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The work presented is a systematic investigation of silica-based sorbents 

using solid-phase extraction (SPE). Properties of various cation exchangers and 

mixed beds comprised of strong cation-exchange particles and alkyl-modified 

silica particles were explored. The role of ionic and nonpolar interactions was 

examined in terms of retention and elution of analytes. A series of displacement 

expehments was used to characterize the interactions and energy-minimized, 

three-dimensional models were used to illustrate these interactions. Selectivity 

of cation exchangers was probed by introducing cations differing in size, 

hydrophobic nature and charge before and after introduction of the analytes. The 

ionic strength, the solvent composition and the pH of the liquid phase were 

parameters that were varied in order to define the type of interaction that was 

responsible for retention, lack of retention, or elution during the SPE procedure. 

Application of mixed sorbents toward the extraction of basic drugs of abuse, as 

well as the use of reversed-phase silica and a resin for the extraction of a neutral 

organonitrogen species were also investigated. 

With propyiene-linked cation exchangers (under appropriate pH 

conditions), it was shown that the primary mode of interaction is through ionic 

forces. As a consequence, there is no selectivity of these sorbents for cations 

based on hydrophobic nature. With ethylbenzene and octylene-linked 

exchangers, there is an increase in selectivity for cations with increasing 

hydrophobic nature. The linker chain is adequately long enough to allow for 
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nonpolar interactions with the aliphatic side groups, just as a resin-based 

exchanger allows. 

With short and long chain exchangers, there is selectivity proportional to 

the charge of the ion. The proposed reason for this is a combination of multiple-

site attachment of polyprotic species to the surface and increased probability of 

single-site interaction proportional to the number of charged nitrogen atoms on 

the molecule. 

It was shown that mixed sorbent beds offer advantages in operator control 

over the retention of organic bases in a high ionic strength sample matrix. The 

retention mechanism was elucidated, demonstrating a clear contribution of 

nonpolar forces to retention with the mixed sorbents as was observed with the 

long-chain cation exchangers. 
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CHAPTER 1 

INTRODUCTION 

1.1 THE IMPORTANCE OF SAMPLE PREPARATION AND SOLID-PHASE 

EXTRACTION 

A liquid sample consisting of a complex matrix, whether biological or 

environmental, may contain a wide variety of chemical constituents that could 

hinder successful qualitative or quantitative analysis of target analytes. Solid-

phase extraction, or SPE, is one approach to clean-up, concentrate and solvent 

exchange a sample so it is ready for an analytical technique [1-3], A simple 

example of effective cleanup by SPE may be seen in Figure 1.1. Urine is the 

most common matrix analyzed in the screening and confirmation of drugs of 

abuse in humans and animals. Urine, like any other biological sample, contains 

many interfering components, such as urea, creatinine, proteins, free amino 

acids, sugars, lipids, free fatty acids, pigments, and salts in varying 

concentrations [4]. In the example shown, the use of SPE removes interferences 

in GO/MS analysis that coelute with the three analytes and hamper effective 

quantitation. 

Analytical laboratories must strive to provide data more time and cost 

effectively In one study it was shown that more than 60% of time for analysis 

was spent in sample preparation, while only around 7% was spent in actual 

measurement with the rest of the time being used for sample and data handling 
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[5], Therefore, there is a constant need for improvements in sample preparation 

since the majority of time is taken up here. One traditional approach to sample 

preparation has been liquid-liquid extraction. There are many disadvantages of 

liquid-liquid extraction, including the fact that solvents used must be immiscible 

with the matrix, it is very non-selective, emulsions are created, large volumes of 

organic solvent are required, it is not easily automated, it is time-consuming and 

can be costly. These downsides are overcome with SPE. 

1.2 THE DEFINITION OF SPE 

In SPE solutes are partitioned into a solid sorbent phase from a liquid or 

gaseous sample phase. The solid phase surface may consist of a bonded 

organic phase on small, porous silica particles or small particles of an organic 

polymer resin. A very common SPE format is a disposable polypropylene 

syringe barrel that acts as a reservoir for liquid samples and solvents and as a 

container for the sorbent bed. This device is commonly referred to as a SPE 

column and contains the sorbent particles trapped between two polyethylene-

fritted disks above a male Luer tip (Figure 1.2). By flowing a liquid sample 

through the SPE column, solutes distribute between the sample and the sorbent 

surface by adsorption or absorption into the bonded phase molecules of that 

surface. Species which have been extracted may be subsequently removed 

from the solid phase by desorption with an appropriate liquid solvent or by heat. 

Since the volume of solvent needed for final elution of the analyte(s) is usually 
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much smaller than the original volume of the sample, an inherent concentration 

of the analyte(s) is a result thus increasing the sensitivity of the assay by some 

factor. 

SPE may be referred to as a form of digital liquid chromatography, a term 

coined by Wells and Michael [6]. The solutes are quantitatively sorbed, and then 

quantitatively desorbed using an on/off mechanism. This process may be used 

in two different ways for purification. Either the interferences may be sorbed onto 

the sorbent surface while the analyte(s) is not sorbed, or the analyte(s) is sorbed 

while the interferences are not sorbed. In either case, the distribution of the 

analyte between the sample and the sorbent in terms of concentration may be 

described by a distribution coefficient, Ko, such that [1]: 

KD = [analyte]sorbent/[analyte]sampie (Eq. 1) 

When the analyte(s) is retained, the goal is to create an equilibrium where the 

distribution coefficient will be extremely large; in other words, we want nearly 

complete retention of the analyte(s) under a given set of conditions. Phase 

transfer dictates analyte selectivity. The distribution coefficient can be used to 

determine the percent of analyte that is extracted, %E, from one phase into 

another: 

%E= 100XKD/(KD+1) (Eq. 2). 
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As KD gets larger (greater than 100), KD/(KD+1) approaches unity, and the 

percent extracted approaches 100. On the other hand. If KD is very small (less 

than 0.01), the percent extracted approaches zero 

During the retention of the analyte(s), other compounds may be retained 

which may pose as interferences to the subsequent analysis. It may be desirable 

to remove these compounds with an aggressive rinse using both aqueous and 

organic solvents. Hence, utilization of interactions that permit the selective 

retention of the analyte(s) while disrupting the sorption of interferences is critical. 

It is ideal in SPE when the KD for an analyte is very large and the KQ for 

interferences is very small (or vice versa). In such a case, one species will be 

distributed entirely into one phase while the other species is primarily in the 

second phase. Thus, selectivity is obtained. This is most likely to be the 

situation when the structural character of the analytes is different than that of the 

interferences. For example, the analyte may be ionizable, while the interferences 

are hydrophobic. Finally, a solvent or solution may be used to elute the 

analyte(s) in a relatively pure form. The general SPE process is illustrated in 

Figure 1.3 for the extraction of amines from an aqueous matrix. 

1.3 THE ROLE OF THE SOLID-LIQUID INTERFACE 

The interface between a solid and liquid plays a significant role in many 

different chemistries. The surface of a solid may be tailored and used to promote 

desired chemical phenomena. For example, interfacial chemistry is 
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consequential in electrochemistry [7-11], catalytic reactions [12-15], solid-phase 

synthesis [16-18], biological membranes [19-22], corrosion prevention [23] and 

chemical sensors [24-27], Moreover, Interfacial chemistry is integral to 

separation science [28-32], 

Many separation processes occur at the interface between a liquid and 

solid. The basis for separation in SPE, as in all forms of chromatography, is the 

distribution of solute molecules between a flowing mobile phase and a stationary 

phase. The strength of interaction between a solute in the liquid phase and the 

immobilized bonded molecule of the stationary solid phase or the silica or resin 

itself dictates the degree to which retention will occur. Interactions between 

functionalities on the analyte molecules and the stationary phase direct the 

extent of separation, or degree of retention. These molecular interactions are 

summarized in Table 1.1. In SPE, the degree of retention is quantitatively 

measured as absolute recovery, R, a mass balance that includes the amount of 

analyte that is loaded onto the column versus the amount that is finally eluted off 

of the column. This is the same as the percent of analyte that is extracted, %E, 

(Equation 2), and may be calculated by: 

%R = (AE/Al) X 100% (Eq. 3) 

where AE is the amount of analyte eluted from SPE column and AL is the amount 

of analyte loaded onto the SPE column. 



Table 1.1 Possible molecular Interactions 

' Covalent Interactions 100-300 kcal/mole 
* Ionic Interactions 50-200 kcal/mole 
• Polar Interactions 3-10 kcal/mole 

- Hydrogen-Bonding 
- Dipole-Dipole 

~ 71-71 

* Non-Polar Interactions 1-5 kcal/mole 

Van der Waals or dispersion 
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Retention properties are affected by temperature, the nature of the mobile 

phase and the stationary phase [29, 33-40]. A typical SPE separation is 

performed under isothermal conditions (room temperature). Because of the 

digital aspect of SPE, the mobile phase changes composition according to the 

step of the procedure. For example, during sample loading, the mobile phase is 

the actual sample matrix itself. During the rinse step, the mobile phase could be 

water, a buffered solution or an organic solvent. During the elution step, the 

mobile phase may be a mixture of organic solvents. The stationary phase in 

silica-based SPE, as in liquid chromatography, is a structurally complex surface. 

A number of factors contribute to this complexity, including the high porosity of 

the silica support, the chemistry of the unmodified silanol groups, the chemistry 

of the bonded organic phase, and the chemical contributions of the solvent in the 

near-surface environment [38, 41-55]. 

1.4 THE SILICA SUPPORT 

Silica is a common support material in liquid chromatographic and SPE 

applications. Silica is part of the stationary phase, and its physical and chemical 

properties play a key role in the overall character of an SPE sorbent. It is an 

amorphous porous solid that is mechanically rigid and resistant to swelling. 

Silica particles, or silica gel, used in SPE have an average diameter of 50 i^m, a 

surface area of 400-550 m^/g, pore diameters averaging 60 A and pore volumes 

of 0.5-2 mL/g (Figures 1.4, 1.5) [56, 57], Pores have a range of sizes and 
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shapes and their properties are commonly reported as averages in the literature 

[57, 58], 

If this material were not porous the surface area would be approximately 

0.1 m^/g, calculated as though each silica particle were a perfect sphere. The 

surface area of a sorbent is a large determinant of capacity. Capacity is 

proportional to surface area, since during adsorption each molecule occupies 

some number of square nanometers. Sorbents that have higher surface area per 

mass have a larger amount of solid phase available to interact with analytes, and 

porosity of the stationary phase particles greatly increases this surface area. 

Silica is commonly formed by the polymerization of tetraalkyi orthosilicate 

under acidic aqueous conditions, giving rise to polymer chains with terminal 

hydroxyl groups. These hydroxyl groups are referred to as silanols and are 

responsible for the surface chemistry of silica [50, 59-62], The polymerization 

leads to a highly polar surface mixture of energetically different silanol groups 

and siloxane linkages with a variable degree of adsorbed water (Figure 1.6). 

These different silanol groups are reactive, with differing strengths of hydrogen 

bonding and ion exchange capabilities [60]. The pKg of a silanol varies between 

4 and 6 in water (Figure 1.7), giving rise to a weakly acidic group and possible 

cation exchanger. Thus, at a high pH (above 8) the surface of silica will be 

negatively charged. 

Bare silica may be used in normal-phase separations. However, due to its 

very polar nature, it is ineffective as a stationary phase in aqueous solvent 
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mixtures. Therefore, it must be modified to yield a more hydrophobic material for 

application to aqueous systems. In a strictly reversed-phase experiment, active 

sites may be problematic In the separation of amine or hydroxyl containing 

compounds. Alternatively, these sites may produce secondary interactions that 

enhance selectivity for target compounds in the extraction process. 

1.5 MODIFICATION OF THE SILICA SURFACE 

A number of different types of nonpolar, polar and ion-exchange ligands 

have been used to modify the silica surface (Figures 1.8-1.10). Bonded organic 

phases are made by chemically bonding hydrocarbon molecules to silica. The 

lack of a polar group on the hydrocarbon modifier results in a nonpolar, reversed-

phase, while the presence of a polar group yields a polar normal phase. The 

presence of an ionic group on the modifier results in an ion exchanger. 

There are many approaches to bonding a modifier to silica, including 

esterification with an alcohol [63], chlorination of the surface followed by reaction 

with an organometallic [64], and reacting a chlorosilane directly with the silanol 

groups [65]. The latter method creates a strong silicon-oxygen-silicon-carbon 

linkage, and is very common today. Two chlorosilane reaction schemes may be 

used. The first uses a dimethyiorganochlorosilane and forms one bond with the 

surface (Figure 1.11). The second uses an organotrichiorosilane and can form 

multiple bonds with the surface or with other organosilane molecules resulting in 

a more stable surface (Figure 1.12). The former is referred to as a monomeric 
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bonded phase while the latter is a polymeric bonded phase. Since the 

trifunctional chlorosilane reacts with adjacent silanol groups, the polymeric phase 

is a more hydrophobic and pH stable surface than the monomeric phase. 

Polymeric bonding does not eliminate all silanol groups, however, as evidenced 

by peak tailing of basic solutes in reversed-phase liquid chromatography [60], To 

minimize available silanol groups, a secondary reaction may be performed with a 

smaller chlorosilane, typically trimethylchlorosilane, to derivatize the hydroxyl. 

This is commonly referred to as endcapping. However, no endcapping process 

is completely efficient, partly due to the blocking effect of adjacent bonded-phase 

groups to the silanols. 

Not only can the bonded molecules sterically inhibit complete removal of 

accessible surface silanols by modification, but pore diameter also affects the 

surface coverage of bonded phase on the silica and the accessibility of the 

analytes to the surface within a pore [66]. As silica gel is formed, the particles 

form larger macropores (larger than 50 nm), midsized mesopores (50-500 A) and 

small micropores (less than 1 A) [50]. A typical pore is illustrated in Figure 1.13 

Macropores are important in size-exclusion chromatography. Most of the 

retention in SPE occurs in the mesopores [58]. The micropores are generally too 

small to allow accessibility of chlorosilane reagents for bonding or analytes for 

sorption. The blocking of pores by bonded moieties and inaccessibility of the 

silanols within these pores has been referred to as bottle-necking [67], The size 

of a pore is relevant when it approaches the size of the silane used to modify the 
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silica. With alkyl-modified sorbents, for example, it has been shown that surface 

coverage is directly related to the length of the alkyi chain on the chlorosilane 

used to modify the surface [68]. Piccoli found that for a C2 chain (4,50 A long), a 

C8 chain (12.14 A long) and a CIS chain (24.89 A long), surface coverages 

obtained averaged 3.5 }imol/m^, 2.5 umol/m^ and 1.6 lamol/m^, respectively 

(Figure 1.14) [68]. 

The bonded phase has a high degree of physical strength and chemical 

strength. It is resistant to swelling and high pressures. Moreover, it is resistant 

to loss during elution with mobile phase. However, bonded phases have a 

limited useful pH range of around 2-9. Beyond this pH range, silica solubility and 

bond breakage of and within the immobilized organic molecules may occur. 

Silica supports have a surface that is mostly located in the pores. Pores 

may have different sizes, shapes and tortuosity. Figure 1.15 is a cartoon of an 

ideal bonded surface. Even for an ideal surface, there is a great degree of 

heterogeneity with respect to both physical and chemical characteristics. There 

is a high degree of crosstinking, but stilt a targe number of silanols are present. 

Through convection or diffusion in pores, sample solutes may sorb to the 

surface. In regards to flow, mass transport plays a role in retention. Rates of 

diffusion affect the kinetics of retention [69]. The conditioned sorbent surface 

consists of ligands (the bonded phase), solvating molecules and ions from 

buffers, metal salts and the sample matrix. In order to sorb to the surface, the 

analyte must displace solvent molecules and ions. 
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1.6 THE NEAR-SURFACE SOLVENT ENVIRONMENT 

Without endcapping it has been estimated that the maximum attainable 

coverage with trimethylsilane, the smallest modifier, is approximately 60-70% of 

the silanols present on bare silica [72]. Thus, there is some water associated 

with the underlying silica surface since water molecules can hydrogen bond with 

silanols. All models of the behavior of water adsorbed on silica propose that 

water is highly ordered very near the surface (vicinal water) due to a high degree 

of hydrogen bonding. This structural order may be enhanced by its proximity to 

the surface [73], This hypothesis is supported by the fact that water in silica 

pores has a heat capacity that is larger (up to 25%) and a density that is lower 

than that of bulk water [74-78], 

Vicinal water appears to be similar to water at supercooled temperatures. 

Studies of the effects of pore size and temperature of water associated with 

porous silica particles have suggested that water within 50 A of the surface is 

structurally ordered [74, 77, 79, 80], The viscosity of water near the surface 

(within 100 nm) can be as much as twenty times that of bulk water, and the 

dielectric constant decreases for a distance of less than 1 (im from the surface 

[81, 82]. Nuclear Magnetic Resonance (NMR) line broadening and relaxation 

rates have been used to demonstrate that adsorption is dependent on the 

number of silanols available and that the first 5-100 monolayers of water on the 

surface are more ordered than bulk water [83]. The mobility of silica surface 

water has been investigated using Electron Spin Resonance Spectroscopy 
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(ESR) [84-86], This work has demonstrated that the mobility of water is directly 

proportional to pore size and it has been hypothesized that nearly immobilized 

water exists in the first two or three monolayers. 

Overall, researchers agree that there are at least three layers of water 

present on the silica surface. Closest to the surface water molecules may 

associate with geminal and vicinal silanol groups and are very tightly held. In the 

second layer, it is believed that water molecules hydrogen bond with the first 

layer of water and are more loosely held. The third layer of water has bulk water 

properties. The number of monolayers per layer is still under debate. However, 

it has been estimated from Differential Scanning Calorimetry (DSC) 

measurements that for 60 A porous silica, the average number of monolayers of 

surface water is five [87]. 

It has been found that the longer the chain of the alkyi modifier on the 

silica surface, the less water is associated with the surface (Figures 1.16-1.18). 

For example, with a surface coverage of approximately fifty percent with a 

trimethyl modifier, a DSC peak is seen for surface water; however, at a surface 

coverage of nearly fifteen percent using an octadecyl modifier, no peak is 

obsen/ed for surface water [87], This may be a result of hydrophobic repulsion 

and steric blocking of water molecules from adsorption to the silica substrate. 

The amount of water in the modified-phase solvation layer is not only 

dependent on the hydrophobicity of that modifier, but also on the polarity of the 

organic solvent that is present and able to hydrogen bond with water molecules. 
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In a low percentage organic binary mobile phase mixture with water, it has been 

shown that there is nearly no water in the C18 stationary phase in the presence 

of acetonitrile, but more water in the presence of methanol [87. 88]. 

It has been shown that not only do solutes interact with surface silanols 

and the bonded phase, but also the solvent associated with the bonded phase 

[70, 71]. Organic solvents are typically used to condition SPE columns prior to 

sample loading. It has been found that when solvent conditions are changed 

from 100% organic to 100% aqueous, organic solvent remains trapped in the 

bonded stationary phase [53, 54]. An organic solvent solvates bonded-phase 

molecules on the surface and gives the more nonpolar bonded phases a degree 

of solvent-like character into which nonpolar analytes or hydrophobic moieties of 

solutes may partition into. 

Silica that has been modified with functional groups that can hydrogen 

bond with water presents a different solvent environment than strictly reversed-

phase modifiers [87]. Cation exchangers, such as propylsulphonyl, 

benzenesulphonyl and carboxylethyl, are solvated by water, which may give rise 

to a water layer which is either extended from that near the surface silanols, or is 

separate from the water layer on the underlying substrate (Figure 1.19). In the 

latter case, there may be a region along the linker chain in which organic solvent 

remains trapped and solvates the hydrocarbon linker. There is evidence from 

DSC measurements that with sulphonate head groups on a hydrocarbon 

bonded-phase chain, there is hydrogen bonding away from the silica surface: this 
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Figure 1.19 Surface solvation of some cation exchangers. 
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is exhibited by a lower onset of melting point temperature of vicinal water [87], 

This effect is not seen in alkyl-modified silica. With a resin-based ion-exchanger, 

an ion with a small sphere of hydration may displace water around the site, 

disrupting the hydrated layer [89, 90, 91]. It is not known if this occurs with silica-

based ion-exchangers, however. 

The comprehensive structure of solvation in modified silica, whether 

reversed-phase or ion-exchange, is dependent upon other factors such as the 

bonding density {}.imol/m^) of derivatization of the silica surface, the number and 

types of residual silanols present after derivatization and the composition of the 

mobile phase [92-96]. A higher bonding density lends to a lower number of 

silanol groups available for hydrogen bonding, and a lower amount of vicinal 

water associated with the underlying silica substrate. Depending on the polarity 

of the modifier chain, there may be a good degree of solvation by an organic 

solvent. It has been demonstrated that some silanol sites are more reactive than 

others [60, 70, 71, 97], The most reactive silanol groups are vicinal [98]. 

Geminal silanols may hydrogen bond, but are less reactive and may account for 

only approximately four percent of all silanol groups available on the surface [99, 

100]. Isolated silanols are even less reactive still, though they are capable of 

hydrogen-bonding interactions [101]. Thus, heterogeneity of the surface leads to 

heterogeneity of the solvation layer. It has been shown by wetting stationary 

phases and performing NMR experiments that the degree of methanol 

association with long-chain alkyi modified silica is much greater than that of 
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water, and this is a function of the amount of methanol present in the bulk mobile 

phase [102]. The conditioning solvents introduced to the system affect the 

composition of the solvation layer, which in turn affects the orientation, or 

conformation, of bonded- phase moieties. 

1.7 BONDED PHASE CONFORMATION 

The stationary phase plays an active role in the retention process. This is 

evidenced by selectivity based on shape for various polyaromatic hydrocarbons 

using reversed-phase stationary phases [103, 104] and the chain density of the 

bonded phase [52, 105], Retention with longer-chain stationary phases may be 

dictated by an embedding of the solute between the chains of the bonded phase. 

It has been proposed that two driving forces control the retention process [43, 

106, 107]. The first is the difference in free energy brought about by interactions 

between the solute and surrounding molecules in the stationary and mobile 

phases. The second is an entropic argument based on lack of retention due to a 

very high degree of ordering of the bonded-phase chains at extremely high 

bonding density, prohibiting absorption of solute molecules between adjacent 

chains. 

Chains that are immobilized, or grafted, to the silica surface lack the 

freedom to exist in just any type of conformation. Besides interaction with the 

bulk mobile phase, there are three constraints that prevent attaining all possible 

conformations [107]. The first is the restriction that the bonded-phase chain 
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cannot penetrate the silica substrate to which it is bonded. The second is the 

interactions between adjacent chains. The third is the length of the bonded-

phase chain, with conformational mobility proportional to the length of the chain. 

These constraints lend to a more ordered interphase layer above the substrate 

than that of a simple amorphous bulk-type phase. 

With linear hydrocarbon chains bonded to the surface, it has been shown 

that solute molecules intercalate between the chains; at a chain length where the 

solute can be fully immersed, no further increase in chain length can enhance 

retention [108, 109]. The alkyi chains of reversed-phase stationary phases 

exhibit a gradient in order that decreases with distance from the silica substrate 

surface [43, 106, 110], Thus, a higher degree of conformational order exists with 

shorter chains. When the length of the immobilized chain is long relative to the 

distance between points of attachment on the surface, the chains extend away 

from the silica surface to form an extended layer (Figure 1.20). A condition for 

the formation of an extended "brush" layer with a polymer chain has been 

proposed by de Gennes; 

(a/D) > (Eq. 4) 

where a is the monomer size, D is the average distance between attachment 

sites and N is the number of monomers per chain [111]. If the inequality in 

equation 4 exists, the bonded phase exists in a brush; however, if the reverse 
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inequality exists, the chains collapse against the surface to form a "droplet" 

(Figure 1.20). With hydrocarbon phases of C7 or above in totally aqueous media 

and at 25 °C, it has been shown that the collapsed or folded droplet state is the 

preferred arrangement [112]. 

