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ABSTRACT 

Of the interactions utilized in the separation of chemical 

species, the reversible covalent bond is the strongest and most 

selective. In order to exploit the selectivity of this interaction, 

an understanding of the effects of several factors on the formation of 

the covalent bond have been studied. 

Covalent chromatography is most useful in solid phase 

extraction. The strength of the covalent bond will allow for high 

distribution coefficients needed to quantitatively retain chemical 

species. The selectivity of the covalent interaction allows for the 

retention of a specific compound or class of compounds. Under 

conditions where the covalent bond is no longer formed or will break, 

a low distribution coefficient is possible, and the compounds may be 

eluted from the sorbent in a small volume allowing for 

preconcentration. 

The sorbent consists of three parts, the active functionality 

capable of forming reversible covalent bonds, the solid support and 

the spacer arm that tethers the active functionality to the support. 

Silica supports demonstrate several advantages over organic supports. 

However, silica supports have been limited by the activity of the 

residual silanols and the use of hydrophobic spacer arms. This 

research describes the preparation and characterization of a 

modification method for silica with a hydrophilic spacer arm that 

restricts the sample from the residual silanols. 

xiv 



Immobilized phenylboronic acid (PBA) interacts with compounds 

containing polar functionalities in the correct configuration, but 

this interaction is dependent on the local environment. Controlling 

the local environment allows for the control of the interaction 

provided the effects are understood. Diagnostic chromatography was 

used to determine the effects of the solvent strength, ionic strength, 

pH and composition of the mobile phase and the effects of the spacer 

arm on the interactions of PBA with several compounds. 

Three phases selective for thiols were also characterized. 

Thiopyridone attached to mercaptopropyl bonded silica through a 

disulfide linkage, is used for isolation and detection. Immobilized 

phenylmercury was utilized for the extraction of thiol containing 

species while immobilized phenylarsonous acid selectively extracts 

dithiol compounds. A unique and powerful means of separation of 

monothiol from dithiol compounds has been demonstrated. 

xv 



CHAPTER 1 

INTRODUCTION 

Solid phase biochemistry can be defined as any biochemical 

process where one component is immobilized on a solid support(l). 

This approach is popular due to the ease of sample handling and ease 

of automation, as well as the fact that the immobilization of a 

chemical species often allows for more efficient and more selective 

interactions or reactions. This approach to chemistry is not limited 

to biochemistry and can be separated into three types: synthesis, 

sensors or detection systems, and separation systems. Solid phase 

synthesis has been shown to be both simpler and more efficient than 

solution synthesis especially for large molecules such as DNA or 

proteins (1,2,3,4). Immobilized enzymes (5) as well as immobilized 

redox reagents (6) are often used as catalysts in organic synthesis. 

Immobilized enzymes are not only useful in synthesis, but are also 

used as chemical sensors such as immobilized enzyme electrodes (7) 

which provide selective and sensitive methods for quantitative analy

sis. In addition, solid phase reactors coupled to traditional UV 

liquid chromatography detectors have been employed in liquid chromato

graphy as sensitive, selective and versatile detection systems (8). 

Separation methods in solid phase chemistry have traditionally relied 

on bioselective adsorption (affinity chromatography) or chemiselective 

adsorption (e.g. covalent chromatography)(l). 

1 
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In each of these types of chemistry, it is important to 

understand the factors that affect the interactions of chemical 

species with the surface. In general, the unique selectivity, which 

is the goal of any solid phase chemistry, relies on the formation of a 

reversible linkage between the species of interest and the solid 

phase. This linkage usually consists of at least one covalent bond, 

although other high energy interactions such as ion exchange or charge 

transfer interactions, have also been used. The exploitation of solid 

phase chemistry to its full potential relies on understanding the 

conditions which allow one to form and break this linkage in a rapid 

and efficient manner. 

The covalent bond is not the only interaction possible between 

the surface and the spec~es of interest. In some cases, the molecule 

adsorbs to the surface through non-specific interactions. Understand

ing these non-specific or secondary interactions and the factors which 

affect them allows for the utilization of these interactions to 

enhance the formation of the selective interaction or the minimization 

of these interactions when adsorption is undesirable. 

Chromatography has not only proven itself as a separations 

technique, but also as a method of studying solid surfaces, (9,lO) to 

gain insight into the types of interaction and the relative strengths 

of the interactions available at a solid surface. Diagnostic chro

matography is the use of the principles of chromatography to determine 

a wide variety of information about a solid surface. 
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While covalent chromatography has proven itself for many 

separations, its use has been limited by a lack of understanding of 

the factors which affect the separations. Several factors affect the 

formation of the covalent bond including pH, solvent strength, ionic 

strength, solvent composition of the mobile phase and environment of 

the solvated stationary phase. The optimum conditions for the cova

lent reaction depend on the analyte and the matrix, understanding the 

effects will allow for the determination of mobile and stationary 

phases for an efficient separation. 

In addition to the covalent interaction several other types of 

interaction may be occurring on these phases. These secondary 

interactions include electrostatic, H-bonding and dispersive inter

actions. These interactions allow for the compound of interest to be 

solvated by the stationary phase. The sample must spend some time in 

the stationary phase to allow for the covalent reaction to occur. 

These secondary interactions are also responsible for non-specific 

retention. Molecules that are unable to form a covalent bond may be 

retained on the surface through non-specific interactions. Recog

nizing these interactions allow for the removal of contaminants that 

might otherwise be left on the surface or eluted with the compound of 

interest. 

The physical stability and the efficiency of silica are not 

matched by any of the soft gels commonly used as supports in covalent 

chromatography. The limitation of silica as a solid support has been 

due to a lack of creativity in the modification of silica, in that 
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traditional modification results in a lipophilic surface. Since a 

hydrophilic support is desired for work with biomolecules(22 ,23) , a 

hydrophilicly modified silica support has been developed and charac

terized. This modification method allows for a broader range of 

mobile phases due to a decrease in dispersive and anionic interactions 

and will expand the use of silica as a support in all areas of solid 

phase chemistry. 

Four different functionalities have been immobilized on silica 

using two different modification methods. These have been character

ized through elemental analysis, solid phase extraction and diagnostic 

chromatography. The effects of pH, ionic strength, solvent strength 

and composition on the retention of several probe molecules have been 

determined. The probe molecules were chosen because of their ability 

to probe different interactions occurring on the phases. Thus the 

effects of the changes in mobile phase and stationary phase on spe

cific interactions are determined. 

Once the factors affecting the selectivity of these phases is 

understood the versatility can be increased by coupling several 

columns together. The selectivity of the covalent bond allows for the 

isolation of several different classes of compounds, each on a differ

ent column-. Compounds that interfere with the immobilization of the 

compound of interest may be removed prior to the immobilization 

provided the interferants contain a distinctive functional group. 

However choosing optimum conditions for this type of separation will 

depend on an understanding of the selectivity of each column. 



Principles of Chromatography 

General Elution Chromatography 

5 

In liquid chromatography, the solute molecules are swept by 

the flowing stream of the mobile phase past a second phase, the 

stationary phase, which is most commonly a chemically modified solid 

substrate. The general elution equation for chromatographic processes 

can account for a partition mechanism, an adsorption mechanism and an 

exclusion mechanism as shown in equation 1.1. (11) 

Eq 1.1 

where 

Vr1 - the retention volume of the solute 

Vm the volume of the mobile phase in the column 

K the thermodynamic equilibrium constant (Eq l. 3) 

Vs the volume of the stationary phase 

K' the adsorption thermodynamic equilibrium constant 

As the surface area of the support 

K" the exclusion thermodynamic equilibrium constant 

Vi the interstitial volume 

The retention of a probe to partitioning is defined as KVs . This 

mechanism "involves the intercalation of a molecule into the stationary 

phase, so as to change the solvation of the ana1yte. The adsorption 

mechanism defined as K'As involves the adsorption of a molecule on the 

surface of the solid support. Retention due to exclusion is defined 

as K"Vi' Smaller molecules are able to diffuse into small pores while 



large molecules are excluded, and therefore, K" represents the frac

tion of the pore volume available to a given analyte. Since the 

volume of the stationary phase available to smaller molecules is 

larger, the retention volume is also larger. In some cases, all of 

these mechanisms may be occurring at the same time; however, the 

separation is more easily controlled when one mechanism predominates. 

6 

If partitioning is the predominate mechanism for retention the 

elution equation can be given as equation 1.2. 

Eq 1.2 

The thermodynamic equilibrium constant is defined by: 

K [Als / [Alm Eq 1.3 

where [Als is the concentration of the analyte in the stationary phase 

and [Alm is the concentration in the mobile phase. If the analyte has 

a strong interaction with the stationary phase, the distribution 

coefficient will be large and the molecule will spend a significant 

amount of time associated with the stationary phase. The molecules 

which interact strongly with the surface will be retained longer than 

those that interact weakly with the surface. Thus, molecules are 

separated because of the different strengths of interaction with the 

surface. 



The distribution coefficient is difficult to determine 

experimentally, because the volume of the stationary phase is unknown 

and depends on the amount of mobile phase imbibed in the stationary 

phase. The capacity factor (k') is defined as: 

7 

Eq. 1.4 

where ns is the number of analyte molecules in the stationary phase, 

nm is the number of analyte molecules in the mobile phase, K, Vs and 

Vm are defined in equation 1.1 and Vm/Vs is the phase ratio. The 

capacity factor is measured as 

Eq. 1.5 

where Vr is the retention volume. 

In differential migration chromatography, a k' of less than 2 

does not allow for the resolution of compounds. Above a k' of 20 the 

increase in resolution is minimal and the increase in analysis time 

limits the number of analyses possible. For this reason, a k' between 

2 and 20 is considered optimal (12). Assuming a phase ratio between 

.1 and 10 -means optimal distribution coefficients are between 0.2 and 

200. In order to control the retention of a molecule the distribution 

coefficient may be altered through changes in the mobile or stationary 

phases or the altering the phase ratio. 
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Solid Phase Extraction 

The general elution equation (equation 1.1) is incomplete, in 

that it does not take into account the capability of a phase to form a 

covalent or an ionic bond with an analyte. Including this type of 

retention, the equation is expanded to 

Eq 1.6 

where K'IIN accounts for retention due to bonds occurring with specific 

sites. N is defined as the number of sites and K'II is the bonding 

coefficient. 

The strong interactions that are described by the last term in 

the general elution equation are most useful in solid phase extraction 

(SPE). This extraction involves the same principles as the more 

traditional differential elution separations. In SPE an analyte is 

quantitatively retained and isolated on a solid sorbent. In order to 

quantitatively retain the analyte while eluting any contaminants a 

distribution coefficient of 1000 or greater is needed. The strength 

of the covalent bond allows for this high distribution coefficient 

while the selectivity allows for the retention of only compounds with 

specific functional groups. Once the analyte is isolated on the 

sorbent, the conditions are changed to allow for a distribution 

coefficient to be 0.001 or less. The analyte is eluted in the small

est volume possible to allow for preconcentration. This has also been 

called digital chromatography, since in one set of conditions, the 



solute is retained on the column and a second elutes the solute off 

the column. SPE usually isolates a class of compounds rather than 

single components. This type of separation is useful to clean up a 

sample prior to HPLC or GC separations and for analyses that do not 

require a pure compound but are affected by a complex matrix. 

Types of Interactions 

9 

The most commonly used interaction in liquid chromatography 

today is the dispersive or induced dipole- induced dipole interactions 

of reverse phase chromatography. The dispersion interactions, as 

with all of the Van der Waals forces, are relatively weak and involve 

about 2 kcal/mol. These interactions result from the instantaneous 

dipoles formed in molecules due to the movement of electrons and the 

formation of corresponding dipoles in nearby molecules. While the 

universal nature of these interactions make them useful for many 

separations, it also limits selectivity. 

Normal phase chromatography is older than reverse phase, but a 

lack of reproducibility due to experimental parameters limits it's 

use. Normal phase chromatography relies on hydrogen bonding inter

actions. These interactions are stronger than dispersion forces and 

average about 10 kcal/mol. 

The electrostatic interactions of ion chromatography, at about 

100 kcal/mol, are stronger than those of normal or reverse phase 

chromatography. They are also more selective, occurring only with 

ionized solutes. The strength of electrostatic interactions allows 
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for quantitative retention of compounds and early uses of electro

static interactions for separations employed in this ion exchange 

chromatography. More recently with the work of H. Small electrostatic 

interactions have found wide use in elution chromatography (13). 

The strongest and most selective interaction available in 

chromatography today is the covalent bond. Reversible covalent bonds 

that form between functional groups bound to a solid support and 

selective solutes have been used in both general elution chromato

graphy and SPE. One type of chromatography that has utilized covalent 

bonds for elution chromatography has been ligand exchange chromato

graphy. In this type of chromatography the mobile phase contains a 

compound which is capable of competing with the species of interest 

for the active site. The real advantages of this interaction are 

realized in SPE. The strength of the covalent bond from 50-200 

kcal/mol allows for large distribution coefficients under conditions 

where the solute reacts. These large K values needed for quantitative 

retention in SPE are achieved. Under conditions where the solute does 

not react or the bond will break, very small distribution coefficients 

exist allowing for a quantitative elution in small volumes. Changes 

in the mobile phase allow for the retention or elution of the solute. 

The chemical nature of the functionality on the surface dictates the 

factors that control the interaction. The physical nature of the 

solid support and the spacer arm that links the support and the 

functionality will also affect the selectivity of a functionality. 
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Bonded Functionalities 

The ideal functionality in covalent chromatography would be 

able to form reversible stable bonds with specific functional groups. 

For efficient separations, the bond formation must be more rapid than 

the diffusion which controls band spreading on the column. In addi

tion, the bond would be easily and controllably reversed in order 

to elute the molecule from the packed bed. Once again the reverse 

reaction must be fast to allow for elution in the smallest possible 

volume. 

Several different functionalities have been bound to a silica 

surface through two bonding methods. The effects of bonding methods 

as well as solvent strength and composition, ionic strength and pH on 

the retention of molecules on these phases has been studied. 

Phenylboronic Acid 

Phenylboronic acid (PBA) (figure 1.1) reacts readily with a 

wide variety of polar functionalities if they exist with the appro

priate geometric configuration. The most commonly studied molecules 

are the 1,2- and l,3-diols (14). However, other combinations of 

amines, mercaptans, carboxylic acids, ketones or hydroxy groups will 

also react with PBA (24). 

PBA is a Lewis acid with a pKa near 8.3. It ionizes through 

acceptance of a hydroxy group at high pH. It is the acid-base chem

istry that controls the formation of covalent complexes. At high pH, 

it is tetrahedral and ionized, at low pH it is trigonal planar and 



A 

+2H,O~ 

Figure 1.1 A. Ionization of phenylboronic acid to the 
tetrahedral form. B. Interaction with diols. 
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neutral. These characteristics can be used to explain the pH depen

dence of retention for several functiona1ities. 

Thio1 Phases 

13 

The use of a mixed disulfide to covalently link thiol contain

ing compounds to surfaces has been used for the immobilization of 

compounds (15,16,17,18). A thiol bonded surface activated by 

reaction with 2,2'-dithiodipyridine (figure 1.2) makes it possible to 

separate thiol containing peptides from non-thiol containing peptides 

or to separate enzymes with active thiol sites from denatured enzymes 

or to protect or store enzymes with active thiol sites. In addition 

the thiopyridone is displaced when a solute interacts with the sur

face. The chromophore released may allow for an increase in the 

sensitivity of detection for thiol containing compounds (15). The 

ability to use this phase for isolation and quantification makes this 

a very useful phase. Unfortunately, this phase has a few limitations 

due to the ease of oxidation of the free thio1s, which will be dis

cussed in Chapter 5. 

