5 also indicates that the solvent 

strength of both ethanol/water and methanol/water mobile phases should 

increase with increasing percentage of modifier in the mobile phase 
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Figure 4. Logarithm of capacity factor, k', of pentanol as a function 
of volume fraction of ethanol, ^EtOH, in ethanol/water 
mobile phases. 
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Figure 5. Polarity index parameter, P', as a function of the 
percentage of modifier, % modifier (v/v), in organic 
modifier/water mobile phases. 
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since parameters P' decrease in this same direction. In Figure 5, the 

parameters P1 were calculated from Eqn.2.5 by using the P' values 

reported by Snyder (10) of the pure solvents ethanol, methanol, and 

water. 

The chromatographic data of Figures 6 and 7, were obtained in a 

C-18 bonded stationary phase at ambient temperature. This data shows 

that the polar solutes elute earlier than the less polar solutes. This 

is because of the lower affinity of polar solutes for the "non-polar" 

bonded stationary phase. The solute retention for ethanol/water and 

methanol/water mobile phases (Figures 6 and 7) with the same percentage 

of organic modifier indicates that ethanol/water mobile phases have 

more solvent strength or solute eluting power than methanol/water 

mobile phases since solute retention in ethanol/water mobile phases is 

smaller than that in methanol/water mobile phases. Figure 6 and 7 also 

indicate that the solvent strength of the mobile phases increases with 

increasing percentage of modifier in the mobile phase since solute 

retention decreases in the same direction. The data of Figure 6 and 7 

was expected from the results of Figure 5. 

Ethanol/water mobile phases have more solvent strength than 

methanol/water mobile phases because ethanol is able to solvate 

the bonded hydrocarbon moieties more readily by virtue of its extra 

methylene group. The higher the solvation of the bonded hydrocarbon 

chains is, the smaller the solute energy of transfer becomes. The 

solute energy of transfer arises from the migration of the solute from 

being solvated by the mobile phase to being solvated by the stationary 
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Figure 6. Logarithm of solute retention volume, Vr, as a function of 
percentage of ethanol, % EtoH (v/v), in ethanol/water mobile 
phases. 
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Figure 7. Logarithm of solute retention volume, Vr, as a function of 
percentage of methanol, % MeOH (v/v), in methanol/water 
mobile phases. 
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phase. Solute retention volume decreases and, therefore, mobile phase 

solvent strength increases with decreasing solute energy of transfer. 

The increase of mobile phase solvent strength with the increment of the 

percentage of modifier in the mobile phase (Figure 6 and 7) is also 

explained by using the previous approach. The higher the percentage of 

modifier in the mobile phase is, the higher the solvation of the bonded 

hydrocarbon chains and, therefore, the higher the mobile phase 

solvent strength becomes. 

Predicted solute capacity factors of several solutes (Table II) 

were calculated by taking experimental solute capacity factors in 10% 

ethanol/90% water (v/v) mobile phase as a reference (Table I). The 

predicted solute capacity factors k'(e°), k'(S), and k'(P') were 

obtained by using e°, S, and P' solvent parametes values respectively. 

Predicted k'(e°) values were calculated from the following equation 

(that comes from eqn.2.1): 

log k'(e°) = log k' - A (e2 - ei) Eqn.2.8 
exp 

where k' is the experimental solute capacity factors of Table I, A 
exp 

is the solute molecular area from data reported by Snyder (25), is 

the experimental e° value of 20% ethanol/80% water or 40% ethanol/60% 

water (v/v) mobile phase (Figure 3), and ej is the experimental e° 

value of 10% ethanol/90% water (v/v) mobile phase (Figure 3). 

Predicted k'(S) values were calculated from the following equation 

(which has the from of eqn.2.4): 

log k'(S) = log k'w - 2.4 VEtOH Eqn.2.9 

where k'w is an extrapolated capacity factor of the solutes in pure 
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TABLE I. Experimental solute capacity factors, k' for the nobile 
exp 

phase 10% ethanol/90% water (v/v) in ODS bonded silica at 30°C. 

Solute k' 
exp 

Benzene 85.00 

Methoxybenzene 11?.85 

Ani1ine 12.29 

Benzyl amine 42.65 

Phenol 14.41 

Benzyl Alcohol 15.45 

n-Propanol 2.87 

n-Butanol 9.27 



TABLE II. Experimental solute capacity factor, k1, in ODS bonded 
silica at 30°C; and predicted solute capacity factors 
k'(e°), k'(S), and k'(P'). 

Mobile Phase 20% Ethanol/80% Water (v/v) 

Solute k' k'(e°) k'(S) k' (P1 

Benzene 52.31 67.11 52.67 43.09 

Methoxybenzene 54.57 85.33 80.65 57.22 

Aniline 6.38 9.44 7.19 6.23 

Benzyl amine 18.10 31.62 26.98 21.62 

Phenol 7.89 11.20 9.09 7.31 

Benzyl Alcohol 7.30 11.59 9.43 7.83 

n-Propanol 1.68 2.10 1.13 1.46 

n-Butanol 4.84 6.53 4.52 4.70 

Mobile Phase 40% Ethanol/60% Water (v/v) 

Solute k' k'(e°) k'(S) k'(P') 

Benzene 14.33 24.35 17.18 11.08 

Methoxybenzene 11.20 36.53 26.31 14.71 

Aniline 1.96 4.24 2.35 1.60 

Benzyl amine 4.03 11.43 8.80 5.56 

Phenol 2.09 5.21 2.96 1.88 

Benzyl Alcohol 2.06 4.84 3.08 2.01 

n-Propanol 1.15 0.81 0.37 0.37 

n-Butanol 2.15 2.25 1.47 1.21 



39 

water obtained from chromatographic data in 10%, 20%, and 40% (v/v) of 

ethanol in ethanol/water mobile phases. VEtOH is the volume fraction 

of ethanol in 20% ethanol/80% water of 40% ethanol/60% water (v/v) 

mobile phase, and 2.4 is the experimental S value for pure ethanol 

obtained from data of Figure 4. Predicted k'(P') values were 

calculated by means of the following equantion (that comes from 

Eqn.2.6): 

log k'(P') = log k'exp + P- 2 
Pl  Eqn.2.ID 

where k'exp is the experimental solute capacity factors of Table I. P? 

is the P' value of 20% ethanol/80% water or 40% ethanol/60% water (v/v) 

mobile phase (Figure 5), and Pj is the P' value of 10% ethanol/90% 

water (v/v) (Figure 5). 

The comparison of predicted solute capacity factors with 

experimental values (Table II) indicates that in general k'(P') values 

are the closest to k'(e°) and k'(S) are the farthest from the 

experimental k' values. This is because both e° and S parameters are 

dependent on the solute used to measure them. Furthermore, k'(e°) 

values depends upon the solute molcular area which should be very 

accurate in order to get good approximations of solute capacity 

factors. From Table II it is apparent that k'(P') is the best 

predicted value of solute capacity factor in the group of predicted 

value of solute capacity factor in the group of predicted solute 

capacity factors considered. This is because parameter P' is not 

dependent on any particular solute. The parameter P' is dependent on 
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the interactions of the mobile phase with several test-solutes which 

involve all possible types of interactions. 

The deviations of k'(P') values from experimental k' values in 

ethanol/water mobile phases are due to the fact that parameter P' only 

takes into account solute-mobile phase interactions while 

solute-stationary phase interactions are neglected. Solute-stationary 

phase interactions also play an important role in the mechanism of 

solute retention in RPLC; therefore, solute retention cannot be 

predicted or explained by considering only solute-mobile phase 

interactions. The possible solute-stationary phase interactions that 

take place in ethanol/water mobile phases are obtained from the 

results of Chapter three and four. In these chapters, the 

determination of the stationary phase composition, and the dependance 

of ethanol/water mobile composition and temperature on the retention of 

different test-solutes in ethanol/water mobile phases are discussed to 

provide a description of the possible solute-stationary phase 

interactions. 



CHAPTER THREE 

STATIONARY PHASE COMPOSITION IN ETHANOL/WATER MOBILE PHASES 

Introduction 

The composition of the stationary phase in RPLC should be 

determined in order to elucidate the possible solute-stationary phase 

interactions and, therefore, the possible solute retention mechanisms. 

Several studies have shown that the composition of the stationary phase 

in RPLC varies with varying concentration of organic modifier in 

water/organic modifier mobile phases (28,29,30,60,61). These results 

have been attributed to the fact that organic modifier and water, both 

from the mobile phase, are extracted into the stationary phase by 

virtue of their interactions with the bonded hydrocarbon moieties and 

the residual silanol groups (28,29,30). The concentrations of the 

mobile phase components in the stationary phase vary gradually from the 

silica surface to the top of the bonded hydrocarbon moieties (30,62). 

Figure 8 shows that concentration of water in the stationary phase is 

high at the silica surface while the concentration of organic modifier 

is high between the bonded hydrocarbon moieties. The concentrations of 

organic modifier and water in the stationary phase approach those in 

the mobile phase at the top of the bonded hydrocarbon moieties. 

The gradual concentration change of mobile phase components in 

the stationary phase is associated with a gradual change in the nature 
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and properties of the stationary phase on going from the silica surface 

to the top of the bonded hydrocarbon moieties (63). The solute 

retention occurs when solute molecules diffuse laterally between the 

bonded hydrocarbon moieties, and undergo three-dimensional interactions 

with the layers of extracted organic modifier and water at different 

depths of the stationary phase (63). The interactions of solutes with 

different depths or portions of the stationary phase account for the 

great selectivity on RPLC separations. However, this approach does not 

account for solute molcules with very large size since the stationary 

phase may not be big enough to afford a layer of organic modifier and 

water in which these molecules can diffuse laterally (40). In this 

case, the retention mechanism has some contributions from adsorption on 

the stationary phase. 

Several workers have found that the extraction or incorporation 

of organic modifier into the stationary phase increases with increasing 

concentration of organic modifier in water/organic modifier mobile 

phases. Studies have been done in the extraction of the organic 

modifiers methanol, acetonitrile, and tetrahydrofuran (28,29,30,60,61, 

64,65,66). The extraction or incorporation of organic modifier, as 

well as water, into the stationary phase produces changes in its 

composition and its volume. The change in volume of the stationary 

phase, Vs, is inversely related to the change in mobile phase volume in 

column or Vm. Therefore, Vm measurements are sensitive to Vs changes 

that occur upon variation of the concentration of the organic modifier 

in the mobile phase (28,29,61,67). The picture of the distribution of 
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mobile phase components in the stationary phase (Figure 8) indicates 

that Vm measurements are usually difficult to obtain since the limits 

of the stationary phase and the mobile phase are not well defined in 

RPLC (64,68). 

Several methods have been utilized in the determination of Vm 

(67,68,68,70,71,72). For example, measurements of Vm have been 

obtained from injections of unretained compounds such as uracil, 

cytosine or N,N-dimethylformamide as well as IJV-active salts such as 

sodium nitrate, sodium benzene sulfonate or potassium dichromate 

(67,68,71). However, injections of unretained compounds may not allow 

exact Vm values because of possible retention or exclusion from the 

packing material pores of the injected compounds (30,67,68,71). 

Injections of mobile phase components have been also used to measure Vm 

(67,68,71). For example, injections of pure water or pure organic 

modifier as well as deuteriumoxide and radiolabeled mobile phase 

components have been used. Still, injections of mobile phase 

components do not allow the determination of real Vm values because 

mobile phase components take part in the stationary phase formation 

(30). Another method of determination of Vm involves the assumption 

that Vm is equal to the column maximum porosity (61,67,68,71). In 

this method, Vm is obtained from measurements of weights of the packed 

column after alternately filling it with two solvents of sufficiently 

different densities. This method has the disadvantage of ignoring the 

fact that a solvation or extracted layer of mobile phase components 

participates in the stationary phase formation (68,71). 



The mathematical method of linearization of retention data of 

members of a homologous series is considered to provide the best 

measurement of Vm (30,68). This method eliminates the problem of 

possible retention or exclusion of injected compounds, as well as the 

problem of neglecting the solvation or extracted layer of the 

stationary phase (30,68). The linearization method is based on the 

assumption of a linear relationship between the logarithm of solute 

capacity factor, k1, and the carbon number, Cn, of a homologous 

series. The linear relationship is represented by the following 

equation: 

log k' = A (Cn) + B Eqn.3.1 

where A and B are constants, k' = (Vr  - Vm)/Vm, and Vr  is the retention 

volume of members of a homologous series. The Vm determination is 

obtained from the Vr  data, and the trial and error assumption of the Vm 

value which provides the best fit of the Eqn.3.1. The disadvantage 

of the linearization method is the fact that the linear relationship 

represented by Eqn.3.1 is sometimes not valid. In fact, plots of log 

k1 versus Cn have been reported nonlinear in some cases and with 

discontinuities at Cn values corresponding to the number of carbons of 

the bonded hydrocarbon moieties (73). 