Solvation of the bonded-phase molecules by a wetting agent, such as 

methanol, can change the conformation of chains from lying against the surface 

to an extended form toward the surface normal. This is exemplified by a slow 

equilibration of octadecyl (CI8) stationary phases by changing the mobile phase 

from completely aqueous to 100% methanol, explained in terms of a change in 

chain conformation [45, 113], Extended bonded-phase chains allow for a higher 

degree of solubilization of analytes as they partition into the stationary phase. 

Cole and Dorsey showed that a small percentage of 1-propanol in an aqueous 

mobile phase can double chromatographic efficiency due to adsorption of alcohol 

molecules between hydrophobic chains, allowing for a more conformationally 

responsive interface [114], Organic solvent molecules affect the proximity of 

adjacent hydrophobic chains, making them much farther apart than when water 

is the solvent [115], 

In silica-based SPE, the sorbent must undergo conditioning with a water-

miscible organic solvent, such as methanol, prior to application of the sample. 

For example, a 018 bonded phase is in the droplet form in dry conditions: 

application of an aqueous sample would restrict these hydrocarbon chains to 

such an aggregated conformation due to their hydrophobicity. The environment 
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around the nonpolar bonded phase would be so polar that the chains would 

minimize their exposure to the very polar aqueous medium. The collapsed 

droplet conformation greatly reduces organic surface exposure to solutes, thus 

greatly inhibiting SPE efficiency. Moreover, without a conditioning solvent, 

accessibility to pores would be diminished due to the high surface tension and 

viscosity of the aqueous sample matrix [116], Though a water-miscible solvent, 

such as methanol, is more polar than a hydrocarbon chain, it is considerably less 

polar than water and allows penetration of the sample into the silica substrate 

pores and the bonded phase. Also, it solvates the chains and minimizes their 

need to aggregate, leading to a bonded phase that is more open and available 

for solute interaction. The ideal situation, when the chains are completely open, 

is more readily achieved when the organic bonded-phase moiety is very polar or 

ionic [1]. 

Spectroscopic studies done with a set of variable chain length alkyi 

substituted benzenes as bonded phases suggest a difference in conformational 

order based on the length of the alky! linker [117]. It was found that as the chain 

length is increased to four or more methylene groups, the UV vibrational spectra 

become similar to the free compound in solution. However, the immobilization 

imposes some restriction on translational motion and there is some degree of 

structuring with longer chains, exhibited by a sharpness of some bands. Thus, 

this restriction may lead to a lower degree of solvation and a higher degree of 

interaction between the immobilized molecules. These studies were performed 
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with a silica suspension in glycerol, butanol and methanol. Figure 1.21 illustrates 

the proposed extended confornnation and solvation of an ethylbenzene modified 

phase in a 1:1 methanol: water mobile phase mixture. Reaction with fully 

hydroxylated porous silica and benzyltrichlorosilane yields a benzyl surface 

coverage of 4.1 umol/m^ [59], 

1.8 RESIN-BASED SORBENTS 

An alternative to modified silica is the use of completely organic polymers 

as SPE sorbents [118-120]. Resin-based sorbents eliminate problems 

associated with highly active silanol sites. Another advantage of these materials 

is their utility at an extended pH range compared to that of silica-based sorbents, 

which could be hydrolyzed if used much above pH 9. These materials are often 

formed by a suspension polymerization reaction. The most common sorbents 

are poly(styrene-divinylbenzene) (PSDVB) (pH 1-13), divinylbenzene (DVB) 

(which has <10% styrene content) and poly(alkylmethacrylate) with PSDVB being 

the most popular (Figures 1.22, 1.23) and which all have an effective pH range of 

approximately 2-12 [2, 3, 119, 121, 122]. Polymethacrylates have been found to 

be very effective in the extraction of more polar organics, such as fulvic acid and 

phenols [123, 124]. 

The downside of polymeric resins is that they are susceptible to 

dissolution, softening, swelling or shrinking in water or organic solvents. 

However, the use of crosslinked polystyrene and other porous resins is 
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increasing, and the recovery for hydrophobic analytes has been found to be 

higher in many cases with these materials than with bonded-phase silica [125, 

126], Polymer sorbents have greater capacity than bonded-phase silica due to 

very large surface areas (600-1200 m^/g) and higher carbon percentage [3], 

Polymeric ion exchangers have much less water associated with the 

surface than silica-based exchangers, due to the hydrocarbon substrate. The 

ionization of weakly basic analytes is dependent on the presence of water. Much 

as bonded-phase silica surfaces must be "wetted" with a water-miscible solvent 

in order open hydrocarbon chains prior to sample loading, polymers must be 

wetted also. Effective sorption of solutes requires maximized intimate contact 

between the liquid and solid phases. The majority of the surface area of 

polymers lies within the pores, and permeation of an aqueous sample matrix into 

the pores of a hydrophobic resin is facilitated by the presence of a solvent such 

as methanol [127-129], 

Adams and Holmes reported the first synthesis of a polymer-resin based 

ion exchanger in 1935 [130]. Before this time, naturally occurring inorganic and 

organic matter containing ionic groups, or natural materials synthetically modified 

to attach ionic groups, were used. The approach typically used to synthesize 

resin-based ion exchangers is to chemically bond ionizable functionalities to an 

already formed polymer mathx. A cation exchange group that is commonly 

attached to an organic crosslinked polymeric matrix is sulfonic acid (-SO3H). For 

example, PSDVB copolymer may be sulfonated by reaction with hot sulfuric acid 
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(Figure 1.24). The resulting resin with sulfonic acid functional groups is a strong 

acid cation exchanger. There is debate as to whether or not all the aromatic 

nuclei become sulfonated In the late 1940s, synthesis of polystyrene materials 

was developed and quickly became the ion-exchange matrix of choice. Since 

that time, the focus of ion-exchange research has been on resin-based ion 

exchangers. 

1.9 SELECTIVITY IN CATION EXCHANGE 

A cation exchange reaction is a reversible interchange of positively 

charged ions between the solution phase and the solid stationary phase (the 

cation exchanger) which may be represented by the following equation: 

R-A' + R- B' + A' (Eq. 5) 

where R is the solid phase containing the fixed cationic site. A* is the counterion 

present before exposing the sorbent to the solution phase and B"" is a cation 

present in solution. Typically, the cations compete for the ionic site, and one 

cation is preferred over the other. This selectivity may be represented by the 

cation selectivity coefficient, which is the equilibrium constant of the reaction. It 

is given by; 
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Figure 1.24 A strong-acid cation exchange resin-based sorbent may be formed 
by sulfonation of PSDVB with sulfuric acid . 
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where K is the cation selectivity coefficient and the concentrations are in 

molar units. Another useful way to describe the equilibrium is to use the 

distribution coefficient. Ko (Equation 1). for the particular cation under specified 

experimental conditions. Distribution coefficients may also be used to determine 

selectivity. Classically, distribution coefficients have been used to predict eiution 

order in migratory chromatography. With SPE, percent absolute recoveries may 

be used (Equation 3). 

Inorganic ion selectivity and its role in cation exchange have been studied 

extensively for resin-based PSDVB sorbents. Silica-based and resin based 

sorbents are very different in their physical and chemical properties. Silica-based 

bonded phase cation exchangers have a limited useful pH range (2-8); therefore, 

the PSDVB- based cation exchanger, stable at a pH range of 1-13, is prevalent in 

the separation of inorganic ions. Resin-based sorbents have been dominant in 

the study of ion exchange since the middle to late 1940's. The use of bonded 

phases for ion exchange is much more recent, and research in this area is 

relatively new. 

Selectivity coefficients for inorganic ions using resin-based ion exchangers 

are readily available. Figure 1.25 is a table of selectivities for a number of 

inorganic cations using a PSDVB-based strong cation exchanger. Inorganic 

cation-exchange selectivity is affected by many factors [131-135]. In general, for 

a resin-based exchanger and a given set of cations, it has been shown 

empirically that the exchanger favors; (1) the cation that has the highest 
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oxidation state; (2) the cation with the smallest volume of solvation; (3) the cation 

that has the greatest interaction with the sulfonic acid group; and (4) the cation 

with greatest interaction with the polymer substrate. These factors, or variables, 

compete with one another, so quantitative selectivity determination must be 

performed experimentally for a given cation exchanger under a given set of 

conditions. The oxidation state of the cation is a factor that contributes greatly to 

selectivity. Between two ions having the same charge, hydrated volume is a 

major determinant of selectivity. The theory of ion selectivity as proposed by 

Gregor attributes the effect of hydrated volume on selectivity as a result of 

polymer swelling or hydration, which is associated with the presence of different 

ions [136], Since energy is required to swell the resin, such as stretching a 

spring, the ion exchanger will be selective for the hydrated ion that occupies the 

smallest volume. As a result the theory is essentially Hooke's Law. . 

Selectivity coefficients for cation-exchange separation of organic bases 

are generally not available. Inorganic ion selectivities were usually obtained from 

batch equilibration procedures and organic ion selectivities were usually 

obtained from migratory liquid chromatography column experiments. 

Selectivities for organic cations have been determined based on capacity factors, 

or elution order. Cantwell et al. [137-139] has shown that retention of an organic 

ion on a PSDVB-based ion exchanger is due primarily to two interactions; 1) 

hydrophobic adsorption onto the nonpolar polymer backbone; and 2) ionic 

interaction between the cation-exchange site and the countercation. In general, 
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selectivities for alkylammonium ions are greater than those for NHA"", and 

increase as the number and length of the alkyi chains increase. For example, it 

was shown that on a 4 meq/g (4mmol/g) capacity PRP-X200 column and a 

0.01 M benzyltrimethylamonium/ 0.01 M acetic acid/ 70% acetonitriie; 30% water 

mobile phase, elution order was: methylamine < ethylamine < propylamine < 

butylamine < pentylamine < hexylamine < heptylamine [140]. For a similar 10% 

DVB resin it was shown that tetraalkylammonium ions follow the elution order of. 

tetramethylammonium < tetraethylammonium < tetrabutylammonium < 

trimethylbutylammonium. Selectivity is very condition-dependent for such 

reasons as possible adsorption to polymeric matrix surfaces by nonionic forces, 

size-exclusion depending on the size of the base and the pores of the stationary 

phase, and partitioning of the molecules into the solvent interior of the stationary 

phase. 

Quantitative selectivity data for bonded phase ion exchangers are not 

readily available. Related published work to date using modified silica and 

organic bases has been focused on the role of deprotonated silanol groups in 

reversed-phase chromatography and their ability to selectively ion exchange with 

a variety of inorganic cations and a few organic cations [151]. 

1.10 CONTROL OF pH 

Organic bases are weak bases and may be ionized or deionized 

depending on the pH of the environment they are in The substituents on the 
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molecule and Its stereochemistry can affect the pKg of the analyte. In addition, 

the presence of organic solvents inherent in SPE can alter the ionization of 

organic bases and buffer salts, typically raising the pKg of solutes. The pH at the 

surface also affects the ionization of a carboxylic acid ion exchanger, as well as 

the silanols on the silica surface. The pKg of a carboxypropylene phase is 

assumed to be approximately 4.8, and the pKg of silica is between 4-6. At pH 8, 

both of these functionalities should be deprotonated and charged. However, at 

pH 2 both functionalities are protonated and the surface is neutral. 

The pH of the mobile phase during all steps of the solid-phase extraction 

must be controlled. Alteration of mobile phase pH can result in either a 

protonated molecule (conjugate acid) that may be retained by ionic forces, or a 

deprotonated basic form, which cannot. Therefore, a suitable pH for the 

extraction must be determined, which may be derived from the general acid-base 

equation: 

Ka = ([Hi x ([Basel+fHXOH-])) - ([Conjugate acid]-[Hl+[OHD (Eq. 7). 

The simplified form of Equation 7 is the Henderson-Hasselbalch equation: 

pH = pKa + log ([Base] / [Conjugate acid]) (Eq. 8). 
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According to the equation, if the pH is two units above the pKa. approximately 

ninety-nine percent of the species will be in the deprotonated basic form. 

However, at a pH two units below the pKa approximately ninety-nine percent of 

the species will be in the charged conjugate acid form, apt for ionic retention. 

1.11 THE THERMODYNAMIC REASONS FOR SELECTIVE RETENTION 

AND ELUTION 

Retention and elution of solutes is driven by the free energy change (AG") 

between the solutes in solution and the sorption of these solutes onto the solid 

phase. As described by Equations 1 and 2 in this chapter, when a large 

percentage of the solute molecules are retained, an equilibrium exists where the 

distribution coefficient (Ko) is very high. The relationship between the equilibrium 

constant describing the retention of solutes, KD, and AG° is in turn described by 

the following equation. 

log KD = AG7 (-2.3^7) (Eq. 9) 

where R is the ideal gas constant and 7 is the absolute temperature. Therefore, 

the more negative AG' is, the larger will be the value of the distribution 

coefficient, and the higher is the percent of solutes extracted. 
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The value of the free energy change, AG°, Is related to the enthalpy 

change, AH°, and the entropy change, AS", as described by the Gibbs' Free 

Energy Equation: 

AG° = AH° - r A S °  (Eq. 10). 

For the retention of a solute at room temperature, A/-/° must have a sufficiently 

large negative value and a small negative entropy change so that AG" would be 

negative making the equilibrium favored toward retention. In elution, however, 

AG" is negative due to a very positive entropy change. In ion exchange, for 

example, elution is a result of the high probability of displacement of ions from 

exchange sites by mass action due to the presence of a very high concentration 

of ions in the elution solution. A greater number of ions successfully compete for 

ion exchange sites. Enthalpic change may also be negative in elution by which 

the solute interacts with the mobile phase to a greater degree than the stationary 

phase. 

The enthalpy change is a function of the composite of interactions (see 

Table 1.1) that occur between the solute and the sorbent. Thus, a solute that 

has a high degree of interactions with the sorbent may have a sufficiently 

negative value of enthalpy change that favors its retention over another solute 

that does not interact with the sorbent to such a high degree. Enthalpic change 

favors elution when interactions with the surface are disrupted by the mobile 



phase. This is certainly the case, for example, in the presence of a highly 

organic mobile phase in a reversed-phase separation. 

The entropy of a chemical system is a measure of the disorder of the 

system; a positive entropy change is associated with a change from a more 

ordered condition to a more disordered one. However, the sorption of a solute to 

the solid phase is usually accompanied by a negative entropy change. The 

number of degrees of freedom available to the solute molecule and the bonded 

phase moiety may be constrained because of a reduction in the translational and 

rotational mobility of the species as they interact. Therefore, under isothermal 

conditions, retention is favored where the enthalpy is a large negative quantity 

due to the interactions possible and the entropy is a small negative quantity. The 

value for entropy may be smaller where interaction occurs with longer chains that 

are more "liquid-like" and able to move to allow solutes to embed between chains 

as opposed to a very motionally constrained system with shorter, more rigid 

"solid-like" chains. This is an entropic argument for selectivity exhibited by 

bonded phases. Elution is entropicaliy driven in the opposite manner. 

1.12 STATEMENT OF PURPOSE 

The subject of this dissertation is the study of the chemical properties of 

silica-based cation-exchange sorbents. The majority of studies of chemically 

modified silica have focused on alkyl-modified silica, such as CI8. However, 

there is little known about the properties of ion-exchange-modified silica. In this 
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dissertation, properties are investigated in regard to the molecular interactions 

that occur with charged and neutral organic species. There are three 

constituents of the cation exchanger that can contribute to the interactions that 

are possible at the solid-liquid interface - the silica substrate, the alkyi linker 

chain and the ionic head group. The research problem is the understanding of 

how these three constituents act collectively to affect efficient and selective 

interaction. The understanding gained by this investigation has an impact on the 

future use of these materials toward a variety of chemical isolation and 

purification problems from the micro-scale to the industrial scale. This work also 

contributes valuable knowledge about interfacial chemistry to many areas, such 

as separation science, electrochemistry, catalytic reaction chemistry, solid-phase 

synthesis, and organic synthesis. 

The work presented here is a systematic investigation of sorbents using 

solid phase extraction. Propylenesulfonate, propylenecarboxylate and 

ethylbenzene sulfonate exchangers were studied and compared or contrasted to 

traditional resin-based cation exchangers. The rote of ionic and nonpolar 

interactions was examined in terms of retention and elution of analytes. A series 

of displacement experiments was used to characterize the interactions and 

energy-minimized, three-dimensional models were used to illustrate these 

interactions. Selectivity of the exchangers was probed by introducing cations 

differing in size, hydrophobic nature and charge before and after introduction of 

the analytes. The ionic strength, the solvent composition and the pH of the liquid 
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phase were parameters that were varied in order to define the type of interaction 

that was responsible for retention, lack of retention, or eiution during the SPE 

procedure. The information obtained was used to propose a model of the 

surface of each cation-exchange sorbent. 

In addition, the properties of mixed beds comprised of strong cation-

exchange particles and alkyl-modified silica particles were explored. In these 

experiments, the impact of dual ionic and nonpolar interactions on the retention 

of monoprotic analyes was studied with regard to the contribution of the alkyi 

phase in a high ionic strength matrix and toward analytes of differing polarity. 

Application of mixed sorbents toward the extraction of basic drugs of abuse, as 

well as the use of reversed-phase silica and a resin for the extraction of a neutral 

organonitrogen species were also investigated. 



91 

CHAPTER 2 

PROPERTIES OF PROPYLENESULFONATE-MODIFIED SILICA 

2.1. BACKGROUND 

Much work has been done to study the chemical and surface properties of 

silica that has been modified with alkyi groups. However, there is a lack of 

literature at the present time that addresses the properties of a strong sulfonic 

acid group on the end of a hydrocarbon linker as the modified phase. These 

materials are excellent cation exchangers and are very effective in the separation 

and isolation of amines. The typical pH range of these strong cation exchangers 

is 2 - 10. Outside of this range, the Si-O-Si bond linkages may be hydrolyzed. 

The surface silanols are deprotonated and charged above pH 8, and may 

contribute to the ion exchange capacity of these matehals. 

The purpose of this investigation is to study the molecular interactions on 

a modified phase consisting of a sulfonic acid group on the end of a propylene 

linker. This phase will be referred to as PRS (Figure 2.1). The approximate 

separation between adjacent propylene groups is 3 A at the point of attachment 

to the substrate in a polymerized bonded phase [59] and the approximate length 

of the linker chain is 5 A. In this chapter, the interaction of monoprotic conjugate 

acids of organic bases with propylenesulfonate in the presence of other organic 

monovalent counterions is explored. This work is extended to the interaction of 

monoprotic analytes with PRS in the presence of polyprotic counterions. From 
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these experiments, a relative selectivity for aminium and quaternary ammonium 

counterions is developed based on differences in hydrophobicity and charge. 

The hydrophobic contribution to retention is also examined as it affects the 

retention of aminium analytes in a high ionic strength matrix. The role of pH is 

addressed as it affects the retention of amines that are partially ionized or 

completely neutral while the sulfonate group stays completely charged. Lastly, a 

model of the surface is proposed based on the information obtained. 

2.2 EXPERIMENTAL OVERVIEW 

Buffer samples were spiked with basic analytes and extracted by manual 

SPE using PRS cartridges. Extracts were then spiked with deuterated internal 

standards for quantitative analysis to determine absolute recovery. 

Derivatization, if needed, was subsequently performed. Analysis was by GC/MS 

in the SIM mode. The instrumental limit of detection for all analytes ranged from 

5-10 ppb at a 3:1 signal-to-noise ratio. 

The strength of interaction between a solute and the immobilized bonded 

molecule on silica dictates the difference in the degree of retention that may 

occur between one bonded phase and another. In this research, the degree of 

retention is measured by absolute recovery, which is an indication of the actual 

efficiency of the extraction. Also, losses in sample loading and organic rinses are 

measured. Absolute recovery and losses are measured by adding an internal 

standard to each collected fraction for quantitation. 
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Conclusions were drawn from displacement experiments regarding the 

molecular interactions that occur, and these interactions are illustrated in this 

dissertation using CS ChemSD Pro Version 4.0 software (CambridgeSoft 

Corporation, Cambridge, MA) for computational modeling. These models were 

energy-minimized using molecular mechanics. The potential energy force field 

was used to determine bond stretching, angle bending, torsional (bond-twisting) 

energies and through-space (non-bonded) interactions. The model cation was 

oriented above the model surface prior to the initiation of calculations. Energy-

minimization by the program yielded a final model that shows a spatial position of 

the surface chains and the cation as they interact. 

2.2.1. Materials and Methods 

Analytical standards were purchased from Radian International (Austin, 

Texas). All solvents were HPLC-grade Burdick and Jackson and purchased from 

J.T. Baker Chemical Company (Phillipsburg, NJ). Analytes were phencyclidine, 

cocaine, ketamine, amphetamine and methylamphetamine and their respective 

deuterated forms as internal standards. Phencyclidine-D5 was used as an 

internal standard for ketamine. See Figures 2.2 and 2.3 for these chemical 

structures and pKa's. One milliliter standards and internal standards were 

obtained at 1 mg/ml and diluted 1:100 with methanol to 10 ug/ml stock solutions 

of 100 ml. One ml samples of 10 mM phosphate buffer (pH 2) were spiked with 

100 ul of standard stock solutions. 
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Figure 2.3 Deuterated Internal Standards 
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SPE cartridges were obtained from International Sorbent Technology Ltd. 

(Hengoed, Mid Glamorgan, UK). The PRS sorbent used has a bonded-phase 

surface coverage of 0.65 umol/m^ and an ion exchange capacity of 0.4 mmol/g 

[142]. The ion-exchange capacity was determined by treating a weighed amount 

of cation exchanger with a large excess of hydrochloric acid to convert it to the 

H"" form. The exchanger was then placed in a column with a frit at the outlet and 

washed with deionized water to remove the excess of acid. The H" was then 

eluted with an excess of sodium chloride to convert it to the Na" form. The eluate 

was collected and an aliquot was titrated potentiometrically with a sodium 

hydroxide solution. 

The following general SPE procedure was followed. Fifty milligram, 1 ml 

PRS cartridges were conditioned with 1ml of methanol, then equilibrated with 1 

ml of the sample buffer matrix. The sample was applied without vacuum at 0.5 

ml/min. The cartridges were rinsed with 1 ml of 0.01 M HCI, then dried by 

vacuum aspiration for 1 minute so that the amount of water in the eluate could be 

reduced. The cartridges were then rinsed with 1 ml of methanol. Analytes were 

then eluted into culture tubes with 1 ml of 5% NH4OH in methanol. For most 

experiments, solutions were collected in culture tubes during sample loading and 

methanol rinsing as well as eiution for subsequent analysis. The aqueous 

sample-loading fraction was further extracted with a 3 mi, 100 mg C8 cartridge 

and eluted with methanol prior to analysis. Modifications to this general SPE 

procedure are noted in the Experimental sections of this chapter. 
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To all collected samples and calibration standards were added 100 ul of 

deuterated internal standards. Calibration standards were prepared by adding 

20 ul, 50 ul, 70 ul, 100 ul, and 120 ul of stock solution to 1 ml elution solution of 

5% NH4OH in methanol. These standards correlated to 20%. 50%, 70%, 100% 

and 120% absolute recovery, and were used to construct five-point calibration 

curves. Linear calibration cun/es using regression analysis consisted of peak 

area ratios of analytes to their respective internal standards versus percent 

absolute recovery. 

Prior to analysis, amphetamine and methylamphetamine required 

chemical modification to form stable, volatile derivatives for GC/MS analysis. 

This was performed after addition of internal standard to the collected samples. 