A second phase selective for thio1 containing compounds is 

shown in figure 1.3. This phase is an organomercurial bonded phase. 

The mercu~y is very stable and forms strong interactions with thio1s 

(19,20) under a wide range of conditions. This phase is useful for 

the isolation of thio1s, but the displacement of a chromophore has not 

been demonstrated. 

Immobilized phenylarsonous acid (figure 1.4) also interacts 

with free thio1s. This phase is able to interact at two sites. When 
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Figure 1.3 Retention and elution of thio1s on an immobilized 
organomercurial. 
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interacting with a dithiol, a ring structure is formed. This ring 

structure is more stable than the structure formed with monothiols, 

and one can immobilize dithiol compounds without retaining the mono

thiol containing compounds (21). 
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These phases used separately or in series will allow for easy 

methods of separating and detecting thiol containing compounds. 

The Solid Support 

All areas of solid phase chemistry, including chromatography, 

rely on properly modified solid supports. While no support to date is 

considered ideal, several different types have been used. The ideal 

support would be physically stable. It would be rigid so as to 

withstand high pressure drops necessary to facilitate fast flow rates. 

In addition, it would have a large surface area to allow for a large 

number of active sites in a small volume. The active sites need to be 

accessible to the solute requiring a pore size to be of a known 

uniform size. The support must be insoluble under a wide range of 

conditions. It must not be easily degraded through microbial attack. 

In addition to the physical characteristics of the support, it is also 

important to covalently bind the active functionality to the support. 

Once chemically modified, the ideal support would be com

pletely reacted to contain the highest concentration of active sites 

possible. The modified support would not diminish the ability of the 

functionality to interact and would not interact directly with the 

solute. 
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Of the solid supports available, silica gels are physically 

strong, easily reacted and available in specific and consistent sizes 

and pore volumes. Silica gels have found limited use in covalent 

chromatography due to the surface activity of silica and the modifi

cation methods used. To expand the use of silica gel in covalent 

chromatography and all areas of solid phase chemistry, the silica must 

be properly modified to interact with chemical species in a controlled 

manner. Proper modification relies on understanding the silica 

surface and the types of active groups present. 



CHAPTER 2 

BACKGROUND AND PROCEDURES 

Chemically modified silica surfaces are routinely used for 

separations, however, the mechanism of most separations are not well 

understood. The general elution equation (Eq. 1.6) defines retention 

of molecules as due to several different mechanisms. In addition, 

each mechanism may rely on several different parameters; for example, 

partition chromatography may rely on more than one interaction for the 

retention of molecules. Usually in cases with multiple interactions, 

one interaction is considered to predominate and experimental condi

tions are set to assure this. However, the separation depends on all 

the interactions occurring at the surface, and the predominant or 

primary interaction is affected by the secondary or nonspecific 

interactions. If a molecule is excluded from the surface due to ionic 

interactions, it will not form a covalent bond even when the condi

tions are such that the covalent bond should form. In addition, if a 

molecule is well solvated by the stationary phase, a covalent bond 

will be stabilized. Understanding all the interactions occurring at 

the surface allows for better control of the separation. 

Chemically Modified Surfaces 

A chemically modified surface consists of three parts, the 

solid support, the immobilized functionality and the spacer arm that 

attaches the functionality to the surface. 

19 
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supports 

There are many different types of supports available today. A 

complete review of these supports can be found elsewhere (12,22,23). 

The important properties of solid supports are physical and chemical 

stability, porosity, particle shape and particle size. Solid supports 

may be classified as inorganic or organic, with further classification 

depending on chemical or physical properties. 

Organic Supports. Organic supports include natural macro

molecules, polymers and synthetic polymers. The organic supports may 

be hydrophilic or lipophilic. The lipophilic supports have not been 

widely used in biochemical applications due to the aqueous nature of 

the samples. Of these supports, the most commonly used are the 

hydrophilic natural polysaccharides. 

Polysaccharides include cellulose, dextran, agarose and 

starch. These supports are hydrophilic, and the surface hydroxyl 

groups are easily reacted to bind surface moieties. Dextran and 

agarose gels are the most widely used of the polysaccharides and have 

been utilized as macroporous supports in several areas of chromato

graphy. Starch has found little use because it is degraded easily 

through microbial attack. Cellulose has found limited use, because 

until recently it was not available in rigid macroporous particles. 

Of dextran and agarose supports, the agarose gels are mechanically 

more stable and more resistant to microbial attack; however, they 

suffer from several disadvantages. They cannot be heat sterilized; 

they disintegrate in alkaline solutions and organic solvents; they 

shrink irreversibly on drying and are more expensive than other 
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supports. The main disadvantage of both dextran and agarose is that 

they are soft gels compared to silica. They lack pressure stability 

and are not useful in high performance systems. Even in medium 

pressure systems, one must be concerned with the compressibility of 

these gels. 

Commonly used synthetic polymers include polystyrene, poly

acrylate types, polyacrylamides, and many others. A wide range of 

synthetic polymers are easily prepared with different porosities due 

to the various polymers and crosslinkers available. Unfortunately 

many of these supports shrink and swell with changes in ionic or 

solvent strength. This shrinking and swelling will cause concern in 

many types of separations, especially in SPE where the change in 

mobile phases is extreme. 

Inorganic Supports. The inorganic supports have high mechan

ical strength, thermal stability, resistance to organic solvents and 

microbial attack, easy handling, long shelf lives and do not change 

structure over wide ranges of pH, pressure, or temperature. Highly 

porous inorganic supports with high surface areas are available and 

allow for a high concentration of binding sites in a small volume. 

The mechanical stability of these supports allows for small particle 

sizes, since they are able to withstand the pressure caused by small 

particles. Inorganic supports offer more efficient separations than 

any of the organic supports. 

Porous inorganic supports inclUde several natural products; 

however, these have a wide range of pore sizes. Controlled pore glass 



has been used for some applications, but is expensive and has proven 

to be less stable than silica or alumina. 

Silica is available in a wide range of sizes and porosities 

to fit any application. Furthermore, the chemical modification of 

silica has been widely studied, and a wide range of alkylsilanes is 

commercially available. 
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The availability of silica in small uniform particles offers 

an advantage in reducing band broadening. Decreasing band broadening 

will allow for more efficient separations, and in SPE, eluting the 

compound of interest in a smaller volume. Band broadening in chro

matography is commonly expressed as the theoretical plate height. The 

five major contributors to band broadening are eddy diffusion, mobile 

phase transfer, longitudinal diffusion, stagnant mobile phase transfer 

and stationary phase mass transfer, but longitudinal diffusion is 

negligible in liquid chromatography. Since smaller particles decrease 

eddy diffusion, mobile phase transfer and stagnant mobile phase 

transfer, smaller particles will have a significant effect on the 

reduction of band broadening. If all other parameters are optimal, 

the minimum plate height is proportional to the particle size. 

Immobilized Functionalities 

In covalent chromatography, the efficiency of the separation 

also depends on the kinetics of the covalent interaction. Retention 

of molecules depends on two steps,much like the kinetics of ion 

chromatography (11). The first step is the partitioning of the 

molecule into the stationary phase. The second step is the reaction 



23 

of the molecule with the immobilized functionality. The first step is 

governed by the non-specific interactions, and an understanding and 

optimization of these interactions are necessary prior to the the 

study of the covalent interaction. Exclusion of the compound of 

interest will inhibit the formation of the covalent bond, and reten

tion through non-specific interactions will stabilize the covalent 

interaction. At the same time it is important that non-specific 

interactions are not so strong that contaminants are not removed from 

the phase. 

The amount of time an unretained molecule spends in contact 

with the packed bed is dependent on flow rate and void volume of the 

column as well as the nonspecific retention. A small packed bed with 

a void volume of 50 u1 using a flow rate of 2 m1/minute has a resi

dence time of 1.5 seconds for an unretained molecule. Fo~ a k' of 1, 

the compound spends 1.5 seconds in the stationary phase. For a k' of 

5 there is a residence time of 7.5 seconds. Using the theoretical 

plate hypothesis (10) and assuming 1000 plates means that each encoun

ter with the stationary phase lasts, on the average, 7.5 milliseconds 

and the reaction will occur in this time. If the molecule does not 

react in this time, the flow rate may be slowed or stopped to allow 

more time for the reaction. Alternatively, the time of reaction could 

be decreased by raising the temperature. 

In order to assure that an adsorbent is not overloaded, the 

amount of the sample should be about 1% of the stationary phase. In 

these cases, the reaction kinetics are pseudo first order. For 99.9% 
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of the compound of interest to react in 7.5 milliseconds, a first 

order rate constant of 1000 seconds- 1 is needed. Reactions with rate 

constants of this magnitude or higher can easily be utilized in 

covalent chromatography. 

Modification 

The most commonly used surface for chromatography is an 

octadecy1si1ane modified si1ica(C18). Extensive research into an 

understanding of the nature of this surface has been carried out 

(9,10). Figure 2.1 is a polymerically bound octadecy1si1ane surface 

equilibrated with a methanol/water mobile phase. On the molecular 

level this surface is a heterogeneous phase. Associated with the 

residual si1ano1s on the surface is about two layers of water mole

cules. Moving away from the surface, the hydrocarbon chain solvated 

with the organic component of the mobile phase forms a nonpolar 

region. Moving to the end of the chain, the polarity will gradually 

increase to the polarity of the mobile phase. Thus, the surface shows 

a polarity gradient (9) with different molecules finding their most 

favorable interactions at different areas of the phase, and therefore 

intercalating to the area of its most favorable interaction. Separa

tions on C18 phases rely on several types of interactions. The 

residual si1ano1s of the surface ionize above a pH of 6. Thus, at 

neutral to basic pH, the si1ano1s are ionized and are capable of 

electrostatic interactions. Unionized si1ano1s and the associated 

water are capable of hydrogen bonding. The C18 chain is capable of 

dispersive interactions. Incorporated solvent molecules will also 
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interact with the sample. There is a great difference in the energet

ics of these interactions; however, all of these interactions are 

important in the retention. 

While alkyl bonded silicas have proven themselves for reverse 

phase chromatography, the hydrocarbon nature of these phases has been 

a limitation in covalent chromatography. Covalent chromatography is 

most applicable to biochemical separations. Most of these samples are 

aqueous and often the compounds of interest are denatured in organic 

solutions. If a lipophilic phase is used, organic solutions are 

needed to assure that non-specific adsorption does not occur and that 

sufficient solvation of the sorbent is occurring. 

The residual silanols which may be important in the separa

tions of reverse phase chromatography (9) result in irreversible 

retention of biopolyrners. If a silica support is used in covalent 

chromatography, care must be taken to assure that the residual sila

nols are unable to interact with the sample. 

Silica based stationary phases used in covalent chromatography 

have traditionally relied on alkyl silane backbones. N-phenylboronic 

acid-N-propylsilylamino silica shown in figure 2.2 is a commercially 

available phenyl boronic acid phase. Applications of this phase are 

discussed in more detail in chapter 4. The non-specific or secondary 

interactions available to the sample are demonstrated in figure 2.2b. 

Molecules may form electrostatic interactions at the ionized sites. 

They may interact through hydrogen bonding or dispersive forces. 

These non-specific interactions may stabilize a covalent bond, but 

they may also cause non-specific retention of unwanted molecules. 
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Non-specific retention may be eliminated by changing the 

mobile phase to reduce the strength of the non-specific interactions. 

Increasing the solvent strength decreases retention due to dispersion 

forces but may increase retention of ionic compounds. Increasing 

ionic strength will decrease retention due to electrostatic interac

tions but may increase retention due to dispersion forces. Changes in 

the pH will affect the ionization of bQ~h the stationary phase and the 

sample, thus affecting the electrostatic interactions. Non-specific 

retention of molecules on residual silanols may be reduced by the 

addition of an amine to the mobile phase. The amines will interact 

strongly with the silanols, competing with the sample for this inter

action. Since the mobile phase additive is in a much higher concen

tration than the sample, it will effectively eliminate retention due 

to silanol interaction. The silanols are often reacted with tri

methylchlorosilane. This endcapping reaction removes most of the 

available residual silanols but increases the lipophilicity of the 

surface. 

N-phenylboronic acid-N'-propylsilylurea silica is shown in 

figure 2.3. The difference in this phase is the hydrophilicity of the 

surface. On this surface, the urea forms a hydrogen bonding barrier 

that restricts molecules from intercalating to the silica surface. In 

addition to the hydrogen bonding of the urea group the residual 

silanols are also capable of hydrogen bonding. There are two to three 

layers of water molecules associated with the surface silanols (10). 

The water associated with the surface silanols is highly structured 
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through hydrogen bonding, and this structure will extend past the 

propyl linkage to merge with the water that is hydrogen bonded to the 

urea group. In order to interact with the surface silanols, the 

molecule would have to break the hydrogen bonds and disrupt the 

structure of the water molecule. In addition, the residual amine 

groups that remain unreacted are capable of interaction with the 

silanols and will compete with the sample for the interaction. 

Procedures 

Several silica based adsorbents were prepared using several 

active functionalities and two different types of modification 

methods. Elemental analysis, diagnostic chromatography and solid 

phase extraction were employed to characterize the phases. 

Modification Methods 

Modification of the silica was done in two steps. The silica 

was first modified with a reactive organic moiety, either an amino

propyl, thiopropyl or a chloropropyl silane, followed by reaction with 

the covalently reactive species, the disulfide, phenylmercurial, 

phenylarsonous or phenyl boronic acid group. 

Reactions With Bare Silica. To prepare aminopropy1 bonded 

silica, forty micron irregular silica gel with 60 A average porosity 

was acid washed, rinsed with deionized water and dried overnight at 

80°C. The silica gel was suspended in dried 80% carbon tetrachloride 

20% methanol. For each gram of silica, 1.2 mi11iequiva1ents of 

triethoxyaminopropy1 silane (Petrach) was diluted by a factor of five 
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with dried carbon tetrachloride. This was added slowly to the silica 

gel suspension. The reaction mixture was covered and left on the 

shaker table for 6 hours. The reaction mixture was filtered and the 

silica was washed thoroughly with SO% carbon tetrachloride 20% meth

anol with a final rinse with methanol. The silica was dried with 

suction, then placed in an SO°C oven overnight. This reaction is 

shown in figure 2.4. 

Mercaptopropyl and chloropropyl bonded silicas were prepared 

in the same manner as the aminopropyl bonded silica using triethoxy

mercaptopropyl silane and triethoxychloropropyl silane (Petrach) as 

the silating reagents. These reactions are shown in figure 2.5 and 

2.6. 

Aminopropyl based bonded silicas. To prepare N-phenylboronic 

acid-N-propylsilylamine silica (figure 2.7), chloropropyl silica was 

reacted with m-aminopheny1boronic acid. For each gram of silica, 1 

milliequivalent of m-aminophenylboronic acid was used. The reactants 

are slurried in an aqueous solution with triethylamine as an acid 

scavenger and left on a shaker table for 6 hours. 