In this chapter, the amounts of ethanol and water incorporated 

or extracted into the stationary phase were obtained by flushing the 

column with dioxane. the amounts of ethanol and water in the flushes 

were measured by gas chromatography, and corrected for the mobile phase 
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volume in column, Vm. The Vm values were obtained by linearization of 

retention data of members of a homologous series of n-alcohols. The 

extent of the incorporation or extraction of ethanol and water into the 

stationary phase is illustrated by the corresponding distribution 

isotherms obtained from the data of amounts of ethanol and water in the 

dioxane flushes. Furthermore, the stationary phase selectivity for the 

homologous series of n-alcohols was studied as a function of ethanol 

concentration in ethanol/water mobile phases. The results provide a 

description of the composition and properties of the stationary phase 

in ethanol/water mobile phases. 

Experimental 

Determination of the Mobile Phase Volume in Column 

The determination of the mobile phase volume in column, Vm, was 

carried out by the method developed by Schunk (36) of linearization of 

retention data of members of a homologous series by minimization of 

the Chi squared function. The homologous series used was the 

n-alcohols from C3 to C9 which were obtained as reagent grade. The 

chain length of the n-alcohols was increased as the ethanol 

concentration in ethanol/water mobile phases was increased. The 

measurements of retention volume values of the homologous series of 

n-alcohols were performed with the solvent delivery system described in 

Chapter two, a Micromeritics Instrument Corp. Model 771 (Norcross, GA, 

U.S.A.) refractive index detector, and a 5.5-um Zorbax ODS (DuPont) 
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analytical column (4.6 mm x 15 cm). Chromatograms were obtained with 

the recorder described in Chapter two. Solute retention volume data 

was obtained with the column thermostated at 30°C through a column 

jacket, using the circulating water bath described in Chapter two. the 

preparation of ethanol/water mobile phases and samples, as well as the 

mobile phase flow-rate used and the equilibration of the column with 

each mobile phase at 30°C, are indicated in Chapter two. 

Gas Chromatographic Determination of Stationary Phase Composition 

After completing the measurements of retention data for the 

determination of Vm in ethanol/water mobile phases, the amounts of 

ethanol and water in the corresponding stationary phases at 30°C were 

obtained. The 5.5-um Zorbax ODS column was equilibrated with the 

mobile phase by pumping approximately 100 column volumes of mobile 

phase at a column temperature of 30°C. Then, the total amount of 

mobile phase components contained in the 5.5-iim Zorbax ODS column and 

connecting tubing between the injection valve and the column outlet 

were flushed at a column temperature of 60°C by passing about 49.5 ml 

of dioxane through the column and tubing at a flow rate of 0.5 ml/min. 

The effluent was collected in a 50-ml volumetric flask to which 1.00 ml 

of isopropanol had been added as an internal standard. Finally, the 

content of the flask was adjusted to the calibration mark with dioxane. 

The amounts of mobile phase components in the dioxane flush 

solutions, as well as the amount of water in sample blanks of 10 ml of 

dioxane with 0.200 ml of the internal standard isopropanol, were 
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analized via gas chromatography by means of at least 5 injections of 5 

uL. Concentration working curves were utilized to measure the amounts 

of ethanol and water in the dioxane flush solutions as well as the 

amount of water in the sample blanks of dioxane. The gas 

chromatographic data used in the concentration working curves was 

obtained from at least 5 injections of 5 pL of standard solutions of 

known concentrations of ethanol and water plus 0.200 ml of the internal 

standard isopropanol in 10.0 ml of dioxane. Concentration working 

curves were prepared using the average of at least 5 peak area ratios 

of ethanol or water to internal standard isopropanol. 

Concentrations of ethanol and water in the dioxane flush 

solutions, as well as concentration of water in sample blanks of 

dioxane, were measured from the average of at least 5 peak area ratios 

of ethanol or water to internal standard isopropanol by using the 

concentration working curves. The amounts of ethanol and water in the 

dioxane flush solutions were corrected by the amounts of mobile phase 

components in Vm and the connecting tubing volume. The amount of water 

in the dioxane flush solutions was also corrected by the amount of 

water in the dioxane utilized. The corrected amounts of ethanol and 

water were taken as the amount of ethanol and water in the stationary 

phase. 

The 5.5-ym Zorbax 0DS column used in the collection of the 

dioxane flush solutions was thermostated at 30°C or 60°C by means of a 

column jacket, using the circulating water bath described in Chapter 
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two. The pumping of mobile phase or dioxane ws realized with the 

solvent delivery system also described in Chapter two. The dioxane 

used was purified by distillation from KOH, and stored over zeolite. 

Then, it was filtered before its use in the flushes. The gas 

chromatographic measurements were performed with a Gow-Mac Instruments 

Corp. (Bridgewater, NJ, U.S.A.) Model 69-550 chromatograph equipped 

with a thermal conductivity detector and a 4' x 1/4' copper column filled 

with Porapak R. The temperature of this column was set at 150°C with 

helium as the carrier gas at 120 ml/min. The detector bridge current 

was 200 mA at 190°C, and the injector temperature was also 190°C. Peak 

areas were measured with a Spectra-Physics Model 4100 integrator. 

Results and Discussion 

Effect of Ethanol/Water Mobile Phase Composition on the Mobile Phase 
Volume in Column 

The mobile phase volume in column, Vm, decreases with 

increasing percentage of ethanol in the mobile phase as illustrated in 

Figure 9. Similar dependance of Vm on composition of the mobile phase 

has been reported previously for methanol/water, acetonitrile/water, 

and tetrahydrofuran/water mobile phases (28,29,30,61,64,65,66,67). The 

change of Vm with the composition of ethanol/water mobile phases is 

inversely related to the change of stationary phase volume or Vs. 

Decrease of Vm and, therefore, increase of Vs are consequences of the 

extraction or incorporation of ethanol and water into the stationary 

phase as the percentage of ethanol increases in the mobile phase. 
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Figure 9 indicates that there is not a significant change in Vm values 

for mobile phases with percentage of ethanol greater than 20% (v/v). 

This fact suggests that the stationary phase volume should not change 

notably in these mobile phases. Instead, there may be a significant 

change in the composition of the stationary phase. This assumption 

will be confirmed with the data of the distribution isotherms of 

ethanol and water. 

Distribution Isotherms of Ethanol and Water 

The distribution isotherm of ethanol, which is shown in Figure 

10, shows that the amount of ethanol in the stationary phase increases 

with increasing percentage of ethanol in the mobile phase. The 

distribution isotherm of water, which is also shown in Figure 10, shows 

that any amount of water in the stationary phase was detected 

for mobile phases with percentages of ethanol of 5% and 10% (v/v). 

There must be water in the stationary phases corresponding to these 

mobile phases, but it must be a strongly hydrogen-bonded monolayer of 

water which cannot be removed by solvents (11,74). In addition, the 

distribution isotherm of water shows that the amount of water in the 

stationary phase increases with increasing percentage of ethanol in 

mobile phases from 10% to 30% (v/v). However, the distribution 

isotherm of water shows that the amount of water in the stationary 

phase seems to be constant for mobile phases with percentages of 

ethanol greater than 30% (v/v). Figure 10 also displays the amount of 

bonded hydrocarbon moieties (C18 weight in grams) in the stationary 
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phase which is a fixed amount all along the ethanol/water mobile phases 

studied. The calculation of the amount of bonded hydrocarbon moieties 

in the stationary phase was based on the weight and carbon analysis of 

the packing material in column, and the molecular weight of the 

structure between brackets following: 

iSi-0-[-Si(CH3)2-(CH2)i7-CH3] 

The data shown in Figure 10 confirms the ternary stationary 

phase model for RPLC (28,29) in which is considered that mobile phase 

components participate actively in stationary phase formation together 

with bonded hydrocarbon moieties and residual silanol groups. The 

weight per cent of stationary phase components in ethanol/water mobile 

phases (Figure 11) shows a decrease of bonded hydrocarbon moieties 

percentage (C18 %) and an increase of ethanol percentage as ethanol 

concentration increases in the mobile phase. The crossover point of 

Figure 11 in which ethanol begins to be the major component of the 

stationary phase corresponds to a mobile phase of about 45% ethanol 

(v/v). In this point, the bonded hydrocarbon moieties must begin to be 

well solvated by the ethanol extracted into the stationary phase. 

The increase of ethanol percentage in the stationary phase with 

respect to ethanol concentration in the mobile phase (Figure 11) 

confirms that ethanol is extracted into the stationary phase by virtue 

of their dispersive and dipole-induced interactions with the bonded 

hydrocarbon moieties. On the other hand, the dependence of the 

concentration of water in the stationary phase upon mobile phase 
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composition (Figure 11) confirms that water is extracted into the 

stationary phase by virtue of their hydrogen bonding and dipole-dipole 

interactions with residual silanol groups as well as ethanol extracted 

into the stationary phase. The extraction of mobile phase components 

into the stationary phase provides an enrichment of ethanol in the 

stationary phase. This enrichment of ethanol is evident when the 

percentage of ethanol in the extracted mobile phase components is 

compared with the percentage of ethanol in the mobile phase as shown in 

Table III. 

Stationary Phase Selectivity for the Homologous Series of n-Alcohols 

Selectivity, a, is a measure of the ability of the stationary 

1 phase to distinguish between two solutes based on differences of one 

or more solute properties at the molecular level. In the case of 

solutes that belong to a homologous series, selectivity is due to 

differences on solute molecular weights. The relationship between 

selectivity and the physicochemical phenomena responsible of the 

separation process is given by the following equation (28,29): 

AAG2_I = AG"2 - AGj = -R T In a Eqn.3.1 

where AG2-1 is the difference in the free energies of tranfer AG2 and 

AGj associated with the passage of one mole of the solutes 2 and 1 

respectively from the stationary phase to the mobile phase. R is the 

gas constant, and T is the absolute temperature. Changes in the 

stationary phase composition affect the solue separation process and, 

therefore, the AG values of the solutes. For this reason, changes on 
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TABLE III. Enrichment of Ethanol in the Mobile Phase Components 
Extracted into the Stationary Phase 

% v/v Ethanol 
in Ethanol/Water 
Mobile Phase 

% Wt/Wt Ethanol 
in Ethanol/Water 
Mobile Phase 

% Wt/Wt Ethanol in 
Extracted Mobile Phase 
Components 

5 4 100 

10 8 100 

15 12 88 

20 17 71 

30 25 57 

45 38 66 

50 43 63 

60 53 63 
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selectivity are sensible to changes on the stationary phase 

composition. 

The selectivity, a, values shown in Figure 12 were based on the 

change of one methylene group, ACH2, in the n-alcohol chain. In Figure 

12, the selectivity, a, value for each mobile phase is the average of 

selectivities calculated by means of the following equation (15): 

« = (Vr,N+l " Vm)/(Vr,N - Vm) Eqn.3.2 

where Vr)N+i and Vp,n are the retention volumes of n-alcohols with a 

number of carbons equal to N+l and N respectively. Vm is the mobile 

phase volume in column. The data of Vr  was that obtained previously in 

the determination of Vm by linearization of a homologous series by 

minimization of chi squared. 

Figure 12 shows that o decreases with increasing percentage of 

ethanol in ethanol/water mobile phases. The decrease of a values 

approaches the value of one in which no solute separation occurs. 

Selective, a, values in Figure 12 are indicative of the effects that 

ethanol/water mobile phase composition have on the stationary phase 

composition and, therefore, on the separation process. The stationary 

phase composition changes when ethanol concentration in the stationary 

phase increases with increasing ethanol concentration in the mobile 

phase. The higher the ethanol concentration in mobile phase. The 

higher the ethanol concentration is in the stationary phase, the 

smaller the difference between ethanol concentration in the stationary 

phase and in the mobile phase becomes. The smaller the difference 
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between ethanol concentration in the stationary phase and in the mobile 

phase is, the smaller the difference in free energy of transfer 

(AAG2_i) for a change of one methylene group (ACH2). Selectivity, a, 

values decrease with increasing ethanol concentration in the mobile 

phase (Figure 12) because ethanol concentration in the stationary phase 

approaches that in the mobile phase. Therefore, the difference between 

ethanol concentration in the stationary phase and in the mobile phase, 

as well as aG2_I f°r  decreases with increasing ethanol mobile 

phase composition. 