First, 100 ul of lOmg/IOOmI tartaric acid (Sigma Chemical Company. St. Louis, 

Missouri) in ethyl acetate was added to the culture tubes. The tubes were then 

capped and vortexed for 1 minute. The samples were then dried at 40°C under 3 

psig nitrogen. After this, 50 ul of pentafluoropropionic anhydride, or PFPA, 

(Sigma Chemical Company, St. Louis, Missouri) and 50 ul of ethyl acetate were 

added. These were vortexed for 1 minute and left to react at room temperature 

for 5 minutes. The samples were then evaporated to dryness under nitrogen at 

room temperature. 

After addition of internal standards and vortexing for 1 minute, all samples 

and standards were dried under a stream of nitrogen at a temperature of 40°C 

using a TurboVap® supplied by Zymark, Inc. (Hopkinton, Massachussetts). All 
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underivatized and derivatized samples and standards were then reconstituted in 

100 ul of 20% acetone: 80% ethyl acetate (v/v), vortexed for 1 minute, and 

transferred to autosampler vials for GC/MS analysis. The limit of quantitation 

was determined to be at or below 0.1% absolute recovery for all analytes. 

2.2.2. Gas Chromatography 

All analyses were performed with a Hewlett-Packard (Wilmington, 

Delaware) model 5890 Series II gas chromatograph and a Hewlett-Packard 

model 7673 autosampler with mass spectrometric detection. The column used 

was a 30 m X 0.25 mm i.d. x 0.25 |am film DB-XLB fused silica capillary column (J 

& W Scientific, Folsom, CA). The GC column head pressure was maintained at 

8 psi with a helium carrier gas flow of 0.90 mL/min. A splitless injection was used 

with an injector temperature of 250°C. The transfer line was maintained at 5°C 

above the highest temperature reached in the oven temperature program Oven 

temperature programs were assay dependent, but a typical program was the 

following: 200°C for 0.5 min, 40°C/min to 280°C, 280°C for 2 min, 70°C/min to 

320°C, 320°C for 1 min. Injection volumes of 1 or 2 microliters and a double-

gooseneck silylated injection liner were used. 

2.2.3. Mass Spectrometry 

A single quadrupole Hewlett-Packard model 5970B Mass Selective 

Detector was used. In order to enhance sensitivity, the mass spectrometer was 
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operated in the SIM mode. Electron ionization was utilized with a solvent delay 

of 3 min. The GC/MS system was interfaced with a computerized data system 

using Hewlett-Packard ChemStation Software, Version 12.0, to control 

instrumental parameters for the autosampler, the GC and the MS, and to acquire, 

store, and output Total Ion Chromatograms (TICs) and mass spectral data. The 

software integrated areas for each peak for the ions monitored. See Tables 2.1 A 

and 2.1B for the ions monitored for each analyte and its respective deuterated 

internal standard. Analytes were identified by retention time, and quantitation 

was performed based on the abundance of each analyte relative to the 

abundance of its internal standard. 

2.3. INTERACTION OF MONOPROTIC CONJUGATE ACIDS OF ORGANIC 

BASES WITH PROPYLENESULFONATE IN THE PRESENCE OF 

OTHER MONOVALENT ORGANIC CATIONS 

2.3.1. The Introduction of Monovalent Counterions Prior to Analyte 

Introduction 

In order to investigate the selectivity of PRS for aminium and ammonium 

ions of differing hydrocarbon substitution, a variety of these ions were introduced 

prior to sample loading in the SPE procedure. Hydrogen and sodium ions, 

classified as low selectivity ions when using a sulfonated polystyrene cation 

exchanger, were also introduced in order to determine if there is any effect on 
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Table 2.1A Analyte Ions Monitored 

Analyte Ions Monitored Quantitation lon 

Phencyclidine 200,242 200 

Cocaine 182,303 182 

Ketamine 180,209 180 

Amphetamine 135 135 

Methylamphetamine 118, 160 118 
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Table 2.1 8 Analyte Ions Monitored 

Internal Standard Ions Monitored Quantitation lon 

Phencyclidine-05 205,246 205 

Cocaine-03 185, 306 185 

-
Amphetamine-05 140 140 

! 

Methylamphetamine-05 
I 

123, 165 123 
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recovery when using inorganic counterions rather than organic counterions. A 

high concentration of each of these ions was loaded onto the column to ensure 

complete occupation of cation exchange sites by the appropriate counterion. 

Introduction of analyte ions after this step would result in one of two fates (Figure 

2.4). Either the analyte ions would displace enough counterions to be completely 

retained, or the analyte ions could not displace enough counterions to be 

ionically and/or hydrophobically retained and some portion of these analyte ions 

could be lost during sample loading or in a methanol rinse prior to the final elution 

step. In the latter case, counterions introduced to the SPE column prior to 

analyte ions interact more strongly with the bonded exchanger and the analytes 

cannot energetically compete for complete retention on the cation exchange sites 

and linker chains. By probing selectivity of PRS, it is possible to interpret what 

molecular interactions occur between the PRS surface and conjugate acids of 

amines that differ in structure. 

2.3.1.1 Experimental 

Countercation solutions of 0.3 M in 0.01 M HCl were prepared from the 

following salts: ammonium chloride (pKa 9.24), methylamine hydrochloride (pKa 

10.64), dimethylamine hydrochloride (pKa 10.77), trimethylamine hydrochloride 

(pKa 9.80), tetramethylammonium chloride, tetraethylammonium bromide, 

tetrabutylammonium bromide, triethylhexylammonium bromide, and 



Figure 2.4 Retention Alternatives with PRS 
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benzyltriethylammonium chloride. All of these compounds were purchased from 

Aldrich Chemical Co., Inc. (Milwaukee, Wisconsin). 

The general SPE procedure described previously was modified by 

introduction of 1 ml of countercation solution after column equilibration with 1 ml 

of 0.01 M HOI. One ml of a 0.3 M sodium chloride counterion solution in water 

was also introduced, as well as a blank 0.01 M HCI solution. Excess counterions 

in pores and interparticulate spaces were driven off the column by introducing 1 

ml deionized water prior to sample loading. The analytes in this experiment were 

phencyclidine, amphetamine and methylamphetamine. These experiments were 

performed as sets of six repetitive extractions (n=6). 

The ion exchange capacity of the PRS beds used is 0.4 mmol/g bed 

mass, or 0.02 mmol for a 50 mg bed. Conditioning with pH 2 water ensures 

protonation of most silanol sites. Loading 1 ml of 0.3 M aminium or quaternary 

ammonium ions means that approximately 0.3 mmols of counterions were loaded 

onto the column - more than enough molecules to occupy cation exchange sites 

(excess ions were driven off with an aqueous rinse following counterion loading). 

Therefore, for ionic interaction to occur between the analyte ions and the 

sulfonate groups, there must be some displacement of counterions by analyte 

ions from these sites. 

During loading the sample onto the column, the solution was collected as 

it passed through the PRS bed The deionized water rinsate was also collected 

in the same culture tube, extracted with a C8 cartridge, prepared for analysis and 
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analyzed as descnbed previously to determine analyte losses during sample 

loading. The methanol rinsate was also collected and analyzed to determine 

losses during this step of the procedure. Finally, the eluate was collected and 

analyzed. 

2.3.1.2 Results and Discussion 

The results of analyses for sample loading losses, methanol rinsing 

losses and final elution recoveries are shown in Tables 2.2, 2.3 and 2.4. There 

are no losses of phencyclidine, amphetamine or methylamphetamine detected 

during sample loading or the methanol rinse, regardless of the type of countenon 

introduced prior to introduction of the analytes. Recoveries are high for all three 

analytes. Mean recoveries of amphetamine and methylamphetamine are 5-10% 

lower than recoveries of phencyclidine. Lower recovery of amphetamine and 

methylamphetamine is typical due to higher volatility and loss during the 

blowdown step prior to derivatization. There are only two possible interactions 

that may be responsible for retention - ionic and van der Waals forces. 

There is no significant difference in recovery of any of the analytes due to 

the presence of any of the counterions that were introduced prior to sample 

loading. This indicates that there is no difference in selectivity of the ion 

exchanger for these counterions. As it was explained in Section 1.9, general 

selectivity rules for inorganic cations with a resin exchanger predicts preference 

for monovalent ions based on smaller solvated equivalent volume due to the 
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TABLE 2.2 

Percent Losses and Absolute Recovery of Phencyclldine Using 

PRS as a Function of Monoprotic Counter Ion Introduced Prior 

to Sample Application (n=6) 

Counterion Loss in 
Loadina 

Loss in 
Methanol 

Rinse 

Absolute 
Recovery in 

Elution 

Hydronium ND ND 95 (+/-5) 

Sodium ND ND 93 (+/-2) 

Ammonium ND ND 89 (+/-3) 

Methylaminium ND ND 91 {+1-2) 

Dimethylaminium ND ND 91 (+/-3) 

Trimethylaminium ND ND 92 (+/-4) 

Tetramethylammonium ND ND 90 (+/-5) 

Tetraethylammonium ND ND 93 {+/-4) 

Tetrabutylammonium ND ND 94 (+/-3) 

T riethylhexylammonium ND ND 92 (+/-3) 

T riethylbenzylammonium ND ND 91 (+/-3) 

ND = Not Detected 
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TABLE 2.3 

Percent Losses and Absolute Recovery of Amphetamine Using 

PRS as a Function of Monoprotic Counter Ion Introduced Prior 

to Sample Application (n=6) 

Counterion Loss in 
Loadina 

Loss in 
Methanol 

Rinse 

Absolute 
Recovery in 

Elution 

Hydronium ND ND 89 (+/-5) 

Sodium ND ND 88 (+/-3) 

Ammonium ND ND 85 (+/-4) 

Methylaminium ND ND 84 (+/-3) 

Dimethylaminium ND ND 86 (+/-4) 

Trimethylaminium ND ND 86 (+/-3) 

Tetramethylammonium ND ND 85 (+/-4) 

T etraethylammonium ND ND 87 (+/-3) 

Tetrabutylammonium ND ND 85 (+/-2) 

T riethylhexylammonium ND ND 84 (+/-3) 

T riethylbenzylammonium ND ND 86 (+/-2) 

ND = Not Detected 



TABLE 2.4 

Percent Losses and Absolute Recovery of Methylamphetamlne 

Using PRS as a Function of Monoprotic Counter Ion Introduced 

Prior to Sample Application (n=6) 

Counterion Loss in 
Loadina 

Loss in 
Methanol 

Rinse 

Absolute 
Recovery in 

Elution 

Hydronium ND ND 87 (+/-3) 

Sodium ND ND 87 (+/-2) 

Ammonium ND ND 86 (+/-3) 

Methylaminium ND ND 87 (+/-4) 

Dimethylaminium ND ND 85 (+/-3) 

Trimethylaminium ND ND 86 (+/-4) 

Tetramethylammonium ND ND 84 (+/-5) 

T etraethylammonium ND ND 85 (+/-2) 

T etrabutylammonium ND ND 86 (+/-3) 

Triethylhexylammonium ND ND 85 (+/-4) 

T riethyibenzylammonium ND ND 84 (+/-3) 

ND = Not Detected 
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energy of the swelling of the polymer matrix associated with larger hydrated ions. 

The ionic and hydrated volumes of some of the ions used in this experiment are 

shown in Table 2.5. The volumes of the counterions do vary considerably. 

However, the silica substrate is hydrated to a much higher degree and is very 

rigid and resistant to swelling in contrast to a polymeric substrate. Therefore, 

solvated volume is not a contributing factor to selectivity in these experiments. 

The hydrated radii approach the unsolvated ionic radii with ions larger than 

tetraethylammonium. The largest cation used in this study is triethylhexyl 

ammonium. It has an approximate maximum radius of 4.3 A, or diameter of 8.5 

A, which is far smaller than the average silica pore diameter of 60 A. 

The larger cations in these studies have bulky hydrocarbon chains that 

appear to restrict stereochemical access to the charged nitrogen atom. This is 

demonstrated in Figure 2.5, showing the space-filled models of dimethylaminium, 

tetramethylammonium and tetrabutylammonium. The central nitrogen atom, 

pictured in black, is less exposed as the substitution increases and the alkyi 

groups get longer. The data in these experiments point toward a lack of 

selectivity of PRS between these ions. Therefore, it may be concluded that these 

sidegroups do not act as electrical resistors in the inhibition of ionic interaction. 

Selectivity of polymeric cation exchangers for organic cations has been 

shown to be a result of adsorption due to nonpolar interactions with the 

substrate. Since PRS has an aliphatic linker chain, the idea of hydrophobic 

interactions between organic cations and the propylene linker chain may be a 
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Table 2.5 

Ionic and Hydrated Volumes of Some Ammonium Ions 

,..-------------,.---------- --···-··-·-- ·-·----· 

lon Ionic Volu rne Hydrated Volume 
(cm3 n1ol -1) (cm3 mor1

) 

NH4+ 11.5 94.4 
115.4 

-

143.4 
. ---------- f----· 

270.1 
--~-

(CH3)4N+ 83.2 

E ~~:~:~;_--~--=--==--~~~-:~-

Source: Marcus, Yizhak, /on Solvation, Wiley: New York, NY, 1985. 
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possibility. If nonpolar forces are prevalent, these interactions could be solely 

responsible for retention or secondary to the more energetic ionic interactions. 

There is significant variation in the hydrophobic nature of the counterions. 

However, the apparent lack of selectivity between any of the counterions strongly 

suggests that hydrophobic interactions do not play a significant role in retention. 

As shown in Figures 2.6 and 2.7, using CS ChemSD Pro Version 4.0 

software (CambridgeSoft Corporation, Cambridge, MA) for computational 

modeling, the triethylhexylammonium and triethylbenzylammonium ions (the two 

largest, most hydrophobic cations) interact with a single propylenesulfonate chain 

by positioning the ammonium nitrogen close to a negatively charged oxygen 

atom of the sulfonate group while the hexyl or benzyl groups extend away from 

the propylene linker at an energy minimum. This points toward interaction that 

appears to be predominantly between the ionic sites. 

The lack of significant interaction between the propylene linker and the 

hydrocarbon side groups of the counterion may be due to a rigid "solid-like" 

character of the PRS bonded phase. The chains may not be able to move to 

accommodate the embedding of counterions between the chains. This is 

exhibited in the computational model in Figure 2.8 showing the energy-minimized 

interaction of triethylbenzylammonium ions with adjacent PRS chains, 

demonstrating that these ions do not intercalate to a high degree between PRS 

chains. It has been shown that with adequately long linear hydrocarbon chains 

bonded to the surface, solute molecules intercalate between the chains [108, 
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Figure 2.6 The Energy-Minimized Interaction Between 
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Figure 2.7 The Energy-Minimized Interaction 
Between the Propylenesulfonate 

Chain and the Triethylbenzylammonium lon 
(Hydrogen Atoms Not Shown) 
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Figure 2.8 The Energy-Minimized Interaction of Triethylbenzylammonium 
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109], It may be that the propylene chain is not long enough for this to occur to a 

high degree. For example, the hexyl sidegroup on triethylhexylammonium is 

approximately 6.6 A long, where the propylenesulfonate chain is only 

approximately 5 A long. 

The solvent environment at the near surface region may also inhibit the 

embedding of hydrophobic moieties of organic cations. It has been shown that 

the propylenesulfonate chains are solvated by water molecules [87] and this 

hydration layer is very ordered. This structured water layer has a higher 

viscosity than that of the bulk water. A viscous environment is not 

thermodynamically favorable to the diffusion of solutes between the chains. 

It is hypothesized that there is no difference in selectivity of PRS for any 

of these monovalent ions. High recovery of the analytes in the elution step 

reveals that most of the analyte molecules displace the counterions present, and 

the analytes are retained during the whole SPE procedure. If the retention of 

analytes was solely through hydrophobic interactions with the side chains of the 

counterions present on the surface, then there would be losses of analyte 

molecules in the subsequent methanol rinsate. Methanol disrupts hydrophobic 

interactions and would remove any analyte molecules from the column that are 

retained by nonpolar means alone. However, as shown in Tables 2.2 - 2.4, there 

are no detectable losses of any of the three analytes during a methanol rinse due 

to disruption of nonpolar interactions, regardless of counterion. This is indicative 
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of an ionic retention mechanism. Thus, the analytes successfully displace the 

counterions from sulfonate sites. 

Successful elution is due to mass action displacement of analytes from 

ion-exchange sites by NH4'' from ammonium hydroxide in the elution solution. A 

5% NH4OH solution corresponds to 0.75 M. Eluting with 1 ml of 0.75 M 

ammonium ions means that approximately 750 umols of counterions were used 

to displace analytes from 20 umols of cation exchange sites on the 50 mg bed. 

There may also be neutralization of analyte molecules by hydroxide and elution 

due to the presence of methanol. 

2.3.2. Elution of Analytes with Aqueous Cation Solutions 

It is hypothesized that there is no difference in selectivity of PRS for 

monovalent organic cations that differ in hydrocarbon substitution. In order for 

this to be true, there must be very little contribution of secondary hydrophobic 

interactions to retention of these compounds. In other words, the primary mode 

of interaction between PRS and aminium or quaternary ammonium ions must be 

ionic forces. In order to test this hypothesis, an experiment directed at the elution 

of analytes by these ions in an aqueous solvent environment was performed. 

Elution with cations in water would necessitate ionic displacement of analyte 

ions. 
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2.3.2.1 Experimental 

Cation solutions of 0.001 M, 0.005M, 0.01 M, 0.05M, and 0.1 M in 0.001 M 

HCI were prepared from the following aminium and ammonium salts: ammonium 

chloride, trimethylamine hydrochloride, tetrabutylammonium bromide and 

benzyltriethylammonium chloride. All of these salts were purchased from Aldrich 

Chemical Co., Inc. (Milwaukee, Wisconsin). The general SPE procedure 

described previously was modified by using 1 ml of each cation solution for 

elution. Each eluate was further extracted with a C8 cartridge prior to analysis. 

Phencyclidine, cocaine and ketamine were used as the analyte probes. 

2.3.2.2 Results and Discussion 

The results of this expenment are shown in Figures 2.9 - 2.12 as plots of 

% absolute recovery versus concentration of ammonium or aminium cation in the 

elution solution. With every counterion used, maximal recovery of analytes is 

reached by using at least 0.05 M solutions. The highest recoveries were 

obtained with cocaine, most likely due to its higher polarity than the other two 

analytes since it has two ester groups on one side of the molecule. There is no 

significant difference in recovery between 0.05 M and 0.1 M solutions. By using 

1 ml of each solution, it takes at least 50 pmols of every counterion to displace 

nearly all analyte ions from approximately 20 pmols of sulfonate sites on the 50 

mg PRS beds. 
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Figure 2.10 Elution with Aqueous 
Trimethylaminium Solution Using PRS 
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Figure 2.11 Elution with Aqueous 
Tetrabutylammonium Solution Using PRS 
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Figure 2.12 Elution with Aqueous 
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The hypothesis that ionic retention is the primary mode of interaction 

between PRS and the aminium or ammonium molecule is supported by the 

demonstration of successful elution with an aqueous solution. Elution with NH/ 

is very supportive of the hypothesis, since this ion acts like a point charge with no 

extended hydrophobic structure. Clearly, elution is possible without disruption of 

possible hydrophobic interactions since this elution was performed with water. 

Moreover, the fact that the minimal concentration for effective elution is the same 

between all counterions supports the hypothesis that there is no selectivity for 

particular monovalent organic cations using PRS. 

2.3.3 Elution of Analytes with Methanolic Cation Solutions 

The previous experiment was modified by using methanol as the elution 

solvent. The goal here was to find out if an organic solvent would play a part in 

elution by lowering the minimal concentration of counterion required for effective 

elution of analytes from PRS, or by significantly raising absolute recoveries. This 

experiment attempts to better define the role that van der Waals forces play in 

the retention of organic bases with PRS. 

2.3.3.1 Experimental 

Ammonium solutions of 0.001 M, 0.005M, 0.01M, 0.05M. and 0.1 M in 

methanol were prepared from the following salts: ammonium chlohde, 

trimethylamine hydrochloride, tetrabutylammonium bromide and 
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benzyltriethylammonium chloride. All of these compounds were purchased from 

Aldrich Chemical Co., Inc. (Milwaukee, Wisconsin). The general SPE procedure 

described previously was modified by using 1 ml of each solution for elution with 

the exception that eluates did not require further extraction with a hydrophobic 

sorbent. Phencyclidine, cocaine and ketamine were used as the analyte probes. 

2.3.3.2 Results and Discussion 

The results of this experiment are shown in Figures 2.13 - 2.16 as plots of 

% absolute recovery versus concentration of ammonium or aminium ion in the 

methanolic elution solution. As with the aqueous elution solutions, with every 

counterion used, maximal recovery is reached by using at least 0.05 M solutions. 

The highest recoveries were obtained with phencyclidine (the least polar analyte) 

at 95%. Recovery of all three analytes is 10-15% higher by using a methanolic 

solution than by using an aqueous elution. 

Higher recovery using an organic solvent rather than water as the elution 

solvent may indicate that there are some nonpolar forces involved with retention. 

However, there is an alternative explanation. The analytes are all very soluble in 

methanol. Additionally, lower recovery with aqueous solutions may be a result of 

losses in the subsequent extraction with a C8 cartridge prior to analysis. A 

recovery study for these analytes using the same protocol with a 3 ml, 100 mg 

C8 cartridge yielded mean recoveries of 94% phencyclidine, 92% ketamine and 

89% cocaine. Moreover, recoveries are still greater than 80% using water. 
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Figure 2.13 Elution with Methanolic Ammonium 
Solution Using PRS 
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Figure 2.14 Elution with Methanolic 
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Figure 2.15 Elution with Methanolic 
Tetrabutylammonium Solution Using PRS 
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Figure 2.16 Elution with Methanolic 
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Thus, the hypothesis that ionic forces are responsible for the primary mode of 

retention is not refuted. As shown in Table 2.2, by conditioning the sorbent with 

hydrogen ions, there are no losses of analyte during a methanol rinse step. 

Thus, methanol alone is not an effective eluter to pull the analytes off of PRS. 

Clearly, the ionic strength of the elution solution must be high enough in order to 

displace analyte ions from cation exchange sites by mass action. As with an 

aqueous elution, there is no significant difference in recovery between 0.05 M 

and 0.1 M elution solutions for any of these analytes, regardless of the cation 

used for displacement. This evidence points toward a lack of selectivity of PRS 

for any of these cations. 

2.4 INTERACTION OF MONOPROTIC CONJUGATE ACIDS OF ORGANIC 

BASES WITH PROPYLENESULFONATE IN THE PRESENCE OF 

POLYPROTIC CATIONS 

2.4.1 The Introduction of Polyprotic Counterions Prior to Analyte 

Introduction 

It is well established that polymeric cation exchangers favor the cation that 

has the highest oxidation state. In order to investigate the selectivity of PRS for 

ammonium ions of differing charge, diprotic, triprotic and tetraprotic ammonium 

ions were introduced prior to sample loading in the SPE procedure. A high 

concentration of each of these counterions was loaded onto the column to 
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ensure connplete occupation of cation exchange sites by the appropriate 

counterion. With monoprotic counterions, introduction of analyte ions after this 

step results in no effect on analyte retention. The hypothesis that ionic forces are 

the dominant means of interaction between PRS and organic cations may be 

further tested by studying the impact of charge. There are two possible 

outcomes of this experiment; 1) either the monoprotic analyte ions can displace 

enough polyprotic counterions to be completely retained; or 2) the analyte ions 

cannot displace enough counterions to be ionically retained, and some portion of 

these analyte ions could be lost during sample loading or in a methanol rinse 

prior to the final elution step. The goal is to find out if PRS exhibits selectivity for 

species based on oxidation state. 