Activation of the mercaptopropy1 bonded silica. Mercapto

propyl bonded silica oxidizes easily, so care was taken to insure this 

phase is kept in a non-oxidizing atmosphere. This phase was reacted 

with 2,2'-dithiodipyridine (Aldrich), figure 2.S. 2,2-dithiodipyri

dine was dissolved in deaerated methanol. Thiopropyl modified silica 

was added to the solution, and the reaction mixture was stirred 

overnight. The phase was washed with methanol and dried overnight at 

SO°C. 
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Figure 2.4 Reaction of triethoxyaminopropyl silane with silica. 
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Figure 2.5 Reaction of triethoxychloropropyl silane with silica. 
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Figure 2.7 Reaction of chloropropyl bonded silica with m
aminophenylboronic acid to form 
propylaminophenylboronic acid bonded silica. 
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Figure 2.8 Reaction of 2,2-dithiodipyrirline with mercaptopropyl 
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Propylurea based bonded silicas. To prepare N-Phenylboronic 

acid-N'-propylsilylurea silica (figure 2.9), aminopropyl bonded silica 

was dried for 3 hours at sooe and cooled to room temperature in a 

desiccator. The aminopropyl bonded silica was activated by reaction 

with N,N-carbonyldiimidizole in methylene chloride. Triethylamine was 

added as an acid scavenger. This reaction is left for 3 hours at room 

temperature. The.activated silica is removed from the solution by 

filtration and washed with methylene chloride and dimethylsulfoxide 

(DMSO). The silica is added to a solution of m-aminophenylboronic 

acid hemisulfate in DMSO. This reaction is heated to 40 0 e and left 

for 24 hours. The silica is filtered and then placed in a solution of 

ammonia saturated DMSO and reacted for three hours. The ammonia will 

react with any residual carbo imide sites. The final product is 

filtered and washed with 50% DMSO, water, 0.02 M hydrochloric acid, 1 

M sodium chloride and again with water. The product is dried at room 

temperature. 

To prepare N-phenylmercury-N'-propylsilylurea silica, (figure 

2.10), aminopropyl silica is activated in the same manner as for 

N-phenylboronic acid-N'-propylsilylurea silica (figure 2.9). The 

activated silica gel is added to a solution of p-aminophenylmercuric 

acetate in DMSO. The reaction is heated to 40 0 e for 24 hours. The 

silica is filtered and placed in a solution of ammonia saturated DMSO 

and stirred for 3 hours at room temperature. The finished product is 

rinsed and dried just as the previous reaction. 
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Figure 2.9 Reaction of propylamino bonded silica with 1,1'
carbodiimidizole followed by m-aminophenylboronic 
acid to form propylureaphenylboronic acid bonded 
silica. 
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Figure 2.10 Reaction of a cor activated aminopropy1 phase with 
p-aminopheny1mercurial hydroxide. 
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To prepare N-phenylarseneoxide-N'propylsilylurea silica 

(Figure 2.11), aminopropyl bonded silica is activated with N,N'

carbonyldiimidazole as in the previous reaction. The activated 

silica is then reacted with p-aminophenylarsine oxide in DMSO for 

three hours at room temperature. The silica is filtered and placed in 

a solution of ammonia saturated DMSO and stirred for 3 hours at room 

temperature. The finished product is rinsed and drie~ just as the 

previous reactions. 

A ureidopropyl phase (figure 2.12) was prepared by activating 

aminopropyl bonded silica with N,N'-carbonyldiimidazole as in the 

previous reaction. The silica is filtered and placed in a solution of 

ammonia saturated DMSO and stirred for 3 hours at room temperature. 

The finished product is rinsed and dried as described previously. 

In order to assure that these phases are consistent, the same 

batch of activated aminopropyl silica was used in all three reactions. 

Characterization of Bonded Silicas 

Elemental Analysis. The surfaces were characterized at the 

through elemental analysis both at the University of Arizona and at 

Analytichem (Harbor City, CA). The results are found in table 2.1. 

This information is complemented with the ICP emission data for boron, 

mercury and arsenic. These data allow for the determination of the 

the different types of groups bound to the surface. 

In the preparation of the propylaminoPBA phase (figure 2.7), 

it is possible for it to contain 2 bonded moieties, the chloropropyl 

group and the propylaminoPBA moiety. From the elemental analysis 
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Figure 2.11 Reaction of a CDr activated aminopropy1 phase with 
p-aminopheny1arseneoxide. 
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Figure 2.12 Reaction of a CDr activated aminopropyl phase with 
ammonia to form a propylurea phase. 



43 

Table 2.1 Elemental analysis of modified silicas. 

Bonded Silica %C %H %N %M 

Aminopropyl 5.44 1. 52 1.77 

Mercaptopropyl 3.16 0.74 0.00 

Mixed Disulfide 6.80 0.66 0.13 

PropylaminoPBA 5.95 0.97 0.47 

PropylureaPBA 9.26 1.71 2.40 0.53!! 

PropylureaHgOH 7.50 1. 52 2.19 6.43h 

PropylureaAsO 7.76 1.52 2.37 1.22£ 

Propy1urea 6.73 1.59 2.99 

a %Boron, b %Mercury, c %Arsenic 
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(table 2.1), the concentration of both can be determined. The chloro

propyl phase initially bound with 0.98 millimoles/gram. Approximately 

35% reacted with m-aminophenylboronic acid to give 0.34 millimoles/ 

gram PBA and 0.64 millimoles/gram unreacted chloropropyl. The cova

lent interactions in this phase are occurring on a lipophilic hydro

carbon backbone. 

The preparation of the hydrophilic propylureaPBA phase is 

more complicated, and there are four possibilities of surface 

moieties: the PBA phase, an unactivated aminopropyl, an activated 

aminopropyl and the urea propyl phase. Assuming that the ammonia in 

DMSO was able to react with all the activated sites, we can assume 

that no activated aminopropyl sites remain. The aminopropyl bonded 

silica contains 1.42 millimoles/gram. During the reaction of this 

phase to the ureapropyl phenylboronic acid phase (figure 2.9), it is 

unlikely that any of the bonded groups were removed, so the total 

number of bonded moieties is the same for both phases. From the boron 

analysis, the concentration of the PBA functionality is 0.49 

millimoles/gram, or 35% of the bonded functionalities. Using the 

carbon data and solving for the remaining variables indicates that 

0.32 millimoles/gram or 23% remain unreacted as the aminopropyl and 

0.61 millimoles/gram or 43% are ureapropyl. The unreacted aminopropyl 

groups are capable of ionizing, and the hydrophilic urea groups will 

provide a completely different environment than in the hydrocarbon 

phase. 

The ureapropylsilane silica shown in figure 2.12 may have 

three functionalities on the surface: the unreacted aminopropyl, the 
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activated aminopropyl and the ureapropyl functionality. Once again, 

the activated aminopropyl has been fully reacted with the ammonia in 

DMSO. Using the carbon data and the assumption that 1.42 millimoles/ 

gram is the total number of functionalities on the surface, it can be 

determined that 0.34 millimoles/gram or 24% remain as the aminopropyl 

and 1.08 millimoles/gram or 76% are reacted to the ureapropyl. 

Using the same assumptions, the data can be used to determine 

the concentrations of the different functionalities on the propyl

ureaorganometallic phases. For the phenylmercurial phase, there are 

0.32 milliequivalents/gram or 20% of the propylureamercurial function

ality, 0.48 milliequivalents/gram or 34% of the ureidopropyl function

ality and 0.62 milliequivalents/gram or 46% aminopropyl groups. The 

arsonous acid phase has 0.16 milliequivalents/gram or 10.6% propyl

ureaphenylarsonous acid, 0.79 milliequivalents/gram or 52% 

uriedopropyl groups and 0.56 milliequivalents/gram or 37% aminopropyl 

groups. 

Solid Phase Extraction. The capacity of the phases was 

determined using solid phase extraction. Plastic syringe barrels were 

filled with 100 milligrams of aminopropylPBA bonded silica. The 

silica was washed first with methanol or acetonitrile, then with water 

and finally the mobile phase. Approximately two micromoles of sample 

dissolved in the mobile phase was applied to the column. The effluent 

from the column was captured in a 5 ml volumetric flask and the 

concentration of sample was determined through HPLC with a UV detec

tor. HPLC was used to separate the compound of interest from the 



solvent. During the aspiration of the sample into the volumetric 

flask, some of the organic solvent would evaporate. This change in 

the solvent made simple UV experiments to determine concentration 

difficult. UV data was used to confirm the identification of eluted 

components. 
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Solid phase extraction experiments were used to determine the 

capacity of the phases and the changes in capacity when the mobile 

phase was changed. 

Diagnostic Chromatography. The chromatographic results 

indicate relative strengths of interactions and the trends in inter

actions as the ionic strength, solvent strength, solvent composition 

and pH are varied. In all cases, only one variable is changed while 

the rest are held constant. 

Careful consideration of mobile phases is needed to assure 

that the mobile phase is not competing with the sample for the active 

sites on the surface. Alcohols are expected to bind to PBA (14), 

therefore acetonitrile was chosen as the organic modifier. Data in 

table 2.2 confirms that as the methanol concentration increases, the 

retention of benzene does not decrease. This indicates that the 

lipophilic nature of the stationary phase is increasing with the 

increase in methanol concentration. The increase in lipophilicity of 

the phase is caused by the covalent interaction between the methanol 

and the phenylboronic acid. The interaction of PBA with monofunc

tional compounds is weak and is only noticed at high concentrations 

(greater than 10%). 



Table 2.2 Capacity factors of several probe molecules on 

propylaminoPBA with methanol as the organic modifier 

Solvent 

Concentration 

5 

10 

15 

5 

10 

25 

5 

10 

25 

Probe 

Benzene 

Benzene 

Benzene 

Phenol 

Phenol 

Phenol 

Nitrate 

Nitrate 

Nitrate 

Capacity 

Factor 

27.6 

40.5 

4l.5 

7.3 

6.3 

6.8 

0.0 

0.0 

0.0 
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The choice of buffer composition is based on the buffer 

capacity, range of pH and a limited interaction with the stationary 

phase. Phosphate buffers bind with PBA and are not acceptable buffers 

(14). Ammonium acetate is a commonly used buffer for liquid chromato

graphy. While both ammonia and carboxylic acids show some interaction 

with PBA (chapter 4), these interactions are weaker than that of 

phosphate since each contains only a single interaction site while 

phosphate has four. The ammonium acetate also demonstrates inter

action with the mercury phase (20). However a great number of mole

cules will act as ligands to mercury but the interaction with thiols 

is so strong it easily displaces the buffer even with the difference 

in concentrations. 

The modified silica was packed into a 2 cm long 2 mm inner 

diameter column. A second column containing octadecylsilyl silica was 

placed in system just prior to the injection valve. In the case of 

high pH mobile phases, the CIS column would dissolve into the mobile 

phase so that the mobile phase would be equilibrated with silanes and 

would not dissolve the phase of interest. 

Mobile phases were prepared using doubly distilled filtered 

water and filtered reagent grade acetonitrile or methanol. All 

mobile phases are a volume/volume percent and were measured using 

graduated cylinders. Stock solutions of the ammonium acetate and KCl 

were prepared by weighing the salts and dissolving them in doubly 

distilled filtered water. These solutions were then added to mobile 

phases to assure that the buffer concentration and the the ionic 

strength were consistent. 
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Chromatographic experiments were done using an IBM 9533 

chromatograph, with a 9522 detector. This is a 254nm fixed wavelength 

ultraviolet detector. The data collection was an IBM 9000 lab com

puter or a strip chart recorder. 

Retention of the molecules is reported as capacity factor 

(eq. 1.5). The void volume was measured as the volume needed to 

elute nitrate from the column. This volume was assumed to be the 

same for all pH ranges but was measured at a pH of 9. 

Several probe molecules were chosen to determine the relative 

strengths of interactions occurring at the surface. These probe 

molecules include compounds expected to interact with the covalent 

functionality as well as molecules which should not interact. The 

retention of these molecules on different phases and when using 

different mobile phases will allow for determination of the factors 

which affect selectivity of the surface and which factors must be 

controlled when using or preparing the silica surface. 

Summary 

Diagnostic chromatography has been used to characterize two 

different classes of modified silica surfaces. Careful choice of 

probe molecules allows for the determination of the relative 

strengths of interactions and the effects of different mobile phases 

and modifications on the versatility of silica adsorbents. 

Of the commonly used solid sorbents, silica is physically 

strong and easily modified. The reactivity of silica may be a 
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limitation. Unless the surface is completely reacted the unreacted 

sites of the silica can interact with many compounds causing irrever

sible adsorption. Controlling the modification of the surface is 

important when using silica. 



CHAPTER 3 

EFFECTS OF MODIFICATION 

While the covalent interaction is the primary interaction and 

the control of this interaction will be most important in covalent 

separations, the control of the non-specific or secondary interactions 

will also be important. Secondary interactions are most commonly 

dispersive, hydrogen bonding or electrostatic interactions that may 

occur between the compound of interest and the sorbent, the matrix and 

the sorbent or between the compound of interest and the matrix. Non

specific interactions may be necessary for the formation of the 

covalent bond, or they may cause retention of contaminants. Optimiz

ing non-specific interactions is necessary for efficient separations. 

Control of the Non-specific Interactions 

Mobile Phase 

Traditionally, non-specific interactions are controlled by 

altering the mobile phase. Dispersive interactions can be reduced by 

increasing the concentration of the organic modifier. Ionic inter

actions can be reduced by increasing the ionic strength. Electro

static repulsion is minimized by an increase in ionic strength. 

Changing the pH to suppress ionization of the sample or the stationary 

phase may also eliminate electrostatic interactions. Interactions 
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with residual silanols has been reduced by the addition of an amine to 

compete with the sample for these sites. 

In some cases, altering the mobile phase may not be possible. 

In many biochemical applications, increasing the organic modifier may 

not be an option. The compound of interest is often denatured ir

reversibly at concentrations of 20% acetonitrile or less. Increasing 

the ionic strength above 0.1 molar is difficult when working with 

liquid chromatographic pumping systems because of the salt deposits 

that block lines or ruin seals. In automated systems the ionic 

strength must be kept to a minimum to increase the lifetime of the 

pumps. 

Stationary Phase 

In addition to altering the mobile phase, the stationary phase 

may also be altered. Residual silanols have been reacted with tri

methylchlorosilane. This molecule is smaller than other silanes and 

is believed to react with silanols that are sterically not available 

to the larger molecules. Even the most carefully reacted silica 

surfaces will have residual silanols. These silanols may irreversibly 

adsorb samples so that any residual silanols must be sterically unable 

to interact with the compound of interest. 

A more versatile modification of silica is needed in order to 

overcome the present limitations while still allowing for the effi

ciency of the small rigid particles. A new modification method with a 

hydrophilic surface that restricts samples from the residual silanols 



has been developed. This propylurea phase (figure 2.3) is described 

in chapter two. 

Experimental 

Diagnostic chromatography as described in chapter two was 

employed to compare the differences in a traditionally modified 
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silica and the new modification. The effects of solvent strength, 

ionic strength and pH on dispersive, hydrogen bonding and electro

static interactions were determined using molecules that probe each of 

these interactions. 

The modified silicas characterized in this work all contain 

some ionizable species. These are shown in figure 3.1. In addition. 

each contains residual silanols that ionize at pH 6 and above. PBA 

will ionize through the acceptance of a hydroxyl group with a pKa of 

9.2 (24). The meta amino functionality which binds the PBA to the 

surface in the lipophilic phase will accept a proton with a pKa 

similar to that of N-ethylaniline which is 5.12 (25). The urea or 

hydrophilic phases have two types of nitrogen atoms, the aminopropyl, 

and the urea nitrogens. The pKa of propyl amine is 10.7 (25) and the 

pKa of urea is 0.10. Due to the low pKa of urea, the urea type 

nitrogens of the phase are not ionizing. Conversely, due to the high 

pKa of propylamine, the amine groups on the surface are ionized 

throughout the experiments. 

As the pH of the solution is altered, the different bonded 

moieties will ionize. A study of retention vs pH will allow for the 
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determination of the types surface charges on the phase. The pH of 

the solution was varied between 3.4 and 9.2, and the retention of 

several molecules able to probe different interactions was measured. 