Conclusions 

The results obtained for ethanol/water mobile phases indicate 

that mobile phase components are incorporated into the stationary 

phase. The distribution isotherm results show that the concentration 

of ethanol and water in the stationary phase are dependant on the 

mobile phase composition. The incorporation or extraction of ethanol 

and water into the stationary phase provides a liquid-like character to 

the stationary phase while maintaining the stability of a liquid-solid 

system. The change in the concentrations of ethanol and water in the 

stationary phase upon varying mobile phase comoposition is reflected by 

the variation of stationary phase selectivity for one methylene group. 

The amount of bonded hydrocarbon moieties and residual silanol 

groups in the stationary phase is a fixed amount that can be expressed 

as surface coverage of the bonded hydrocarbon moieties. The surface 

coverage in  the  stat ionary  phase was est imated to  be equal  to  2 . 0 ?  
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pmol/m2 or 1.22 bonded moieties per nm2. These values were obtained 

from carbon analysis of the packing material used and specific surface 

area of the unbonded silica by using the corresponding equations given 

by Berendsen, et al., (75,76). The bonded hydrocarbon moieties cause 

the incorporation or extraction of ethanol into the stationary phase 

through dispersive and dipole-induced dipole interactions. By 

considering that the total amount of silanol groups per nm? on the 

silica surface is equal to 4.8 groups/nm? (74). It was estimated that 

only 25% of the total silanol groups reacted with the n-octadecyl-

dimethylchlorosilane reagent used in the preparation of the monomeric 

bonded stationary phase utilized. Remaining silanol groups are 

shielded by the layer of bonded hydrocarbon moieties; however, they 

cause the extraction of water into the stationary phase through 

hydrogen bonding and dipole-dipole interactions. Extraction of water 

into the stationary phase is also caused by hydrogen bonding and 

dipole-dipole interactions between water and ethanol extracted into the 

stationary phase. 



CHAPTER FOUR 

EFFECTS OF ETHANOL/WATER MOBILE PHASE COMPOSITION AND TEMPERATURE 
ON SOLUTE RETENTION 

Introduction 

The ability of the stationary phase to interact with solutes 

provides retention and selectivity in RPLC. The interactions of the 

stationary phase with the solutes are related to the chemical 

composition and structure of the stationary phase. Studies have shown 

that the chemical composition and structure of the stationary phase in 

RPLC are functions of several factors. These factors are: composition 

and nature of the mobile phase; type, chain length, bonding 

characteristics, and surface coverage of the bonded hydrocarbon 

moieties; residual silanol groups from the silica surface and, in the 

case of polymeric bonded stationary phases, residual silanol groups 

from the bonded si lane moieties; temperature; molecular conformation or 

physical arrangement of the bonded hydrocarbon moieties with respect to 

the mobile phase; and, finally, the ability of the mobile phase 

components to form a solvation layer with a state of high molecular 

order in the stationary phase (36). 

The retention mechanism in RPLC is considered to be primarily 

partition of the solutes between the flowing mobile phase and the 

bonded stationary phase. Partition results from differences in 
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solvation interactions of the solutes in the mobile phase and the 

bonded stationary phase. These assumptions are supported from 

experiments that have demonstrated the quasiliquid nature or fluidity 

of the bonded stationary phase. In fact, experiments reported by 

Lochmuller, et al., (40,77) suggest that the bonded hydrocarbon 

moieties are "liquid-droplet"-like clusters. This assumption was based 

on comparisons of selectivity data of liquid-liquid partitioning 

systems and reverse-phase chromatographic systems (40), and studies of 

the luminescence of pyrene silane molecules chemically bonded to silica 

(77). Furthermore, carbon-13 NMR studies realized by Zwier (30) and 

Gandola and Gilpin (78,79) indicated that the mobility or liquid nature 

of the bonded hydrocarbon moieties increases on going from the silica 

surface to the top of the bonded hydrocarbon moieties. These workers 

demonstrated that bonded hydrocarbon moiety carbons near the site of 

attachment are solid-like due to their reduced mobility. In addition, 

Bogar, et al., (63) demonstrated the fluidity of the bonded stationary 

phase from measurements of excimer formation of the fluorescent solute 

pyrene in the bonded stationary phase. These workers suggested that 

solutes can diffuse laterally into the bonded stationary phase. 

By considering partition as the primary retention mechanism in 

RPLC, solute retention can be described by means of the following 

fundamental retention equation (15,21,80): 

Vr = Vm + K Vs Eqn.4.1 

where Vr  is the volume of mobile phase that must flow through the 
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column for elution of a given solute, Vm is the volume of mobile phase 

within the column at a given time, Vs is the volume of stationary 

phase, and K is the thermodynamic distribution coefficient which 

measures the solute equilibrium distribution between stationary and 

mobile phases. Coefficient K is equal to the concentration of solute 

in the stationary phase divided by the concentration in the mobile 

phase. Solute retention can also be described by the dimensionless 

capacity factor parameter, k1, which is related to the distribution 

coefficient, K, through the following relationship: 

k1 = K B Eqn.4.2 

where B is the phase ratio which is equal to Vs divided by Vm. 

Capacity factor, k', is calculated directly from chromatographic 

measurements by means of the following equation: 

k '  =  ( V P  -  V m ) / V m  E q n . 4 . 3  

Parameter k' is a better retention measure than Vr  because k' 

eliminates the influence of column dimension on retention for a given 

stationary and mobile phase. From eqn.4.2, it is apparent that 

capacity factor, k1, is equal to the total moles of solute in the 

stationary phase divided by the total moles in the mobile phase. This 

means that capacity factor, k', measures the average time in which a 

solute molecule spends in the stationary phase relative to that spent 

in the mobile phase. 

The free energy of transfer, AG, associated with the transfer 

of the solute from interacting with the stationary phase to interacting 
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with the mobile phase is related to the thermodynamic distribution 

coefficient, K, by means of the following equation: 

AG = -R T In K = AH - T AS Eqn.4.4 

where R is the gas constant, T is the absolute temperature, AH is the 

enthalpy of transfer of the solute from the stationary phase to the 

mobile phase, and AS is the associated change in entropy. From 

combination of eqn.4.2 and eqn.4.4, the capacity factor, k', can be 

expressed in terms of the enthalpy and entropy of transfer of the 

solute by means of the following equation which is commonly referred to 

as the Van't Hoff equation: 

In k' = -AH/RT + AS/R + In B Eqn.4.5 

If AH, AS, and B are independent of temperature over a given 

temperature range, a plot of In k' versus 1/T will be linear in that 

temperature range. In this case, the slope of the Van't Hoff plot 

provides the enthalpy of transfer divided by R while the intercept of 

the plot provides the entropy of transfer divided by R plus the Ln of 

the phase ratio, B. The entropy of transfer cannot be determined 

independently of the phase ratio, B, since this last parameter is not 

known because of its dependence on the stationary phase volume, Vs, 

accesible to each solute. 

Several workers have found nonlinear behavior of Van't Hoff 

plots. Melander, et al., (81) reported nonlinear Van't Hoff plots for 

homologous oligo(ethylene glycol)s solutes, ODS bonded silica, and 

water-acetonitrile mobile phases. This behavior was explained by the 
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fact that these solutes can present two conformers which have different 

intrinsic capacity factors, k'. Nahum and HorvSt (4fi) reported curved 

Van't Hoff plots for crown ethers solutes, ODS bonded silica, and 

water-methanol and water-acetonitrile mobile phases. These curved 

plots were attributed to the existence of two or more retention 

mechanisms due to solute interactions not only with the bonded 

hydrocarbon moieties but also with accessible silanol groups. Gilpin, 

et al., (32,34,35) also reported nonlinear Van't Hoff plots for the 

solutes phenol and resorcinol; octyl-, nonyl-, and decyl-bonded 

surfaces; and water as mobile phase. They attributed this behavior to 

transitions between a folded and a bristle conformation of the bonded 

hydrocarbon moieties with respect to the mobile phase. 

Hammers and Verschoor (82) reported nonlinear Van't Hoff plots 

for the solutes benzene, nitrobenzene, and phenol; RP-18 bonded silica; 

and water as mobile phase. These workers explained their results by 

considering the existence of a "rough" interfacial RP-18/water layer. 

By heating, this layer gradually expand to a less dense bristle-like 

phase; however, this layer steadly collapses by cooling to a smooth 

surface in which the bonded hydrocarbons moieties are more or less 

associated. Morel, Serpinet, and Untz (83,84) found evidences of 

fusion-like transitions of the bonded alkyl monolayer of C-18 and C-22 

alkyl bonded silicas near room temperature by using gas 

chromatographic measurements. The test-solute used was n-hexane. 

These  workers  at tr ibuted the  curve deviat ion of  plots  of  log  Vg 
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(absolute retention volume of hexane per unit mass of substrate) versus 

1/T to a transition of the bonded alkyl monolayer from a condense state 

to a "liquid expanded" state. Morel and Serpinet (85) also found 

evidences of fusion-like transitions on C-22 alkyl bonded silica by 

using RPLC with water-methanol mobile phases and several solutes. 

These workers attributed the nonlinear plots of In k' versus 1/T 

obtained to the same phase transition observed in the gas 

chromatographic experiments. The temperature of the phase transition 

was found to be dependent of the composition of the mobile phase. 

Morel and Serpinet (85) related the phase transition to a change from 

an adsorption-dominant solute retention at the surface of the monolayer 

of the bonded alkyl moieties to a solution-dominant solute retention in 

a liquid expanded-like layer of the bonded alkyl moieties. 

In this chapter, the effects of ethanol/water mobile phase 

composition and temperature on solute retention are studied through 

Van't Hoff plots of several test-solutes which are used as molecular 

probes of the solute-stationary phase interactions. In order to get 

information about the nature of the retention mechanisms in ethanol/ 

water mobile phases, the enthapies of transfer, and the entropies of 

transfer divided by R plus the Ln of the phase ratio, B, of the 

test-solutes are determined from their corresponding Van't Hoff plots. 

Furthermore, evidences of possible changes on the conformation of 

bonded hydrocarbon moieties is also studied by means of Van't Hoff 

plots. In addition, the efficiency of the column or number of 
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theoretical plates is determined for some test-solutes as a function of 

temperature for different ethanol/water mobile phases. Comparisons of 

the efficiency values obtained are discussed in terms of possible 

average locations of the solutes at different depths of the bonded 

stationary phase depending on their respective interactions with the 

components of the bonded stationary phase. Finally, these results 

together with the results obtained in Chapter three lead to propose a 

model for the conformations of the bonded hydrocarbon moieties, as well 

as the molecular state of the stationary phase, in ethanol/water mobile 

phases. 

Experimental 

Chromatographic Measurements 

Chromatographic measurements for the Van't Hoff plots were 

performed with the solvent delivery system, UV detector, and recorder 

described previously in Chapter two. The column used was a 5.5-ym 

Zorbax ODS (DuPont) analytical column (4.6 mm x 15 cm). The 

chromatographic measurements were obtained at different column 

temperatures from 70 to 0°C, using decrements of usually 1D°C. Column 

temperature control for the temperature range of 30-70°C was obtained 

by means of a column jacket, using a Haake Model FE circulating water 

bath. For the temperature range of 20-0°C, the column temperature 

control was obtained by means of a column jacket, using the Neslab 

Instruments Inc. (Portsmouth, N.H., U.S.A.) Models CF-D and CC60FII of 
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a circulating isopropanol bath. In the temperature range studied, the 

temperature was maintained to within 0.2°C. The solutes used on the 

chromatographic measurements for Van't Hoff plots were reagent grade. 

The preparation of the ethanol/water mobile phases and samples, as well 

as the mobile phase flow-rate and the equilibration of the column with 

each mobile phase, are indicated on Chapter two. 

The determination of the mobile phase volume in column, Vm, is 

described in Chapter three. The Vm value for each ethanol/water mobile 

phase studied was equal to the average of Vm values at different 

temperatures. The chromatographic measurements for the Vm 

determination at different temperatures were obtained with the same 

instruments and column referred to previously for the Van't Hoff plot 

data; however, the detector used was a Micromeritics Instruments Corp. 