2.4.1.1 Experimental 

Ammonium solutions of 0.1 M in 0.01 M HCI were prepared from the 

following ammonium salts; ethylenediamine dihydrochloride (pKai 10.44 and 

pKa2 8.52), spernr»idine trihydrochloride (pKai 10.50, pKa2 9.90, and pKa3 9.02) 

and spermine tetrahydrochloride (pKai 10.64, pKaa 10.50, pKaa 10.04, and pKa4 

9.90). All of these salts were purchased from Sigma Chemical Co., Inc. (Saint 

Louis, Missouri). See Figure 2.17 for the chemical structures of these 

compounds. 

The general SPE procedure described previously was modified by 

introducing 1 ml of an ammonium counterion solution after column equilibration 



Figure 2.17 The Chemical Structures of Polyprotic Counterions 
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by 1 ml of 0.01 M HCl. A blank 0.01 M HCI solution was also introduced. Excess 

counterions in pores and interparticulate spaces were driven off the column by 

introducing 1 ml deionized water prior to sample loading The analytes in this 

experiment were phencyclidine, ketamine and cocaine. These experiments were 

performed as sets of six repetitive extractions (n=6). 

During loading the sample onto the column, the solution was collected as 

it passed through the PRS bed. The deionized water rinsate was also collected 

in the same culture tube, extracted with a C8 cartridge, prepared for analysis and 

analyzed as described previously to determine analyte losses during sample 

loading. The methanol rinsate was also collected and analyzed to determine 

losses during this step of the procedure. Finally, the eluate was collected and 

analyzed. 

2.4.1.2 Results and Discussion 

The results of analyses for sample loading losses, methanol rinsing losses 

and final elution recoveries are shown in Tables 2.6 - 2.8. There are significant 

losses of phencyclidine, ketamine and cocaine detected during sample loading. 

These results indicate that there is considerable breakthrough of the analytes 

during this step. These data suggest that cation-exchange sites are occupied by 

polyprotic species and the strength of interaction may not be completely 

overcome by displacement with a monoprotic analyte. 
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Percent Losses and Absolute Recovery of Phencyclldlne Using 

PRS as a Function of Polyprotic Counter Ion Introduced Prior to 

Sample Application (n=6) 

Counterion Loss in 
Loadina 

Loss in 
Methanol 

Rinse 

Absolute 
Recovery in 

Elution 

Ethylenediamine^^ 39 (+M) ND 55 (+/-3) 

Spermidine^^ 62 (+/-2) ND 35 (+/-1) 

Spermine'*^ 69 (+/-3) ND 25 (+/-2) 

ND = Not Detected 
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TABLE 2.7 

Percent Losses and Absolute Recovery of Ketamine Using PRS 

as a Function of Polyprotic Counter Ion Introduced Prior to 

Sample Application (n=6) 

Counterion Loss in 
Loadina 

Loss in 
Methanol 

Rinse 

Absolute 
Recovery in 

Elution 

Ethylenediamine^^ 32 (+/-6) ND 52 (+/-5) 

Spermidine^^ 60 (+/-3) ND 28 (+/-1) 

Spermine'*^ 68 (+/-4) ND 22 (+/-3) 

ND = Not Detected 
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TABLE 2.8 

Percent Losses and Absolute Recovery of Cocaine Using PRS 

as a Function of Polyprotic Counter Ion introduced Prior to 

Sample Application (n=6) 

Counterion Loss in 
Loadina 

Loss in 
IVIethanol 

Rinse 

Absolute 
Recoverv in 

Elution 

Ethylenediamine^^ 40 (+/-4) ND 54 (+/-6) 

Spermidine^^ 65 (+/-2) ND 27 (+/-3) 

Spermine'"' 77 (+/-1) ND 19(+/-1) 

ND = Not Detected 
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Breakthrough in sample loading is proportional to the charge of the cation 

that is introduced. For example, the mean loss of phencyclidine is 39% in the 

presence of ethyienediamine^*, while the mean losses in the presence of 

spermidine^" and spermine'"" are 62% and 69%, respectively. Figures 2.18 -

2.20 show computational models of the energy-minimized interaction of the three 

polyprotic species with the PRS surface. These models demonstrate that it is 

possible for the di-. tri- and tetraprotic species to have multiple ionic interactions, 

or attachments, to the PRS surface simultaneously. However, the fact that the 

losses are very close between the triprotic and tetraprotic species may indicate 

that the tetraprotic attaches to the surface predominantly at three cation 

exchange sites. Overall, losses may represent an average number of 

simultaneous ionic interactions that actually occur. This indicates that the 

surface may be very heterogeneous with respect to the surface coverage with 

PRS. The surface may be a mixture of isolated chains and islands of chains 

(groups of chains within close proximity of each other). The losses are 

semiquantitative evidence of a mixture of multiple and single site attachment. 

Analyte losses are proportional to the strength of interaction between the 

counterion and the surface. Therefore, the strength of interaction between the 

PRS surface and the particular cation is directly proportional to the charge of the 

cation. There is a thermodynamic explanation for this relationship. The multiple 

points of ionic attachment of polyprotic species contribute' to a sufficiently 

negative enthalpy change as to favor retention of these polyprotic species over 
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monoprotic species. The enthalpy change is a function of the connposite of ionic 

interactions that occur between the solute and the sorbent. Thus, the greater the 

number of possible ionic interactions, the greater is the strength of interaction 

between the bonded phase and the ammonium ions. Furthermore, the higher 

the charge on the cation, the greater is the number of ionic interactions that may 

be possible. If a polyprotic species can only attach itself to the surface with one 

ionic interaction, for example, there is an increased entropic probability of ionic 

interaction with an increase of charged sites in the molecule. Stereochemical 

access to a charged group in the molecule is more probable the greater the 

number of protonated sites on that particular amine. 

Analysis of methanol rinsates shows no losses due to disruption of 

nonpolar interactions, regardless of which polyprotic counterion is present prior to 

analyte introduction. Therefore, the retained analyte molecules are held up by 

ionic forces between sulfonate groups on the PRS surface and the ammonium 

groups of the analytes. Analysis of the eluates shows the recovery of analytes 

that were not lost due to breakthrough in sample loading. These molecules were 

successfully displaced from cation-exchange sites with a methanolic 5% 

ammonium hydroxide solution. The fact that recoveries for analytes are closer 

between the spermidine^* and spermine"* counterions than between these two 

counterions and ethylenediamine^* points toward a small difference in selectivity 

between the triprotic and tetraprotic species. 
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2.4.2 Elution of Analytes with Aqueous Counterion Solutions 

It is proposed that the PRS surface exhibits selectivity for polyprotic 

ammonium ions proportional to the charge of the ion. The primary mode of 

interaction between PRS and ammonium ions must be ionic forces. This 

proposed selectivity was further tested with an experiment directed at the elution 

of monoprotic analytes with polyprotic species in an aqueous solvent 

environment. 

2.4.2.1 Experimental 

Ammonium solutions of 0.001 M, 0.005M, 0.01M, 0.05M, and 0.1 M in 

0.001 M HCI were prepared from the following ammonium salts: ethylenediamine 

dihydrochloride, spermidine trihydrochloride and spermine tetrahydrochloride. All 

of these salts were purchased from Sigma Chemical Co., Inc. (Saint Louis, 

Missouri). The general SPE procedure described previously was modified by 

use of 1 ml of each ammonium solution for elution. Eluates were further 

extracted with C8 cartridges prior to analysis. Phencydidine, cocaine and 

ketamine were used as the analyte probes. 

2.4.2.2 Results and Discussion 

The results of this experiment are shown in Figures 2.21 - 2.23 as plots of 

% absolute recovery versus concentration of ammonium ion in the elution 

solution. There is a significant difference in recovery between 0.01 M and 0.05 M 
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using the diprotic species. However, there is no significant difference in recovery 

between these two concentrations when using the triprotic or tetraprotic species 

for eiution. 

With the concentrations used, maximal recovery is reached at different 

concentrations depending on the counterion used for displacement. The highest 

recoveries were obtained by using minimal concentrations of 0.05 M 

ethylenediamine^", 0.01 M spermidine^" and 0.01 M spermidine"". There is no 

significant difference in recovery between 0.05 M and 0.1 M solutions for any of 

the counterions used. By using 1 ml of each solution, it takes at least 50 pmols 

of ethylenediamine and at least 10 (jmols of the triprotic and tetraprotic 

counterions to displace the maximal number of analyte ions possible under 

experimental conditions from approximately 20 pmols of sulfonate sites on the 50 

mg PRS beds. The eiution profiles do not significantly differ between the triprotic 

and tetraprotic species, which is consistent with the proposed small difference in 

selectivity between these two ions. 

As is the case with monovalent organic ions, the hypothesis that ionic 

retention is the primary mode of interaction between PRS and the conjugate 

acids of amines is supported by the demonstration of successful eiution in an 

aqueous matrix. Eiution of a majority of analyte ions is possible without 

disruption of possible hydrophobic interactions or neutralization with hydroxide. 

There are differences in minimal concentration of counterion required for 
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maximized recovery between the diprotic and the triprotic or tetraprotic species 

studied. 

2.5 RELATIVE COUNTERCATION SELECTIVITY OF 

PROPYLENESULFONATE 

Lower recovery of an analyte indicates a lowered ability to displace the 

counterion that is present. The absolute recoveries of phencyclidine in the 

experiments employing counterion introduction prior to analyte introduction are 

displayed in Table 2.9. From these data, a relative counterion selectivity table 

was constructed (Table 2.10). A value for relative selectivity was empirically 

determined using the following equation; 

Relative Selectivity = (100 - R)/(100 - RH+) (Eq. 11) 

where R is the recovery of the analyte when conditioning with a particular cation 

and Rh+ is the recovery of the analyte when conditioning with hydrogen ion. The 

relative selectivity for hydrogen ion is assigned the arbitrary value of unity and 

counteractions are assigned a normalized relative selectivity. 

This yields a relative selectivity that is proportional to the affinity of the ion-

exchange site for the cation. There is no significant difference in selectivity of 

PRS for any monoprotic species, regardless of the number or types of 

hydrocarbon groups attached to the positively charged nitrogen atom. There are 
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significant differences in selectivity between monovalent, divalent, trivalent and 

tetravalent species, however. 

2.6 RETENTION OF ORGANIC CATIONS IN A HIGH IONIC STRENGTH 

MATRIX 

The hypothesis that ion-exchange is the primary mechanism for retention 

using the propylenesulfonate modified phase was tested by extracting conjugate 

acids of organic bases from a high ionic strength matrix. A high concentration of 

electrolytes may compete with analyte ions for sulfonate sites, thus limiting 

retention by ionic forces. Under these experimental conditions, nonpolar 

interactions between hydrocarbon moieties of the analyte molecules and the 

propylene linker chains may be a possible means available for retention. 

2.6.1 Experimental 

Sample solutions were prepared by spiking 1 ml, pH 6 0.1 M sodium 

phosphate buffer solutions with 100 ul of a 1 Dug/ml standard solution of 

phencyclidine, ketamine and cocaine. Thus, a micromolar concentration of 

analytes in 0.1 M sodium solutions, a concentration difference of five orders of 

magnitude, was used for extraction with a ImL 50 mg PRS cartridge. The same 

general SPE procedure described previously was followed 
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2.6.2 Results and Discussion 

The results of this experiment are shown in Table 2.11. Elution recoveries 

are very low. 15-22 % for all three analytes. Losses occur due to breakthrough 

during the sample-loading step. There are no losses detected during the 

methanol rinse step. Sodium ions occupy most of the cation-exchange sites, 

inhibiting ionic retention of a large fraction of analyte ions. 

The fact that there are no detectable losses in the methanol rinse 

suggests that there is no significant retention of protonated amines through 

nonpolar forces alone. Analyte ions must compete with sodium ions ion-

exchange sites to a small degree. Selectivity for sodium ions is low, as shown in 

the relative countercation selectivity table (Table 2.9). The results of this 

experiment demonstrate that the use of a stand-alone propylenesulfonate cation 

exchanger is not an effective approach to the extraction of organic bases from a 

high ionic strength matrix. 

2.7 THE EFFECT OF pH ON THE RETENTION OF ANALYTES OF 

DIFFERING BASICITY 

The pH of the solvent environment of the propylenesulfonate surface 

controls the ionization of analytes. This in turn affects the chemical interactions 

that are possible between analyte molecules and the surface. By manipulating 

the pH duhng an extraction, it is possible to further investigate the properties of 
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TABLE 2.11 

Percent Losses and Absolute Recovery of Analytes Using PRS 

In the SPE from a 0.1 IVI Na"^ Solution Matrix (N=3) 

Analvte Loss in 
Loadina 

Loss in 
Methanol 

Rinse 

Absolute 
Recovery in 

Elution 

Phencyclidine 68 (+/-5) ND 22 (+/-2) 

Ketamine 71 (+/-4) ND 17(+/-3) 

Cocaine 72 (+/-7) ND 15(+/-2) 

ND = Not Detected 
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the surface as they pertain to retention of amines that are ionized, partially 

ionized or completely neutral while the sulfonate group remains charged. 

2.7.1 Experimental 

Samples were prepared at a concentration of 1 ug/ml analyte in 0.001 M 

buffer solutions adjusted to pH 2, 4, 6, 8 and 10. The sorbent was conditioned by 

the buffer solution at the same pH as the sample. The sample was loaded and 

rinsed with same pH buffer. Methylamphetamine (pKa 10.1), cocaine (pKa 8.6) 

and ketamine (pKa 7.5) were used as analyte probes. The sample application 

fraction and subsequent buffer rinsate was collected and the analytes were 

extracted with a C8 cartridge. The methanol rinsate was collected, as well as the 

eluate. All fractions were dried under nitrogen at 40 °C and derivatized for 

analysis as previously described. 

2.7.2 Results and Discussion 

The sample load, methanol rinse and elution results of this experiment are 

plotted in Figures 2.24, 2.25 and 2.26, respectively. By measuring breakthrough 

losses as a function of pH, it is shown that neutralization of analyte molecules at 

a higher pH results in a lack of retentive interaction with the PRS surface. The 

majority of ketamine and cocaine are lost due to breakthrough at pH 10. There is 

an increased loss of ketamine and cocaine as the pH is increased above 6. 

There is increased loss of methylamphetamine above pH 8. 
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The published pKa of ketamine is 7.5. Assuming nearly complete 

deprotonation of ketamine at pH 10, loss of over 60% in an aqueous solvent 

environment indicates that there is a lack of strong hydrophobic interaction 

between the surface and neutral molecules. Breakthrough is proportional to the 

fraction of analyte molecules in the deprotonated basic form. Therefore, since 

nearly half of the methylamphetamine molecules should theoretically be in the 

conjugate acid form at pH 10, the loss of this analyte at this pH is much lower 

than the loss of ketamine. Cocaine losses lie between the other two analytes 

because its pKa is intermediate. 

A methanol solvent environment will disrupt hydrophobic interactions. 

There are increased losses of ketamine and cocaine as the pH is increased 

above 6. A maximum loss of approximately 30% ketamine during the methanol 

rinse is exhibited at pH 10, conditions under which it should be completely 

deprotonated. These data show that there is some hydrophobic interaction 

between neutral species and the propylene chain. However, losses here are 

much lower than the breakthrough during sample loading. These data support 

the hypothesis that hydrophobic interactions play a minor role in retention with 

PRS. 

In the elution fractions, recovery of each of the three analytes drops off at 

a pH value of approximately one unit below its respective pKa. Significant losses 

of ketamine are observed between pH 7-10. The majority of these losses are 

accountable to breakthrough during sample loading. 
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2.8 PROPOSED MODEL OF THE PRS SURFACE 

According to Piccoli, the bonding density of a CI8 phase is approximately 

1.6 umol/m^ [68]. The bonding density of the PRS sorbent used in the 

experiments described in this chapter is approximately 0.65 umol/m^. Therefore, 

the bonding density of PRS is less than half that of C18. The polyprotic 

counterion experiments (Section 2.4) provide semiquantitative evidence of a 

mixture of multiple and single-site attachment, suggesting that the silica surface 

may be very heterogeneous with respect to the surface coverage of 

propylenesulfonate chains. The surface may be a mixture of isolated chains and 

islands of chains. Figure 2,27 shows the energy-minimized PRS phase using CS 

Chem3D Pro Version 4.0 software (CambrldgeSoft Corporation, Cambridge. MA) 

for computational modeling; this demonstrates that the bulky sulfonate head 

groups on adjacent chains electrostatically repel each other, forcing the chains 

as far apart as possible. Thus, in the synthesis of this bonded phase, chains 

may repel each other as they bind to the surface, resulting in variation in spatial 

density. The PRS particles have a surface that is mostly located in the pores. 

Pores may have different sizes, shapes and tortuosity and there is a great 

degree of heterogeneity with respect to both physical and chemical 

characteristics. The proposed aspect of the heterogeneous surface is depicted 

in the cartoon in Figure 2.28. 

In experiments with singly charged counterions in Section 2.3, it was 

suggested that one possible reason for the lack of significant nonpolar interaction 
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between the propylene linker and the hydrocarbon side groups of the counterion 

is a rigid "solid-like" character of the PRS bonded phase due to the short length 

of the chains (Figure 2.29). The chains may not be able to move to a 

considerable degree in order to accommodate the embedding of counterions 

between adjacent chains. Also, the chains may not be long enough to allow for 

intercalation of large hydrocarbon sidegroups for significant van der Waals 

interactions. 

Another reason for the lack of notable hydrophobic interaction may be the 

hydrated layer on the surface. The near surface region could be very polar as a 

result of a very structured water layer that extends from surface silanols to the 

sulfonic acid head groups. Fung has given evidence from differential scanning 

calorimetry measurements that with PRS, there is hydrogen bonding away from 

the silica surface; this is exhibited by a lower onset of melting point temperature 

of vicinal water [87]. Furthermore, the structural order of water between the 

chains could contribute to a higher viscosity of the solvation layer than that of 

bulk water. This could inhibit diffusion of nonpolar entities into the region. Figure 

2.30 shows a cartoon of the surface of PRS when exposed to water and 

methanol, illustrating that the surface is hydrated to a high degree. This is a very 

different solvent environment than with a polystyrene resin, which is much less 

polar and has less water associated with the surface. 

The cumulative model of the PRS surface proposed here is very 

chemically and physically heterogeneous. It has variable spatial surface 
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coverage with some areas more densely packed with immobilized chains than 

others. The surface is a mixture of isolated chains and islands of chains. The 

chains are conformationally rigid and solvated to a high degree with a viscous, 

structurally ordered water layer. 

2.9 CONCLUSIONS 

The molecular interactions between organic cations and a modified silica 

phase consisting of a sulfonic acid group on the end of a propylene linker were 

investigated. It was shown that the primary mode of interaction is through ionic 

forces. The role of hydrophobic interactions in retention is minor in comparison, 

and interaction of the linker chain with charged species is not apparent. As a 

consequence, there is no selectivity of PRS for cations based on hydrophobic 

nature. Nor is there selectivity for a monovalent ion based on hydrated size 

below the diameter of silica pore, since the silica substrate is not susceptible to 

swelling as exhibited by resin-based exchangers. Furthermore, the number and 

length of hydrocarbon sidegroups on the charged nitrogen atom of the cations 

studied do not inhibit ionic interaction; therefore, these are not factors that affect 

selectivity. Rather, there is selectivity proportional to the oxidation state of the 

ion. The proposed reason for this is a combination of multiple-site attachment of 

polyvalent species to the surface and increased probability of single-site 

interaction proportional to the number of charged nitrogen atoms on the 

molecule. 
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The properties of PRS are very different than that of a polystyrene-

divinylbenzene-based cation exchanger. The resin-based exchanger is far less 

hydrated and offers hydrophobic interactions with the very nonpoiar polymer 

substrate. Cantwell et al. [137-139] has shown that retention of an organic ion on 

a PSDVB-based ion exchanger is due primarily to two interactions: 1) 

hydrophobic adsorption onto the nonpoiar polymer backbone; and 2) ionic 

interaction between the cation-exchange site and the countercation. However, 

PRS does not contribute significant hydrophobic interactions to the retention of 

organic cations. Thus, PRS does not exhibit the selectivity that the resin-based 

material does. 

It was demonstrated that the use of PRS for the isolation of organic 

cations in a high ionic strength environment is not an effective approach. The 

extraction of organic bases from a high ionic strength matrix results in significant 

losses due to breakthrough. There is a competition for ion-exchange sites by 

which electrolytes overcome analyte ions in binding due to mass action. Since 

there is no significant retention of organic bases through nonpoiar forces atone 

with the linker chain, analytes are lost during sample application. 

By measuring loss and recovery during the SPE procedure as a function 

of pH, it was demonstrated that neutralization of analyte molecules at a higher 

pH results in a lack of considerable interaction with the PRS surface. Though 

there is some hydrophobic interaction between neutral species and the propylene 
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chain, the impact on retention Is minor in comparison to the Ionic retention of the 

species in the charged form. 

There were a number of reasons proposed for the lack of significant 

hydrophobic Interactions with the PRS phase. It was suggested that PRS has a 

rigid "solid-like" character due to the short length of the linker chains. The chains 

may not be able to move to a considerable degree in order to accommodate the 

embedding of counterions between adjacent chains. Also, the chains may not be 

long enough to allow for intercalation of large hydrocarbon sidegroups for 

significant van der Waals interactions. Another reason may be the hydration 

layer on the surface. The near surface region could be very polar as a result of a 

very structured water layer that extends from surface silanols to the sulfonic acid 

head groups. Furthermore, the structural order of water between the chains 

could contribute to a higher viscosity of the solvation layer than that of bulk water. 

This could inhibit diffusion of nonpolar entities into the region. 

A model of the PRS surface was proposed which is very chemically and 

physically heterogeneous. It has variable spatial surface coverage with some 

areas more densely packed with immobilized chains than others. The surface is 

a mixture of isolated chains and islands of chains. The chains are 

conformationally rigid and solvated to a high degree with a viscous, structurally 

ordered water layer. 
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CHAPTER 3 

PROPERTIES OF PROPYLENECARBOXYLATE-MODIFIED SILICA 

3.1. BACKGROUND 

It was shown in Chapter 2 that there are predominantly ionic molecular 

interactions on a modified phase consisting of a sulfonic acid group on the end of 

a propylene linker. The purpose of this investigation is to study the interactions 

on a modified phase consisting of a carboxypropylene group. This phase will be 

referred to as CBA. The length of the linker chain (~- 5 A) and the separation 

between adjacent chains (- 3 A) is approximately the same as that of PRS 

(Figure 3.1). However, the deprotonated carboxylic acid group has a relatively 

concentrated charge and a higher electrostatic field strength compared to the 

deprotonated sulfonic acid group, where the negative charge is smeared over a 

greater volume. Whereas the sulfonic acid functional group is a strong acid (pKa 

< 1), the carboxyl group is a weak acid, and is therefore susceptible to 

neutralization at low pH. The pKa of the carboxyl group should be close to 4.8, 

the pKa of free propionic acid in solution. The selectivity of CBA may differ from 

that exhibited by PRS, and it is the goal of this research to determine if that is so. 

The same systematic experimental approach was applied to CBA as was 

applied to PRS. In this chapter, the interaction of monoprotic conjugate acids of 

organic bases with CBA in the presence of other monovalent countenons is 

explored. This work is extended to the interaction of monoprotic analytes with 



Figure 3.1 The CBA phase 
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CBA in tlie presence of polyprotic counterions. From these experiments, a 

relative selectivity for aminium and quaternary ammonium counterions is 

developed based on differences in hydrophobicity and charge The hydrophobic 

contribution to retention is also examined in the retention of organic bases in a 

high ionic strength matrix. The role of increasing pH value is addressed as it 

influences the retention or a lack of retention of amines that go from an ionized 

state to a partially ionized or completely neutral state while the carboxyl group 

goes from a protonated neutral state to a deprotonated charged state. A model 

of the CBA surface is proposed based on the information obtained from these 

experiments. 

3.2. EXPERIMENTAL OVERVIEW 

Buffer samples were spiked with basic analytes and extracted by manual 

SPE using CBA cartridges. Extracts were then spiked with deuterated internal 

standards for quantitative analysis to determine absolute recovery. 