For these data, the ionic strength was held at 0.1 molar. 
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In order to assure that the bonded silica is solvated, it is 

necessary that the mobile phase contain some organic modifier. In 

this work 5% acetonitrile was chosen. Below 5%, it is difficult to 

keep the organic strength constant throughout the experiments. Above 

5% acetonitrile, the capability of the mobile phase to dissolve salts 

decreases, and the compatibility of the mobile phase with biopo1ymers 

is diminished. Therefore, 5% was chosen as a good trade off between 

reproducibility, compatibility and practicality. 

Results and Discussion 

Dispersive Interactions 

Lipophi1icity of the Bonded Phases. The difference in 

lipophilicity in the two phases is demonstrated by the retention of 

benzene and toluene (figure 3.2). Toluene has a capacity factor of 10 

on aminopropylPBA and 2 on propylureaPBA. Benzene has a capacity 

factor of 5 on aminopropylPBA and 1 on propy1ureaPBA. Both molecules 

show a lower capacity factor on propylureaPBA with a difference of a 

factor of five. AminopropylPBA is more lipophilic and the dispersive 

interactions are much stronger on this phase causing the higher 

capacity factor. The variations in capacity factor with a change in 

pH may be due to slight differences in the concentration of the 
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organic modifier in the mobile phase which would cause noticeable 

differences in k', or due to the difference in surface charge as the 

pH changes. A highly charged surface will exclude hydrocarbon 

samples and decrease retention. Electrostatic interactions are a 

better measure of charged surface sites than lipophilic interactions. 

Effects of Solvent Strength. The effect of increasing the 

concentration of acetonitrile on the lipophilic surface is shown in 

figure 3.3. Above 10%, the addition of more organic modifier results 

in only small decreases in retention for these small probe molecules. 

The effects of increasing ionic strength would be greater for larger 

molecules that are well retained on the phase at 5%. 

Electrostatic Interactions 

Anion Exchange Sites. As the pH of the mobile phase changes, 

the charge on the surface will change. Ionizable sites on the 

surface or the immobilized functionality will be charged or neutral 

due to the pH of the surrounding solvent. While the pH at the surface 

will not always be the same as the mobile phase, an increase in mobile 

phase pH will increase the pH at the surface. At low pH, amine 

functionalities on the surface will be positively charged. As the pH 

of the surface increases, the amines may neutralize or the the ioniza

tion of surface silanols and the PBA functionality will produce a 

negatively charged surface. Retention of anions is expected to be 

high at low pH and decrease as the surface becomes negative. Benzoic 

acid (figure 3.4), phenylacetic acid (figure 3.4), and benzenesulfonic 

acid (figure 3.5) probe the anion exchange sites on the surface. 
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Benzenesulfonic acid retention shows a continuous decrease in reten

tion as the pH is increased. Higher retention of this probe on the 

hydrophilic surface at low pH indicates that this phase has more 

positively charged sites than the lipophilic surface up to a pH of 7. 

The increase in anion exchange capacity is due to the residual amino

propyl groups on the silica. The decrease in retention at 

neutral pH is not due to the suppressed ionization of these sites but 

to the ionization of the PBA to its anionic form and the ionization of 

the surface silanols. These sites compete with the sample for inter

action with the cations. Above a pH of 7, all the phases are nega

tively charged and the anions are not retained on the surface. 

Benzoic acid and phenylacetic acid show the same trend as benzene

sulfonic acid. The difference is that the carboxylic acids with pKa 

near 4.0 are not ionized at the low pH, so they are not retained 

through electrostatic interactions. As the pH increases to the pKa of 

these probes, the retention increases. 

Cation Exchange Sites. Phenyltrimethylammonium (figure 3.5), 

aniline (figure 3.6) and benzyl amine (figure 3.6) will probe the 

cation exchange characteristics of the surface. The cation exchange 

sites will occur with the ionization of residual silanols or the 

immobilized PBA. Elemental analysis shows that the hydrophilic phase 

has 0.49 millimoles/gram of PBA and the lipophilic phase contains 0.34 

millimoles/gram. If the PBA is the only important site, we would 

expect more cationic exchange sites on the lipophilic phase. The 

amines on the surface are capable of interaction with the PBA to 



:.. 

0 

:.. 

= 

ANILINE 
2..8 

2.4 

2.2 

2 

L8 

L8 

L4 

1.2 

\ 0.0 

0.0 

0.4 

Q.2 

\ 
0 

3 S 7 9 

PIOCIvlllrea prc,PVtVINfi'9r 0 propvtP9A 

BENZYLAMINE 
7 

8 

S ~~ 
.. 

2 

G-- -----.. 
9 9 

~ 
3 S 7 9 

propykn_ PIOCIvtureePal" 0 PIOCIyiPtlA 

Figure 3.6 Retention of aniline and benzylamine on three 
modified silicas as a function of pH .. 

62 



63 

decrease the pKa (26) or to neutralize the the charge. The only 

amines on the lipophilic phase is the meta amine which does not 

interact with the PBA groups and is not protonated at the pH where 

the PBA ionizes. The hydrophilic phase contains a large number of 

amine functionalities that are protonated at high pH and are able to 

interact with the PBA. The affects of this amine will be to neutral

ize the surface. 

The quaternary amine, phenyltrimethylammonium, shows little 

retention on any of the phases at low pH. As the pH increases, the 

retention increases, but the retention on the lipophilic phase is much 

higher. Comparing these data to the data of catechol (figure 4.3), 

the catechol is retained much better on the hydrophilic phase. 

Catechol interacts only with the ionized PBA indicating that the 

hydrophilic phase contains more ionized PBA functionality. The 

residual silanols and the propyl amine functionalities are important 

sites for electrostatic interactions. The residual silanols are 

available to the sample on the lipophilic phase, but the organized 

water of the hydrophilic phase block these sites. 

Aniline with a pka of 4.6 is not retained at low pH (less than 

5), since the surface and the probe are positively charged. At 

neutral pH (between 5 and 8), aniline interacts with the silica 

surface on the lipophilic phase or with PBA on either phase. At high 

pH, the hydroxyl groups compete for the PBA site and the retention 

drops. 

Benzylamine with a pKa of 9.33 (25) remains charged throughout 

the pH region studied and there is no change in retention on the 
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lipophilic phase. The drop in retention at pH 9 for the hydrophilic 

phase is due to competition for the boronic acid from hydroxyl groups. 

This interaction will be discussed later. 

Effects of Ionic Strength. Changing the ionic strength of 

the mobile phase will allow further probing of the electrostatic 

interactions. The retention of benzene, toluene, phenol, benzyl 

alcohol and aniline is not changed as the ionic strength is increased. 

These molecules are not charged and electrostatic interactions are not 

expected. Benzylamine (figure 3.7) is a cation at pH of 7. There is 

little change in the retention as the ionic strength is increased. 

Benzyl amine is not retained through electrostatic interactions. The 

anions, benzoic acid (figure 3.7) phenylacetic acid (figure 3.8) and 

benzenesulfonic acid (figure 3.8), demonstrate ionic strength depend

ence on the urea phases. These molecules are retained on the amino

propyl groups of the urea phases. This interaction is weak, however, 

because of the competition for these sites from the residual silanols 

and the PBA functionalities. At pH 7, the lipophilic phase has little 

cationic character and the anions show little retention and no ionic 

strength dependence. 

The retention of phenyltrimethylammonium (figure 3.9) on the 

lipophilic phase decreases as the ionic strength increases, indicating 

that the cation is retained through electrostatic interactions. On 

the urea phase, there is no ionic strength dependence indicating that 

there is no electrostatic interaction. The negative charges on the 

surface are not likely due to ionized PBA groups because these 





Figure 3.8 Effects of ionic strength on the retention of 
phenylacetic acid and benzenesulfonic acid on 
propylurea (a), propylureaphenylboronic acid (b), 
propylaminophenylboronic acid (c) and aminopropyl 
bonded silica (d). 
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groups, would not be significantly charged at this pH. This retention 

is therefore due to the availability of ionized residual si1ano1s on 

the surface. 

If the pH is increased to nine, the retention of the cation 

shows ionic strength dependence for both surfaces (figure 3.9). At 

this pH, the PBA functionality is charged on both phases, but the k' 

for the cation is higher on the hydrophobic phase indicating an 

increase in ion exchange sites. The increase in the number of cation 

exchange sites is due to the cationic aminopropy1 groups on the 

hydrophilic surface which interact with the anions on the surface, and 

to the availability of the si1ano1s to the sample on the lipophilic 

surface. The residual si1ano1s are not available to the sample on the 

lipophilic surface due to the hydrogen bonding of the urea groups and 

the organization of water which forms a barrier to the molecule. 

Hydrogen Bonding 

The hydrogen bonding capability of the surface was probed with 

phenol (figure 3.10) and benzyl alcohol (figure 3.10). In 95% water 

the hydrogen bonding characteristics are expected to be insignificant. 

The retention of the molecules is similar to retention of benzylamine 

(figure 3.6). On the lipophilic phase the retention is not changed as 

the pH changes. On this surface these molecules are retained at the 

silica surface. The polar end of the molecule interacts with the 

surface silanols or with the associated water while the lipophilic 

phenyl ring interacts with the hydrocarbon chains (9). This inter

action is sufficiently removed from the PBA that the ionization of the 
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PBA does not affect the retention of these molecules. On the hydro

philic phase, a drop in the retention at pH 9.2 for both the amines 

and alcohols indicates that these molecules are retained at the PBA 

and the ionization of this site has removed the site of interaction 

for these probes. These molecules are retained through interaction 

with the boron. The k' values are smaller for the hydrophilic than 

the lipophilic phase indicating that the interaction with the PBA 

molecule is weaker than the interaction at the surface. On the hydro

philic phase the molecules are unable to intercalate past the urea 

functionalities to the silica surface. 

Conclusions 

The retention of these probe molecules containing only one 

functionality can be used to understand the complex interactions of 

larger molecules with more than one functional group. 

Controlling Lipophilic Interactions 

Lipophilic interactions were much stronger on the propyl

aminoPBA phase. These interactions are due to the availability of the 

propyl linkage for interaction with the sample. For biochemical 

interactions, increasing the organic modifier is not an acceptable 

way to eliminate these interactions. While the addition of a small 

amount of organic modifier was able to minimize these interactions for 

the small molecule, the much larger biopolymers may have stronger 

interactions with the surface. The advantage of the more hydrophilic 
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propylureaPBA phase is the minimization of these interactions without 

excluding lipophilic molecules from the surface. 

Controlling Electrostatic Interactions 

The residual aminopropyl groups on the propylureaPBA surface 

help control the anionic nature of the surface. The cationic amine 

sites are capable of neutralizing the surface most likely with direct 

interaction with the residual silanols or with the ionized PBA sites. 

The ability of the residual amines on the lipophilic surface 

also helps to assure that anions are not excluded from the surface. 

While it is important that the retention of molecules be minimized to 

restrict irreversible adsorption or nonspecific retention of mole

cules, molecules excluded from the surface will not be able to 

covalently react with the functionality. The presence of the amines 

keeps exclusion to a minimum. 

Interaction of the molecule with the residual silanols is 

always unwanted. The interactions with these sites is often very 

strong and often irreversible. Since it is not possible to complete

ly react all of the residual silanols, and since most endcapping 

reagents increase the lipophilicity of the resulting surface, develop

ing a surface that will restrict the molecule from the surface is 

important. The hydrogen bonding of the urea group as well as the 

highly structured water molecules imbibed in the lipophilic phase 

restrict sample from the residual silanols and the lipophilic inter

actions of the propyl functionality. 
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Controlling the retention of molecules on the surface depends 

on the ability to reproduce a surface exactly. Since there are fewer 

steps and variables in the preparation of the propylaminoPBA, the 

preparation of this phase is more consistent from batch to batch. In 

addition, since the unreacted amine functionalities on the propylurea 

phases interact with other functionalities on the phase, an increase 

in the unreacted sites will have an even greater effect on the inter

actions, both primary and secondary. 



CHAPTER 4 

PHENYLBORONIC ACID 

Introduction 

Boronic acid and phenylboronic acid (PBA) readily and reversi

bly react with molecules containing polar functionalities. The 

interaction of borate with sugars was first reported by Biot in 1842 

(14). While a boric acid with four reactive sites is able to interact 

with two sugar molecules, organoboronic acids, with three sites, can 

only interact with a single sugar molecule (27). The organoboronic 

acids are often used because of the simplicity of the one to one 

interaction. 

While diols and polyols are the most common ligands to PBA, 

there are several types of polar functionalities capable of interac

tion with the boronates. 1,2-hydroxyacids (28,29) and 1,2-hydroxy

amines (30) as well as several other functionalities are expected to 

bind to PBA. Examples of substances expected to react with PBA are 

found in table 4.1. 

Acid Base Chemistry 

The interaction of the PBA with polar functionalities is 

intrinsically dependent on the acid base chemistry of the PBA as well 

as the acid base characteristics of the sample and its matrix. 
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Table 4.1 Molecules that interact with PBA. 

Compound Class 

Polyhydroxy 

1 ,2 dihydroxy 

1,3 hydroxy 

Hydroxy acids 

Diketo 

Hydroxyamines 

Mercaptoalcohols 

Examples 

Mannitol, Carbohydrates 

Catechol, Tannis 

Tris Pyridoxine 

Lactate, Benzillic, Salicylic acids 

Benzil 

Aminophenol 

2-mercapto 'benzylalcohol 
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Therefore, the pH of the solution can be used to control the selectiv

ity of the PBA, provided the effects of pH on the formation of the 

covalent complex are understood. 

Phenylboronic acid is a Lewis acid, accepting a hydroxyl group 

as shown in figure 4.1 with a pKa of 8.86 (27,31) in an aqueous 

solution. The pKa is alte-ed by substituent groups on the ring thus 

the pKa of immobilized PBA will depend upon the immobilization proce

dure. In general, PBA is bound through an amine functionality in the 

meta position. Maestas et al (24) report the pKa of PBA bound in this 

way as 9.2. The increase in pKa is attributed to the meta amine 

functionality. The addition of a nitro group on the benzene ring in 

the ortho position will decrease the pKa of the boronate substantial

ly. Transfer RNA has been immobilized on ortho-nitro substituted 

meta-aminophenylboronic acid at neutral pH (32). Residual amine 

groups on a surface reduce the apparent pKa of immobilized PBA through 

a surface buffering effect or direct interaction with a PBA (26). 

Compounds Expected to React with PBA 

Monofunctionalities such as amines and alcohols are reported 

to interact with PBA(l). However, monofunctional interactions are 

weaker than those that involve di- or trifunctionalities, because the 

di or tri functionality will interact with two or three sites to 

stabilize the interaction. 

Difunctionalities, such as diols, must have the correct 

configuration. They must be cis, coaxial or able to rotate into the 

same plane in order to physically reach the PBA. In addition the 
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geometry of the PBA will determine the ability to bind different 

molecules. At low pH, the PBA is in the trigonal planar neutral form 

and will form charge transfer interactions. At high pH, the PBA is a 

tetrahedral anion, and it is capable of undergoing condensation 

reactions with dio1s and po1yols. Since the pH governs the conforma

tion and the conformation governs the reactivity, the pH of the mobile 

phase will control the reactions occurring on an immobilized PBA. 

The charge on the compound is also important. Molecules that 

bind to PBA in the anion form may be excluded from PBA sorbents if the 

compound of interest is also an anion. Cationic functionalities on 

the compound of interest may stabilize the covalent interactions with 

the anionic form through electrostatic interactions. 