(Norcross, GA, U.S.A.) Model 771 refractive index detector or a Waters 

(Milford, MA, U.S.A.) differential refractive index detector. The Vm 

values were used to calculate the capacity factor, k', of the solutes 

for the Van't Hoff plots. The equation utilized was: 

k' = (Vp - Vm)/Vm 

where Vp was the average of at least three retention volumes obtained 

for each solute. All the Vr  values, as well as the Vm values, were 

corrected for the extra column volume from connecting tubing, injection 

valve, and detector. The extra column volume was obtained by removing 

the column, connecting the tubing between the injection valve and 

detector, and measuring the elution volume of a solute. 
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Results  and Discuss ion 

Van't  Hoff  Plots  for  Non Polar  and Sl ight ly  Polar  Solutes  

Negative deviations from linearity or deviations to smaller In 

k' values than those expected in Van't Hoff plots have been reported 

(34,35,36). This behavior has been attributed to a transition between 

two conformations of the bonded hydrocarbon moieties (Figure 2). 

Non-polar or hydrocarbon-like solutes should be very sensitive to the 

conformation transition of the bonded hydrocarbon moieties. This is 

because the nature of non-polar solutes allow them to intercalate 

between the bonded hydrocarbon moieties, and undergo dispersion and 

dipole-induced dipole interactions with the extracted organic modifier 

in the central region of the stationary phase where the concentration 

of organic modifier is highest (Figure 8). Penetration of non-polar 

solutes to the stationary phase region near the silica surface, where 

no conformation transition is observed, is not probable because of the 

very polar nture of the silica surface (Figure 8). 

The Van't Hoff plots of the non-polar solutes benzene and 

toluene (Figure 13 and 14) show negative deviations from linearity for 

10% ethanol/90% water, and 20% ethanol/80% water, v/v, mobile phases. 

These negative deviations from linearity are attributed to a transition 

between two conformations of the bonded hydrocarbon moieties. This 

conformation transition is associated with solvation and mobility 

changes of the bonded hydrocarbon moieties caused by the variation of 

temperature for a given mobile phase. At high temperature, the bonded 
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Figure 13.  Van't  Hoff  Plots  for  the  Solute  Benzene in  Ethanol /Water  
(v /v)  Mobi le  Phases .  
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Figure 14.  Van't  Hoff  Plots  for  the  solute  Toluene in  Ethanol /Water  
(v /v)  Mobi le  Phases .  
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hydrocarbon moieties assume a folded arrangement in which they are very 

mobile (Figure 2b). As the temperature is decreased, the mobility and 

solvation of the bonded hydrocarbon moieties gradually decrease until 

sufficient thermal energy is removed to cause a reorganization to a 

"bristle" arrangement of the bonded hydrocarbon moieties. In this 

"bristle" arrangement, the bonded hydrocarbon moieties are relatively 

straight and rigid (Figure 2a). Furthermore, they are poorly solvated 

by ethanol, and are not very mobile. In these conditions of poor 

solvation and mobility of the bonded hydrocarbon moieties, non-polar 

solutes have a restricted access to the stationary phase; therefore 

dispersion and dipole-induced dipole interactions between the solute 

and the stationary phase decrease. The decrease of solute-stationary 

phase interactions accounts for the deviation to smaller In k1 values 

than those expected in Van't Hoff plots at low temperatures (Figure 13 

and 14). The magnitude of the decrease of solute-stationary phase 

interactions is reflected by the values of the slope decrease, A( AH) 

(Table IV and V). 

Tables IV and V show that the on-set or starting temperature 

for negative deviations from linearity in Van't Hoff plots decreases 

with increasing percentage of ethanol in the mobile phase. This 

behavior suggests that more thermal energy must be removed from the 

system to cause the reorganization to the "bristle" arrangement as the 

percentage of ethanol in mobile phase increases. This fact is 

explained because ethanol concentration in stationary phase increases 



TABLE IV.  Van't  Hoff  Plot  Results  for  the  Solute  Benzene in  
Ethanol /Water  (v /v)  Mobi le  Phases  at  High and Low 
Temperatures ,  T's .  

Mobile Phase 10% Ethanol/90% Water 

AH at High T's : -3.5 kcal/mole 

(AS/R + In B) at High T's 

On-set T 

AH at Low T's 

(AS/R + In B) at Low T's 

Slope Decrease A(AH) 

Associated A(AS/R + In B) 

-1.640 

36.4°C 

-0.9 kcal/mole 

2.50 

-2.6 kcal/mole 

-4.140 

Mobile Phase 20% Ethanol/80% Water 

AH at High T's 

(AS/R = In B) at High T's 

On-set T 

AH at Low T's 

(AS/R + In B) at Low T's 

Slope Decrease A(A H) 

Associated A(AS/R + In B) 

-3.9 kcal/mole 

-2.820 

23.6°C 

-2.0 kcal/mole 

0.915 

-1.9 kcal/mole 

-3.735 

Mobile Phase 40% Ethanol/60% Water 

AH at High and Low T's 

(AS/R + In B) at High and Low T's 

On-set T 

Slope Change A(AH) 

Associated A(AS/R + In B) 

-3.7 kcal/mole 

-3.631 

None 

0 .0  

0.000 



TABLE V.  Van't  Hoff  Plot  Results  for  the  Solute  Toluene in  
Ethanol /Water  (v /v)  Mobi le  Phases  at  High and Low 
Temperatures ,  T's .  

Mobile Phase 10% Ethanol/90% Water 

AH at High T's 

(AS/R + In B)  at High T's 

On-set T 

AH at Low T's 

(AS/R + In B)  at Low T's 

Slope Decrease A(AH) 

Associated A(AS/R + In B)  

-4.0 kcal/mole 

-1.163 

34.0°C 

-1.9 kcal/mole 

2.175 

-2.1 kcal/mole 

-3.338 

AH at High T's 

(AS/R + In B)  at High T's 

On-set T 

AH at Low T's 

(AS/R + In B)  at Low T's 

Slope Decrease A(AH) 

Associated A(AS/R + In B)  

Mobile Phase 20% Ethanol/80% Water 

-4.8 kcal/mole 

-3.316 

24.9°C 

-2.5 kcal/mole 

0.621  

-2.3 kcal/mole 

-3.936 

Mobile Phase 40% Ethanol/60% Water 

AH at High and Low T's 

(AS/R + In B)  at High and Low T's 

On-set T 

Slope Change A(AH) 

Associated A(AS/R + In B)  

-4.5 kcal/mole 

-4.292 

None 

0.0  

0.000 
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as it is increased that in the mobile phase (Figure 11). Figures 13 

and 14 indicate that no thermally induced change in conformation of the 

bonded hydrocarbon moieties occurs in the mobile phase 40% ethanol/60% 

water, v/v, since no deviation from linearity is observed in the Van't 

Hoff plots. This behavior suggests that the condition of good 

solvation of the bonded hydrocarbon moieties in this mobile phase, 

which demonstrated previously in Chapter three, leads to a very small 

thermally induced change on the solvation and mobility of the bonded 

hydrocarbon moieties. Thus, the dependance of solute retention on the 

conformation transition is not observed. Bonded hydrocarbon moieties 

in the mobile phase 40% ethanol/60% water, v/v, assume a folded or 

mobile arrangement (Figure 2b) because they are well solvated by 

ethanol (Figure 10 and 11). 

Figure 15 shows that the slightly polar solute methoxybenzene 

presents a negative deviation from linearity only for the mobile phase 

10% ethanol/90% water, v/v. The on-set temperature for this deviation 

(Table VI) is higher than those observed with the solutes benzene and 

toluene (Tables IV and V). On the other hand, the slope decrease, 

A(AH), value (Table VI) observed with methoxybenzene is smaller than 

those observed with the solutes benzene and toluene (Table IV and V). 

All these facts suggest that methoxybenzene must be retained in the 

stationary phase region near the top of the bonded hydrocarbon moieties 

in which the solvation layer has a composition similar to that of the 

mobile phase (Figure 8) and, therefore, allows the most favorable 
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Figure 15.  Van't  Hoff  Plots  for  the  Solute  Methoxybenzene in  
Ethanol /Water  (v /v)  Mobi le  Phases .  



TABLE VI.  Van't  Hoff  Plot  Results  for  the  Solute  Methoxybenzene in  
Ethanol /Water  (v /v)  Mobi le  Phases  at  High and Low 
Temperatures ,  T's .  

Mobile Phase 10% Ethanol/90% Water 

-4.5 kcal/mole AH at High T's 

(AS/R + In B) at High T's 

On-set T 

AH at Low T's 

(AS/R + In B) at Low T's 

Slope Decrease A(AH) 

Associated A(AS/R + In B) 

-3.056 

40.8°C 

-3.28 kcal/mole 

-1.113 

-1.2 kcal/mole 

-1.944 

Mobile Phase 20% Ethanol/80% Water 

AH at High and Low T's 

(AS/R + In B) at High and Low T's 

Deviation T 

Slope Change A(AH) 

Associated A(AS/R + In B) 

-4.6 kcal/mole 

-4.033 

None 

0 .0  

0.000 

Mobile Phase 40% Ethanol/60% Water 

AH at High and Low T's 

(AS/R + In B) at High and Low T's 

Deviation T 

Slope Change A(AH) 

Associated A(AS/R + In B) 

-4.4 kcal/mole 

-5.001 

None 

0.0 

0.00 
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interactions for the methoxybenzene ether group. In summary, the Van't 

Hoff plot results obtained for the solutes studied so far suggest that 

non-polar solutes, such as benzene or toluene, are sensitive to changes 

on surface conformation because these solutes are retained at the 

central region of the stationary phase. Furthermore, slightly polar 

solutes, such as methoxybenzene, are less sensitives in detecting 

changes on surface conformation because these solutes are retained in 

the upper region of the stationary phase. Figure 16 illustrates the 

average location into the stationary phase of polar and slightly polar 

solutes during the retention process. In Figure 16, the ethanol and 

water molecules present in the stationary phase are omitted. 

Van't Hoff Plots for Polar Solutes 

As was suggested previously, retention of non-polar solutes due 

to dispersion and dipole-induced dipole interactions are affected by 

changes on surface conformation for ethanol/water mobile phases with 

low percentages (v/v) of ethanol. In order to study the influence of 

hydrogen bonding and dipole-dipole interactions on solute retention, 

the temperature dependance on retention of polar solutes in 

ethanol/water mobile phases through the corresponding Van't Hoff plots 

was determined. In the stationary phase, polar solutes interact by 

means of hydrogen bonding and dipole-dipole interactions with residual 

silanol groups or with the hydrogen-bonded layer of water adsorbed to 

the residual silanol groups. A hydrogen-bonded monolayer or bilayer of 

water can be formed at the unreacted silica surface under conditions of 
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Figure 16. Average Location of Non-Polar and Slightly Polar Solutes in 
the Stationary Phase for Ethanol/Water Mobile Phases. 



low or  high concentrat ion of  water  in  the  s tat ionary phase  

respect ively .  

The hydrogen-bonded monolayer or first layer of water is 

strongly held to the unreacted silica surface (11,74,86). On the other 

hand, the hydrogen-bonded bilayer or second layer of water is weakly 

held to the first monolayer of water (11,74,86). Water molecules in 

the hydrogen-bonded monolayer are in a state of high molecular order or 

an ice-like state (8). However, water molecules in the second 

hydrogen-bonded layer are in a more liquid-like state than those in the 

first hydrogen-bonded layer (87). In both the hydrogen-bonded 

monolayer and bilayer, water molecules have perturbations in their 

rotation motions when compared to bulk liquid water (87). The 

perturbation is stronger in hydrogen-bonded monolayers than in 

hydrogen-bonded bilayers (87). The results of Chapter three suggest 

that there is a hydrogen-bonded monolayer of water at the unreacted 

silica surface for ethanol/water mobile phases with 5 to 10% (v/v) of 

ethanol. For ethanol/water mobile phases with percentages of ethanol 

between 10 to 30% (v/v), the formation of a second hydrogen-bonded 

layer of water may be formed because of the increase of the 

concentration of water in the stationary phase for these mobile phases 

(Figure 11). For ethanol/water mobile phases with percentages of 

ethanol greater than 30% (v/v), a second hydrogen-bonded layer of water 

at the unreacted silica surface may be established. 

The hydrogen bonding and dipole-dipole interactions of polar 

solutes with residual silanol groups or the layer of water adsorbed to 



the residual silanol groups depend on the nature of the solute and the 

composition of the stationary phase. Two interactions modes for the 

polar solutes can be suggested (11,88,89). The first interaction mode 

involves the displacement of adsorbed water molecules by the polar 

solute so that the solute may interact directly with the residual 

silanol groups. The second interaction mode involves the interactions 

of polar solutes with the monolayer or bilayer of water adsorbed to the 

residual silanol groups. The former interaction mode may occur under 

water monolayer conditions for basic polar solutes which are able to 

interact strongly with the acidic residual silanol groups. The latter 

interaction mode may occur under water bilayer conditions. The 

interaction modes described previously are more probable under 

stationary phase conditions which improve the accessibility of the 

polar solutes to the unreacted silica surface. Stationary phases in 

which the bonded hydrocarbon moieties are well solvated by the organic 

modifier of the mobile phase increase the accessibility of polar 

solutes to the unreacted silica surface and, therefore, the possibility 

of polar solutes to interact at the stationary phase region near the 

silica surface. 