Derivatization, if needed, was subsequently performed. Analysis was by GC/MS 

in the SIM mode. The instrumental limit of detection for all analytes ranged from 

5-10 ppb at a 3:1 signal-to-noise ratio. 

The strength of interaction between a solute and the immobilized bonded 

molecule on silica dictates the difference in the degree of retention that may 

occur between one bonded phase and another. In this research, the degree of 

retention is measured by absolute recovery, which is an indication of the actual 
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efficiency of the extraction. Also, losses in sample loading and organic rinses are 

measured. Absolute recovery and losses are measured by adding an internal 

standard to the each collected fraction for quantitation 

Conclusions were drawn from displacement experiments regarding the 

molecular interactions that occur, and these interactions are illustrated in this 

dissertation using CS ChemSD Pro Version 4.0 software (CambridgeSoft 

Corporation, Cambridge, MA) for computational modeling. These models were 

energy-minimized using molecular mechanics. The potential energy force field 

was used to determine bond stretching, angle bending, torsional (bond-twisting) 

energies and through-space (non-bonded) interactions. The model cation was 

oriented above the model surface prior to the initiation of calculations. Energy-

minimization by the program yielded a final model that shows a spatial position of 

the surface chains and the cation as they interact. 

3.2.1 Materials and Methods 

Analytical standards were purchased from Radian International (Austin, 

Texas). All solvents were HPLC-grade Burdick and Jackson and purchased from 

J.T. Baker Chemical Company (Phillipsburg, NJ). Analytes were phencyclidine, 

cocaine, ketamine, amphetamine and methylamphetamine and their respective 

deuterated forms as internal standards. See Figures 2.2 and 2.3 for these 

chemical structures and pKa's. SPE cartridges were obtained from International 

Sorbent Technology Ltd. (Hengoed, Mid Glamorgan, UK). The CBA sorbent 
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used has a bonded-phase surface coverage of 3.2 umol/m^ and an ion exchange 

capacity of 0.74 mmol/g [142], One milliliter standards and internal standards 

were obtained at 1 mg/ml and diluted 1:100 with methanol to 10 ug/ml stock 

solutions of 100 ml. One ml samples of 0.01 M ammonium acetate, pH 7 buffer 

were spiked with 100 ul of standard stock solutions. 

The following general SPE procedure was followed. Fifty milligram, 1 ml 

CBA cartridges were conditioned with 1ml of methanol, then equilibrated with 1 

ml of the sample buffer matrix. The sample was applied without vacuum at 0.5 

ml/min. The cartridges were rinsed with 1 ml of 0.01 M ammonium acetate pH 7 

buffer, then dried by vacuum aspiration for 1 minute so that the amount of water 

in the eluate could be reduced. The cartridges were then rinsed with 1 ml of 

methanol. Analytes were then eluted into culture tubes with 1 ml of 5% NH4OH 

in methanol. For most experiments, solutions were collected in culture tubes 

during sample loading and methanol rinsing as well as elution for subsequent 

analysis. The aqueous sample-loading fraction was further extracted with a 3 ml, 

100 mg C8 cartridge and eluted with methanol prior to analysis. Modifications to 

this general SPE procedure are noted in the Experimental sections of this 

chapter. 

To all collected samples and calibration standards were added 100 ul of 

deuterated internal standards. Calibration standards were prepared by adding 

20 ul, 50 ul, 70 ul, 100 ul, and 120 ul of stock solution to 1 ml elution solution of 

5% NH4OH in methanol. These standards correlated to 20%, 50%, 70%, 100% 
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and 120% absolute recovery, and were used to construct five-point calibration 

curves. Linear calibration curves using regression analysis consisted of peak 

area ratios of analytes to their respective internal standards versus percent 

absolute recovery. 

Prior to analysis, amphetamine and methylamphetamine required 

chemical modification to form stable, volatile derivatives for GC/MS analysis. 

This was performed after addition of internal standard to the collected samples. 

First, 100 ul of 10mg/100ml tartaric acid (Sigma Chemical Company, St. Louis, 

Missouri) in ethyl acetate was added to the culture tubes. The tubes were then 

capped and vortexed for 1 minute. The samples were then dried at 40''C under 3 

psig nitrogen. After this, 50 ul of pentafluoropropionic anhydride, or PFPA, 

(Sigma Chemical Company, St. Louis, Missouri) and 50 ul of ethyl acetate were 

added. These were vortexed for 1 minute and left to react at room temperature 

for 5 minutes. The samples were then evaporated to dryness under nitrogen at 

room temperature. 

After addition of internal standards and vortexing for 1 minute, all samples 

and standards were dried under a stream of nitrogen at a temperature of 40°C 

using a TurboVap® supplied by Zymark, Inc. (Hopkinton, Massachussetts). All 

underivatized and derivatized samples and standards were then reconstituted in 

100 ul of 20% acetone: 80% ethyl acetate (v/v), vortexed for 1 minute, and 

transferred to autosampler vials for GC/MS analysis. The limit of quantitation 

was determined to be at or below 0.1% absolute recovery for all analytes. 
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3.2.2 Gas Chromatography 

All analyses were performed with a Hewlett-Packard (Wilmington, 

Delaware) model 5890 Series II gas chromatograph and a Hewlett-Packard 

model 7673 autosampler with mass spectrometric detection. The column used 

was a 30 m X 0.25 mm i.d. x 0.25 |.im film DB-XLB fused silica capillary column (J 

& W Scientific, Folsom, CA). The GC column head pressure was maintained at 

8 p.s.i. with a helium carrier gas flow of 0.90 mL/min. A splitless injection was 

used with an injector temperature of 250°C. The transfer line was maintained at 

5°C above the highest temperature reached in the oven temperature program. 

Oven temperature programs were assay dependent, but a typical program was 

the following: 200°C for 0.5 min, 40°C/min to 280''C, 280°C for 2 min, 70''C/min 

to 320°C, 320°C for 1 min. Injection volumes of 1 or 2 microliters and a double-

gooseneck silylated injection liner were used. 

3.2.3 Mass Spectrometry 

A single quadrupole Hewlett-Packard model 5970B Mass Selective 

Detector was used. In order to enhance sensitivity, the mass spectrometer was 

operated in the SIM mode. Electron ionization was utilized with a solvent delay 

of 3 min. The GC/MS system was interfaced with a computerized data system 

using Hewlett-Packard ChemStation Software, Version 12.0, to control 

instrumental parameters for the autosampler, the GC and the MS, and to acquire, 

store, and output Total Ion Chromatograms (TICs) and mass spectral data. The 
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software integrated areas for each peak for the ions monitored. See Table 2.1 

for the ions monitored for each analyte and its respective deuterated internal 

standard. Analytes were identified by retention time, and quantitation was 

performed based on the abundance of each analyte relative to the abundance of 

its internal standard, 

3.3 INTERACTION OF MONOPROTIC CONJUGATE ACIDS OF ORGANIC 

BASES WITH PROPYLENECARBOXYLATE IN THE PRESENCE OF 

OTHER MONOVALENT CATIONS 

3.3.1 The Introduction of Monovalent Counterlons Prior to Analyte 

Introduction 

In order to investigate the selectivity of CBA for aminium and quaternary 

ammonium ions of differing hydrocarbon substitution, a variety of these cations 

were introduced prior to sample loading in the SPE procedure. Sodium ions, 

classified as low selectivity ions when using a polystyrene cation exchanger, 

were also introduced in order to determine if there is any effect on recovery when 

using organic counterions rather than inorganic counterions, A high 

concentration of each of these ions was loaded onto the column to ensure 

complete occupation of cation exchange sites by the appropriate counterion. 

Introduction of analyte ions after this step would result in one of two fates (Figure 

3.2), Either the analyte ions would displace enough counterions to be completely 



Figure 3.2 Retention Alternatives with CBA 
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retained, or the analyte ions could not displace enough counterions to be 

ionically retained and some portion of these analyte ions could be lost during 

sample loading or in a methanol rinse prior to the final elution step. In the latter 

case, counterions introduced to the SPE column prior to analyte ions interact 

more strongly with the bonded exchanger and the analytes cannot energetically 

compete for complete retention on the cation exchange sites and linker chains. 

By probing selectivity of CBA. it is possible to interpret the reasons for strength of 

interaction between the CBA surface and organic cations based on their 

structure. 

3.3.1.1 Experimental 

Counterion solutions of 0.3 M in 0.05 M ammonium acetate, pH 7, 

were prepared from the following salts: ammonium chloride (pKa 9.24), 

methylamine hydrochloride (pKa 10.64), dimethylamine hydrochloride (pKa 

10.77), trimethylamine hydrochloride (pKa 9.80), tetramethylammonium chloride, 

tetraethylammonlum bromide, tetrabutylammonium bromide, 

triethylhexylammonium bromide, and benzyltriethylammonium chloride. All of 

these compounds were purchased from Aldrich Chemical Co., Inc. (Milwaukee, 

Wisconsin). The pH of each of these solutions was measured and is shown in 

Table 3.1. 

The general SPE procedure described previously was modified by 

introduction of 1 ml of a counterion solution after column equilibration. A 0.3 M 



TABLE 3.1 

The pH of 0.3 M Monoprot ic Counterion Solutions in 0.05 M 
Anlmoniurn Acetate 

Counterion r- Measured pH 

! --- ------An1 rr1onTum __ _____ -·- -----·-----~----------------6 . 6 -=;------

177 

! ------·------·--·-·-- - ----,--------------------------1 
Methylammoniurn ! 7.01 

I 
I 
I 

i--------··------·---·-----------·-·-·- ---·- ·--!-··- ··----------- -------------i 

Dimethyiarnmonium I 7.00 
I 

Trimethylammonium 

1 7.08 

6.96 

Tetramethylammonium 

Tetraethylammonium 6.93 

Tetrabutylammonium 6.90 

Triethylhexylammonium 6.88 

Triethylbenzylammonium 6.95 
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sodium chloride solution in water was also introduced, as well as blank deionized 

water. Excess counterions in pores and interparticulate spaces were driven off 

the column by introducing 1 ml of deionized water prior to sample loading. The 

analytes in this experiment were phencyclidine, amphetamine and 

methylamphetamine. These experiments were performed as sets of six 

repetitive extractions (n=6). 

The ion exchange capacity of the CBA beds used is 0.7 mmol/g bed 

mass, or approximately 0.04 mmol for a 50 mg bed. Loading 1 ml of 0.3 M 

ammonium ions means that approximately 0.3 mmols of counterions were loaded 

onto the column - more than enough molecules to occupy cation exchange sites 

(excess ions were driven off with an aqueous rinse following counterion loading). 

Therefore, for ionic interaction to occur between the analyte ions and the 

carboxylate groups, there must be some displacement of counterions by analyte 

ions from these sites. 

During loading the sample onto the column, the solution was collected as 

it passed through the CBA bed. The deionized water rinsate was also collected 

in the same culture tube, extracted with a C8 cartridge, prepared for analysis and 

analyzed as described previously to determine analyte losses during sample 

loading. The methanol rinsate was also collected and analyzed to determine 

losses during this step of the procedure. Finally, the eluate was collected and 

analyzed. 
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3.3.1.2 Results and Discussion 

The results of analyses for sample loading losses, methanol rinsing losses 

and final elution recoveries are shown in Tables 3.2, 3.3 and 3.4. There are 

very minimal losses of phencyclidine, amphetamine or methylamphetamine 

detected during sample loading, regardless of the type of counterion introduced 

prior to introduction of the analytes. These results indicate that there is very little 

breakthrough of the analytes during this step. These losses may be a result of 

incomplete deprotonation of carboxyl groups on the surface. There are only two 

possible interactions that may be responsible for retention - ionic and van der 

Waals forces. 

Hydrophobic interactions with analytes may be possible with the propylene 

linker chain or the hydrocarbon groups of counterions that are held ionically to 

the CBA surface. These interactions may be solely responsible for retention, or 

may be secondary to the more energetic ionic interactions. The way to elucidate 

retention solely by a hydrophobic mechanism is to examine losses of analyte 

molecules in the subsequent methanol rinsate. Methanol disrupts hydrophobic 

interactions and would remove any analyte molecules from the column that are 

retained by nonpolar means alone. However, as shown in Tables 3.2 - 3.4, there 

are no detectable losses of any of the three analytes during a methanol rinse due 

to disruption of nonpolar interactions, regardless of counterion. This is indicative 

of an ionic retention mechanism. Thus, the analytes successfully displace the 

counterions from carboxylate sites. 
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Percent Losses and Absolute Recovery of Phencyclidine Using 

CBA as a Function of Monoprotic Counter Ion Introduced Prior 

to Sample Application at pH 7 (n=6) 

Counterion Loss in 
Loadina 

Loss in 
Methanol 

Rinse 

Absolute 
Recovery in 

Elution 

Sodium 4 (+/-3) ND 88 (+M) 

Ammonium 6 (+/-2) ND 85 (+/-2) 

Methylaminium 5 (+/-3) ND 86 (+/-3) 

Dimethylaminium 7 (+/-3) ND 87 (+/-3) 

Trimethyiaminium 3 (+/-2) ND 88 (+/-5) 

Tetramethylammonium 4 (+/-3) ND 85 (+/-4) 

Tetraethylammonium 4 (+/-2) ND 88 (+/-3) 

Tetrabutylammonium 3 (+/-1) ND 90 (+/-2) 

T riethylhexylammonium 2(+/-1) ND 88 (+/-3) 

T riethylbenzylammonium 3 (+/-2) ND 86 (+/-4) 

ND = Not Detected 
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Percent Losses and Absolute Recovery of Amphetamine Using 

CBA as a Function of Monoprotic Counter Ion Introduced Prior 

to Sample Application at pH 7 (n=:6) 

Counterion Loss in 
Loadina 

Loss in 
Methanol 

Rinse 

Absolute 
Recovery in 

Elution 

Sodium 3 (+/-2) ND 83 (+M) 

Ammonium 3(+/-1) ND 81 (+/-3) 

Methylaminium ND ND 80 (+M) 

Dimethylaminium 4(+/-1) ND 82 (+/-5) 

Trimethylaminium 4 (+/-3) ND 81 (+/-3) 

Tetramethylammonium ND ND 81 (+/-5) 

Tetraethylammonium 2(+/-1) ND 82 (+/-4) 

T etrabutylammonium 3(+/-1) ND 81 (+/-3) 

T riethylhexylammonium 4 (+/-3) ND 80 (+/-2) 

T riethylbenzylammonium 2(+M) ND 81 (+/-3) 

ND = Not Detected 
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Percent Losses and Absolute Recovery of Methylamphetamlne 

Using CBA as a Function of Monoprotic Counter Ion Introduced 

Prior to Sample Application at pH 7 (n=6) 

Counterion Loss in 
Loadina 

Loss in 
Methanol 

Rinse 

Absolute 
Recovery in 

Elution 

Sodium 3(+/-1) ND 84 (+/-3) 

Ammonium 2(+/-1) ND 82 (+/-2) 

Methylaminium 4 (+/-2) ND 83 (+/-3) 

Dimethylaminium ND ND 81 (+/-4) 

Trimethylaminium 2 (+/-1) ND 83 {+/-3) 

T etramethylammonium ND ND 80 (+/-3) 

Tetraethylammonium 3(+/-1) ND 81 (+/-4) 

Tetrabutylammonium 4 (+/-3) ND 83 (+/-5) 

T riethylhexylammonium ND ND 80 (+/-3) 

T riethylbenzylammonium 2(+/-1) ND 00
 

ND = Not Detected 



As shown in Figure 3.3, using CS Chem3D Pro Version 4.0 software 

(CambridgeSoft Corporation, Cambridge, MA) for computational modeling, the 

triethylbenzylammonium ion interacts with CBA by positioning the ammonium 

nitrogen close to a negatively charged oxygen atom of the carboxylate group 

while the benzyl group extends away from the linker chain at an energy 

minimum. This is the same interaction as exhibited by the PRS phase (see 

Figure 2,7). Therefore, interaction appears to be predominantly with the ionic 

sites of the propylene-linked cation exchanger. Similar to PRS, the lack of 

significant interaction between the propylene linker and the hydrocarbon side 

groups of the counterion may also be due to a rigid "solid-like" character of the 

CBA bonded phase. The chains may not be able to move to accommodate the 

embedding of counterions between the chains. This is exhibited in the model in 

Figure 3.4 of the energy-minimized interaction of triethylbenzylammonium ions 

and CBA, as the ions do not intercalate to a high degree between CBA chains. 

Also, the propylene chain may not be long enough for this to occur. 

The solvent environment at the near surface region may also inhibit the 

embedding of hydrophobic moieties of organic cations. As with PRS, the 

propylenecarboxylate chains are likely solvated by water molecules. The 

hydration layer may be very ordered and this lends to a higher viscosity than that 

of the bulk water. A viscous environment is not thermodynamically favorable for 

the diffusion of solutes between the chains. 
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Figure 3.3 The Energy-Minimized Interaction 
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Figure 3.4 The Energy-Minimized Interaction of 
Triethylbenzylammonium Ions and CBA (Hydrogen Atoms Not Shown) 
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There is no significant difference in recovery of any of the analytes 

between any of the counterions that were introduced prior to sample loading. 

There are slightly lower recoveries of amphetamine and methylamphetamine as 

compared with the recoveries of phencyclidine. This is a result of the higher 

volatility of these analytes and loss occurs during blowdown prior to 

derivatization. It is hypothesized that there is no difference in selectivity of CBA 

for any of these monoprotic ions. High recovery of the analytes in the elution 

step reveals that most of the analyte molecules are retained during the whole 

SPE procedure. 

3.3.2 Elution of Analytes with Aqueous Cation Solutions 

It is hypothesized that there is no difference in selectivity of CBA for 

monoprotic ammonium ions that differ in hydrocarbon substitution. In order for 

this to be true, there must be very little contribution of secondary hydrophobic 

interactions to retention of organic cations. In other words, the primary mode of 

interaction between CBA and ammonium ions must be ionic forces. 

Furthermore, the more concentrated charge of the carboxylate group compared 

with the sulfonate group does not appear to play a role in selectivity. In order to 

test this hypothesis, an experiment directed at the elution of analytes by 

ammonium ions in an aqueous solvent environment was performed. 
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3.3.2.1 Experimental 

Cation solutions of 0.005M, 0.01 M, 0.05M and 0.1 M in ammonium 

acetate buffer, pH 7, were prepared from the following salts: ammonium chloride, 

trimethylamine hydrochloride, tetrabutylammonium bromide and 

benzyltriethylammonium chloride. All of these salts were purchased from Aldrich 

Chemical Co., Inc. (Milwaukee, Wisconsin). The general SPE procedure 

described previously was modified by using 1 ml of each ammonium solution for 

elution. Each eluate was further extracted with a C8 cartridge prior to analysis. 

Phencyclidine, amphetamine and methylamphetamine were used as the analyte 

probes. 

3.3.2.2 Results and Discussion 

The results of this experiment are shown in Figures 3.5 - 3.8 as plots of % 

absolute recovery versus concentration of ammonium ion in the elution solution. 

With every counterion used, maximal recovery is reached by using at least 0.05 

M solutions. The highest recoveries were obtained with amphetamine at 77%. 

There is no significant difference in recovery between 0.05 M and 0.1 M 

solutions. By using 1 ml of each solution, it takes at least 50 pmols of every 

counterion to displace nearly ail analyte ions from approximately 35 pmols of 

exchange sites on the 50 mg CBA beds. 

The hypothesis that ionic retention is the primary mode of interaction 

between CBA and the conjugate acids of amines is supported by the 
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demonstration of successful elution in an aqueous matrix. Elution with NH4'' is 

very supportive of the hypothesis, since this ion acts like a point charge with no 

extended structure. Clearly, elution is possible without disruption of possible 

hydrophobic interactions. Moreover, the fact that the minimal concentration for 

effective elution is the same between all counterions supports the hypothesis that 

there is no selectivity of CBA for particular organic cations based on the type and 

number of aliphatic sidegroups on the positively charged nitrogen. 

3.3.3 Elution of Analytes with Methanolic Cation Solutions 

The previous experiment was modified by using methanol as the elution 

solvent. The goal here was to find out if an organic solvent would play a part in 

elution by lowering the minimal concentration of counterion required for effective 

elution from CBA or by raising absolute recoveries. This expehment attempts to 

better define the role that van der Waals forces play in the retention of organic 

bases. 

3.3.3.1 Experimental 

Cation solutions of 0.001 M, 0.005M, 0.01M, 0.05M, and 0.1 M in 

methanol were prepared from the following salts; ammonium chloride, 

trimethylamine hydrochloride, tetrabutylammonium bromide and 

benzyltriethylammonium chloride. All of these compounds were purchased from 

Aldrich Chemical Co., Inc. (Milwaukee, Wisconsin). The general SPE procedure 
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described previously was modified by using 1 ml of each solution for elution with 

the exception that eluates did not require further extraction with a hydrophobic 

sorbent. Phencyclidine, amphetamine and methylamphetamine were used as 

the analyte probes. 

3.3.3.2 Results and Discussion 

The results of this experiment are shown in Figures 3.9 - 3.12 as plots of 

% absolute recovery versus concentration of cation in the methanolic elution 

solution. As with the aqueous elution solutions, with every counterion used, 

maximal recovery is reached by using at least 0.05 M solutions. The highest 

recoveries were obtained with phencyclidine at 89%. Recovery of all three 

analytes is -10% higher by using a methanolic solution than by using an 

aqueous elution. 

As is the case with PRS, higher recovery using an organic solvent rather 

than water as the elution solvent may indicate that there are some nonpolar 

forces involved with retention. However, the more likely reason is that these 

losses occur in extraction with a C8 cartridge. A recovery study for these 

analytes using the same protocol with a 3 ml, 100 mg C8 cartridge yielded 94% 

phencyclidine, 90% amphetamine and 90% methylamphetamine. Furthermore, 

recoveries are still greater than 70% using water. The hypothesis that ionic 

forces are responsible for the primary mode of retention is not refuted. 
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Methanol alone is not an effective eluter. Clearly, the ionic strength of the 

elution solution must be high enough in order to displace analyte ions from cation 

exchange sites. Higher recovery using methanol suggests that nonpolar forces 

may play a minor role in the interaction of CBA with organic cations, but this role 

is secondary to the role of ionic forces. As with an aqueous elution, there is no 

significant difference in recovery between 0.05 M and 0,1 M elution solutions for 

any of these analytes, regardless of counterion. This evidence points toward a 

lack of selectivity of CBA for any of these cations. 

3.4 INTERACTION OF MONOPROTIC CONJUGATE ACIDS OF ORGANIC 

BASES WITH PROPYLENECARBOXYLATE IN THE PRESENCE OF 

POLYPROTIC CATIONS 

3.4.1 The Introduction of Polyprotic Counterions Prior to Analyte 

Introduction 

In order to investigate the selectivity of CBA for ammonium ions of 

differing charge, diprotic, triprotic and tetraprotic ammonium salts were 

introduced prior to sample loading in the SPE procedure. A high concentration of 

each of these ions was loaded onto the column to ensure complete occupation of 

cation exchange sites by the appropriate counterion. With monoprotic ions, 

introduction of analyte ions after this step results in no impact on analyte 

retention. The hypothesis that ionic forces are the dominant means of interaction 
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between CBA and organic cations may be further tested by studying the impact 

of charge. There are two possible outcomes of this experiment; 1) either the 

monoprotic analyte ions can displace enough polyprotic counterions to be 

completely retained; or 2) the analyte ions cannot displace enough counterions to 

be ionically retained, and some portion of these analyte ions could be lost during 

sample loading or in a methanol rinse prior to the final elution step. By probing 

selectivity of CBA for species of differing charge, it is possible to further define 

the reasons for strength of interaction. 