Dio1s. A great deal of attention has been paid to the 

interaction of PBA with cis or l,2-dio1s, especially catecholamines, 

nuc1eotides and t-RNA. These compounds form a covalent complex with 

PBA under basic conditions, when the PBA is in the ionized or tetrahe

dral form. Under acidic conditions, the l,2-diols do not interact 

with the PBA. Under these conditions, the PBA is in the trigonal form 

with a 120 0 bond angle and the ring strain is believed to be too great 

to form the complex (14). 

l,3-dio1s interact with PBA in the same way as the l,2-diols; 

however, the l,3-diol has more freedom and spends less time with its 

hydroxy groups in the same plane. The decrease in the number of 

molecules with the correct configuration weakens the interaction. 
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Po1yhydroxy1s. Po1yhydroxyl containing compounds interact 

with PBA similarly to vicinal diols except that the possibility of a 

tridentate interaction is possible for compounds with the correct 

configuration. (14,27) This extra interaction further stabilizes the 

complex. This type of interaction explains the high formation con

stants reported for molecules capable of tridentate interactions (14). 

Molecules able to form tridentate complexes have higher formation 

complexes than the bidentate compounds. 

Hydroxyacids. The interactions of alpha-hydroxy aliphatic 

acids or ortho-hydroxy aromatic acids with PBA have been studied by 

several researchers (28,29). These interact at low pH to form a 

complex but are excluded at high pH due to the electrostatic repul

sions. Recognition of these electrostatic repulsions is important in 

the primary interactions of PBA. Lactic acid has also been shown to 

interact with PBA in solutions of high ionic strength and pH of 2 and 

6 (28). 

Hydroxyamines. Amines are able to donate an electron pair to 

the boron atom in its trigonal state (30). The bond formed between 

nitrogen and boron is weaker than the bond between oxygen and boron. 

The interaction of the nitrogen with boronic acid is further stabi

lized by the interaction of the hydroxy group with the PBA. At low 

pH, the protons compete with the boron for the nitrogen, and at high 

pH, the hydroxide competes with the nitrogen for the boron, causing 

the strongest interactions at neutral pH. The interaction of amines 

with boron is further stabilized by a vicinal hydroxy group that will 

react with the boron in the same fashion as the diols. 



79 

Other Functiona1ities. The interaction of PBA with dike to 

and triketo compounds with PBA has been reported (24). Understanding 

the effects of pH on the retention of these molecules and other 

related compounds will allow for a better understanding of the effects 

of pH on biologically significant molecules. 

Isolation of Compounds 

The reaction of PBA with compounds containing polar function

a1ities has been studied using pH titration (28) and pH depression 

(33) techniques, as well as, infrared (29) and Raman (34) spectro

scopic methods in solution. Complexation with cell walls has been 

determined using fluorescent boronic acids (35). Pheny1boronic acid 

solid supports have been used to isolate catecho1amines (36, 37,38), 

nuc1eosides (39,40,41), tRNA (32,36,42,43), carbohydrates (41), and 

enzymes (44). Automated systems using PBA have been developed (36, 

40,45) for the isolation of compounds. A great deal of work on PBA 

has been done to demonstrate its ability to isolate compounds, but few 

studies to determine the factors controlling the interactions have 

been carried out. 

The association constants for PBA and several compounds have 

been measured by spectroscopic methods in unbuffered solutions. As 

mentioned, the pH dependence of complexation with PBA is important in 

controlling the isolation and subsequent elution of compounds. A 

study using UV spectroscopy to determine the effects of pH on the 

complexation of PBA with different dihydroxy substituted naphthalenes 
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(46), shows that the retention of these molecules will reach a maximum 

at a pH of 9-10 and that this maximum depends on the molecule. 

While spectroscopic data on PBA in solution can yield a 

great deal of information, the best method for determining conditions 

for efficient separations is the use of diagnostic chromatography. 

Determining the factors which affect retention of molecules on immobi

lized PBA using solvents suitable for chromatography will be more 

informative for developing chromatographic methods. 

Experimental 

The strength of interactions of immobilized PBA was investi

gated in two different experiments. Solid phase extraction experi

ments and diagnostic chromatography were used to determine the rela

tive strengths of interactions of several probe molecules from a pH of 

3 to a pH of 9. 

Solid Phase Extraction 

SPE experiments as described in chapter two were carried out 

using application buffers covering a wide range of pH. These buffers 

are listed in table 4.2. The amount of sample eluted in 3 milliliters 

(k'-30) was measured using HPLC. The HPLC analysis separated the 

sample from the application buffer allowing for better reproducibility 

and accuracy. 

Diagnostic Chromatography 

The retention of several probe molecules over a range of pH 

was measured by liquid chromatography as described in chapter two. 



Table 4.2 

pH 

2.0 

4.1 

6.1 

9.0 

Buffers for solid phase extraction 

Components 

30 mM Dich1oroacetic Acid, 17 mM NaOH 

8.7 mM Acetic Acid, 1.8 mM Sodium Acetate 

4.35 mM Acetic Acid, 94.4 mM Sodium Acetate 

10 mM Ammonium Acetate, 9.9 mM NaOH 
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The different modification methods for PBA immobilized on silica 

(figure 4.2) described in chapter two were used, and the effects of 

modification as well as the effects of pH on the covalent interaction 

were determined. 

Results and Discussion 

Retention Dependence on pH 

Diol. A comparison of the retention of catechol (figure 4.3) 

on a surface containing no PBA with surfaces with immobilized PBA 

demonstrates the retention of catechol through covalent interactions. 

At pH above 7, the retention of catechol is much less on the phase 

containing no PBA, indicating that a covalent bond between catechol 

and PBA is occurring on the PBA phases. The difference in the reten

tion is too large to be explained by retention through non-specific 

interactions. The increase in retention as the pH increases is 

consistent with the spectroscopic data (4.10). The increase in pH 

increases number of PBA functionalities in the ionized or tetrahedral 

form; therefore, the catechol is interacting with the ionized PBA, but 

not with the trigonal planer molecule. The lack of interaction with 

the trigonal planar form is attributed to the ring strain from the 

120 0 bond angle of this form. 

The interaction of PBA with catechol depends on the modifica

tion methods. Catechol interaction is stronger on the hydrophilic 

urea phase (figure 4.2b) than on the lipophilic propyl phase (figure 

4.2a) in the pH range from 4.4 to 7. Equation 1.5 demonstrates that 

the retention of molecules due to covalent bonds is proportional to 

the number of reactive sites. The number of pheny1boronic sites on 
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the surface is determined from the elemental analysis (chapter two); 

the lipophilic phase contains 0.34 milliequivalents/gram and the 

hydrophilic phase contains 0.48 milliequivalents/gram of PBA. The 

capacity of the hydrophilic phase is 1.4 times that of the lipophilic 

phase, but the capacity factor of the hydrophilic phase at pH 7 is 3 

times the capacity factor of the lipophilic phase. The difference in 

retention is not solely due to the difference in the number of PBA 

groups bound to the surface. 

Catechol interacts only with the PBA that is ionized. There

fore, the number of active sites is not the number of PBA function

alities on the surface, but the number of these sites that are ion

ized. The acid base equilibrium of any acid depends on its environ

ment and the non-specific interactions (chapter three) have shown that 

the there is a significant difference in the environment of the PBA on 

the differently modified surfaces. In addition, the presence of amine 

functionalities on the surface have been shown to cause a decrease in 

the pKa of PBA through direct interaction or through a surface buffer

ing effect (26). A significant number of amines are left unreacted on 

the hydrophilic phase, while there are no amines in the lipophilic 

phase that are capable of interaction with the PBA. The residual 

amines on the surface are causing a decrease in the pKa of the PBA so 

that more of the PBA on the hydrophilic surface are ionized at a 

given mobile phase pH. 

The retention of the 1,3 diol, 2-hydroxybenzyl alcohol (figure 

4.4) shows the same trends as the retention of catechol. This mole

cule interacts with the tetrahedral form of PBA, and the 
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difference in the ionization of PBA due to the modification of the 

silica is apparent. 

87 

Comparing the capacity factor for catechol, a cis diol, with 

the 1,3-diol it is apparent that the catechol interaction is occurs at 

lower pH. At pH of 7 on the hydrophilic phase, the capacity factor of 

the catechol is 3.7 times the capacity factor of 2-hydroxybenzyl 

alcohol. The capacity factor of the 1,3-diol at pH of 8 is the same 

as the capacity factor for catechol at a pH of 7. For the 1,3-diol to 

have the same retention volume as the 1,2-diol, the pH, and therefore, 

the number of ionized PBA sites is increased. Thus, the reaction 

constant, K (equation 1.5), for the 1,3-diol is weaker under these 

conditions. This weakness is due to the ability of the 1,3-diol to 

rotate the hydroxy groups into more than one configuration. The cis 

diol retains its hydroxyl groups in the correct geometry for reaction 

with the PBA. The hydroxyl groups of the 1,3 diol are capable of 

rotating into the correct geometry, but not all of the 1,3 diols will 

have the correct configuration at anyone time. 

The trends in the chromatographic data fit with the trends in 

the solid phase extraction data for 2-hydroxybenzyl alcohol (figure 

4.5), except that at a pH of 9, the diol should have been strongly 

retained. The difference may be in the equilibration of the station

ary phase. In order to assure that the phase was equilibrated, it was 

washed with 2 ml of O.02M NaOH. The continuous flow of the chromato

graphic system allows for easy equilibration of the phase, but with 

SPE, care must be taken to assure that the phase is equilibrated. 

Figure 4.5 
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Hydroxyamines. Amines have been reported to interact with the 

unfilled orbital on boronic acid in the trigonal planar form (figure 

4.6 and 4.7). This interaction is stabilized by a hydroxy group that 

is capable of interaction with the PBA to form a five or six membered 

ring. Competition between protons and the PBA for the amine site and 

competition of hydroxide ions and the amine for the boron cause this 

interaction to be strongest at neutral pH. The retention data for 

aminophenol (figure 4.6) and 2-aminobenzyl alcohol (figure 4.7) 

demonstrate an increase in retention at neutral pH. However, this 

retention is very low and these compounds could not be isolated by 

covalent chromatography under these condition. In fact, the retention 

of these molecules is lower than the retention of the monofunction

ali ties (phenol (figure 3.10) and aniline (figure 3.6». The SPE data 

(figure 4.5) is consistent with the chromatography data, but the 

retention of these probes at pH 6 is higher. This increase is due to 

the buffer used in SPE at this pH which does not contain a competing 

amine. The retention is still too low to be useful for covalent 

chromatography. 

The conditions chosen for the SPE and the chromatographic 

experiments were not optimized for the retention of amines. The 

ammonia in the buffer used for covalent chromatography is competing 

with the amines for the boron interaction. Carboxylic acids also 

complex with PBA. The ammonium acetate buffer may be competing for 

the PBA sites. 

The SPE retention of aminothiolphenol (figure 4.5) is much 

greater than that of the hydroxyamines. This increase in retention is 
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due in part to the lipophilic nature of this molecule. This molecule 

is retained through lipophilic interaction with the propyl chains. 

Once this molecule is solvated by the propyl chains, the covalent 

interaction occurs. The ability of this molecule to be well solvated 

by the phase allows for the stabilization of the covalent bond. The 

data demonstrate that this interaction predominates at neutral pH for 

the same reasons as the aminophenol. 

Mercaptoalcohols. The retention of 2-mercaptobenzyl alcohol 

(figure 4.8) is different on all the phases so each phase will be 

discussed separately. On the ureaPBA phase, the retention is similar 

to the retention of l,3-diol at low pH (figure 4.4), but at a pH of 

above 5.6, the diol is well retained and the mercaptoalcohol retention 

decreases. This decrease is due to the ionization of the thiol and 

the PBA to anions. The electrostatic repulsions cause the molecule to 

be excluded from the stationary phase and no covalent bonds may form. 

On the lipophilic phase, at this solvent strength the probe is 

well retained through the non-specific interactions due to the 

lipophilicity of the probe. The dispersion forces are not the only 

interaction responsible for the retention on this phase, but these 

interactions stabilize the formation of a complex as shown in figure 

4.11. At high pH where the PBA is ionized as well as the thiol, the 

probe is excluded from the phase due to electrostatic repulsion. 

Salicyclic Acid and Related Compounds. The effect of pH on 

the retention salicylic acid (figure 4.9) is the opposite of the 

effect on diol compounds. For the salicylic acid, retention decreases 

as the pH is increased in this case the covalent complex forms with 



:.. 

100 

go 

00 

70 

00 

50 

40 

:xJ 

20 

10 

0 
3 

CJ propylur •• 

2-MERCAPTOBENZYL ALCOHOL 

5 

propyUuPol" 

7 

-<9!~OH 
Be 

Ha' 'OH 

9 

o propyIPBA 

Figure 4.8 Retention of 2-mercaptobenzyl alcohol as a function 
of pH. 

93 



94 

SALICYLIC ACID 
100 

90 

eo 

70 

60 

:.. 50 

40 

:JO 

20 

10 

0 
3 5 7 9 

CJ propylun. PfOfJvUeel'afi 0 propylP9A 

-~-©>/o~ -~-©> HO~ 
"OH 

/B~ B e 
0

0
_

C 
HO O=C HO" 'OH II 

I 0 
OH 

Figure 4.9 Retention of salicylic acid as a function of pH. 



the trigonal planar form of PBA not with the ionized form. This is 

consistent with the SPE data (figure 4.10) and with reported separa

tions of alpha-hydroxy aliphatic acids (28,29). Some salicylic acid 

with a pKa of 3.0 is ionized throughout the entire pH range studied. 

At low pH, the salicylic acid complexes with the PBA as shown in 

figure 4.9. As the pH increases, the PBA ionizes and the this mole

cule is excluded from the surface due to electrostatic repulsion. 
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Comparing the retention of salicylic acid on the different 

phases, a shift in the pKa is apparent. The PBA on the lipophilic 

phase is ionizing at a higher pH than the hydrophilic phase. In 

addition, the decrease in retention of salicylic acid occurs over a 

wide pH range for the hydrophilic phase but is very sharp on the 

lipophilic phase. The retention data for the hydrophilic phase 

implies that the PBA ionizes over a wide range. This indicates that a 

full range of PBA groups exist with the extremes being a PBA group 

surrounded by arnines or interacting directly with an amine and a PBA 

group completely removed from all amine functionalities and their 

buffering effects. The decrease in retention on the lipophilic phase 

is much sharper and occurs between 5.6 and 7. This pH is consistent 

with the pH range for the ionization of silanols (47) which are shown 

by the non-specific interactions (Chapter 3) to be available to the 

sample. The ionization of the PBA occurs at a higher pH (24). The 

electrostatic repulsions are occurring between the ionized surface 

silanols and the salicylic acid and are excluding the probe from the 

surface. Salicylic acid is unable to probe the ionization of the PBA 
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on the hydrophobic phase, due to the exclusion of the probe from the 

phase at the pH where PBA ionizes. 
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The interaction of salicylamide (figure 4.11) with PBA is much 

weaker than the interaction of salicylic acid, but it follows the same 

trend except that the amide is capable of interacting with the boron 

through the oxygen or the nitrogen (48), as shown in figure 4.11. At 

low pH, the interaction occurs through the keto group. As the pH 

increases, the keto interaction decreases and the amine interaction 

increases. The dip at pH 4.4 occurs because of the two types of 

interactions. At high pH, hydroxide ions compete with both interac

tions and the molecule is not retained. The SPE retention demon

strates the same trends. 

The pH dependence on the retention of thiosalicylic acid 

(figure 4.12) shows different behavior on the different PBA phases. 