The Van't Hoff plots of the polar acidic solutes phenol, benzyl 

alcohol, and phenetyl alcohol (Figures 17-19) show similar behavior 

in ethanol/water mobile phases. For the mobile phase 10% ethanol/90% 

water (v/v), the Van't Hoff plots show the same negative deviation from 

linearity observed with the non-polar solutes. Linear Van't Hoff plots 

are obtained for the mobile phase 20% ethanol/80% water (v/v). 
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Figure 17.  Van't  Hoff  Plots  for  the  Solute  Phenol  in  Ethanol /Water  
(v /v)  Mobi le  Phases .  
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Figure 18.  Van't  Hoff  Plots  for  the  Solute  Benzyl  Alcohol  in  
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Figure 19.  Van't  Hoff  Plots  for  the  Solute  Phenetyl  Alcohol  in  
Ethanol /Water  (v /v)  Mobi le  Phases .  



However, Van't Hoff plots for the mobile phase 40% ethanol/60% water 

(v/v) show a positive deviation from linearity or deviation to greater 

In k1 values than those expected. The behavior observed in 

ethanol/water mobile phases for the polar acidic solutes studied 

suggests that different solute-stationary phase interactions may occur 

depending on the average location of the solute in the stationary phase 

corresponding to each ethanol/water mobile phases. 

The negative deviation from linearity observed in the Van't 

Hoff plots of the polar acidic solutes for the mobile phase 10% 

ethanol/90% water (v/v) (Figures 17-19) is attributed to changes on the 

conformation of the bonded hydrocarbon moieties. This fact suggests 

that polar acidic solutes are retained in the stationary phase region 

near the top of the bonded hydrocarbon moieties. In this stationary 

phase region, the hydroxyl group of the polar acidic solutes is 

projected into the flowing mobile phase, while the alkyl and phenyl 

groups of the polar acidic solutes are aligned between the bonded 

hydrocarbon moieties. Thus, the hydroxyl group would be available for 

hydrogen bonding and dipole-dipole interactions, while the alkyl and 

phenyl groups would be available for dispersion and dipole-induced 

dipole interactions. Penetration of the polar acidic solutes to the 

unreacted silica surface is not favorable under the conditions of poor 

solvation by ethanol and restricted mobility of the bonded hydrocarbon 

moieties in the mobile phase 10% ethanol/90% water (v/v). 

The on-set temperature and change in slope, A(AH), values 

observed in the Van't Hoff plots of the solutes benzyl alcohol and 



phenetyl alcohol (Table VII and VIII) for the mobile phase 10% 

ethanol/90% water (v/v) are similar to those observed with the 

methoxybenzene solute (Table VI). These facts suggest that these 

solutes are probing the same stationary phase region. The on-set 

temperature and change in slope A(AH), values of the phenol solute for 

the mobile phase 10% ethanol/90% water (v/v) (Table IX) are smaller 

than those observed with benzyl alcohol and phenetyl alcohol solutes 

(Table VII and VIII). These facts suggest that phenol retention has 

some contributions from hydrogen bonding and dipole-dipole interactions 

at the region near the silica surface which attenuates the effect of 

surface conformation change on solute retention. 

The positive deviations from linearity observed in the Van't 

Hoff plots of the polar acidic solutes for the mobile phase 40% 

ethanol/60% water (v/v) (Figure 17-19) are attributed to the fact that 

the solutes are having extra solute-stationary phase interactions whose 

magnitude increases with decreasing the temperature. The magnitude of 

the increase of solute-stationary phase interactions is reflected by 

the change in slope, A( AH), values (Table VII-IX). The extra 

solute-stationary phase interactions experience by the polar acidic 

solutes are related to the average location of the polar acidic solutes 

into the stationary phase corresponding to the mobile phase 40% 

ethanol/60% water (v/v). The location of these solutes into the 

stationary phase are consequence of the condition of good solvation by 

ethanol of the bonded hydrocarbon moieties in this mobile phase (Figure 

10 and 11). This condition leads to a more direct access of the polar 



TABLE VII .  Van't  Hoff  Plot  Results  for  the  Solute  Benzyl  Alcohol  
Ethanol /Water  (v /v)  Mobi le  Phases  at  High and Low 
Temperatures ,  T's .  

Mobile Phase 10% Ethanol/90% Water 

AH at High T's 

(AS/R + In B) at High T's 

Deviation T 

AH at Low T's 

(AS/R + In B) at Low T's 

Slope Decrease A(AH)  

Associated A(AS/R + In B) 

-3.9 kcal/mole 

-4.124 

40.1°C 

-2.7 kcal/mole 

-2.211 

-1.2 kcal/mole 

-1.913 

Mobile Phase 20% Ethanol/80% Water 

AH at High and Low T's 

(AS/R + In B) at High and Low T's 

Deviation T 

Slope Change A(AH) 

Associated A(AS/R + In B) 

-3.6 kcal/mole 

-4.385 

None 

0.0  

0.000 

Mobile Phase 40% Ethanol/60% Water 

AH at High T's 

(AS/R + In B) at High T's 

Deviation T 

AH at Low T's 

(AS/R + In B) at Low T's 

Slope Decrease A(AH)  

Associated A(AS/R + In B) 

-2.9 kcal/mole 

-4.387 

38.4°C 

-3.8 kcal/mole 

-5.831 

-0.9 kcal/mole 

-1.444 
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TABLE VIII .  Van't  Hoff  Plot  Results  for  the  Solute  Phenetyl  Alcohol  in  
Ethanol /Water  (v /v)  Mobi le  Phasea at  High and Low 
Temperatures ,  T's .  

Mobile Phase 10% Ethanol/90% Water 

AH at High T's : -4.3 kcal/mole 

(AS/R + In B) at High T's : -3.840 

Deviation T : 41.6°C 

AH at Low T's : -2.9 kcal/mole 

(AS/R + In B) at Low T's : -1.659 

Slope Decrease A(AH)  :  -1 .4  kcal/mole 

Associated A(AS/R + In B) : -2.818 

Mobile Phase 20% Ethanol/80% Water 

AH at High and Low T's 

(AS/R + In B) at High and Low T's 

Deviation T 

-4.398 

-4.0 kcal/mole 

None 

Slope Change A(AH)  

Associated A(AS/R + In B) 0.000 

0 .0  

Mobile Phase 40% Ethanol/60% Water 

AH at High T's 

(AS/R + In B) at High T's 

DEviation T 

-3.4 kcal/mole 

-4.804 

16.8°C 

AH at Low T's -4.6 kcal/mole 

(AS/R + In B) at Low T's 

Slope Decrease A(AH) 

Associated A(AS/R + In B) 

-6.739 

-1.6 kcal/mole 

-1.935 
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TABLE IX.  Van't  Hoff  Plot  Results  for  the  Solute  Phenol  in  Ethanol /  
Water  (v /v)  Mobi le  Phases  at  High and Low Temperatures ,  T's .  

Mobile Phase 10% Ethanol/90% Water 

AH at High T's 

(AS/R + In B)  at High T's 

Deviation T 

AH at Low T's 

(AS/R + In B)  at Low T's 

Slope Decrease A(AH) 

Associated A(AS/R + In B)  

-4.0 kcal/mole 

-4.381 

21.5°C 

-3.2 kcal/mole 

-3.074 

-0.8 kcal/mole 

-1.308 

Mobile Phase 20% Ethanol/80% Water 

AH at High and Low T's 

(AS/R + In B)  at High and Low T's 

Deviation T 

Slope Change A(AH)  

Associated A(AS/R + In B)  

-4.3 kcal/mole 

-5.479 

None 

0.0  

0.000 

Mobile Phase 40% Ethanol/60% Water 

AH at High T's 

(AS/R + In B)  at High T's 

Deviation T 

AH at Low T's 

(AS/R + In B)  at Low T's 

Slope Decrease A(AH) 

Associated A(AS/R + In B)  

-3.2 kcal/mole 

-4.803 

25.1°C 

-4.8 kcal/mole 

-7.616 

-1.6 kcal/mole 

-2.815 
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acidic solutes to the stationary phase region near the si'iica surface. 

In this stationary phase region, the hydroxyl groups of the solutes 

would find the most favorable hydrogen bonding and dipole-dipole 

interactions with the monolayer or bilayer of water adsorbed in the 

residual silanol groups. On the other hand, the alkyl and phenyl 

groups of the solutes would find the most favorable dispersion and 

dipole-induced dipole interactions with the layer of ethanol which 

solvates the bonded hydrocarbon moieties. 

The extra solute-stationary phase interactions suggested by the 

Van't Hoff plots of polar acidic solutes for the mobile phase 40% 

ethanol/60% water (v/v) (Figures 17-19) indicate that the stationary 

phase region near the silica surface presents a state of relatively 

high molecular order. The degree of molecular ordering in this 

stationary phase region increases with decreasing temperature. This 

effect can be described as an entropic effect because the increase of 

molecular order in the stationary phase causes a decrease of the 

stationary phase entropy. The slope increase, A(AH), values observed 

with polar acidic solutes for the mobile phase 40% ethanol/60% water 

(v/v) (Tables VII-IX) indicate that extra energy is needed to disrupt 

the relatively high molecular order of the stationary phase region near 

the silica surface when the solute is retained in this stationary phase 

region. 

The relatively high molecular order in the stationary phase 

region near the silica surface is due to the fact that the mobility of 

the bonded hydrocarbon moieties is very restricted in this region. In 
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fact, studies have demonstrated that the bonded hydrocarbon moieties 

carbons near the attachment to the silica are solid-like due to their 

reduced mobility (30,78,79). The restricted mobility of the bonded 

hydrocarbon moieties allows the ethanol molecules to align with the 

bonded hydrocarbon moieties, enabling the atoms of both molecules to 

assume optimal van der Waals distances and, therefore, optimal 

dispersion interactions. The alignment of ethanol molecules with the 

bonded hydrocarbon moieties results in a state of reltively high 

molecular order around the bonded hydrocarbon moieties. 

In the stationary phase corresponding to the mobile phase 40% 

ethanol/60% water (v/v), the state of high molecular order around the 

bonded hydrocarbon moieties should decrease with increasing the 

mobility of the bonded hydrocarbon moieties upon going from the silica 

surface to the top of the bonded hydrocarbon moieties. This assumtion 

explains why no entropic effect is observed for non polar and slightly 

polar solutes in the mobile phase 40% ethanol/60% water (v/v) (Figures 

13-15). These solutes are retained in the central and upper stationary 

phase regions where the bonded hydrocarbon moieties are very mobile as 

was demonstrated by the studies realized by Zwier (30) and Gandola and 

Gilpin (78,79). This high mobility of the bonded hydrocarbon moieties 

in the central and upper region of the stationary phase should 

attenuate the molecular order around the bonded hydrocarbon moieties, 

and eliminates the entropic effect on retention. 

Figure 20 shows that the detection of entropic effects in the 

mobile phase 40% ethanol/60% water (v/v) depends on the number of 
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Figure 20. Van't Hoff Plots for the Solute Benzyl Alcohol, Phenetyl 
Alcohol ,  and 3-PhenyI-1-Propanol  in the Mobile  Phase 40% 
Ethanol/60% Water (v/v) .  
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methylene groups between the phenyl ring and the hydroxyl group of 

phenyl alcohol solutes. For the mobile phase 40% ethanol/60% water 

(v/v), Tables VII and VIII shows that the slope change, A(AH), values 

in Van't Hoff plots increases with adding one methylene group to the 

phenyl alcohol solute. This data suggests that more energy is needed 

to disrupt the molecular order of the stationary phase region near the 

silica surface to retain the solute when one methylene group is added 

to the phenyl alcohol solute. For the solute 3-phenyl-1-propanol, the 

energy required for retention in the stationary phase region near the 

silica surface would be so high that the solute would find its most 

favorable interactions in the upper or central region of the stationary 

phase. Thus, no entropic effect is observed with this solute in the 

mobile phase 40% ethanol/60% water (v/v) (Figure 20 and Table X). 