3.4.1.1 Experimental 

Ammonium solutions of 0.1 M in 0.01 M ammonium acetate, pH 7 were 

prepared from the following ammonium salts; ethylenediamine dihydrochloride 

(pKai 10.44 and pKa2 8.52), spermidine trihydrochloride (pKai 10.50, pKaa 9.90, 

and pKas 9.02) and spermine tetrahydrochloride (pKai 10.64, pKa2 10.50, pKas 

10.04, and pKa4 9.90). All of these salts were purchased from Sigma Chemical 

Co., Inc. (Saint Louis, Missouri). See Figure 2.15 for the chemical structures of 

these compounds and Table 3.5 for the measured pH of these solutions. 

The general SPE procedure described previously was modified by 

introducing 1 ml of an ammonium counterion solution after column equilibration 

by 1 ml deionized water. Blank deionized water was also introduced. Excess 

counterions in pores and interparticulate spaces were driven off the column by 

introducing 1 ml deionized water prior to sample loading. The analytes in this 
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TABLE 3.5 

The pH of 0.1 M Polyprotic Counterion Solutions in 0.01 M 

Ammoniurn Acetate 

[

-·--------------------- -·-·-- - --·-----·-----·T··· ·------- ·-- ---···--.- --··- -----·--- ·- -- -----

Counterion j Measured pH 
! 

---·-----=----- .-----·-.:--·----_--·- -- ---:-···--:--,·. --·-· ~- -- .. ---- ----- -----·-- ---·--------------1 
Ethylened1arn1ne d1nyc~ roch!onae 1 6 .80 

I 
----· ·-·- - ··-···-·-------t--··-----------·----------1 

Spermidine trihydrochloride 1 6.54 

Spermine tetrahydrOchiOride -=_t-~_ 6.50 
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experiment were phencyclidine, amphetamine and methylamphetamine. These 

experiments were performed as sets of six repetitive extractions (n=6). 

During loading the sample onto the column, the solution was collected 

as it passed through the CBA bed. The deionized water rinsate was also 

collected in the same culture tube, extracted with a C8 cartridge, prepared for 

analysis and analyzed as described previously to determine analyte losses 

during sample loading. The methanol rinsate was also collected and analyzed to 

determine losses during this step of the procedure. Finally, the eluate was 

collected and analyzed. 

3.4.1.2 Results and Discussion 

The results of analyses for sample loading losses, methanol rinsing losses 

and final elution recoveries are shown in Tables 3.6 - 3.8. There are significant 

losses of phencyclidine, amphetamine and methylamphetamine detected during 

sample loading. These results indicate that there is considerable breakthrough 

of the analytes during this step. These data suggest that cation-exchange sites 

are occupied by polyprotic species and the strength of interaction may not be 

completely overcome by displacement with a monoprotic analyte. 

Figures 3.13 - 3.15 show the energy-minimized interaction of the three 

polyprotic species with the CBA surface using CS Chem3D Pro Version 4.0 

software (CambridgeSoft Corporation, Cambridge, MA). The models indicate 

that with adjacent chains, it is possible for all three species to have multiple ionic 
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TABLE 3.6 

Percent Losses and Absolute Recovery of Phencyclidine Using 

CBA as a Function of Polyprotic Counter Ion Introduced Prior to 

Sample Application (n=6) 

Counterion Loss in 
Loadina 

Loss in 
Methanol 

Rinse 

Absolute 
Recovery in 

Elation 

Ethylenediamine^^ 35 (+/-3) ND 58 (+/-6) 

Spermidine^^ 54 (+/-3) ND 41 (+/-2) 

Spermine'^^ 73 (+/-4) ND 22 (+/-2) 

ND = Not Detected 



TABLE 3.7 
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Percent Losses and Absolute Recovery of Amphetamine Using 

CBA as a Function of Poiyprotic Counter Ion Introduced Prior to 

Sample Application (n=6) 

Counterion Loss in 
Loadina 

Loss in 
Methanol 

Rinse 

Absolute 
Recoverv in 

Elution 

Ethylenediamine^^ 30 (+/-3) ND 52 (+/-6) 

Spermidine^^ 51 (+/-3) ND 37 (+/-2) 

Spermine'*^ 68 (+M) ND 19(+/-2) 

ND = Not Detected 
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TABLE 3.8 

Percent Losses and Absolute Recovery of Methylamphetamine 

Using PRS as a Function of Polyprotic Counter Ion Introduced 

Prior to Sample Application (n=6) 

Counterion Loss in 
Loadina 

Loss in 
Methanol 

Rinse 

Absolute 
Recovery in 

Elution 

Ethylenediamine^^ 28 (+/-4) ND 49 (+/-5) 

Spermidine^" 52 (+/-2) ND 34 (+/-3) 

Spermine'*" 65 (+/-5) ND 21 (+/-3) 

ND = Not Detected 
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interactions, or attachments, to the CBA surface simultaneously. The analyte 

losses are proportional to the charge of the counterion that is present. For 

example, the mean loss of phencyclidine is 35% in the presence of 

ethylenediamine, while the mean losses in the presence of spermidine and 

spermine are 54% and 73%, respectively. Losses between counterions differing 

in oxidation state of a single charge are close to 20%. This is in contrast to the 

results obtained with PRS, where losses between spermidine^* and spermine"*" 

were much closer. This may indicate that there is a higher degree of multiple-site 

attachment with CBA. This may be due to its higher bonding density, which is 

about five times higher than that of PRS (3.2 umol/m^ as compared to 0.65 

umol/m^). The strength of interaction between the CBA surface and the particular 

cation is directly proportional to the charge of the cation. 

Breakthrough in sample loading is proportional to the charge of the cation 

that is introduced. This correlation was also observed with the propylene 

sulfonate phase (Section 2.4.1.2). and again may be explained by the enthalpic 

strength of interaction due to multiple site attachment or the entropic probability 

of ionic interaction with an increase of charged sites in the molecule. 

Stereochemical access to a charged group in the molecule is more probable the 

greater the number of protonated amine groups on that particular molecule. 

Analysis of methanol rinsates shows no losses due to disruption of 

nonpolar interactions, regardless of the introduction of a poiyprotic counterion 

prior to analyte introduction. Therefore, the analyte molecules that are retained 
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are held by ionic forces between carboxyiate groups on the CBA surface and the 

protonated amine groups of the analytes. This fraction of analyte molecules 

successfully competes for ion-exchange sites Analysis of the eluates shows the 

recovery of analytes that were not lost due to breakthrough in sample loading. 

These molecules were successfully displaced from cation-exchange sites with a 

methanolic 5% ammonium hydroxide solution. 

3.4.2 Elution of Analytes with Aqueous Polyprotic Cation Solutions 

It is proposed that the CBA surface exhibits strength of interaction, or 

selectivity, for polyprotic ammonium ions proportional to the charge of the ion. 

The primary mode of interaction between CBA and ammonium ions must be ionic 

forces. This proposed selectivity was tested with an experiment directed at the 

elution of analytes by polyprotic species in an aqueous solvent environment. 

3.4.2.1 Experimental 

Ammonium solutions of 0.005M, 0.01 M, 0.05M and 0.1 M in pH 7 

ammonium acetate buffer were prepared from the following ammonium salts: 

ethylenediamine dihydrochloride, spermidine trihydrochloride and spermine 

tetrahydrochloride. All of these salts were purchased from Sigma Chemical Co., 

Inc. (Saint Louis, Missouri). The general SPE procedure described previously 

was modified by using 1 ml of each ammonium solution for elution. Eluates were 

further extracted with C8 cartridges prior to analysis. Phencyclidine, 

amphetamine and methylamphetamine were used as the analyte probes. 
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3.4.2.2 Results and Discussion 

The results of this experiment are shown in Figures 3.16 - 3.18 as plots of 

% absolute recovery versus concentration of ammonium ion in the elution 

solution. The plots have very different values for absolute recovery at 0.01 M. 

As was shown with PRS in Chapter 2, there is a significant difference in recovery 

between 0.01 M and 0.05 M using the diprotic species. However, there is no 

significant difference in recovery between these two concentrations when using 

the triprotic or tetraprotic species for elution. 

With the concentrations used, maximal recovery is reached at different 

concentrations depending on the counterion used for displacement. The highest 

recoveries were obtained by using 0.05 M ethylenediamine, 0.01 M spermidine 

and 0.01 M spermidine. There is no significant difference in recovery between 

0.05 M and 0.1 M solutions for any of the counterions used. By using 1 ml of 

each solution, it takes at least 50 pmols of ethylene diamine and at least 10 

[jmols of the triprotic and tetraprotic counterions to displace the maximal number 

of analyte ions possible under experimental conditions from approximately 35 

[jmols of ion-exchange sites on the 50 mg CBA beds. The model of greater 

multiple-site attachment of the thprotic and tetraprotic species is consistent with 

these data and may account for the lower minimal concentration of these ions 

required for effective elution by ionic displacement. 

As is the case with elution with monovalent ions, the hypothesis that ionic 

retention is the primary mode of interaction between CBA and the conjugate 
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acids of amines is supported by the demonstration of successful elution in an 

aqueous matrix with polyprotics. Elution of a majority of analyte ions is possible 

without disruption of possible hydrophobic interactions or neutralization with 

hydroxide. The differences in analyte recovery between eluting ions of different 

charge supports the hypothesis that there is a difference in selectivity of CBA for 

cations based on strength of interaction proportional to the charge on the 

particular cation. 

3.5 RELATIVE COUNTERCATION SELECTIVITY OF 

PROPYLENECARBOXYLATE 

Lower recovery for an analyte indicates a lowered ability to displace the 

counterion that is present. The absolute recoveries of phencyclidine at a pH of 7 

in the experiments employing counterion introduction prior to analyte introduction 

are displayed in Table 3.9. From these data, a relative counterion selectivity 

table was constructed (Table 3.10). A value for relative selectivity was 

empirically determined using the following equation: 

Relative Selectivity = (100- R)/( 100 - RNa+) (Eq • 12) 

where R is the recovery of the analyte when conditioning with a particular cation 

and RNa+ is the recovery of the analyte when conditioning with sodium ion. The 
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relative selectivity for sodium ion is assigned the arbitrary value of unity and 

counteractions are assigned a normalized relative selectivity. 

Relative selectivity is proportional to the affinity of the ion-exchange site 

for the cation. There is no significant difference in selectivity of CBA for any 

monovalent species, regardless of the number or types of hydrocarbon groups 

attached to the ammonium nitrogen. There are significant differences in 

selectivity between monoprotic, diprotic, triprotic and tetraprotic species, 

however. 

The values assigned for selectivity are lower than that for PRS for two 

reasons: 1) a lower recovery of analytes due to breakthrough as a result of 

incomplete deprotonation of the carboxyl group at the pH of the experiment; and 

2) selectivity values were normalized with recovery of sodium ion rather than 

hydrogen ion. Regardless, the relative selectivity order for counterions is the 

same as for that observed using PRS, even though the ion exchanger is a weak 

acid instead of the strongly acidic sulfonate group. Recoveries for all analytes 

studied are high when monovalent counterions are present, and there are no 

significant differences in selectivity for these ions based on their hydrocarbon 

substitution or hydrophobicity. Thus, there is no attributable contribution to 

retention based on nonpolar interactions. The propyl linker does not offer a 

medium for nonpolar interaction with the hydrophobic center of an organic cation. 

The surface is far more polar than the surface of an organic polymer substrate. 

Therefore, this phase, as well as PRS, does not exhibit the selectivity of a 
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PSDVB-based exchanger. Rather, retention may be attributed to Ionic 

interactions alone. Again, relative selectivity is proportional to the charge on the 

cation. 

3.6 RETENTION OF ORGANIC CATIONS IN A HIGH IONIC STRENGTH 

MATRIX 

The hypothesis that ion-exchange is the primary mechanism for retention 

using the propylenecarboxylate modified phase was tested by extracting organic 

bases from a high ionic strength matrix. A high concentration of electrolytes may 

compete with analyte ions for carboxylate sites, thus limiting retention by ionic 

forces. Under these experimental conditions, retention through nonpolar 

interactions between hydrocarbon moieties of the analyte molecules and the 

propylene linker chains may be a possible means available for retention. 

3.6.1 Experimental 

Sample solutions were prepared by spiking 1 ml, pH 7 0.1 M sodium 

phosphate solutions with 100 ul of a lOug/ml standard solution of phencyclidine, 

amphetamine and methylamphetamine. Thus, a micromolar concentration of 

analytes in 0.1 M sodium solutions, a concentration difference of five orders of 

magnitude, was used for extraction with a 1ml, 50 mg CBA cartridge. The same 

general SPE procedure described previously was followed. 
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3.6.2 Results and Discussion 

The results of this experiment are shown in Table 3.11. Elution recoveries 

are very low, 10-15 % for all three analytes. Losses occur due to breakthrough 

during the sample-loading step. There are no losses detected during the 

methanol rinse step. Sodium ions occupy most of the cation-exchange sites, 

inhibiting ionic retention of a large fraction of analyte ions. 

The fact that there are no detectable losses in the methanol rinse 

suggests that there is no significant retention of protonated amines through 

nonpolar forces alone. Analyte ions must compete with sodium ions for cation-

exchange sites to a small degree. Selectivity for sodium ions is low, as shown in 

Table 3.10. The results of this experiment demonstrate that the use of stand

alone ion exchange with CBA is not an effective approach to the extraction of 

organic bases from a high ionic strength matrix. 

3.7 THE EFFECT OF pH ON THE RETENTION OF ANALYTES OF 

DIFFERING BASICITY 

The pH of the solvent environment of the propylenecarboxylate surface 

controls the ionization of the surface and the analytes. This in turn affects the 

chemical interactions that are possible between analyte molecules and the 

surface. By manipulating the pH during an extraction, it is possible to further 

investigate the properties of the surface as they pertain to retention of amines 
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Percent Losses and Absolute Recovery of Analytes Using CBA 

in the SPE from a 0.1 M Na"^ Solution Matrix (N=3) 

Analvte Loss in 
Loadina 

Loss in 
Methanol 

Rinse 

Absolute 
Recovery in 

Elution 

Phencyclidine 78 (+/-5) ND 15(+/-5) 

Ketamine 73 (+/-3) ND 12 (+/-4) 

Cocaine 77 (+/-3) ND 10 (+/-3) 

ND = Not Detected 
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that are partially ionized or completely neutral while the carboxylic acid group is 

either neutral or ionized. 

3.7.1 Experimental 

Samples were prepared at 1 ug/ml analyte in 0.001 M buffer (phosphate, 

citrate, succinate, acetate, or borate) solutions ranging from pH 2 to 10. The 

sorbent was conditioned by the buffer solution at the same pH as the sample. 

The sample was loaded and rinsed with the same pH buffer. Amphetamine (pKa 

9.9), methylamphetamine (pKa 10.1) and ketamine (pKa 7.5) were used as 

analyte probes. The sample application fraction and subsequent buffer rinsate 

was collected and the analytes were extracted with a C8 cartridge. The 

methanol rinsate was collected, as well as the eluate. All fractions were dried 

under nitrogen at 40 °C and derivatized for analysis as previously described. 

3.7.2 Results and Discussion 

The results of this experiment are analyte-dependent. Results for 

amphetamine and methylamphetamine are similar, and are plotted together 

(Figures 3.19 - 3.21). However, the results for ketamine are quite different and 

are plotted separately (Figures 3.22 - 3.24). 
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Figure 3.23 Effect of pH on Loss During Methanol 
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3.7.2.1 Effect of pH on Interactions with Amphetamine and 

IMethylamphetamine 

The sample load, methanol rinse and elution results of this experiment are 

plotted in Figures 3,19, 3.20 and 3.21, respectively. The pKa of the 

carboxypropylene-modified phase is assumed to be close to 4.8, the pKa of free 

propionic acid in solution. According to the Henderson-Hasselbalch Equation 

(Equation 8), if the pH is two units above the pKa approximately ninety-nine 

percent of an acidic species will be in the deprotonated form. Therefore, it is 

proposed that the minimum effective pH for the carboxyl group to be nearly 

completely deprotonated and capable of maximum ion-exchange capacity is 6.8. 

Amphetamine has a published pKa of 9.9 and the pKa of methylamphetamine is 

10.1. According to the equation, at a pH two units below the pKa approximately 

ninety-nine percent of the analyte molecules will be in the charged conjugate acid 

form, apt for ionic retention. For the analytes, the pH for the extraction should be 

at or below approximately 7.9. Theoretically, the optimal pH range for the 

extraction should be between approximately between pH 7-8. 

Losses in the sample-loading step may be explained as a lack of both 

ionic and hydrophobic interactions that are strong enough for complete retention. 

As shown in Figure 3.19, both analytes break through except between pH 8-9. 

Below pH 8, losses of both analytes may be attributed to a neutrally charged 

carboxylic moiety, a case that is more likely than the neutralization of both 

analytes. The decrease of losses as the pH increases in the pH range of 2-8 is 
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due to a rise in the fraction of available deprotonated carboxyl and silanol sites 

on the surface and an increase of ion-exchange capacity. In this range, the CBA 

surface lacks the capability for strong nonpolar interactions with the charged 

analytes. Above pH 9, breakthrough is a result of an increasing concentration of 

deprotonated analyte molecules. Here, the degree of ion exchange is 

decreasing and there may be minimal hydrophobic interaction with the neutrally 

charged analytes. These data support a hypothesis that the CBA surface, like 

PRS, does not provide enough hydrocarbon for significant van der Waals 

interactions. 

The fact that the optimal pH range for retention is between 8 and 9 rather 

than the theoretical range of pH 7-8 has two implications. This is indicative that 

the true pKa of CBA may be closer to 6, rather than 4.8. This also suggests that 

the pKa of the analytes may be slightly higher than the expected value of 10. 

One possible reason for this may be solvation by methanol, which may raise the 

effective pKa above that of the analytes in water. Also, the presence of the 

negatively charged deprotonated silanols may create an interfacial electrostatic 

environment that raises the effective pKa of the basic analytes and the carboxyl 

groups on the immobilized CBA chain. 

Losses of the analytes in the presence of an organic hnse phase indicate 

the disruption of hydrophobic interactions. There is a loss of analytes that is 

maximal at close to 25%, approximately between pH 3-4 (Figure 3.20). There is 

some hydrophobic retention below pH 7 and above pH 9. However, as seen by 
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the breakthrough in the sample load step, where the losses are much higher 

below pH 7 and above pH 9, nonpolar interactions play a minor role in retention 

with this phase. 

A high recovery In elution indicates that ion exchange is adequate for 

retention, since neither an aqueous nor organic mobile phase can disrupt ionic 

interactions. As shown in Figure 3.21, maximal recovery is between pH 8 and 9. 

At this range, both the analytes and the bonded phase may be charged. 

Retention of analytes in this range is due to an optimal degree of ionic 

interactions between the conjugate acid form of the analytes and the carboxylate 

and deprotonated silanol groups on the surface. 

3.7.2.2 Effect of pH on Interactions with Ketamine 

The sample load, methanol rinse and elution results of this experiment are 

plotted in Figures 3 22. 3.23 and 3.24, respectively. Ketamine is a unique probe 

in that it has a lower pKa, 7.5, than many other organic bases. At pH 10 the 

fraction of ketamine molecules that are neutral should be close to 100%. 

Therefore, at pH 10, loss of ketamine during the sample-loading step is indicative 

that the modified phase cannot retain neutral molecules completely because of a 

lack of sufficient hydrophobic Interaction. The data at pH 10 are close to 60% 

mean loss. 

Minimal breakthrough occurs at pH 7, where the greatest degree of ion 

exchange between CBA and ketamine takes place. This may be a point where a 
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compromise exists between the maximal ionization of both the carboxyl group of 

the stationary phase and the amine group of the analyte. By moving down in pH 

value from 7. the fraction of ionized ketamine molecules increases while the 

ionization of CBA decreases. Maximal losses occur below pH 5. In this region, 

breakthrough may be explained in terms of the inability of neutral CBA to 

completely retain protonated ketamine by nonpolar interactions alone. By 

moving up in pH from 7, the fraction of ionized ketamine molecules decreases 

while the ionization of CBA increases. Above pH 9, the neutralization of 

ketamine molecules may be nearly complete. Breakthrough may occur in this 

region because the charged CBA may lack the hydrophobicity to interact 

completely with neutral ketamine molecules. 

Methanol rinse losses indicate disruption of hydrophobic interactions. 

Below pH 6 and above pH 7 there is some hydrophobic interaction. Losses 

reach a maximum of less than 30% between pH 2 and 4 (where ketamine is 

ionized and a fraction of CBA is neutral) and at pH 10 (where ketamine is neutral 

and CBA is ionized). In these pH regions, losses due to disruption of 

hydrophobic interactions are less than half the losses from breakthrough, where 

there are no retentive interactions. These data support the hypothesis that 

hydrophobic interactions play a minor role in retention with CBA. 

Maximum recovery of ketamine is at pH 7. This may be a point where a 

compromise exists between the maximal ionization of both the carboxyl group of 

the stationary phase and the amine group of the analyte. Recoveries at pH 6 



232 

and 8 are much higher than losses due to breakthrough or disruption of nonpolar 

forces. Therefore, ion exchange is prevalent between pH 6 and 8. Outside of 

this range retention is minimal through hydrophobic means. 

3.8 THE PROPOSED MODEL OF THE CBA SURFACE 

According to Piccoli, the bonding density of a C2 phase is approximately 

3.5 umol/m^ [68]. The bonding density of the CBA sorbent used in the 

experiments described in this chapter Is approximately 3.2 umol/m^. Therefore, 

the bonding density of PRS is close to that of C2 and five times greater than 

PRS, which has a bonding density of 0.65 umol/m^. This suggests that the silica 

surface may be more homogeneous with respect to the surface coverage of 

bonded phase chains relative to PRS. The polyprotic counterion experiments 

(Section 3.4) provide semiquantitative evidence of a higher degree of multiple-

site attachment than occurs with PRS. There may be a lower occurence of 

isolated chains on the surface and a lower exposure of silanol groups. Figure 

3.25 shows the energy-minimized CBA phase using CS Chem3D Pro Version 4.0 

software (CambridgeSoft Corporation, Cambridge, MA) for computational 

modeling. In comparison with the computational model for the PRS phase 

(Figure 2.27) this model demonstrates that the carboxylate head groups on 

adjacent chains do not repel each other as far apart. This is probably due to the 

fact that the carboxylic acid group is less bulky than the sulfonic acid group. In 

the synthesis of this bonded phase, chains may not electrostatically repel each 
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other to the same degree as the PRS chains do, and they bind to the surface in a 

more homogeneous fashion. Regardless, the silica substrate particles do have a 

surface that is mostly located in the pores. Since the pores have different sizes, 

shapes and tortuosity, there is a great degree of heterogeneity with respect to 

both physical and chemical characteristics. The proposed aspect of the 

heterogeneous surface is depicted in the cartoon in Figure 3.26, showing less 

silanol exposure and higher surface coverage than the surface of PRS (Figure 

2.28). 

The linker chain is the same between CBA and PRS. As with PRS, there 

is a lack of considerable hydrophobic interaction possible at the CBA surface. 

The explanation is the same as given in Chapter 2. The proposed model of the 

CBA bonded-phase surface is "solid-like" in character with low mobility due to the 

short length of the chains (Figure 3.27) The near surface region could be well 

hydrated with a very structured water layer that extends from the substrate to the 

carboxylic acid head groups. Figure 3.28 shows a cartoon of the surface of CBA 

solvated at pH 8 with water. 

The cumulative mode! of the CBA surface proposed here is very 

chemically and physically heterogeneous. It has more homogenous spatial 

surface coverage than the PRS sorbent, though there may be some areas more 

densely packed with immobilized chains than others. The chains are 

conformationaliy rigid and solvated to a high degree with a viscous, structurally 

ordered water layer. 
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3.9 CONCLUSIONS 

The CBA modified phase has very similar chemical properties to the PRS 

phase under appropriate pH conditions. Specifically, at pH conditions where the 

carboxyl group on the surface and the amine group of the counterion are both 

ionized, the ion-exchange properties of CBA are the same as those of PRS. 