The difference in retention is due to the differences in non-specific 

interactions. Thiosalicylic interacts with the PBA as shown in figure 

4.12. This interaction is weaker than the interaction of salicylic 

acid. The propylPBA phase is lipophilic and the thiosalicylic acid 

will intercalate into this phase at pH 3, above this the thiosalicylic 

acid ionizes (49) and the lipophilic interactions decrease. At a pH of 

5.6, the ionization of the silanols excludes the probe from the phase. 

The hydrophilic phase excludes the lipophilic probe molecule 

at low pH where the molecule is unionized. When the thiosalicylic 

acid ionizes, the positively charged amine groups on the surface allow 

for solvation and covalent interaction. As the pH increases, the PBA 

ionizes and the thiosalicylic acid is no longer retained. 
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Diketone. Benzil interaction with PBA (Figure 4.13) is 

dependent on the non-specific interactions. Benzil is a lipophilic 

molecule, and the dispersive interactions available to this probe on 

the lipophilic phase stabilize the interactions with the PBA (figure 

4.13). At pH 9, the hydroxide ions compete for the site on the boron 

and benzil is no longer retained. The lipophilic molecule is excluded 

from the charged surface. On the hydrophilic phase at a very low pH 

the phase has enough of a positive nature to exclude benzil. As the 

pH increases the benzil is retained as shown in figure 4.20, but above 

a pH of 5, the surface amines or hydroxide ions compete with the probe 

for the Boronic acid and it is no longer retained. 

The SPE retention of benzil (figure 4.14) is consistent with 

the chromatography data. For these data, 20% acetonitrile was used 

and the dispersion forces were weakened causing a decrease in the 

retention. 

Keto-carboxylic acid. The pH dependence of the retention of 

benzillic acid on the lipophilic phase (figure 4.15) is consistent 

with the SPE data and with salicylic acid. It is retained at low pH 

but elutes when the residual silanols ionize due to electrostatic 

repulsion. On the hydrophilic phase, the retention data are similar 

to benzil. Benzillic acid is unretained at a low pH due to poor 

solubility in the phase. At a pH of 4.4, the carboxylic acid is 

ionized but the PBA is not. For this small pH range, the molecule is 

well solvated by the surface and the covalent interaction occurs. At 

higher pH, about 5.6, the PBA begins to ionize and the covalent 
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interaction cannot occur. At higher pH, 7 and above, the electro

static repulsion excludes the molecule from the phase. 

Effects of Modification on Retention 
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In comparison, the two PBA phases show a great deal of simi

larity in the capability of forming covalent interactions with 

compounds containing polar functionalities. The differences in the 

local environment do cause disparities in the retention values. These 

differences are due to the effects of the non-specific interactions on 

the covalent bond and the apparent shift in the pKa of PBA. 

Secondary Interactions 

The secondary interactions discussed in detail in chapter 

three may support or resist the formation of the covalent bond. The 

formation of the covalent bond requires the diffusion of the molecule 

of interest to the surface and the solvation of the molecule of 

interest into the stationary phase prior to the reaction. The solva

tion of a species of interest is more important for the reaction of 

the ketones and thiol compounds than the other polar functionalities. 

An understanding of the effects of the secondary interactions will 

allow for the optimization of solvents for efficient separations. 

Shift in pKa of PBA. The retention data for several probe 

molecules indicate a shift in the pKa of PBA on the urea phase. While 

the chromatographic data does not give an absolute pKa for either 

phase, the shift in pKa is apparent. This shift is due to electronic 

and solvation effects. The amine functionality in the meta position 

of the PBA increase its pKa of the boronic acid from 8.6 to 9.2. The 
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urea functionality in the meta position would also increase the pKa of 

PBA but not to the same extent as the amine functionality. The 

solvation effects of the different modification methods will also 

affect the pKa . It has been reported (26) that amine functionalities 

on the surface will lower the pKa of immobilized PBA. These amines 

either interact with the PBA directly or cause a surface buffering 

effect. These data do not distinguish between the two models. 

A related effect of amines on the PBA is the increase in the 

heterogeneity of the PBA groups. While a decrease in the retention of 

salicylic acid or the increase in retention of the diols is very sharp 

on the lipophilic phase, it is not sharp on the hydrophilic phase. 

This difference is due to the availability of the amines, to different 

PBA groups. While some groups may be isolated from amines others are 

very close to one or more causing a disparity in the interaction 

energies of PBA. 

Demonstration of Isolation of Compounds 

Once the effects of pH and modification on retention are 

understood, efficient methods for the isolation of specific compounds 

or classes of compounds can be developed. The sample matrix and the 

wash solvent should be optimized to assure strong interaction of the 

compound of interest with the stationary phase, while removing contam

inants. The elution solvent should be chosen to assure that minimal 

interaction is occurring. 

To demonstrate the use of PBA sorbents, a 2 centimeter long 

2mm id column was dry packed with 40 micron propylureaPBA bonded 
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silica and coupled to a 10 centimeter 10 micron octadecylsilyl modi

fied silica column in a traditional liquid chromatographic system. 

The system was equilibrated with a retaining solvent and the sample 

was injected. Fifty column volumes of the retaining solvent was 

washed through the column. The PBA column was then removed from the 

system. The system without the PBA column was equilibrated with an 

elution solvent and the PBA column was replaced in the system. 

Diols. Figure 4.16 shows the isolation of diols. Trace A is 

is the 2-hydroxybenzyl alcohol injected through the system at pH 4.4. 

The retention time is 1.5 minutes. Trace B is the same compound 

injected at a pH of 9.2. At time 1, the PBA column is removed and 

the system equilibrated to pH of 4.4. At time 2, the PBA is returned 

to the system and the peak at 1.5 minutes was saved. The UV spectra 

of this peak compared to a standard (figure 4.17) confirms that this 

peak is 2-hydroxybenzyl alcohol. 

Hydroxyacid. A similar experiment with salicylic acid (figure 

4.17) demonstrates the retention using a pH of 4.4 and elution with a 

pH of 9.2. The tailing in the elution peak demonstrates slow kinetics 

of the equilibration of PBA to the ionized form. 

Conclusions 

While PBA has been used for the isolation of compounds, the 

effects of pH on the retention and elution of compounds was not well 

understood (50). Understanding the effects of pH on the retention of 

molecules will allow for more efficient use of this phase for the 

immobilization of compounds. Recognizing that many types of polar 
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Figure 4.16 Demonstration of the retention of 1,3-dio1s on PBA. 

PBA coupled to a C18 column using a mobile phase of 
5% acetonitrile and .1M ionic strength and a flow 
rate of 1 m1/min. A) Mobile phase pH 4.4 and a 
sample of 2-hydroxybenzy1 alcohol. B) Injection of 
2-hydroxybenzy1 alcohol at pH 9.2, after 2.5 minutes 
the PBA column is removed from the system and the 
mobile phase pH is dropped to pH 4.4 at 5.5 minutes 
the PBA column is returned to the system. 
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Figure 4.17 Demonstration of the retention of hydroxyacids on 
PBA. 

108 

PBA coupled to C1S column with a mobile phase of 5% 
acetonitrile and an ionic strength 0.1 M. and a flow 
rate of 1 m1/min. A. Injection of salicylic acid 
using a mobile phase of pH 9.2. B. Injection of 
salicylic acid with a pH of 4.4. After 2.5 minutes 
the PBA column is removed and the system is 
equilibrated with pH 9.2 and the PBA column is 
returned to the system after 5.5 minutes. 
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functionalities are capable of binding to PBA will allow for the use 

of this phase to isolate these molecules. This recognition will also 

help one to realize what types of contaminants will be retained on the 

surface. 

tVhile the pH controls the retention of compounds on the 

surface, the modification of the surface can alter the pH range where 

different molecules are retained. 

The compounds studied interacted with the immobilized PBA in a 

manner consistent with the solution data. Diols interact through a 

condensation reaction with two hydroxy groups on the boron. This 

interaction only occurs when the hydroxy groups on the diol are cis or 

coplanar and when the boronic acid is in a tetrahedral form because of 

the bond angle of the hydroxy groups. Since the diols only interact 

with this form, the interaction increases as the pH increases. 

Amines interact with PBA as Lewis bases donating electrons to 

the empty orbital of the boron. This interaction may be stabilized 

through the reaction of a vicinal diol, but under the conditions used, 

the interaction was weak. The amines interact only with the trigonal 

planar form of the PBA and protons compete with the boron for the 

amine causing this interaction to be strongest at neutral pH. 

The interaction of 2-mercaptobenzyl alcohol with PBA on the 

hydrophilic phase seemed to follow the interaction of alcohols. The 

ionization of the thiol group, however, eliminated the interaction due 

to the electrostatic repulsion. On the lipophilic phase, the lipo

philic compound was well solvated. The thiol interacts with the PBA 

as a lewis base, and the alcohol can react with the hydroxy group 



of the boron. This is a weak interaction, but it is stabilized 

through the lipophilic interactions. 
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Salicylic acid interacts with the PBA through a carboxylic 

acid and a hydroxy group. The carboxylic acid donates electrons to 

the boronic acid in the trigonal planar form. The ionized PBA and the 

carboxylic acid do not interact because of electrostatic repulsion. 

As the pH increases and the PBA ionizes, the retention decreases. 

Salicylamide interacts through a hydroxy group and the amide. 

The amide has two possibilities of interaction, the keto group or the 

amine group. The keto interaction predominates at pH 3.6, and the 

amine interaction predominates at pH 5.6. At high pH, the hydroxide 

ions compete with the amide for the boron site and the amide is not 

retained. 

Thiosalicylic acid, benzil and benzillic acid all interact 

with PBA as Lewis bases, and none of these molecules contain a hydroxy 

groups. The interaction of these molecules with PBA are dependent on 

the modification method. Each of these compounds shows different 

retention behavior for the two different modification methods. The 

dispersive interactions are important in the solvation of these 

molecules to stabilize the otherwise weak interactions with PBA. 



CHAPTER 5 

COVALENT CHROMATOGRAPHY OF THIOL CONTAINING COMPOUNDS 

Sulfide and disulfide groups play an important role in the 

structure and activity of biochemical compounds (51). The tertiary 

structure of proteins depends in part on the formation of disulfide 

bonds between cysteine residues, and the active sites in enzymes often 

contain free thiols. In order to prepare synthetic biomolecules or to 

understand their functions, an understanding of the thiol groups or 

the disulfide linkage is needed (52). Several different reagents have 

been developed to work with thiol chemistry (8,15,52,53,54,55). These 

reagents all utilize the redox potentials of sulfide disulfide exc

hanges to study thiol chemistry. In general, there are three types of 

reagents traditionally used with thiols in solution chemistry, the 

reducing agent, assay compounds and blocking compounds. Each of 

these types of solution chemistry could be simplified with the 

development of separation methods. 

Traditional Thiol Chemistry 

Several disulfide compounds have been employed to assay thiols 

by colorimetric or spectroscopic methods (15,52,53,56). The number of 

thiol groups may be utilized to determine the concentration of a thiol 

containing compound or the extent of denaturation of a biomolecule 

III 
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which in turn gives insight into the structure of the molecule. Free 

thiols in solution may react with the disulfide forming a mixed 

disulfide and a molecule that contains a chromophore or electrophore. 

For example, 2,2-dithiodipyridine may be reacted with a free thiol to 

form a mixed disulfide and 2-thiopyridone as shown in figure 5.1 (15). 

Thiopyridone is almost exclusively in the tautomeric thio form with 

the hydrogen on the nitrogen. This causes a large difference in the 

UV spectra of the thiopyridone and its corresponding disulfide, 

allowing one to spectrometrically follow the reaction of dithiodipy

ridine with free thiols (18). 

Much of the work involving thiols requires the use of a 

reducing agent to reduce any disulfide bonds to thiols and to assure 

that no reoxidation of the thiols occurs. The most commonly used 

reducing agents are dithiothreitol (OTT), dithioerythritol (DTE) and 

2-mercaptoethanol (ME) (57). The interaction of OTT with a disulfide 

is shown in figure 5.1. The reducing agent is added in excess and 

contains free thiols. The free thiols of the reducing agent will 

interfere with the assay of the free thiols on the compound of inter

est unless they are removed or blocked. Arsenite has been used to 

block the thiols of OTT and DTE in solution by binding to the dithiols 

and not the monothiols (54). The rates of formation and breakdown of 

the complexes are needed to determine the number of uncomplexed thiols 

at equilibrium. This assay could be simplified by the use of immobi

lized arsonous acid to remove the dithiol from solution. 
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Figure 5.1 Reduction of disulfide bonds by dithiothreitol 
followed by reaction with 2,2-dithiodipyridine. 
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Due to the reactivity of thiols, these groups are often 

blocked during reactions or storage. Reagents that reversibly react 

with thiols are often used for this purpose. 

Separations of Thiol Containing Compounds 

It is often advantageous to separate the thiol containing 

compounds from the non-thiol containing compounds. When working with 

a mixture of peptides, the free thiols may need to be blocked. Prior 

to the blocking reaction, it may be desirable to separate the thiol 

containing peptides from the non-thiol containing peptides. Because 

the amount of active enzyme is important, the separation of the active 

from the denatured enzyme is of interest. When the active site of the 

enzyme is a thiol, the active enzyme will contain an available and 

active free thiol and the denatured enzyme will not. A separation of 

thiol containing compounds from nonthiol containing compounds will 

allow for the separation of the isolation of the active enzyme for 

accurate measurements. When working with a reducing agent, some of 

this reagent may have oxidized to the disulfide, separation of the 

oxidized and reduced forms of DTT, DTE or ME will allow for accurate 

measurements of the active reducing reagent (57). The use of a solid 

adsorbent that reversibly reacts with the thiol containing compounds 

to isolate these compounds on the surface will be demonstrated as a 

quick, efficient method of separation. 

In addition to these separations, the separation of a compound 

of interest and the reducing reagent is often necessary or the excess 
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reducing agent will compete with the compound of interest for blocking 

or assay reagents. When the reducing agent is extracted either by 

solid phase chemistry or solution chemistry, care must be taken to 

assure that the free thiol of the compound of interest is not 

oxidized to the disulfide bond prior to the assay. Disulfides form 

readily and the free thiols must be kept in a non-oxidizing 

atmosphere. The environment of the sample is easily controlled when 

using solid phase adsorbents by directly coupling the extraction 

column to a second column or a reaction vessel. 

Solid Phase Thiol Chemistry 

The use of solid phase chemistry rather than solution chemis

try provides simpler sample handling, especially with smaller sample 

size. In addition, covalent chromatography has been shown to be an 

effective method for the separation of thiol containing compounds from 

non-thiol containing compounds (58). Several types of phases have 

been employed for the immobilization of thiol containing compounds 

(17,57,58,59). Thiols can then be stored on these phases to prevent 

oxidation or the thiol may be eluted for further analysis. 

Mixed disulfide. The reversibility of sulfide/disulfide 

reactions is utilized to reversibly immobilize compounds of interest 

on a solid support (15,16,17,18,60). A mercaptopropyl derivatized 

surface is activated by reaction with 2,2'-dithiodipyridine (figure 

2.8). A thiol containing compound introduced to the phase will 

displace the thiopyridone and be immobilized on the column (figure 

5.2). A competing thiol may then be used to elute the compound. This 
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phase is useful in the isolation of compounds through SPE or the 

storage of compounds with active thiol groups. 
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While the isolation of compounds is an important area of 

separations research, it is also important to develop selective and 

inexpensive methods of detection. The displacement of the thiopy

ridone can also be used to improve the sensitivity of detection of 

thiol containing compounds with a simple fixed wavelength ultraviolet 

flow through detector. Extra column volume and the kinetics of the 

displacement reaction cause wider peaks, but the trade off between 

wider peaks and an increase in sensitivity is often acceptable. 