The linear Van't Hoff plots of the polar acidic solutes for the 

movilw phase 20% ethanol/80% water (v/v) (Figure 17-19) indicates that 

surface conformation changes or entropic effects are not detected in 

this mobile phase. The linearity of the Van't Hoff plots suggests that 

neither the stationary phase region near the silica surface nor the 

upper stationary phase region is the average location where the solutes 

are retained. In this case, the solutes are probing all the stationary 

phase; that is, the solutes are retained in the stationary phase region 

near the silica surface as well as the upper and central stationary 

phase regions. Thus, there is no preference in the average location of 

these solutes in the stationary phase. Figure 21 illustrates no 

preferential average location of the polar acidic solutes in the 
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TABLE X.  Van't  Hoff  Plot  Results  for the Solute 3-Phenyl-1-Propanol  in 
40% Ethanol/60% Water (v/v)  Mobile  Phase at  High and Low 
Temperatures,  T's .  

Mobile Phase 40% Ethanol/60% Mater 

H at High and Low T's : -4.4 kcal/mole 

(AS/R + In B) at High and Low T's : -5.632 

Deviation T : None 

Slope Change (AH) : 0.0 

Associated A(AS/R + In B) : 0.000 



10% ET0H/90%H2O 

20% ET0H/80%H20 

4 0%E t0H/60%H20 

Figure 21. Average Location of Polar Acidic Solutes in the Stationary 
Phase for Ethanol/Water (v/v) Mobile Phases. 
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stationary phase for the mobile phase 20% ethanol/80% water (v/v). 

This figure illustrates also the average location of the polar acidic 

solutes in the stationary phase for ethanol/water mobile phases with 10 

and 20% (v/v) of ethanol. In Figure 21, the ethanol and water 

molecules present in the stationary phase are omitted. 

Polr basic solutes are molecular probes of the stationary phase 

region near the silica surface because they are able to interact 

strongly with the acidic residual silanol or the layer of water 

adsorbed to them. The Van't Hoff plots of the polar basic solutes 

aniline and benzylamine (Figures 22 and 23) show positive deviations 

from linearity or entropic effects for mobile phases with 10 and 40% 

(v/v) of ethanol. The entropic effect observed in the mobile phase 10% 

ethanol/90% water (v/v) indicates a state of relatively high molecular 

order in the stationary phase region near the silica surface. This 

molecular state was not detected by the polar acidic solutes because 

these solutes are retained at the upper stationary phase region for the 

mobile phase 10% ethanol/90% water (v/v). The average location of the 

polar basic solutes in the stationary phase region near the silica 

surface make these solutes no sensitive to changes in surface 

conformation in the mobile phase 10% ethanol/90% water (v/v) as the 

polar acidic solutes. 

The Van't Hoff plots of the polar basic solutes in the mobile 

phase 40% ethanol/60% water (v/v) (Figures 22-24) show the same 

entropic effect found with the polar acidic solutes (Figures 17-19). 



97 

3.0 

2.5 
I0O/oEt0H/90%H20 

2.0 

20°/OET0H/80°/OH20 

z 

40 °/o EtOH /60% H2O 0.5 

0.0 

0*3 
2.9 3.5 3.9 3.7 3*3 3.1 

1000/ T (1/K) 

Figure 22.  Van't  Hoff  Plots  for the Solute Anil ine in Ethanol/Water 
(v/v)  Mobile  Phases 



4.0 

I0%ET0H/90%H20 

3.5 

3.0 

20°/o EtOH /80°/O H20 

2.5 

-J 2.0 

40% EtOH /60% H 2O 

0.46^ , 1 

2.9 3.1 3.3 3.5 3.7 3.9 4.1 

1000/ T (1/K) 

Figure 23.  Van't  Hoff  Plots  for the solute Benzyl  amine in 
Ethanol/Water (v/v)  Mobile  Phases.  
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Figure 24. Van't Hoff Plot for the Solute Pyridine in the mobile 
phase 40% Ethanol/60% Water (v/v). 
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This behavior confirms the state of relatively high molecular order in 

the stationry phase near the silica surface for the mobile phase 40% 

ethanol/60% water (v/v). For mobile phases with 10 and 40% (v/v) of 

ethanol, Tables XI and XII show that the slope increase, A(AH), values 

in Van't Hoff plots of the benzylamine solute are greater than those of 

the aniline solute. Again, this behavior suggests that the bigger the 

solute is, the more the energy needed to disrupt the molecular order of 

the stationary phase region near the silica surface. Since polar basic 

solutes are always retained in the stationary phase region near the 

silica surface (Figure 25), the linear Van't Hoff plots of polar basic 

solutes in the mobile phase 20% ethanol/80% water (v/v) (Figures 22 and 

23) suggest that the stationary phase region near the silica surface 

does not present a state of relatively high molecular order. The 

stationary phase in the mobile phase 20% ethanol/80% water (v/v) must 

be in a disordered molecular state. In summary, the Van't Hoff plot 

results of polar basic solutes indicate states of relatively high 

molecular order for the stationary phases corresponding to mobile 

phases with 10 and 40% (v/v) of ethanol, and a disordered molecular 

state for the stationary phase corresponding to the mobile phase 20% 

ethanol/80% water (v/v). 

Evidences of Solute Average Location in Stationary Phase through solute 
kinetic studies 

The solute average location in stationary phase proposed 

previously in ethanol/water mobile phases (Figue 16, 21, and 25) can be 

confirmed by means of a study of the solute kinetic processes during 
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TABLE XI.  Van't  Hoff  Plot  Results  for the Solute Anil ine in Ethanol/  
Water (v/v)  Mobile  Phases at  High and Low Temperatures,  T's .  

Mobile Phase 10% Ethanol/90% Water 

-3.2 kcal/mole AH at High T's 

(AS/R + In B) at High T's 

Deviation T 

AH at Low T's 

(AS/R + In B) at Low T's 

Slope Increase A(AH) 

Associated A(AS/R + In B) 

-3.303 

23.1°C 

-4.2 kcal/mole 

-4.879 

-1.0 kcal/mole 

-1.575 

Mobile Phase 20% Ethanol/80% Water 

AH at High and Low T's 

(AS/R + In B) at High and Low T's 

Deviation T 

Slope Change A(AH) 

Associated A(AS/R + In B) 

•4.0 kcal/mole 

•5.242 

None 

0 .0  

0.000 

AH at High T's 

(AS/R + In B) at High T's 

Deviation T 

AH at Low T's 

(AS/R + In B) at Low T's 

Slope Increase A(AH)  

Associated A(AS/R + In B) 

Mobile Phase 40% Ethanol/60% Water 

-2.4 kcal/mole 

-3.744 

39.2°C 

-3.9 kcal/mole 

-6.135 

-1.5 kcal/mole 

-2.391 
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TABLE XII.  Van't  Hoff  Plot  Results  for the Solute Benzyl  amine in 
Ethanol/Water (v/v)  Mobile  Phases at  High and Low 
Temperatures,  T's .  

Mobile Phase 10% Ethanol/90% Water 

AH at High T's : -4.6 kcal/mole 

(AS/R + In B) at High T's : -4.302 

Deviation T : 11.8°C 

AH at Low T's : -5.9 kcal/mole 

(AS/R + In B) at Low T's : -6.552 

Slope Increase A(AH) : -1.3 kcal/mole 

Associated A(AS/R + In B) : -2.250 

Mobile Phase 20% Ethanol/80% Water 

AH at High and Low T's 

(AS/R + In B) at High and Low T's 

Deviation T 

-5.935 

-5.1 kcal/mole 

None 

Slope Increase A(AH)  

Associated A(AS/R + In B) 0.000 

0 .0  

Mobile Phase 40% Ethanol/60% Water 

AH at High T's -3.9 kcal/mole 

(AS/R + In B) at High T's -5.234 

Deviation T 15.6°C 

AH at Low T's -5.6 kcal/mole 

(AS/R + In B) at Low T's 

Slope Increase A(AH) 

Associated A(AS/R + In B) -2.975 

-8.210 

-1.7 kcal/mole 
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TABLE XIII .  Van't  Hoff  Plot  Results  for the Solute Pyridine in 40% 
Ethanol/60% Water (v/v)  Mobile  Phase at  High and Low 
Temperatures,  T's .  

Mobile Phase 40% Ethanol/60% Water 

AH at High T's 

(AS/R + In B) at High T's 

Deviation T 

AH at Low T's 

(AS/R + In B) at Low T's 

Slope Increase A(AH)  

Associated A(AS/R + In B) 

-3.7 kcal/mole 

-5.056 

35.1°C 

-4.7 kcal/mole 

-6.747 

-1.0 kcal/mole 

-1.691 
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NH NH2 

Figure 25. Average Location of Polar Basic Solutes in the Stationary 
Phase for Ethanol/Water Mobile Phases (Ethanol and Water 
Molecules in the Stationary Phase are Omitted). 
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the migration of solute molecules through the column. Solute kinetics 

during the retention process are responsible for solute peak broadening 

(90,91). The theoretical number of plates per column or column 

efficiency, N, is the parameter used to characterize the solute peak 

broadening, and is defined by the following equation: 

N = L/H Eqn.4.6 

where L is the column length, and H is the height equivalent of a 

theoretical plate. The quantity H measures the column efficiency per 

unit length of column for a given set of operating conditions, and is 

defined by the van Deemter equation whose simplified form is: 

H = A + B/v + Cm . v + Cs . v Eqn.4.7 

where v is the mobile phase velocity, and each term A, B, Cm, and Cs 

represents different contributions to peak broadening (92). The term A 

represents the contribution from the goodness of the column packing, 

and is usually called the Eddy diffusion term. The term B represents 

the contribution from longitudinal solute diffusion, and is usually 

negligible in liquid chromatography. Finally, the terms Cm and Cs 

represent the contribution from the slowness of solute equilibration 

between the mobile and stationary phase, and are usually called the 

mass transfer terms. 

The Eddy diffusion term, A, measures the effect of multiple 

paths in the migration of solute molecules through the packed column, 

and is defined by the following equation (90,93): 

A = 2\ dp Eqn.4.8 

where X is a constant which measures packing irregularities, and dp is 
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the average particle diameter of the packing material. The 

longitudinal diffusion term, B, arises from the spread of solute 

molecules in all directions from the zone center during their diffusion 

in the direction of the mobile phase flow. The term B is described as 

(90,93): 

B = 2y Dm Eqn.4.9 

where y is a constant which accounts for the obstruction of solute 

diffusion by the packing material, and Dm is the solute diffusion 

coefficient in the mobile phase. The mass transfer or nonequilibrium 

terms Cm and Cs arise from the random transfer of solute between the 

mobile and stationary phase since solute molecules in mobile phase 

diffuse faster than the average solute diffusion, while solute 

molecules in stationary phase diffuse slower than the average. Peak 

broadening contribution due to differences in solute average diffusion 

and solute diffusion in mobile phase is contained in the Cm term which 

is described as: 

Cm = 0 (dp2/Dm) Eqn.4.10 

where 0 is a function of the capacity ration, k'. On the other hand, 

peak broadening contribution due to differences in solute average 

diffusion and solute diffusion in stationary phase is contained in the 

Cs term which is described as: 

Cs = const, f(k') . (df2/Ds) Eqn.4.11 

where df is the average film thickness of the effective stationary 

phase corresponding to a given solute, and Ds is the solute diffusion 



107 

coeff ic ient  in the stat ionary phase.  The fract ion (df2/0s)  represents  

the solute residencial  t ime in the stat ionary phase.  

Equations 4.6, 4.7 and 4.11 indicate that column efficiency, N, 

is inversely proportional to the height equivalent of a theoretical 

plate, H, and, therefore, to the Cs transfer term which accounts for 

solute diffusion in the stationary phase. The Cs term will be high 

whenever the effective stationary phase for a given solute presents a 

high local viscosity in which solute diffusion is slow. That is, small 

solute diffusion coefficients in the effective stationary phase, Ds, 

leads to high Cs terms, and, therefore to small column efficiency, N, 

values. Solute molecules which are retained deeper into the stationary 

phase should show lower column efficiency, N, values than those 

shown by solue molecules retained in the upper or central regions of 

the stationary phase. This is because the restricted mobility of the 

bonded hydrocarbon moieties in the stationary phase region near the 

silica surface leads to a high local viscosity in this stationary phase 

region. Comparisons of column efficiency, N, values for the solutes 

benzene, phenetyl alcohol, and benzyl amine as a function of both the 

ethanol/water mobile phase composition and temperature (Figure 26-28) 

provide information about the relative average location of non polar, 

polar acidic, and polar basic solutes respectively in the stationary 

phase. The column efficiency, N, for the solutes studied (Figures 

26-28) were calculated by means of the following equation (10,15): 

Eqn.4.12 
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Figure 26. Column Efficiency, N, as a Function of Temperature, T, in 
the Mobile Phase 10% Ethanol/90% Water (v/v). 
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Figure 27. Column Efficiency, N, as a Function of Temperature, T in 
the Mobile Phase 20% Ethanol/80% Water (v/v). 
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Figure 28. Column Efficiency, N, as a Function of Temperatue, T, in 
the Mobile Phase 40% Ethanol/60% Water (v/v). 
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where tr  is  the solute retention t ime,  and twlfe  i s  the peak width at  

one-half  the peak height .  