There appears to be a very minor contribution of the propylene linker chain to 

retention, regardless of the acidity of the head group. 

As is the case with PRS, it was shown that there is no difference in 

selectivity of CBA for monovalent organic cations differing in the number and 

types of hydrocarbon substituents on the positively charged nitrogen. The propyl 

linker does not offer a medium for nonpolar interaction with the hydrophobic 

center of an organic cation. The surface is far more polar than the surface of an 

organic polymer substrate. Therefore, this phase, as well as PRS, does not 

exhibit the selectivity of a PSDVB-based exchanger. With the organic cations 

studied, the sidegroups on the nitrogen atom do not inhibit ionic interaction. The 

primary mode of interaction between CBA and ammonium ions must be ionic 

forces. The higher concentrated charge of the carboxylic acid compared to the 

deprotonated sulfonic acid group does not play a role in selectivity for the 

aminium and quaternary ammonium ions studied. 

Computational models are consistent with the proposed lack of 

hydrophobic interactions with organic cations. A cation with hydrocarbon side 

groups may interact with the CBA chain by positioning the ammonium nitrogen 
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close to a negatively charged oxygen atom of the carboxylate group while a large 

side group extends away from the propylene chain at an energy minimum. This 

is the same interaction as exhibited by the PRS phase. Therefore, interaction 

appears to be predominantly between the ionic sites of the counterion and the 

propylene-linked cation exchanger. 

Similar to PRS, the lack of significant interaction between the propylene 

linker and the hydrocarbon side groups of the counterion may also be due to a 

rigid "solid-like" character of the CBA bonded phase. The chains may not be 

able to move to accommodate the embedding of counterions between the 

chains. Also, the propylene chain may not be long enough for this to occur. With 

the short propylene linker, the hydration layer may be very ordered, creating a 

higher viscosity than that of bulk water. A viscous environment is not 

thermodynamically favorable for the diffusion of solutes between the chains. 

It was demonstrated that with CBA, there are significant differences in 

selectivity between monoprotic, diprotic, triprotic and tetraprotic species. The 

strength of interaction t)etween the CBA surface and the particular cation is 

directly proportional to the charge of the cation. This correlation was also 

observed with the propylene sulfonate phase and may be explained by the 

enthalpic strength of interaction due to multiple site attachment or the entropic 

probability of ionic interaction with an increase of charged sites in the molecule 

When polyprotic counterions are bound to the surface, monoprotic analyte 

ions cannot displace enough polyprotic counterions to be ionically retained and a 
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portion of these analyte ions are lost during sample application. These data 

suggest that cation-exchange sites are occupied by polyprotic species and the 

strength of interaction may not be completely overcome by displacement with a 

monoprotic analyte. Breakthrough in sample loading is proportional to the 

charge of the cation that is introduced. Displacement of monoprotic analytes by 

polyprotic cations was demonstrated with recovery proportional to the charge of 

the cation. 

It was shown that the extraction of organic bases from a high ionic 

strength mathx using CBA results in significant losses due to breakthrough. 

There is a competition for ion-exchange sites by which electrolytes overcome 

analyte ions in binding due to mass action. The fact that there are no detectable 

losses in the methanol rinse suggests that there is no significant retention of 

organic bases through nonpolar forces alone. Therefore, the use of the CBA 

sorbent alone is not an effective means of analyte isolation in a high ionic 

strength environment. 

Most unsubstituted carboxylic acids in aqueous solutions have pKa's in 

the range of 4-5. In fact, propionic acid has a pKa of 4.8. It was shown that in 

the extraction of very basic analytes (pKa ~ 10) the optimal pH range for 

retention is between 8 and 9. At this range, both the analytes and the bonded 

phase may be charged. This may be indicative that the true pKa of CBA may be 

closer to 6, rather than 4.8 Two possible reasons for this may be: 1) solvation 

by methanol, which may raise the effective pKa above that of the carboxyl group 
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in water; and 2) the presence of deprotonated silanol groups that may influence 

the acidity of the surface confined molecule through electrostatic fields. 

It was also demonstrated that breakthrough in the sample load step 

occurs below pH 7 and above pH 9 indicating that nonpolar interactions play a 

minor role in retention with this phase. The results are dramatic at pH 2 ( where 

the surface is neutral) there is breakthrough of approximately 70-75% of the 

analytes. At pH 10, where ketamine is neutral and the surface is ionized, there is 

breakthrough of over 65% of the analyte molecules loaded onto the column. 

Losses in an organic rinse, indicative of disruption of hydrophobic interactions, 

are less than 30% in all cases at a pH where either the surface is ionized and the 

analytes are neutral, or where the surface is neutral and the analytes are ionized. 

The proposed model of the CBA surface is very chemically and physically 

heterogeneous. It has more homogenous spatial surface coverage than the PRS 

sorbent, though there may be some areas more densely packed with immobilized 

chains than others. The chains are conformationally rigid and solvated to a high 

degree with a viscous, structurally ordered water layer. The environment is far 

more hydrated than a polystyrene resin and is much more polar. 
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CHAPTER 4 

PROPERTIES OF ETHYLBENZENE SULFONATE MODIFIED SILICA 

4.1. BACKGROUND 

It was shown that neither the propylenesulfonate nor the 

propylenecarboxylate-modified phases exhibit any appreciable degree of 

nonpolar interactions. The purpose of this investigation is to study the molecular 

interactions on a modified phase consisting of a charged sulfonate group on the 

end of an ethylbenzene linker. This phase will be referred to as EBS (Figure 

4.1). The approximate separation between adjacent propylene groups is 3 A at 

the point of substrate attachment in a polymerized bonded phase [59] and the 

approximate length of the linker chain is 9 A. This is much longer than the 5 A 

approximate length of the propylene linker chain. The goal is to find if the length 

and hydrophobicity of this linker chain, enhanced by the presence of the phenyl 

ring, contribute to a higher potential for van der Waals interactions between 

solutes and the EBS surface. The contribution of the linker chain to the 

selectivity of this sorbent will be investigated. 

The same systematic approach that was followed in the investigation of 

PRS and CBA was followed with EBS. In this chapter, the interaction of 

monoprotic conjugate acids of organic bases with EBS in the presence of other 

monovalent cations is explored. The results of one of these experiments are 

compared with those obtained using another long chain cation exchanger. 
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octylenesulfonate, in order to confirm the linker chain contribution to molecular 

interactions. The investigation Is extended to the interaction of monoprotic 

analytes with EBS in the presence of polyprotic counterions. From these 

experiments, a relative selectivity for organic cations is developed based on 

differences in hydrophobicity and charge. The hydrophobic contribution to 

retention is also examined in the retention of protonated organic bases from a 

high ionic strength matrix. The role of pH is addressed as it affects the retention 

of amines that are completely ionized, partially ionized or completely neutral 

while the sulfonate group stays completely charged. A model of the EBS surface 

is proposed based on the findings of this research. 

4.2 EXPERIMENTAL OVERVIEW 

Buffer samples were spiked with basic analytes and extracted by manual 

SPE using EBS cartridges. Extracts were then spiked with deuterated internal 

standards for quantitative analysis to determine absolute recovery. 

Derivatization, if needed, was subsequently performed. Analysis was by GC/MS 

in the SIM mode. The instrumental limit of detection for all analytes ranged from 

5-10 ppb at a 3:1 signal-to-noise ratio. 

The strength of interaction between a solute and the immobilized bonded 

molecule on silica dictates the difference in the degree of retention that may 

occur between one bonded phase and another. In this research, the degree of 

retention is measured by absolute recovery, which is an indication of the actual 
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efficiency of the extraction. Also, losses in sample loading and organic rinses are 

measured. Absolute recovery and losses are measured by adding an internal 

standard to each collected fraction for quantitation. 

Conclusions were drawn from displacement experiments regarding the 

molecular interactions that occur, and these interactions are illustrated in this 

dissertation using CS Chem3D Pro Version 4.0 software (CambridgeSoft 

Corporation, Cambridge, MA) for computational modeling. These models were 

energy-minimized using molecular mechanics. The potential energy force field 

was used to determine bond stretching, angle bending, torsional (bond-twisting) 

energies and through-space (non-bonded) interactions. The model cation was 

oriented above the model surface prior to the initiation of calculations. Energy-

minimization by the program yielded a final model that shows a spatial position of 

the surface chains and the cation as they interact. 

4.2.1 Materials and Methods 

Analytical standards were purchased from Radian International (Austin, 

Texas). All solvents were HPLC-grade Burdick and Jackson and purchased from 

J.T. Baker Chemical Company (Phillipsburg, NJ). Analytes were phencyclidine, 

cocaine, ketamine, amphetamine and methylamphetamine and their respective 

deuterated forms as internal standards. See Figures 2.2 and 2.3 for these 

chemical structures and pKa's. SPE cartridges were obtained from United 

Chemical Technologies, Inc. (Bristol, PA) and International Sorbent Technology 
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Ltd. (Hengoed, Mid Glamorgan, UK). The ion exchange capacity of the sorbents 

used is approximately 0.6 mmol/g [142]. This was determined as described in 

Section 4.2. One milliliter standards and internal standards were obtained at 1 

mg/ml and diluted 1 100 with methanol to 10 ug/ml stock solutions of 100 ml. 

One ml samples of 10 mM phosphate buffer (pH 2) were spiked with 100 ul of 

standard stock solutions. 

The following general SPE procedure was followed. Fifty milligram, 1 ml 

EBS cartridges were conditioned with 1 ml of methanol, then equilibrated with 1 

ml of the sample buffer matrix. The sample was applied without vacuum at 0.5 

ml/min. The cartridges were rinsed with 1 ml of 10 mM HCI, then dried by 

vacuum aspiration for 1 minute so that the amount of water in the eluate could be 

reduced. The cartridges were then rinsed with 1 ml of methanol. Analytes were 

then eluted into culture tubes with 1 ml of 5% NH4OH in methanol. For most 

experiments, solutions were collected in culture tubes dunng sample loading and 

methanol rinsing as well as elution for subsequent analysis. The aqueous 

sample-loading fraction was further extracted with a 3 ml, 100 mg 08 cartridge 

and eluted with methanol prior to analysis. Modifications to this general SPE 

procedure are noted in the Experimental sections of this chapter. 

To all collected samples and calibration standards were added 100 ul of 

deuterated internal standards. Calibration standards were prepared by adding 

20 ul, 50 ul, 70 ul, 100 ul, and 120 ul of stock solution to 1 ml elution solution of 

2% NH4OH in methanol. These standards correlated to 20%, 50%, 70%, 100% 
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and 120% absolute recovery, and were used to construct five-point calibration 

cur^yes. Linear calibration curves using regression analysis consisted of peak 

area ratios of analytes to their respective internal standards versus percent 

absolute recovery. 

Prior to analysis, amphetamine and methylamphetamine required 

chemical modification to form stable, volatile derivatives for GC/MS analysis. 

This was performed after addition of internal standard to the collected samples. 

First, 100 ul of lOmg/IOOmI tartaric acid (Sigma Chemical Company, St. Louis, 

Missouri) in ethyl acetate was added to the culture tubes. The tubes were then 

capped and vortexed for 1 minute. The samples were then dried at 40''C under 3 

p.s.i.g. nitrogen. After this, 50 ul of pentafluoropropionic anhydride, or PFPA, 

(Sigma Chemical Company, St. Louis, Missouri) and 50 ul of ethyl acetate were 

added. These were vortexed for 1 minute and left to react at room temperature 

for 5 minutes. The samples were then evaporated to dryness under nitrogen at 

room temperature. 

After addition of internal standards and vortexing for 1 minute, all samples 

and standards were dried under a stream of nitrogen at a temperature of 40°C 

using a TurboVap® supplied by Zymark, Inc. (Hopkinton, Massachussetts). All 

underivatized and derivatized samples and standards were then reconstituted in 

100 ul of 20% acetone: 80% ethyl acetate (v/v), vortexed for 1 minute, and 

transferred to autosampler vials for GC/MS analysis. The limit of quantitation 

was determined to be at or below 0.1% absolute recovery for all analytes. 



248 

4.2.2 Gas Chromatography 

All analyses were performed with a Hewlett-Packard (Wilmington, 

Delaware) model 5890 Series II gas chromatograph and a Hewlett-Packard 

model 7673 autosampler with mass spectrometric detection. The column used 

was a 30 m X 0.25 mm i.d. x 0.25 lam film DB-XLB fused silica capillary column (J 

& W Scientific, Folsom, CA). The GC column head pressure was maintained at 

8 psi with a helium carrier gas flow of 0.90 mL/min, A splitless injection was used 

with an injector temperature of 250''C. The transfer line was maintained at 5°C 

above the highest temperature reached in the oven temperature program. Oven 

temperature programs were assay dependent, but a typical program was the 

following: 200°C for 0.5 min, 40''C/min to 280°C, 280''C for 2 min, 70''C/min to 

320°C, 320°C for 1 min. Injection volumes of 1 or 2 microliters and a double-

gooseneck silylated injection liner were used. 

4.2.3 Mass Spectrometry 

A single quadrupole Hewlett-Packard model 5970B Mass Selective 

Detector was used. In order to enhance sensitivity, the mass spectrometer was 

operated in the SIM mode. Electron ionization was utilized with a solvent delay 

of 3 min. The GC/MS system was interfaced with a computerized data system 

using Hewlett-Packard ChemStation Software, Version 12.0, to control 

instrumental parameters for the autosampler, the GC and the MS, and to acquire, 

store, and output Total Ion Chromatograms (TIC's) and mass spectral data. The 
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software integrated areas for each peak for the ions monitored. See Table 2.1 

for the ions monitored for each analyte and its respective deuterated internal 

standard. Analytes were identified by retention time, and quantitation was 

performed based on the abundance of each analyte relative to the abundance of 

its Internal standard. 

4.3 INTERACTION OF MONOPROTIC CONJUGATE ACIDS OF ORGANIC 

BASES WITH ETHYLBENZENE SULFONATE IN THE PRESENCE OF 

OTHER MONOVALENT CATIONS 

4.3.1 The Introduction of Monovalent Counterions Prior to Analyte 

Introduction 

In order to investigate the selectivity of EBS for organic cations of differing 

hydrocarbon substitution, a variety of aminium and quaternary ammonium salts 

were introduced prior to sample loading in the SPE procedure. Hydrogen and 

sodium ions, classified as low selectivity ions when using a sulfonated 

polystyrene cation exchanger, were also introduced in order to determine if there 

is any effect on recovery when using inorganic counterions rather than organic 

counterions. A high concentration of each of these ions was loaded onto the 

column to ensure complete occupation of cation exchange sites by the 

appropriate counterion. Introduction of analyte ions after this step would result in 

one of two fates (Figure 4.2). Either the analyte ions would displace enough 
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counterions to be completely retained, or the analyte ions could not displace 

enough counterions to be ionically and/or hydrophobically retained and some 

portion of these analyte ions could be lost during sample loading or in a methanol 

rinse prior to the final eiution step. In the latter case, counterions introduced to 

the SPE column prior to analyte ions Interact more strongly with the bonded 

exchanger and the analytes cannot energetically compete for complete retention 

on the cation exchange sites and linker chains. By probing selectivity of EBS, it 

is possible to interpret the reasons for strength of interaction between the EBS 

surface and organic cations based on their structure. 

4.3.1.1 Experimental 

Countercation solutions of 0.3 M in 0.01 M HCI were prepared from the 

following aminium and quaternary ammonium salts; ammonium chloride (pKa 

9.24), methylamine hydrochloride (pKa 10.64), dimethylamine hydrochloride (pKa 

10.77), trimethylamine hydrochloride (pKa 9.80), tetramethylammonium chloride, 

tetraethylammonium bromide, tetrabutylammonium bromide, 

triethylhexylammonium bromide, and benzyltriethylammonium chloride. All of 

these compounds were purchased from Aldrich Chemical Co., Inc. (Milwaukee, 

Wisconsin). 

The general SPE procedure described previously was modified by 

introduction of 1 ml of a counterion solution after column equilibration by 1 ml of 

0.01 M HCI. A 0.3 M sodium chloride solution in water was also introduced, as 
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well as a blank 0.01 M HCI solution. Excess counterions in pores and 

interparticulate spaces were driven off the column by introducing 1 ml deionized 

water prior to sample loading. The analytes in this experiment were 

phencyclidine, amphetamine and methylamphetamine. These experiments were 

performed as sets of six repetitive extractions (n=6). 

The ion exchange capacity of the EBS beds used is 0.6 mmol/g bed mass, 

or 0.03 mmol for a 50 mg bed. Conditioning and rinsing with pH 2 water ensures 

protonation of most silanol sites. Loading 1 ml of 0.3 M ammonium ions means 

that approximately 0.3 mmols of counterions were loaded onto the column -

more than enough molecules to occupy cation exchange sites (excess ions were 

driven off with an aqueous rinse following counterion loading). Therefore, for 

ionic interaction to occur between the analyte ions and the sulfonate groups, 

there must be some displacement of counterions by analyte ions from these 

sites. 

During loading the sample onto the column, the solution was collected as 

it passed through the EBS bed. The deionized water rinsate was also collected 

in the same culture tube, extracted with a C8 cartridge, prepared for analysis and 

analyzed as described previously to determine analyte losses during sample 

loading. The methanol rinsate was also collected and analyzed to determine 

losses during this step of the procedure. Finally, the eluate was collected and 

analyzed. 
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4.3.1.2 Results and Discussion 

The results of analyses for sample loading losses, methanol rinsing 

losses and final elution recoveries are shown In Tables 4.1. 4.2 and 4.3. With 

hydronium, ammonium, methylaminium or dimethylaminium as the counterion, 

there are no losses of phencyclidine, amphetamine or methylamphetamine 

detected due to breakthrough during loading the analytes nor in the methanol 

rinse step. Complete retention in the presence of an aqueous and organic 

mobile phase is indicative of retention by ion exchange. Losses may be 

attributed to vaporization during blowdown and solvent exchange after elution 

and prior to injection into the GC/MS. 

With trimethylaminium as a counterion, there is considerable loss of 

analytes in the sample-loading step. However, there is no loss in an organic 

rinse. Breakthrough in sample loading suggests that a good portion of 

trimethylaminium ions is not displaced from the ion-exchange sites by the 

analyte. Loss of analytes in sample loading is nearly doubled when introducing a 

quaternary ammonium ion prior to introduction of the analyte. This may be 

attributed to the hydrophobic nature of the counterion and its independent charge 

in an aqueous or organic solvent environment. 

Hydrophobic interactions with analytes may be possible with the 

ethylbenzene linker chain or the hydrocarbon groups of counterions that are held 

ionically to the EBS surface. These interactions may be solely responsible for 

retention, or may be secondary to the more energetic ionic interactions. The way 
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TABLE 4.1 

Percent Losses and Absolute Recovery of Phencyclidine Using 

EBS as a Function of Monoprotic Counter Ion Introduced Prior 

to Sample Application (n=6) 

Counterion Loss In 
Loadina 

Loss in 
Methanol 

Rinse 

Absolute 
Recovery in 

Elution 

Hydronium ND ND 94 (+/-5) 

Sodium ND ND 92 (+/-4) 

Ammonium ND ND 91 (+/-3) 

Methylaminium ND ND 86 (+/-5) 

Dimethylaminium ND ND 86 (+/-3) 

Tri methylaminium 15(+/-2) ND 75 (+/-4) 

Tetramethylammonium 30 (+/-3) ND 63 (+/-3) 

Tetraethylammonium 35 (+/-4) ND 60 (+/-1) 

Tetrabutyiammonium 26 (+/-3) 3 {+/-2) 64 (+/-3) 

T riethylhexylammonium 30 (+/-2) 8 (+/-2) 55 (+/-2) 

T riethylbenzylammonium 35 (+/-3) 12(+/-1) 49 (+/-2) 

ND = Not Detected 
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TABLE 4.2 

Percent Losses and Absolute Recovery of Amphetamine Using 

EBS as a Function of Monoprotic Counter Ion Introduced Prior 

to Sample Application (n=6) 

Counterion Loss in 
Loading 

Loss in 
Methanol 

Rinse 

Absolute 
Recoverv in 

Elution 

Hydronium ND ND 92 +/-4) 

Sodium ND ND 90 +/-4) 

Ammonium ND ND 88 +/-2) 

Methylaminium ND ND 85 +/-4) 

Dimethylaminium ND ND 84 +/-5) 

Trimethylaminium 12(+/-3) ND 72 +/-3) 

Tetramethylammonium 26 (+/-4) ND 61 +/-2) 

Tetraethylammonium 33 (+/-5) ND 59 +/-2) 

Tetrabutylammonium 25 (+/-4) ND 63 +/-1) 

T riethylhexylammonium 29 (+/-3) 6 (+/-3) 53 +/-3) 

T riethylbenzylammonium 30 (+/-2) 9 (+/-3) 45 +/-5) 

ND = Not Detected 
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Percent Losses and Absolute Recovery of Methylamphetamlne 

Using EBS as a Function of Monoprotic Counter Ion Introduced 

Prior to Sample Application (n=6) 

Counterion Loss in 
Loadina 

Loss in 
Methanol 

Rinse 

Absolute 
Recovery in 

Elution 

Hydronium ND ND 94 (+/-5) 

Sodium ND ND 91 (+/-3) 

Ammonium ND ND 90 (+/-4) 

Methylaminium ND ND 87 (+/-3) 

Dimethylaminium ND ND 86 (+/-3) 

Trimethylaminium 17(+/-4) ND 73 (+/-4) 

T etramethylammonium 28 (+/-2) ND 64 (+/-3) 

Tetraethylammonium 32 (+/-3) ND 50 (+/-3) 

Tetrabutylammonium 26 (+/-3) 4 (+/-2) 62 (+/-2) 

T riethylhexylammonium 31 (+/-2) 7 (+/-1) 52 (+M) 

T riethylbenzylammonium 32 (+/-4) 10 (+/-3) 47 (+/-3) 

ND = Not Detected 
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to elucidate retention solely by a hydrophobic mechanism is to examine losses of 

analyte molecules in the subsequent methanol rinsate. Methanol disrupts 

hydrophobic interactions and would remove any analyte molecules from the 

column that are retained by nonpolar means alone. With tetrabutylammonium, 

triethylhexylammonium and triethylbenzylammonium there is a very small loss of 

analytes in the rinse step. This may be attributed to some retention of the 

analyte through nonpolar interaction between the analyte and the hydrocarbon 

groups of the counterions. If retention of this fraction of analyte molecules was 

due solely to interactions with the linker chain, then there would be losses in the 

methanol rinse step regardless of the counterion present. 

There is a significant drop in elution recovery when 

triethylhexylammonium and triethylbenzylammonium are present as counterions 

prior to analyte introduction. This may be due to strong secondary hydrophobic 

interactions between these ions and the EBS linker chain, making these ions 

more difficult to displace. Thus, the hydrophobic nature of the ammonium ion 

offers a stronger means of interaction with the ethylbenzene sulfonate surface. 

Van der Waals forces in conjunction with ionic forces provides a dual mechanism 

of interaction with the single sorbent. 

High recoveries are obtained only when using hydronium, sodium, 

ammonium and dimethylaminium as counterions. Recoveries when using the 

other counterions is lowered, mass balanced by losses in sample loading and/or 

organic rinses. Recovery of analytes by elution with a highly concentrated 
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ammonium hydroxide solution disrupts ionic retention. The fact that recoveries 

are above 45% In all cases is indicative that ionic interactions are responsible for 

retention of the majority of analyte molecules. However, there are considerable 

reductions in analyte recoveries with counterions having significant hydrophobic 

character. A competition for the EBS phase exists between hydrophobic ions. 