Phenylmercurial. A second phase which is commonly used for 

the separation of thiol and non-thiol containing compounds is a 

phenylmercurial phase (figure 2.10). Mercurials are among the most 

reactive and selective of the thiol reagents. Immobilized organomer

curials interact with thiol containing compounds, immobilizing the 

thiol compound on the surface (figure 5.3) allowing for an effective 

method to separate thiol containing compounds from non-thiol contain

ing compounds (61). A competing thiol or mercuric chloride can be 

used to elute the compound of interest. An excellent review of 

mercurial chemistry is available (20). 

Organomercurials interact with thiols similar to mercuric 

chloride (HgC12) or inorganic mercury through a bond with covalent and 

ionic character. The interaction is generally somewhat weaker for the 

organomercurials but may be stabilized through dispersive interac

tions. Inorganic mercury interacts with four ligands, but only two 

are bound tightly. The other two are bound weakly due possibly to a 



I }-H9-S-R + R'-SH '\' }-H9-S-R' 

R-SH 

ll8 

Figure 5.3 Retention and elution of thiols on an immobilized 
organomercurial. 



119 

change in bond configuration (20). Organomercurials are capable of 

binding to three ligands but only one is bound tightly. Under the 

conditions of covalent chromatography were there is an excess of 

mercury sites, only one thiol will bind with the surface. The ligands 

bound to the immobilized organomercurial during its use will depend on 

the pH, the buffer components, the organic modifier and any other 

molecules present in the mobile phase and their concentration. The 

association constants for methyl mercuric ion with several ions is 

given in table 5.1. The thiol compound is capable of displacing any 

ligand bound to the mercury so the buffer choice and composition will 

not affect the retention of thiols but it will affect nonspecific 

interactions. 

Organomercurials interact with a thiol functionality and are 

selective for this group, not for the compound; however, the chemical 

nature of the compound as well as the immobilized reagent will affect 

the optimal conditions for the interaction (20). At high pH, the 

interaction of mercury with thiols is expected to improve due to the 

electrostatic forces resulting from the ionization of the thiol. The 

electrostatic attraction between the anionic thiol group and the 

cationic mercury would stabilize the formation of a covalent bond. 

This is not always the case because of competition from hydroxide ions 

and the increase in pH will affect the conformation of a protein 

making the thiols less accessible. The effects of pH will be differ

ent for every compound and the optimization of the phase for individ

ual compounds may be necessary. However, optimum interaction usually 

occurs in the pH range between 4 and 8. 



Table 5.1 

Ligand 

C1 

OH 

Acetate 

Ammonia 

Cysteine 

Dissociation Constants for Complexes with 
Methy1mercuric Acid 

pK 

5.4 

9.5 

3.6 

8.4 

15.7 
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Immobilized organomercurials have been used in the study of DNA 

replication through the separation of newly synthesized DNA and RNA 

from the parental strands (19,6~,63,64,65) and separations of syn

thetic peptides (58) and proteins (66,67). It has also been used for 

the isolation of compounds from natural products (68). The separation 

of active enzymes from inactive enzymes (5.24) is possible on this 

phase if the inactivity is due to an oxidized thiol from the active 

site. 

Pheny1arsonous Acid. Phenylarsonous acid (PAA) is the hydrat

ed form of phenylarseneoxide also called phenylarsine oxide or 

arsenosobenzene (figure 5.4). In aqueous solutions, the hydrated form 

is dominant (19). Organoarsonous acids are capable of interacting 

with thiols to form an arsenic thiol complex and water. These mole

cules are capable of interaction with both mono and dithiol compounds. 

Several studies have seen that the interaction of monothiols with PAA 

are weaker than the interactions of dithiols (69). This is due to the 

ring formed by the dithio1 complex. The ring structure stabilizes the 

complex. The stability of the ring depends on the size of the ring, 

with the most stable rings having 5 or 6 atoms and the least stable 

having 7. With rings larger than 7, the interaction is stronger 

because the disruption of the intramolecular interactions of the 

dithiol with rings larger than 7, the disruption of the intramolecular 

interactions decreases as the ring size increases (70). While the 7 

membered ring may be the least stable under certain conditions, this 

ring structure is still stronger than the interaction with monothiol 

compounds. 
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Figure 5.4 A. Hydration of arsine oxide to arsonous acid. B. 
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compounds to form a ring structure. C. Interaction 
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A study of arsonous acid immobilized on an agarose support (21) 

demonstrated the selectivity of immobilized arsine oxide for dithiols 

over monothiols. In this study, the monothiols, cysteine (cys) and 

2-mercaptoethanol were eluted at neutral or acid pH but were retained 

with O.OIM NaOH. Dihydrolipoic acid (DHLA) , a dithiol, was retained 

using 0.01 M NaOH but eluted at 0.2 M NaOH. This study showed weaker 

interactions of DTT and DTE than DHLA, because the DHLA forms a 5 

membered ring while DTT and DTE form 7 membered rings. In order to 

use this phase for the extraction of DTT and DTE the optimization of 

conditions for retention will be important. 

This phase will allow for the extraction of a dithiol from a 

solution. With the appropriate conditions, this phase will extract 

dithiol reducing reagents from a solution containing monothiols with 

minimal retention of monothiols. When the reducing agent is extract

ed, either by solid phase chemistry or solution chemistry, care must 

be taken to assure that the free thiol of the compound of interest is 

not oxidized to the disulfide bond prior to the assay. Disulfides 

form readily, and the free thiols must be kept in a non-oxidizing 

atmosphere. The environment of the sample is easily controlled when 

using solid phase adsorbents in a column that is directly coupled to a 

second column which may contain a sorbent for the immobilization of 

the compound through the free thiol. Coupling the immobilized 

arsonous acid column to a mixed disulfide column allows for the 

extraction of the dithiol reducing agent followed by the 
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quantification of free thiols in the sample through the detection of 

the displaced thiopyridone. In addition, the thiol containing com

pounds may be isolated on this phase and eluted with a competing 

thiol. This reduction in sample handling can increase the ease and 

efficiency of the quantification of thiols. 

The immobilization of thiol reagents will allow for the 

isolation, detection or storage of thiol containing compounds with an 

ease of sample handling, small sample volumes and speed. In order to 

fully exploit this chemistry, the effects of immobilization on selec

tivity and reactivity must be understood. In addition, the efficiency 

and selectivity of the immobilized reagents may be controlled through 

the mobile phase. Diagnostic chromatography was employed to determine 

the selectivity and the ability to control the selectivity of the 

immobilized thiol reagents discussed in this chapter. 

Experimental 

The capacity of the phases as measured by elemental analysis 

and described in chapter 2 is not necessarily the capacity available 

to the sample, because it may be sterically restricted from some or 

even all of the active sites. However, it is useful to compare the 

number of sites bound to the surface and the number available to the 

sample. The capacity of the mixed disulfide phase available to 

cysteine was measured using frontal elution chromatography. A mobile 

phase containing cysteine was used to completely wash the thiopyridone 

from the phase. The effluent was captured in a volumetric flask and 

the concentration of thiopyridone was measured using UV spectroscopy. 
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The capacity of the phenyl mercurial phase was measured using repeated 

injections of cysteine. When the cysteine is eluted, the column was 

considered overloaded and the capacity of the phase was determined 

from the number of injections. 

Diagnostic chromatography as described in chapter two was 

performed to measure the retention of several probe molecules on the 

column to determine the extent of non-specific interactions and their 

contributions to the retention of thiol compounds. 

The detection of the thiol compounds was either through direct 

measurement of absorption at 254 nm or through the use of the mixed 

disulfide phase as a reactor bed. The use of this phase allows for an 

increase in sensitivity and therefore the use of lower concentrations. 

Results & Discussion 

Disulfide Phase 

Studies of the mixed disulfide phase (figure 5.2) involving 

the determination of peak height vs concentration show that the 

amount of thiopyridone eluted from the surface is proportional to the 

amount of cysteine or DTT immobilized over a small concentration range 

(figure 5.5). This phase may be used to quantify the amount of thiols 

injected into the column provided it has been carefully standardized. 

The capacity of this phase for immobilizing cysteine was 

measured by frontal elution chromatography. A solution of cysteine in 

50% methanol/ 50% water was washed through a column which contained 71 

milligrams of the mixed disulfide phase. UV spectroscopy was used to 
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Figure 5.5 Use of the mixed disulfide phase for the quantification 
of cysteine (a) and dithiothreitol (b). 
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determine the concentration of thiopyridone in the effluent. It was 

determined that 38 micromoles were eluted from the system, which 

corresponds to 0.5 milliequivalents per gram. The initial concentra

tion of propylmercaptan was 0.9 milliequivalents/gram. About 

60% of the original mercaptopropyl groups were accessible to the 

cysteine. This is consistent with the elemental analysis. Cysteine 

is not expected to be excluded from the active sites, because it is 

smaller than the activation molecule. The available capacity will be 

more important as larger molecules are used. The larger molecules may 

be sterically or otherwise restricted from the active site and there

fore unable to react. In those cases, the modification of the silica 

would need to include a longer spacer arm that could reach to the free 

thiol on the compound of interest. 

Determination of the non-specific interactions on this phase 

are needed in order to develop effective isolation and detection 

procedures. The retention of benzene, phenol and benzoic acid at a pH 

of 4 show typical reverse phase retention (figure 5.6). As the 

methanol concentration is increased, the retention of these probes 

decreases. These molecules are most likely interacting with the 

propyl linkages and the mobile phase associated with these chains (9). 

As the ionic strength changes (figure 5.6), retention for these 

molecules is unaffected, indicating that these molecules are not 

retained through electrostatic interactions. The retention of aniline 

at a pH of 4 demonstrates electrostatic interactions. The retention 

is unaffected by a change in methanol (figure 5.6) but decreases as 
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the ionic strength is increased (figure 5.6). At pH 6, aniline 

retention decreases as the methanol concentration is increased (figure 

5.7) which is consistent, because at pH 6, the aniline is not charged 

and electrostatic interactions are not responsible for its retention. 

At pH 4, benzoic acid is not charged and demonstrates typical reverse 

phase interactions. When the pH is increased to pH 6, the benzoic 

acid is charged and elutes near the void volume and the retention is 

unaffected by a change in methanol. These data indicate a strong 

cation exchange site on the surface. Since the charge exists at a pH 

of 4, it is not likely residual silanols, since these ionize at pH 6 

and above (47). The negative charge on this surface is attributed to 

the oxidation of the free thiols to a sulfonic acid. 

In order to demonstrate how the secondary interactions might 

change as the surface is exhausted, the thiopyridone was washed from 

the surface using 2-mercaptoethanol (figure 5.8). The lipophilic 

interactions are not significantly affected as demonstrated by the 

retention of benzene and phenol, but the retention of aniline increas

es (figure 5.9). The retention of aniline is dependent on ionic 

strength but not on methanol concentration, demonstrating electrosta

tic interactions between aniline and negative surface charge. The 

increase in retention is due to an increase in cation exchange capac

ity. 2-mercaptoethanol reduces the disulfide on the surface to leave 

a free thiol as shown in figure 5.10. When the disulfide bond is 

cleaved, the free thiols then oxidized to sulfonate groups, increasing 

the cation excha.nge capability of the surface. 
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When using the mixed disulfide phase, care must be taken to 

assure that all mobile phases are carefully deaerated to assure that 

all oxygen is removed. Secondly, it is important to keep this phase 

in a non oxidizing atmosphere during storage and preparation. The 

oxidation of a thiol to a disulfide is reversible but the oxidation a 

sulfonate is not. Once the thiols have oxidized to sulfonates, 

regeneration of the phase is impossible. 

Organomercurial 

The secondary interactions of the organomercurial phase were 

studied at pH 5 and 7 with a 4lmM ammonium acetate buffer and 5% 

acetonitrile. The capacity factors of several probe molecules are 

shown in figure 5.10. The ligand strongly attached to the mercury may 

be the acetate or the ammonia from the buffer or hydroxide ions. 

Assuming that the dissociation constants for methylmercury (table 5.1) 

are similar to those for phenylmercury (20), the extent of complex

ation can be determined. Only the deprotonated form of the ammonia is 

capable of complexation with the mercury, but the complexation is 

strong, and even at pH 5 when only a negligible amount of ammonia is 

deprotonated, the ammonia complex exists in the same concentration 

range as the acetate complex. The concentration of unprotonated 

ammonium is about 4 orders of magnitude lower than the acetate but the 

dissociation constant is four orders of magnitude lower. When the pH 

is increased to 7, the ammonia concentration increases by a factor of 

100 and this is the dominant ligand complexed to mercury. 
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The acetate complex with mercury is neutral. The negative 

acetate neutralizes the positive mercury. The ammonia is a neutral 

compound and unable to neutralize the cation. At pH 5, some of the 

mercury sites are complexed with acetate, but as the pH is increased 

to 7, the mercury complexes with ammonia and the acetate sites are 

negligible. Therefore, the anion exchange capability of the surface 

increases. 

The increase in anion exchange capacity of the phase with an 

increase in pH is demonstrated by the increase in retention of 

benzene sulfonic acid at pH 7 (figure 5.10). One expects the anion 

exchange capability of the surface to decrease as the pH increases, 

and this is the case for the phases discussed in chapter 3. The 

retention of the rest of the probes does not change as drastically; 

however, the decrease in retention of benzene and toluene at pH 7 is 

consistent with an increase in positive surface charges. 

The retention of these probe molecules under these conditions 

are, in general, within the optimum range for covalent chromatography. 

The molecules are not excluded from the phase and they are not strong

ly retained. The exceptions are the ionic species. The cation, 

phenyltrimethylammonium, is excluded from the column and the anion, 

benzenesulfonic acid, at pH 7 is retained for almost 10 column vol

umes. An increase in the ionic strength will reduce the electrostatic 

interactions and eliminate the excessive retention of the anion and 

the exclusion of the cation. 
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The positive nature of the surface is an advantage in retain

ing thiol containing compounds. The positive charge on the surface 

will stabilize the retention of ionized thiols. Cysteine was well 

retained on the mercury phase in a wide variety of conditions. 

Cysteine was retained at a k' of over 100 on this phase with aceto

nitrile concentrations up to 100% and with ionic strengths from O.lM 

to lmM. A great advantage of this phase is the versatility of the 

mobile phase, allowing for a wide range of sample matrixes without a 

loss of efficiency. 

The use of a phenylmercuria1 column for the retention, isola

tion and subsequent elution of several thiol containing compounds has 

been demonstrated. The strong retention of cysteine on this column 

demonstrates its possibility for this use. Oxytocin (figure 5.11) was 

dissolved in acetonitrile with a ten fold excess of DTT (figure 5.1). 

Using a octadecy1si1ane 10 centimeter 2 millimeter inner diameter 

column in a typical chromatographic experiment the oxytocin was eluted 

in 1 minute (figure 5.11, Trace A). When an organomercurial column is 

placed in front of the column the octadecylsilane column (figure 5.11 

Trace B), the oxytocin is not eluted after 5 minutes. At 5 minutes, 

the mercurial column is removed and the system is equilibrated with a 

mobile phase of 100% acetonitrile and 0.02 M cysteine. The mercurial 

column was replaced in the system, and a peak is eluted 1.2 minutes. 

When using a mobile phase with no cysteine, the oxytocin interacts 

with the mercury forming a covalent bond with at least one of the free 

thiols from the cysteine residues. When a mobile phase with cysteine 
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Figure 5.11 Oxytocin retained and eluted on an immobilized 
organomercurial. 