The effects of temperatue on column efficiency, N, values for 

the mobile phase 10% ethanol/90% water (v/v) (Figure 26) confirm that 

benzylamine is retained in the stationary- phase region near the silica 

surface where there is a high local viscosity which leads to small N 

values. The high N values for phenetyl alcohol and benzene in Figure 

26 indicate that these solutes are probing the upper and central 

stationary phase regions where the local viscosities are smaller than 

that at the stationary phase region near the silica surface. The N 

results for the mobile phase 10% ethanol/90% water (v/v) are consistant 

with the solute average location proposed previously for benzene, 

phenetyl alcohol, and benzylamine (Figure 16, 21, and 25). At low 

temperatures, in Figure 26, the decrease in N values for phenetyl 

alcohol and benzene in the mobile phase 10% ethanol/90% water (v/v) 

indicates that solute diffusion decreases in the stationary phase as a 

consequence of the decrease in the molecular motion of the bonded 

hydrocarbon moieties associated with the "bristle" arrangement of the 

bonded hydrocarbon moieties corresponding to these temperatures. 

In Figure 26, the decrease of N 

values for benzene and phenetyl alcohol at high temperatures indicates 

that these solutes must penetrate further into the stationary phase due 

to the high mobility of the bonded hydrocarbon moieties. 

Figure 27 indicates that the effect of surface conformation 

changes on the N values for benzene in the mobile phase 20% ethanol/80% 
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water (v/v) is less pronounced than that observed in the mobile phase 

10% ethanol/90% water (v/v) as expected from the Van't Hoff plot 

results (Figure 13). The N values for benzylamine and phenetyl alcohol 

suggest that these solutes are retained in stationary phase regions 

with similar local viscosities, although benzylamine appears to be 

retained deeper into the stationary lphase because of its lower N 

values. Figure 28 indicates that the polar solutes benzylamine and 

phenetyl alcohol are retained deeper into the stationary phase 

corresponding to the mobile phase 40% ethanol/60% water (v/v) because 

of their lower N values. Effect of surface conformation changes on the 

N values for benzene are not observed as expected from the Van't Hoff 

plot results corresponding to the mobile phase 40% ethanol/60% water 

(v/v) (Figure 13). The assumption that polar basic solutes are always 

retained in the stationary phase region near the silica surface is 

consistant with the fact that the N value sfor benzylamine are, in 

general, the smallest for the three solutes studied (Figure 26-2R). 

Model of the Conformation of the Bonded Hydrocarbon Moieties in 
Ethanol/Water Mobile Phases 

Based on the results of stationary phase composition and Van't 

Hoff plots, a model for the conformation of the bonded hydrocarbon 

moieties and the associated molecular state in stationary phase can be 

proposed for different conditions of solvation of the bonded 

hydrocarbon moieties or temperature in ethanol/water mobile phases. 

This model is illustrated in Figures 29, 30, and 31 for ethanol/water 

mobile phases with 10, 40, and 20% (v/v) of ethanol. Figure 29 shows 



Figure 29. Model of the Conformation of the Bonded Hydrocarbon Model 

Moieties and the Associated Molecular State in Stationary 
Phase for the Mobile Phase 10% Ethanol/90% Water (v/v) or 
Low Temperatures. 
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that the bonded hydrocarbon moieties are in a "bristle" conformation 

for the mobile phase 10% ethanol/90% water (v/v) or conditions of low 

temperatures. In Figure 29, it is also shown that the bonded 

hydrocarbon moieties are poorly solvated by ethanol. The ethanol 

molecules solvate the bonded hydrocarbon moieties mostly in the upper 

stationary phase region. Furthermore, Figure 29 shows a hydrogen-

bonded monolayer of water adsorbed to the residual silanol groups. This 

monolayer of water provides a state of high molecular order to the 

stationary phase region near the silica surface. In fact, water 

molecules in the monolayer are in an ice-like stte because of their 

restricted rotation motions. The state of relatively high molecular 

order in the stationary phase region near the silica surface was 

suggested by the positive deviation from linearity observed in the 

Van't Hoff plots of polar basic solutes in the mobile phase 10% 

ethanol/90% ethanol (v/v) (Figure 22 and 23). 

Figure 30 shows that the bonded hydrocarbon moieties are in a 

folded or mobile conformation for the mobile phase 40% ethanol/60% 

water (v/v) or conditions of high temperatures. In Figure 30, it is 

also shown that the bonded hydrocarbon moieties are well solvated by 

ethanol, and a hydrogen-bonded bilayer of water adsorbed to the 

residual silanol groups. Figure 30 also shows that the ethanol 

molecules are aligned to the bonded hydrocarbon moieties. The 

alignment of the molecules is higher in the stationary phase region 

near the silica surface because of the restricted mobility of the 

bonded hydrocarbon moieties in this stationary phase region. This 



CH3CH20H /^» 

H20 o 

> < 

<<< »> 
< < > 
»> 

o o o o so o o o o 
o o o o \ o O O o o 

/ / / / / / /  

o o o o o 
o o O O o 

< 

>» 

/ / / / / 

Figure 30. Model of the Conformation of the Bonded Hydrocarbon 
Moieties and the Associated Molecular State in Stationary 
Phase for the Mobile Phase 40% Ethanol/60% Water (v/v) or 
High Temperature 
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alignment of ethanol molecules with the bonded hydrocarbon moieties 

provides a state of high molecular order in the stationary phase. The 

state of relatively high molecular order in the stationary phase was 

suggested by the positive deviation from linearity observed in the Van' 

Hoff plots of polar acidic and basic solutes in the mobile phase 40% 

ethanol/60% water (v/v) (Figure 17, 18, 19, 22, 23, and 24). In the 

mobile phase 40% ethanol/60% water (v/v), the relatively high molecular 

state in the stationary phase is favored by the concentration of 

ethanol in the stationary phase which approaches the concentration of 

the bonded hydrocarbon moieties (Figure 11). 

Figure 31 shows that the bonded hydrocarbon moieties in the 

mobile phase 20% ethanol/80% water (v/v) are in a conformation and 

solvation condition by ethanol intermediate between those proposed for 

mobile phases with 10 and 40% (v/v) mobile phases. Furthermore, Figure 

31 shows a hydrogen-bonded monolayer and some of a second 

hydrogen-bonded layer of water at the unreacted silica surface. In 

Figure 31, it is also shown that there is no alignment of the ethanol 

molecules with the bonded hydrocarbon moieties. In fact, the ethanol 

molecules are represented in a disordered molecular state in the 

stationary phase. This disordered molecular state was suggested by the 

linear Van't Hoff plots observed with polar acidic and basic solutes in 

the mobile phase 20% ethanol/80% water (v/v) (Figures 17, 18, 19, 22, 

and 23). In the mobile phase 20% ethanol/80% water (v/v), the 

disordered molecular state of the ethanol molecules in the stationary 

phase is favored by the concentration of ethanol in the stationary 
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Figure 31. Model of the Conformational of the Bonded Hydrocarbon 
Moieties and the Associated Molecular State in Stationary 
Phase for the Mobile Phase 20% Ethanol/60% Water (v/v) or 
Intermediate Temperature. 
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phase which i s  approximately the half  of  the concentration of  the 

bonded hydrocarbon moiet ies  (Figure 11) .  

Conclusions 

The Van't Hoff plot and column efficiency results for 

ethanol/water mobile phases indicate that different dependances on 

temperature are observed for different solute-stationary phase 

interactions. The results obtained suggest that the solutes have 

different average locations in the stationary phase depending on the 

solute-stationary phase interactions. Dispersion and dipole-induced 

dipole solute-stationary phase interactions are affected by changes of 

the conformation of the bonded hydrocarbon moieties in ethanol/water 

mobile phases with 10 and 20% (v/v) of ethanol. On the other hand, 

hydrogen and dipole-dipole solute-stationary phase interactions are 

affected by the relatively high molecular order in the stationary phase 

region near the silica surface in ethanol/water mobile phases with 10 

and 40% (v/v) of ethanol. This state of relatively high molecular 

order was suggested by the Van't Hoff plot results of polar basic 

solutes. For the mobile phase 20% ethanol/80% water (v/v), the Van't 

Hoff plot results of polar basic solutes suggested a disordered 

molecular state for the stationary phase region near the silica 

surface. 

In summary, the results obtained indicate that the bonded 

stationary phase in ethanol/water mobile phases is a dynamic medium 

which properties such as fluidity and molecular order vary strongly 
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with the composition of the ethanol/water mobile phase. Furthermore, 

for a given ethanol/water mobile phase, the fluidity and possible 

molecular order also vary upon going from the silica surface to the top 

of the bonded hydrocarbon moieties. These properties of the bonded 

stationary phase in ethanol/water mobile phases make possible the 

retention of the solutes by means of different interactions which 

determine the average location of the solutes in the bonded stationary 

phase. During retention, solute molecules diffuse laterally into the 

stationary phase, and undergo different three-dimensional interactions 

with the layers of ethanol and water at different depths of the bonded 

stationary phase. 



CHAPTER FIVE 

STATIONARY PHASE SELECTIVITY IN ETHANOL/WATER MOBILE PHASES 

Introduction 

Selectivity, a, is the parameter that measures the ability of 

the stationary phase to distinguish between two solutes based on 

differences of one or more solute properties. Depending on the 

differences in solute properties, there can be several types of 

selectivities (21). Some of these types of selectivities involve 

differences in solute properties based on: molecular weight or size, 

functional groups, molecular geometry and shape, isomer properties, and 

biochemical properties (21). Separation of homologs is an example of 

molecular weight selectivity. On the other hand, separations of 

solutes with different polarities are examples of functional group 

selectivity. This type of selectivity is due to differences in 

solute-stationary phase interactions such as dispersion, dipole, and 

hydrogen bonding interactions. In RPLC, both the molecular weight and 

functional group selectivities are very pronunciated. 

Selectivity, a, is measured by the relative retention of two 

solutes by means of the following relation: 

120 
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a = k2/ki = (Vr2  - Vm)/VPl  - Vm) Eqn.5.1 

where the subscripts 1 and 2 refer to the solutes 1 and 2. k1 is the 

solute capacity factor. Vr  is the solute retention volume. Vm is the 

volume of mobile phase in column. By using the fundamental retention 

equation (Eqn.4.1), selectivity (a) can also be expressed as: 

a = (K2 . V S 2 ) / ( K i .  V si) Eqn.5.2 

where, again, the subscripts 1 and 2 refer to the solutes 1 and 2. K 

is the solute distribution coefficient, and Vs is, in RPLC, the 

effective stationary phase volume for the solute. In RPLC, if the two 

solutes involved in the selectivity determination are retained in the 

same stationary phase region, the selectivity (a) relation of Eqn.5.2 

will be: 

a = K^/Kj Eqn.5.3 

In this case, the selectivity (a) can be related with the difference in 

free energies of transfer of the solutes 2 and 1, AAG2_i, by means of 

the following equation (28,29): 

AAG2_I = aG2 " AG1 = ~RT 1n (K2/Kl) = ~RT lna Eqn.5.4 

where R is the gas constant, and T is the absolute temperature. 

Selectivity, a, can be improved in RPLC by changing the solute 

distribution coefficients, K. For a given bonded stationary phase, the 

distribution coefficients (K) can be altered by changing the 

temperature or the mobile phase composition. 

In RPLC, selectivity, a, is usually improved by changing the 

mobile phase composition for a given stationary phase. However, 
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selectivity, a, may be also improved by changing temperature for a 

given stationary and mobile phase, especially when separating solutes 

with different functionalities (10). In some applications, temperature 

is an important variable for optimizing selectivities. In RPLC, bonded 

stationary phases can be used with aqueous mobile phases at 

temperatures up to 80°C (10). Depending on the solute, a temperature 

range of 50-60°C has been considered convenient in RPLC (10). Because 

the aqueous mobile phases used in RPLC are relatively viscous, it is 

useful to operate at high temperatures in order to decrease the mobile 

phase viscosity. In some separations, the optimization of selectivity 

(a) by changing temperature may be equivalent to an optimization due to 

changes in mobile phase composition. 