A. Chromatogram of oxytocin on CIS with an 
acetonitrile mobile phase and a flow rate of 1 
ml/min. B. Chromatogram with the phenylmercurial 
column and the same conditions. At 2 the mercurial 
column was removed and the system was equilibrated 
with .02 M cysteine in acetonitrile. At 3 the 
mercurial column is replaced in the system. 



is used the cysteine displaces the oxytocin through mass action, 

eluting it from the column. 
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The DTT used to reduce the disulfide bridges does not appear 

in the chromatogram because the absorption of DTT at 254 nm is too low 

to detect it. In most cases, it is necessary to remove the DTT prior 

to isolation on the organomercurial column. Removal of the DTT would 

assure that the reducing agent does not overload the mercurial column 

A second demonstration of the usefulness of an immobilized 

organomercurial column for the isolation of thio1 containing compounds 

is shown in figure 5.12. The same experimental procedure was used 

except the sample was 2,2-dithiodipyridine reduced with DTT and the 

mobile phase was 5% acetonitrile and 95% 20 mM ammonium acetate 

buffer. The elution mobile phase contains 0.02 M cysteine. Trace A 

is an unreduced dithiodipyridine which is not retained on the mercury 

column. This compound elutes in the void volume. Trace B is the 

reduced sample which is retained on the column and then eluted by the 

cysteine mobile phase. 

Pheny1arsonous Acid 

The non-specific interactions of the pheny1arsonous acid phase 

were probed at pH 5 and 7 (figure 5.13) with a mobile phase of 41mM 

ammonium acetate buffer and 5% acetonitrile. The effects of pH on 

retention of the probe molecules is consistent with the PBA phases 

(chapter 3). As the pH increases, the retention of the cations 

increase and the retention of anions decrease, demonstrating fewer 
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Figure 5.12 Automated system to using organomercurial column 
coupled to a CIS column with a mobile phase of 5% 
acetonitrile 95% 20 roM ammonium acetate and a flow 
rate of lml/min. 
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At 1 the sample is injected. At 2 the mercurial 
column is removed and the system is equilibrated with 
the a .02 M solution of cysteine in the original 
mobile phase. At 3 the mercurial column is replaced 
in the system. Trace A is unreduced dithiodipyridine 
and trace B is dithiodipyridine in an excess of OTT. 
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positive sites or an increase in negative sites on the surface as the 

pH increases. 

The non-specific interactions are within the optimum range for 

covalent chromatography. However, an increase in ionic strength to 

reduce the exclusion of the cation at pH 5 may be necessary to retain 

cations. 

The retention of cysteine as a function of acetonitrile 

concentration was measured (figure 5.14). As the acetonitrile concen

tration increases, the zwitterionic cysteine is better solvated 

by the hydrophilic urea phase and the retention increases. To mini

mize the interaction of cysteine with this phase, 5% acetonitrile was 

chosen as the concentration of organic modifier. 

In order to demonstrate the ability for this phase to separate 

mono and dithiols, a sample of DTT and cysteine was used. The concen

tration of DTT was twice the concentration of cysteine. The results 

of chromatographic separations using an arsonous acid column coupled 

to a C1S column is shown in figure 5.15. Trace A is the sample using 

a propylurea column coupled to an octadecylsilane column. The first 

peak at 2.1 minutes is the cysteine the second peak at 4.5 minutes is 

the DTT. In trace B, the urea column is replaced with a phenylar

sonous acid column. The cysteine peak is eluted at 3.5 minutes and 

the DTT peak is not eluted after 20 minutes. The arsonous acid column 

is effective at separating mono and dithiols. 

The poor peak shape is partly due to the use of a mixed 

disulfide column as a means of detection. A small packed bed was 
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Figure 5.15 Use of arsonous acid bonded silica for the 
separation of dithiols (OTT) and monothiols 
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placed in front of the 254 fixed wavelength detector to allow for 

greater sensitivity in detecting these molecules. This detection does 

cause some band broadening. This column, the urea column and the 

arsonous acid column are all dry packed beds of 40 micron particles 

that also add to band broadening. 

Extraction of the Reducing Agent 

Phenylarsonous acid has demonstrated its ability to separate 

dithiol containing compounds from monothiol containing compounds. 

This is an effective way to isolate the compound of interest from the 

reducing agent provided that one is a dithiol and the other is a 

monothiol. In the case of DTT, the arsonous acid only interacts with 

the reduced form. The cyclized DTT will not be retained. The cycliz

ed form will not interact with the mercuric or the mixed disulfide 

phases, so in most cases the presence of this form of DTT will not 

matter. 

If the reducing agent has another functionality that is 

capable of forming a reversible covalent bond, then the extraction of 

the agent may be accomplished through this this functionality. DTT 

contains a diol which is capable of reaction with PBA in either its 

oxidized or reduced form. SPE studies to immobilize DTT on PBA 

however proved difficult. A 100 milligram Bond Elut (Analytichem Int) 

column with a capacity of 0.49 millieqivalents/gram was conditioned 2 

milliliters of acetonitrile, 2 milliliters of water and 2 milliliters 

of pH 12 buffer, followed by 2 milliliters of 20% acetonitrile 80% pH 
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9 ammonium acetate buffer (84mM). Two micromoles of DTT were washed 

through the column with two milliliters of the final solution. The 

effluent was saved and measured by liquid chromatography with a solid 

phase detection using a mixed disulfide bed coupled to a 254 fixed 

wavelength detector. Only 50% of the sample or less was retained on 

the column. Only when the ionic strength of the wash buffer is raised 

to 2 M NaCl is 97% of the sample retained. 

The difficulty in retaining DTT on the PBA phase is due to the 

exclusion of DTT from the surface. PBA only interacts with diols when 

it is in a tetrahedral ionized form. DTT with pKa values of 7.8 and 

8.4 for the two thiol groups, is ionized at the pH where it would form 

a covalent complex with PBA. The electrostatic repulsion decreases 

the ability of these molecules to react. At high ionic strength, the 

DTT is no longer excluded from the column and the retention increases. 

Unfortunately, 2 M NaCl is not an acceptable mobile phase for a 

liquid chromatograph due to experimental limitations. In order to 

automate a system for this extraction, it is important that the mobile 

phase be compatible with pumping systems. 

In comparison, the use of immobilized PBA to extract DTT will 

not be as rugged nor as versatile as the use of immobilized arsonous 

acid. The difficulty in using PBA is attributed to electrostatic 

repulsion between the PBA and the DTT. The non-specific interactions 

occurring on a phase are very important in the development of solid 

phase extractions as well as any solid phase chemistry. 
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Conclusions 

There thiol reagents were immobilized on a solid support with 

no apparent change in the selectivity or reactivity from solution 

chemistry. The advantage of solid phase chemistry is the ability to 

immobilize these molecules on a solid surface for ease in separation 

and sample handling and storage. The effects of the mobile phase 

composition on the selectivity of the immobilized reagents were 

determined for more efficient use of these phases. 

The mixed disulfide phase may be used for the detection of 

thiols as in solution chemistry (15) or for isolation or storage of 

thiol containing compounds. One limitation of this phase is the care 

needed to assure that the thiols on the surface do not oxidize to 

sulfonate groups. Unlike the oxidation to disulfide bonds, the 

oxidation to sulfonates is not reversible and the phase cannot be 

regenerated. The non-specific retention of cations at the sulfonate 

sites can be minimized through the use of high ionic strength mobile 

phases. While the mobile phase controls the non-specific interaction, 

the covalent interaction forms under a wide variety of conditions 

from 50% methanol to 5% acetonitrile, and within the pH range of 4 to 

9. This phase is compatible with a wide variety of sample matrixes 

and will be useful for detection in a variety of applications. 

The organomercurial phase is useful for the isolation and 

storage of thiol containing compounds. This phase demonstrates 

compatibility with a wide variety of mobile phases and limited 

secondary interactions, making this a very versatile and easy to use 
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phase. The ability for mercury to complex with so many different 

ligands will not affect is reaction with thio1s since these are 

strongly retained but will affect the secondary interactions. Changes 

in the mobile phase may cause unexpected changes in the non-specific 

interactions. 

The immobilized arsine oxide is useful for the extraction of 

dithiol compounds from a solution of monothiol compounds. Tnis 

extraction will simplify much of thiol chemistry since the extraction 

may be performed just prior to the assay, immobilization, or storage 

of the monothiol in controlled conditions. This simplifies sample 

handling and eliminates the reoxidation of the thiols to a disulfide. 



CHAPTER SIX 

CONCLUSIONS AND FUTURE WORKS 

Reversible covalent bonds between an immobilized reagent and 

a compound of interest may be exploited for a wide variety of uses, 

including the isolation of compounds through covalent or affinity 

chromatography, solid phase synthesis or solid phase reactor beds. In 

all areas of solid phase chemistry, the efficiency may be improved 

through the use of rigid inert supports and an understanding of the 

factors which affect the selectivity and reactivity of the immobilized 

reagent. 

The physical stability and the efficiency of chemically 

modified silica adsorbents is not matched by any of the soft gels 

commonly used as supports in covalent chromatography. One limitation 

of silica has been the use of lipophilic modification methods which 

are not compatible with the aqueous samples of biochemical applica

tions. In order to assure that the lipophilic phase is solvated, an 

organic solvent must be added to the mobile phases. The amount of 

solvent needed to solvate the traditionally bonded silicas was detri

mental to the stability of some biochemical compounds. A hydrophilic 

phase is desirable for most biochemical applications. 

A second limitation to silica as a solid support is due to 

the reactivity of the support. Residual si1ano1s are capable of 
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strongly interacting with some compounds causing irreversible adsorp

tion. Traditionally, these sites were reacted with trimethylchloro

silane; however, this increases the lipophilicity of the phase. 

In order to retain the advantages of silica, a new modifica

tion method that would exclude the sample from residual silanols and 

provide a homoenerget~c hydrophilic surface was developed and charac

terized. This phase is a propylurea bonded silica. The urea groups 

will hydrogen bond directly to other urea groups or thorough water 

molecules to form a hydrogen bonded barrier that will restrict com

pounds from intercalating past the urea into the surface silanols. 

Chemically modified silica surfaces have been shown to have 2-3 layers 

of highly structured water at the surface. Between the hydrogen 

bonding nature of the silica surface and the urea groups, this entire 

phase is a highly structured hydrogen bonded hydrophilic surface. 

Molecules do not intercalate to the surface because of the energy 

required to break the hydrogen bonds and displace a water molecule. 

As demonstrated by electrostatic and hydrogen bonding inter

actions, the residual silanols that are available to the sample on the 

traditionally modified silica sorbents are not available to the sample 

on the urea modified phases. The elimination of the non-specific 

retention at these sites will expand the use of silica in covalent 

chromatography, and all areas of chemistry utilizing immobilized 

reagents by allowing for compatibility with a wider range of samples 

and mobile phases. 
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Comparisons of the data of immobilized functionalities to the 

solution work shows no apparent change on reactivity or selectivity. 

Diagnostic chromatography and solid phase extraction were used to 

determine the effects of pH on the reaction of several molecules with 

PBA. The effects of pH on the reaction with immobilized PBA was 

consistent with solution chemistry. 

Diagnostic chromatography of several immobilized thiol rea

gents showed that immobilization did not affect the selectivity of 

these phases. Thiopyridone immobilized on a support through a disul

fide bond will be displaced by thiol containing compounds. The 

thiopyridine may be detected as it elutes from the system to quantify 

the compound of interest or the compound of interest may be immobi

lized, isolated and eluted with a competing thiol. Mercurial com

pounds immobilized on solid supports will strongly interact with thiol 

containing compounds under a wide variety of conditions. Arsonous 

acid immobilized on a surface will interact with thiols but the 

interaction with dithiols is much stronger than the interaction with 

monothiols. The interactions of immobilized organomercurial and 

arsonous acid are consistent with the interactions of these molecules 

in solution. 

The covalent reaction between the compound of interest and the 

immobilized reagent occurs in two steps. The first step is the 

diffusion of the molecule to the immobilized reagent and the second is 

the formation of the covalent bond. The nonspecific interactions can 

improve the first step by solvating the molecule in the stationary 
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phase. For example, electrostatic forces between opposite charges 

would attract the molecule to the surface improving the first step, 

while the repulsion of like charges would cause exclusion of the 

molecule from the surface and the covalent bond will not form. While 

non-specific repulsion may be minimized by changing the mobile phase, 

a more effective method is to modify the surface so the local envi

ronment of the reagent is compatible with the sample. 

The local environment may affect the formation of the covalent 

bond. The pKa of PBA on the hydrophilic propylurea modified silica is 

shifted to a lower value. The amine groups on this surface are 

interacting directly with the PBA or causing a surface buffering 

effect to decrease the pKa . The preparation of a lipophilic phase 

with residual propyl amine functionalities will have the same affect 

(27). The retention of molecules will be affected by the shift in 

pKa . Catechol and other diols are retained at a lower pH on the 

hydrophilic phase, because these molecules interact with the ionized 

form of PBA. Compounds that interact with the neutral form of PBA 

will require lower pH in order for quantitative retention. 

Understanding the effects of the modification on the retention 

of molecules is necessary in order to develop separation methods. In 

addition, modification methods of silica may be altered to fit with 

the requirements for a separation to improve selectivity. Once an 

adsorbent has been designed, the mobile phase may be used to fine tune 

the separation as long as the non-specific interactions are recognized 

and their effects are understood. 
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The use of several phase coupled together would allow the 

isolation of several classes of compounds from one sample or for the 

removal of an interferant prior to the isolation of a compound of 

interest. Successfully coupling columns together requires an under

standing of the interactions of all the columns and the use of samples 

and mobile phases that will be compatible with all the sorbents. In 

figure 1.4, an immobilized arsonous acid was coupled to immobilized 

mercurial column. The arsonous acid column allowed for the extraction 

of the dithio1 reducing agent so this would not compete with the 

thiopyridone for the active sites in the organomercurial column. The 

mixed disulfide adsorbent was used with the PBA, the mercurial and the 

arsonous acid column as a method to detect low concentrations of thio1 

containing compounds. The ability to couple the columns together to 

isolate several classes of compounds will allow for high speed 

separations of a number of compounds from a small sample. 

Extending the reported studies using different buffers and 

organic solvents to measure the effects of these on the selectivity 

could be carried out, as well as the use of other techniques to 

characterize the surface. Titration of the surface would allow for 

the determination of the pKa of immobilized PBA under a wide variety 

of mobile phases. This would complement the retention data of mole

cules that interact with only one form of PBA. Chromatographic 

temperature studies and IR spectroscopy as described by Schunk (9) 

could be used to determine the organization of the solvated stationary 

phase and the retention mechanisms occurring on the phase. The 
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isolation of biologically significant molecules is simplified when the 

retention of small probe molecules is understood. While the retention 

of the small probes will allow for the estimation of the interactions 

of larger and more complicated molecules, systematic investigations of 

the complicated molecules is needed for the isolation of these com

pounds, and will allow for further understanding of the interactions 

of the surface. 

One complication of larger molecules is the inability of 

reagents immobilized using short spacer arms to reach into the mole

cule to react with the active sites. The folding of proteins or 

enzymes often causes active sites to exist within the folded chains. 

Modification methods should be developed that would have spacer arms 

long enough to reach into folded proteins, have a chemical nature 

compatible with the protein and restrict interactions of the compound 

of interest with residual silanols. Development of these spacer arms 

requires an understanding of the effect of the spacer arm on retention 

and the effects of the spacer arm on the compound of interest. 

The isolation of compounds as well as the use of multidimen

sional chromatography would be significantly enhanced through the 

automation of system with column switching capability and mobile phase 

control. The preparation of an automated system would require the 

understanding of the sample and the matrix to assure complete and 

efficient separation. 
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