The change in the selectivity between solutes i and j 

(a = k^/kj) due to a temperature, T, change from T0 to Tj is given by 

the following equation (20): 

- Tl-To - A(AH) c . _ 
—1 D Eqn.5.5 

°VaT0 
= e  10 

where A(AH) = AH-j-AHj is the difference in the solute enthalpies of 

transfer AH-j and AHj. Because the retention of solute i is usually 

greater than that of solute j, AH-j is greater than AHj. Thus, the 

larger the temperature is, the smaller the selectivity is (20,94). If 

the solute enthapies of transfer are very similar, A(AH) is 

approximately equal to zero, and selectivity becomes almost independent 

of temperature (20,94). In RPLC, the failure of Eqn.5.5 in predicting 

decrease of selectivity with increasing temperature is due to the fact 

that the solute enthalpies of transfer are not constant in the 
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temperature range considered. That is, the type or the magnitude of 

the solute-stationary phase interactions changes with varying 

temperature because of a associated thermally induced change in 

stationary phase composition. 

In this chapter, the direction and extent of the effect of 

temperature on selectivity, o, is studied for ethanol/water mobile 

phases. In addition, the effect of temperature on selectivity is 

compared with the effect of mobile phase composition. In the 

selectivity"study, it was evaluated molecular weight and functional 

group selectivities through the selectivity of different pairs of 

test-solutes which characterize the two types of selectivities 

considered. The results obtained are explained by means of the 

possible solute-stationary phase interactions associated with the 

solute average locations in the stationary phase during the retention 

process, which were proposed in Chapter four for ethanol/ water mobile 

phases. 

Experimental 

Chromatographic Measurements 

The chromatographic measurements were described previously in 

Chapter four. The selectivity, a, values were obtained by means of the 

Eqn.5.1. 
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Molecular Weight Selectivities 

Molecular weight selectivities, as a function of temperature 

and composition of ethanol/water mobile phases, are evaluated through 

the selectivities of the pairs of solutes: toluene/benzene, phenetyl 

alcohol/benzyl alcohol, and benzyl amine/aniline (Figures 32-34). The 

pair of solutes toluene/benzene characterizes non polar-non polar 

selectivities of solute molecules of similar size. Figure 32a shows a 

slight decrease on the selectivity of the pair toluene/benzene upon 

increasing temperature, in agreement with Eqn.5.5. However, this 

decrease is more pronounced for the 10% ethanol/90% water (v/v) mobile 

phase (Figure 32a). This behavior is attributed to the effect of 

conformation changes of the bonded hydrocarbon moieties on solute-

stationary phase interactions. Figure 32b shows a more pronounced 

decrease on selectivity upon increasing the percentage of ethanol in 

the mobile phase. This is due to the increase of ethanol concentration 

in stationary phase upon increasing the concentration of ethanol.in the 

mobile phase which cause a decrease in the free energy of transfer 

(AA62-1)• The results of the selectivity of the pair toluene/benzene 

(Figure 32) indicate that better improvement of non polar-non polar 

selectivities are obtained by changing the composition of ethanol/ 

water mobile phases than by changing temperature. 

The pair of solutes phenety alcohol/benzyl alcohol evaluates 

selectivities between phenyl alcohol molecules of similar size. Figure 
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Figure 32. Selectivity for the Pair Toluene/Benzene as a Function of 
Temperature, T, and Percentage of Ethanol, % EtOH (v/v), in 
Ethanol/Water Mobile Phases. 
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Figure 33. Selectivity for the pair Phenetyl Alcohol/Benzyl Alcohol as 
a Function of Temperature, T, and Percentage of Ethanol , % 
EtOH (v/v), in Ethanol/Water Mobile Phases. 
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33a shows a fairly constant selectivity within the range of temperature 

studied for the pair of homologs phenetyl alcohol and benzyl alcohol. 

This behavior suggests that the solute-stationary phase interactions of 

the two solutes are very similar, and cause a selectivity which is 

almost independent of temperature, in agreement with Eqn.5.5. Thus, 

the two solutes must be retained in similar average locations into the 

stationary phase, as was proposed previously (Figure 21). Again, a 

more pronounced decrease in selectivity is observed by increasing the 

percentage of ethanol in the mobile phase than by increasing the 

temperature (Figure 33). 

The pair of solutes benzyl amine/aniline characterizes polar 

basic-polar basic selectivities of solute molecules of similar size. 

Figure 34a shows a larger enhancement in selectivity than the expected 

upon decreasing temperature for the pair benzyl amine/aniline in mobile 

phases with 10 and 40% of ethanol (v/v). This behavior is consistent 

with the entropic effects observed on the retention of polar basic 

solutes in mobile phases with 10 and 40% of ethanol (v/v). The 

expected enhancement of selectivity at low temperature in the mobile 

phase with 20% of ethanol (v/v) is also consistent with the no entropic 

effect observed in this mobile phase. As was observed for the pairs of 

solutes studied previously, a more pronounced decrease in selectivity 

is observed by increasing the percentage of ethanol in the mobile phase 

than by increasing the temperature for the pair benzyl amine/aniline 

(Figure 34). 
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Functional Group Select!vities 

Functional Group selectivities as a function of temperature and 

composition of ethanol/water mobile phases are evaluated through the 

selecti vities of the pairs of solutes: benzyl ami ne/benzy.l alcohol, 

phenol/ani1ine, benzene/phenol, and benzene/aniline (Figure 35-38). 

The pair of solutes benzyl amine/benzylalcohol characterizes polar 

basic-polar acidic selectivities of solute molecules of similar size. 

Figure 35a shows larger enhancements in selectivity than the expected 

upon decreasing temperature for the pair benzyl amine/benzyl alcohol. 

The largest of these selectivities enhancements corresponds to the 

mobile phase 10% ethanol/90% water (v/v). This is due to the fact that 

the solutes have different types of solute-stationary phase 

interactions in the mobile phase 10% ethanol/90% water (v/v) at low 

temperatures. In fact, at low temperatures, the retention of 

benzylamine is greatly influenced by entropic effects, and the 

retention of benzyl alcohol by the poor solvation of the bonded 

hydrocarbon moieties in their "bristle" conformation for the mobile 

phase 10% ethanol/90% water (v/v). The effects of changes of 

temperature and mobile phase composition in selectivity are in general 

equivalent for the pair benzyl amine/benzyl alcohol (Figure 35). 

The pair of solutes phenol/aniline evaluates the selectivity 

between phenol and amines molecules of similar size. Figure 36 shows 

fairly constant selectivities within the ranges of temperature and 

mobile phase studied for the pair phenol/aniline. These results 
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suggests that the solute-stationary phase interactions of the two 

solutes are very similar. Thus, the two solutes are in general 

retained in similar solute average locations into the stationary phase 

(Figures 21 and 25) under the different conditions of temperature and 

mobile phase composition studied. The no improvement in selectivity 

for the pair phenol/aniline with changes of temperature suggests the 

use of higher temperatures for the separation of these two solutes in 

order to decrease the viscosity of the ethanol/water mobile phases. 

The pairs of solutes benzene/phenol and benzene/aniline 

characterize non polar/polar selectivities of solute molecules of 

similar size. Figure 37a and 38a show an increase in selectivity upon 

increasing temperature in the temperature range of low temperatures, 

and then a decrease in selectivity upon increasing temperature in the 

temperature range of high temperatures for the pairs benzene/phenol and 

benzene/aniline. Thus, the predicted decrease in selectivity upon 

increasing temperature, which is suggested by Eqn.5.5, is not valid for 

these pairs of solutes. Figures 37b and 38b show the same behavior 

observed for selectivity upon increasing temperature when the 

percentage of ethanol is increased in the mobile phase. These 

irregular behaviors indicate that the solute-stationary phase 

interactions or enthalpies of transfer of the solutes change upon 

increasing the temperature of percentage of ethanol in the mobile 

phase. In fact, Table IV shows that in general the enthalpy of 

transfer of benzene increases with increasing temperature or percentage 
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of ethanol in the mobile phase. On the other hand, Tables IX and XI 

show that the enthalpies of transfer of phenol and aniline decrease 

with increasing temperature or percentage of ethanol in the mobile 

phase. The combination of these two tendencies in the enthalpies of 

transfer of non polar and polar solutes is reflected in the selectivity 

behavior observed for these two solutes. 

Conclusions 

The selectivity results obtained for ethanol/water mobile 

phases indicate that temperature is not an effective variable for 

optimizing molecular weight selectivites. In this case, the 

composition of the ethanol/water mobile phases is a more effective 

variable for altering selectivities values. On the other hand, 

temperature and composition of the ethanol/water mobile phase are both 

equally effective variables for the optimization of functional group 

selectivities. In conclusion, the selectivity results obtained were 

consistent with the model of solute-stationary phase interactions and 

solute average location in the stationary phase proposed on Chapter 

four for ethanol/water mobile phases. 



CHAPTER SIX 

CONCLUSIONS AND SUGGESTIONS FOR FUTURE WORK 

A study of the effects of ethanol/water mobile phases on RPLC 

was accomplished in this work. The first part of the study provided a 

description of the solvent strength of ethanol/water mobile phases in 

RPLC, and the use of this parameter in predicting solute retention. 

The results obtained on this part indicated that solvent strength is 

not an effective parameter in predicting solute retention because this 

parameter only takes into account solute-mobile phase interactions 

while solute-stationary phase are neglected. The possible 

solute-stationary phase interactions in ethanol/water mobile phases 

were elucidated from the results of the second and third part of the 

study which consisted in the determination of the stationary phase 

composition and its effects on solute retention. 

The determination of the bonded stationary phase composition in 

ethanol/water mobile phases showed that mobile phase components are 

incorporated into the stationary phase. The incorporation of the 

mobile phase components provide a liquid-like character to the 

stationary phase while maintaining the stability of a liquid-solid 

system. The results of the determination of the stationary phase 

composition suggested that the bonded hydrocarbon moieties become well 

136 
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solvated by ethanol in the mobile phase 40% ethanol/60% water (v/v). 

However, the bonded hydrocarbon moieties are poor solvated by ethanol 

in the mobile phase 10% ethanol/90% water (v/v). In the mobile phase 

20% ethanol/80% water (v/v), the bonded hydrocarbon moieties have a 

solvation by ethanol intermediate between those suggested in the mobile 

phases 40% ethanol/60% water (v/v) and 10% ethanol/90% water (v/v). In 

summary, the results obtained in the determination of the stationary 

phase composition provided additional support to the ternary stationary 

phase model proposed for RPLC which postulates that there is an 

equilibrium distribution of organic modifier into the bonded 

hydrocarbon stationary phase. 

The influence of the stationary phase composition and 

temperature on solute retention was accomplished by means of Van't Hoff 

plot studies for different test-solutes which involved different types 

of solute-stationary phase interactions. The Van't Hoff plot results 

showed evidences of changes of the conformation of the bonded 

hydrocarbon moieties in ethanol/water mobile phases with low percentage 

of ethanol. Furthermore, Van1t Hoff plot results suggested the 

existence of a relatively high molecular order in the stationary phase 

for mobile phases with low and high percentage of ethanol. For mobile 

phases with intermediate percentage of ethanol, Van't Hoff plot results 

suggested a disordered molecular state in the stationary phase. 

In summary, solute-stationary phase interactions are influenced 

by changes of the conformation of the bonded hydrocarbon moieties, and 
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the relatively high molecular order in the stationary phase. 

Furthermore, Van't Hoff plot and column efficiency results indicated 

that the solutes have different average locations into the stationary 

phase during the retention process. The solute average location 

depends on the solute-stationary interactions. Selectivity, a, results 

provided additional support for the solute average locations suggested 

by the Van't Hoff plot and column efficiency results. In conclusion, 

the results obtained in this study indicated that the bonded stationary 

phase in ethanol/water mobile phases is a dynamic medium whose 

properties as fluidity or good solvation by ethanol of the bonded 

hydrocarbon moieties as well as molecular order vary with the 

composition of the ethanol/water mobile phase and/or temperture. In 

general, the results obtained in this study provided additional 

information of the chemical nature of the solid-liquid interface which 

characterization is very important to the understanding of the behavior 

of chemically modified surfaces in chromatographic supports as well as 

catalysts and electrodes (95,96,97,98,99,100). 

Further information about the molecular order in bonded 

stationary phases could be accomplished by studying the influence of 

stationary phase composition and temperature on solute retention for 

mobile phases with organic modifiers such as 1-propanol and 

propanenitrile. These modifiers are expected to cause states of 

relatively high molecular order in bonded stationary phases. 
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