Clearly, there are much stronger secondary hydrophobic interactions that 

exist using an ethyibenzene linker than are observed when using the shorter 

propylene phase. As shown in Figures 4.3 and 4.4, using CS Chem3D Pro 

Version 4.0 software (CambridgeSoft Corporation, Cambridge, MA) for 

computational modeling, the triethylhexylammonium and 

triethylbenzylammonium ions may interact with the ethyibenzene chain by 

positioning the hexyl or benzyl groups within close proximity of the linker and the 

ammonium nitrogen close to a negatively charged oxygen atom of the sulfonate 

group at an energy minimum. This is not obsen/ed when modeling these ions 

with PRS (see Figures 2.6 and 2.7); rather, interaction appears to be 

predominantly between the ionic sites. Outside of the greater hydrophobic 

character of the ethyibenzene chain than that of the propylene chain, the reason 

for this may be due to a more fluid mobility of the ethyibenzene linker. The chain 

may be able to move in order to accommodate the intercalation of the organic 

cation between chains and enhance their interaction. This is exhibited in Figure 

4.5 as the energy-minimized interaction of triethylbenzylammonium ions 

embedded between EBS chains. It has been shown that with adequately long 
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Figure 4.4 The Energy-Minimized Interaction 
Between the Ethylbenzene Sulfonate 

Chain and the Triethylbenzylammonium lon 
(Hydrogen Atoms Not Shown) 
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linear hydrocarbon chains bonded to the surface, solute molecules intercalate 

between the chains [108, 109]. It may be the case with EBS as well. For 

example, the hexyl sidegroup on triethylhexylammonium is approximately 6.6 A 

long. The ethylbenzene sulfonate chain is approximately 9 A long, adequately 

long enough to accommodate this side group. 

The solvent environment at the near surface region may also promote 

embedding of hydrophobic moieties of organic cations. The ethylbenzene chains 

may be soivated by methanol molecules. It has been shown that organic solvent 

molecules affect the proximity of adjacent hydrophobic chains, making them 

much farther apart than when water alone is the solvent [115]. Longer 

hydrocarbon chains allow for solvation with more methanol molecules, and it may 

be assumed that EBS chains may be farther apart than the PRS chains, allowing 

for more effective penetration of counterions between these chains. 

Furthermore, the viscosity of the solvent environment may be lower with an 

ethylbenzene linker than with a propylene linker. The higher proportion of water 

molecules between the PRS chains may give a hydration layer that is very 

ordered and lends to a higher viscosity than that of the bulk water. Solvation of 

EBS chains by methanol may inhibit this order, contributing to a less viscous 

environment that is more thermodynamically inviting to the diffusion of solutes 

between the chains. 

There are significant differences in recovery of all three analytes between 

the counterions that were introduced prior to sample loading. Lowered recovery 
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of the analytes in the elution step is explained by losses of a large fraction of the 

analyte molecules due to breakthrough in sample-loading. This means that 

some portion of analyte molecules could not compete with organic cations that 

are substituted with larger hydrocarbon groups for interaction with the EBS 

surface. It is hypothesized that there is a greater selectivity of EBS for 

monoprotic ions that have hydrophobic character due to secondary nonpolar 

interactions with the linker chain. The contribution of secondary interactions with 

the linker chain to retention may be confimned by examination of recoveries with 

another bonded phase with a longer linker chain, octylenesulfonate. 

4.3.2 Confirmation of the Linker Chain Effect Using Octylenesulfonate 

The impact of a long linker chain on selectivity of the bonded phase cation 

exchanger may be further explored by using another long chain exchanger. A 

limited number of extractions were performed with an octylenesulfonate (OCS) 

phase. The octylene linker chain, like the ethylbenzene chain, is a phase that 

offers a higher potential for secondary hydrophobic interactions than a propylene 

linker. Absolute recoveries were measured for phencyclidine when introducing 

monoprotic counterions differing in hydrophobic character prior to analyte 

introduction. 
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4.3.2.1 Experimental 

The OCS sorbent was synthesized in the laboratory using 

octylsulfonyltrichlorosilane as described by Piccoli [68], One hundred milligram 

beds, 1 ml SPE cartridges were packed to be used with a Zymark RapidTrace® 

SPE Workstation. The same extraction method described in Section 4.3.1.1 was 

performed with the exception that phencyclidine was the only analyte examined, 

and ammonium, dimethylammonium, tetramethylammonium and 

triethylbenzylammonium were the counterions introduced prior to analyte 

introduction. Also, only the eluates were collected and analyzed. These 

extractions were performed in triplicate. 

4.3.2.2 Results and Discussion 

Absolute recoveries were measured and the results are shown in Table 

4.4. The same general trend exhibited by the EBS phase was demonstrated 

using the OCS phase. Namely, the two larger counterions with more 

hydrophobic character inhibited effective retention of phencyclidine. Thus, the 

analyte could not effectively displace enough of these counterions to be 

completely retained. Again, this may be attributed to a competitive retention of 

these larger cations because of significant secondary hydrophobic interactions 

with the linker chains. 
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Absolute Recoveries of Phencyclidine Using OCS as a Function 

of the Counterion Introduced Prior to Analyte Introduction (n=3) 

Counterion Absolute Recovery of 
Phencyclidine 

Ammonium 100(+/-4) 

Dimethylammonium 101 (+/-5) 

Tetramethylammonium 68 (+/-5) 

Triethylbenzylammonium 58 (+/-5) 
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4.3.3 Elution of Analytes with Aqueous Cation Solutions 

The hypothesis that there is a difference in selectivity of EBS for organic 

nnonovalent cations that differ in hydrocarbon substitution was tested with an 

experiment directed at the elution of analytes by cations in an aqueous solvent 

environment. Elution with aminium and quaternary ammonium ions may exhibit 

differences in effect due to differences in their hydrophobic character. 

4.3.3.1 Experimental 

Cation solutions of 0.001 M, 0.005M, 0.01M, 0.05M, and 0.1 M in 0.001 M 

HCI were prepared from the following salts: ammonium chloride, trimethylamine 

hydrochloride, tetrabutylammonium bromide and benzyltriethylammonium 

chloride. All of these compounds were purchased from Aldrich Chemical Co., 

Inc. (Milwaukee, Wisconsin). The general SPE procedure described previously 

was modified by using 1 ml of each ammonium solution for elution. Each eluate 

was further extracted with a C8 cartridge prior to analysis. Phencyclidine, 

cocaine and ketamine were used as the analyte probes. 

4.3.3.2 Results and Discussion 

The results of this experiment are shown in Figures 4.6 - 4.9 as plots of % 

absolute recovery versus concentration of cation in the elution solution. With 

ammonium and trimethylaminium, maximal recovery of 20% and 34% cocaine, 

respectively, is reached by using 0.1 M solutions. With tetrabutylammonium and 
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Figure 4.6 Elution with Aqueous Ammonium 
Solution Using EBS 
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Figure 4.7 Elution with Aqueous 
Trimethylaminium Solution Using EBS 

0.001 0.005 0.01 0.05 0.1 

Concentration (M) 

l
-+-PCP I 

-II-Cocaine 

~ Keta_~ine .I 

N 
0'\ 
00 



~ 
Q) 

> 
0 
(.) 
Q) 

~ 

Figure 4.8 Elution with Aqueous 
Tetrabutylammonium Solution Using EBS 
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Figure 4.9 Elution with Aqueous 
Triethylbenzylammonium Solution Using EBS 
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benzyltriethylammonium, maximal recovery of cocaine is reached by using 0.05 

M at 40% and 52%, respectively. The highest recoveries at the lowest 

concentrations were obtained by using cations substituted with larger 

hydrocarbon groups. However, these recoveries were far below 100%, 

suggesting that ionic displacement from EBS is a relatively ineffective means of 

elution. 

Ineffective displacement by a high concentration of cations in aqueous 

solution supports the hypothesis that hydrophobic forces play a large role in 

retention. These data are significantly different than the results obtained with 

PRS for the same experiment (Figures 2.9 - 2.12). With a propylene linker chain, 

recoveries are not significantly different between different cations at the same 

concentration, regardless of the concentration level. Furthermore, recoveries are 

far greater with PRS. With an ethylbenzene linker chain, disruption of van der 

Waals forces between the analytes and the linker may be necessary for higher 

recovery. 

4.3.4 Elution of Analytes with Methanolic Cation Solutions 

The previous experiment was modified by using methanol as the elution 

solvent. The goal here was to find out if an organic solvent would play a part in 

elution by lowering the minimal concentration of counterion required for effective 

elution from EBS or by raising absolute recoveries. This experiment serves to 
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better define the role that van der Waals forces play in the retention of organic 

bases. 

4.3.4.1 Experimental 

Cation solutions of 0.001 M, 0.005M, 0,01 M, 0.05M, and 0.1 M in 

methanol were prepared from the following aminium and ammonium salts: 

ammonium chloride, trimethylamine hydrochloride, tetrabutylammonium bromide 

and benzyltriethylammonium chloride. All of these compounds were purchased 

from Aldrich Chemical Co., Inc. (Milwaukee, Wisconsin). The general SPE 

procedure described previously was modified by using 1 ml of each ammonium 

solution for elution with the exception that eluates did not require further 

extraction with a hydrophobic sorbent. Phencyclidine, cocaine and ketamine 

were used as the analyte probes. 

4.3.4.2 Results and Discussion 

The results of this experiment are shown in Figures 4.10 - 4.13 as plots of 

% absolute recovery versus concentration of cation in the methanolic elution 

solution. Recoveries of all analytes are much higher, over 35%, than with the 

aqueous elution solutions. Unexplainably, there is a slightly higher recovery of 

phencyclidine displaced by the two quaternary ions at 0.01 M than is observed 

with the two other ions. However, with every cation used, maximal recovery is 

reached by using at least 0.05 M solutions. 



Figure 4.10 Elution with Methanolic Ammonium 
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Figure 4.11 Elution with Methanolic 
Trimethylaminium Solution Using EBS 
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Figure 4.12 Elution with Methanolic 
Tetrabutylammonium Solution Using EBS 
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Figure 4.13 Elution with Methanolic 
Triethylbenzylammonium Solution Using EBS 
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Unlike elution with aqueous solutions, there is no significant difference in 

recovery between any of the counterions between 0.05 M and 0.1 M. Therefore, 

the structure of the counterions does not appear to play a role in displacement of 

the analytes in the organic solvent environment. Rather, the presence of the 

organic solvent contributes greatly to the effectiveness of the elution. Far higher 

recovery using an organic solvent rather than water as the elution solvent 

indicates that there are nonpolar forces involved with retention, and these 

interactions play a very large role in the retention of organic cations. The organic 

solvent disrupts van der Waals interactions between the ethylbenzene linker 

chains and the hydrocarbon moieties of the analytes. The high concentration of 

organic cations in the elution solution displaces the analyte ions from the 

sulfonate sites by mass action. Thus, the analytes are eluted from the sorbent 

with a solution that disrupts both ionic and nonpolar interactions simultaneously. 

The EBS-modified silica surface appears to have strong interactions with organic 

cations that exhibit both ionic and nonpolar character. 
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4.4 INTERACTION OF MONOPROTIC CONJUGATE ACIDS OF ORGANIC 

BASES WITH ETHYLBENZENE SULFONATE IN THE PRESENCE OF 

POLYPROTIC CATIONS 

4.4.1 The Introduction of Polyprotic Counterlons Prior to Analyte 

Introduction 

In order to investigate the selectivity of EBS for ammonium ions of 

differing charge, diprctic, triprotic and tetraprotic ammonium salts were 

introduced prior to sample loading in the SPE procedure. A high concentration of 

each of these ions was loaded onto the column to ensure complete occupation of 

cation exchange sites by the appropriate counterion. With larger monovalent 

ions, introduction of analyte ions after this step results in significant breakthrough 

during the sample application step. As with the experiments employing 

introduction of monovalent cations prior to sample application, there are two 

possible fates in this experiment. Either the monoprotic analyte ions can 

displace enough polyprotic counterions to be completely retained, or the analyte 

ions cannot displace enough counterions to be ionically retained and some 

portion of these analyte ions could be lost during sample loading or in a methanol 

rinse prior to the final elution step. 



279 

4.4.1.1 Experimental 

Ammonium solutions of 0.1 M in 0.01 M HCI were prepared from the 

following ammonium salts: ethylenediamine dihydrochloride (pKai 10.44 and 

pKaa 8.52), spermidine trihydrochioride (pKai 10.50, pKaa 9.90, and pKaa 9.02) 

and spermine tetrahydrochloride (pKai 10.64, pKa210.50, pKaa 10.04, and pKa4 

9.90). All of these salts were purchased from Sigma Chemical Co., Inc. (Saint 

Louis, Missouri). See Figure 2.15 for the chemical structures of these 

compounds. 

The general SPE procedure described previously was modified by the 

introduction of 1 ml of an ammonium counterion solution after column 

equilibration with 1 ml of 0.01 M HCI. A blank 0.01 M HCI solution was also 

introduced. Excess counterions in pores and interparticulate spaces were driven 

off the column by introducing 1 ml deionized water prior to sample loading. The 

analytes in this experiment were phencyclidine, ketamine and cocaine. These 

experiments were performed as sets of six repetitive extractions (n=6). 

During loading the sample onto the column, the solution was collected as 

it passed through the EBS bed. The deionized water rinsate was also collected 

in the same culture tube, extracted with a C8 cartridge, prepared for analysis and 

analyzed as described previously to determine analyte losses during sample 

loading. The methanol rinsate was also collected and analyzed to determine 

losses during this step of the procedure. Finally, the eluate was collected and 

analyzed. 
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4.4.1.2 Results and Discussion 

The results of analyses for sample loading losses, methanol rinsing losses 

and final elution recoveries are shown in Tables 4.5 - 4.7. There are significant 

losses of phencyclidine, ketamine and cocaine detected during sample loading. 

These results indicate that there is considerable breakthrough of the analytes 

during this step. These data suggest that cation-exchange sites are occupied by 

polyprotic species and the strength of interaction may not be completely 

overcome by displacement with a monoprotic analyte. The multiply charged 

nature of these ions may create a charged surface that inhibits nonpolar 

interactions between the analytes and the linker chains by hindering the 

approach of analyte ions. If this Is the case, the higher the positive charge of the 

cation present before introduction of monoprotic analytes, the greater is the 

electrostatic repulsion of analyte molecules from the surface. Breakthrough in 

sample loading is proportional to the charge of the cation that is introduced. This 

correlation was also obsen/ed with the propylene phases and may be explained 

by the enthalpic strength of Interaction due to multiple site attachment or the 

entropic probability of ionic interaction with an increase of charged sites in the 

molecule. Stereochemical access to a charged group in the molecule is more 

probable the greater the number of protonated amines on that particular 

molecule. 

Figures 4.14 - 4.16 show the computational models of the energy-

minimized interaction of the three polyprotic species with adjacent EBS chains. 
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TABLE 4.5 

Percent Losses and Absolute Recovery of Phencyclidine Using 

EBS as a Function of Polyprotic Counter Ion Introduced Prior to 

Sample Application (n=6) 

Counterion Loss in 
Loadina 

Loss in 
Methanol 

Rinse 

Absolute 
Recoverv in 

Elution 

Ethylenediamine^'^ 42 (+/-2) ND 50 (+/-2) 

Spermidine^^ 60 (+/-3) ND 33 (+/-2) 

Spermine'*^ 71 (+/-5) ND 22 (+/-1) 

ND = Not Detected 



TABLE 4.6 
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Percent Losses and Absolute Recovery of Ketamine Using EBS 

as a Function of Polyprotic Counter Ion Introduced Prior to 

Sample Application (n=6) 

Counterion Loss in 
Loadina 

Loss in 
Methanol 

Rinse 

Absolute 
Recovery in 

Elution 

Ethylenediamine^^ 43 (+/-3) ND 47 (+/-5) 

Spermidine^^ 62 (+/-2) ND 31 (+/-3) 

Spermine'^'" 69 (+/-6) ND 24 (+/-3) 

ND = Not Detected 



283 

TABLE 4.7 

Percent Losses and Absolute Recovery of Cocaine Using EBS 

as a Function of Polyprotic Counter Ion Introduced Prior to 

Sample Application (n=6) 

Counterion Loss in 
Loading 

Loss in 
Methanol 

Rinse 

Absolute 
Recovery in 

Elution 

Ethylenediamine^^ 47 (+/-5) ND 46 (+/-5) 

Spermidine^"*" 62 (+/-3) ND 30 (+/-1) 

Spermine^'" 72 (+/-5) ND 24 (+/-2) 

ND = Not Detected 
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Figure 4.14 The Energy-Minimized Interaction of Ethylenediamine2+ with the 
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Figure 4.15 The Energy-Minimized Interaction of Spermidine3+ with the EBS 
Bonded Phase (Hydrogen Atoms Not Shown) 
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Figure 4.16 The Energy-Minimized Interaction of Spermine4+ with the EBS 
Bonded Phase (Hydrogen Atoms Not Shown) 
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With adjacent chains, it is possible for all three species to have multiple ionic 

interactions, or attachments, to the EBS surface simultaneously. The analyte 

losses in the presence of spermidine and spermine are much higher than in the 

presence of ethylenediamine. For example, the mean loss of phencyclidine is 

44% in the presence of ethylenediamine, while the mean losses in the presence 

of spermidine and spennine are 60% and 71%, respectively (Table 4.5). Analyte 

losses are proportional to the strength of interaction between the counterion and 

the surface. Therefore, the strength of interaction between the EBS surface and 

the particular cation is directly proportional to the charge of the cation. 

Analysis of methanol rinsates shows no losses due to disruption of 

nonpolar interactions, regardless of the introduction of a polyprotic counterion 

prior to analyte introduction. Therefore, ionic forces between sulfonate groups on 

the EBS surface and the protonated amine groups of the analytes hold the 

analyte molecules that are retained during the methanol rinse. These data 

support the hypothesis that polyprotic ions inhibit nonpolar interactions alone 

between analytes and linker chains. A methanol rinse would elute analytes that 

are held up hydrophobically. Analysis of the eluates shows the recovery of 

analytes that were not lost due to breakthrough in sample loading. These 

molecules were successfully displaced by mass action from cation-exchange 

sites with a methanolic 5% ammonium hydroxide solution. 
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4.4.2 Elution of Analytes with Aqueous Polyprotic Cation Solutions 

The EBS surface exhibits a high selectivity for polyprotic ammonium ions. 

This proposed selectivity was tested with an experiment directed at the elution of 

analytes by polyprotic species in an aqueous solvent environment. 

4.4.2.1 Experimental 

Ammonium solutions of 0.001 M, 0.005M, 0.01M, 0.05M, and 0.1 M in 

0.001 M HCI were prepared from the following ammonium salts; ethylenediamine 

dihydrochloride, spermidine trihydrochloride and spermine tetrahydrochloride. All 

of these compounds were purchased from Sigma Chemical Co., Inc. (Saint 

Louis, Missouri). The general SPE procedure described previously was modified 

by the use of 1 ml of each ammonium solution for elution. Eluates were further 

extracted with C8 cartridges prior to analysis. Phencyclidine, cocaine and 

ketamine were used as the analyte probes. 

4.4.2.2 Results and Discussion 

The results of this experiment are shown in Figures 4.17 - 4.19 as plots of 

% absolute recovery versus concentration of ammonium ion in the elution 

solution. Recoveries are significantly lower with the EBS-modified phase than 

observed with the PRS-modified phase (see Figures 2.21 - 2.23). There are 

relatively low recoveries (50-65%) at a maximum concentration of counterion. 
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Figure 4.17 Elution with Aqueous 
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Figure 4.18 Elution with Aqueous Spermidine 
Solution Using EBS 
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This suggests that nonpolar secondary Interactions may play a larger role with 

the ethylbenzene linker than with the propylene linker. 

As was observed with PRS, the minimum concentration required for 

effective elution is lower the higher the charge on the cation used for elution. 

There is a significant difference in recovery between 0.01 M and 0.05 M using 

the diprotic species. Yet, there is no significant difference in recovery between 

these two concentrations when using the triprotic or tetraprotic species for 

elution. The highest recoveries were obtained by using minimal concentrations 

of 0.05 M ethylenediamine, 0.01 M spermidine and 0.01 M spermidine. There is 

no significant difference in recovery between 0.05 M and 0.1 M solutions for any 

of the counterions used. The model of multiple sites of attachment is consistent 

with these data and may account for the lower minimal concentration of the 

triprotic and tetraprotic ions required for effective elution by ionic displacement. 

Absolute recoveries are slightly higher using aqueous polyprotic solutions 

for elution than by using aqueous monoprotic solutions. Yet, ionic displacement 

is not a highly effective means of elution with the EBS phase. Relatively 

ineffective displacement by a high concentration of polyprotic counterion in 

aqueous solution supports the hypothesis that hydrophobic forces play a large 

role in retention. The differences in recovery between diprotic and triprotic or 

tetraprotic ions supports the hypothesis that there is a difference in selectivity of 

EBS for these organic cations. 
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4.5 RELATIVE COUNTERCATION SELECTIVITY OF ETHYLBENZENE 

SULFONATE 

Lower recovery for an analyte indicates a lowered ability to displace the 

counterion that is present. The absolute recoveries of phencyclidine in the 

experiments employing counterion introduction prior to analyte introduction are 

displayed in Table 4.8. From these data, a relative counterion selectivity table 

was constructed (Table 4.9). A value for relative selectivity was empirically 

determined using Equation 11 as described in Section 2.5. 

Relative selectivity is proportional to the affinity of the ion-exchange site 

for the cation. In general, there is an increase in selectivity of EBS for cations 

with increasing hydrophobic nature and charge. The proposed order of 

selectivity is the following: spermine^* > spermidine^* > triethylbenzylammonium 

> ethylenediamine^* > triethylhexylammonium > tetraethylammonium, 

tetramethylammonium > trimethylaminium > dimethylaminium, methylaminium > 

ammonium, sodium, hydronium. 

There is no significant difference In selectivity between the larger 

monovalent species, triethylhexylammonium and triethylbenzylammonium, and 

the diprotic ethylenediamine. The hydrophobic interactions between the surface 

and these ammonium ions with longer hydrocarbon side groups contribute to a 

strength of interaction that is the same as the doubly-charged ion offers. The 

selectivity differences between cations of differing charge suggest that a 

combination of single and multiple ionic interactions take place. The polyprotic 
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species studied are very polar with protonated amine groups in close proximity to 

one another. These species may not be able to penetrate the more apolar 

environment around the linker chains, as the larger monoprotic species do. and 

may prefer the more aqueous environment of the mobile phase. 

4.6 RETENTION OF ORGANIC CATIONS IN A HIGH IONIC STRENGTH 

MATRIX 

The impact of the ethylbenzene linker chain on nonpolar retention was 

tested by extracting organic bases from a high ionic strength matrix. A high 

concentration of electrolytes may compete with analyte ions for sulfonate sites, 

thus limiting retention by ionic forces alone. Retention through nonpolar 

interactions between hydrocarbon moieties of the analyte molecules and the 

ethylbenzene linker chains may be the prevalent means available for retention 

under these experimental conditions. 

4.6.1 Experimental 

Sample solutions were prepared by spiking 1 ml, 0.1 M sodium phosphate 

pH 6 buffer solutions with 100 ul of a lOug/ml standard solution of phencyclidine, 

ketamine and cocaine. Thus, a micromolar concentration of analytes in 0.1 M 

sodium solutions, a concent.''ation difference of five orders of magnitude was 

used for extraction with a 1ml. 50 mg EBS cartridge. The same general SPE 

procedure described previously was followed. 
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4.6.2 Results and Discussion 

The results of this experiment are shown in Table 4.10. Elution recoveries 

are high, 81-84 % for all three analytes. Analyte ions are retained, regardless of 

the presence of a much larger number of sodium ions that compete for ion-

exchange sites. Losses occur during the sample application step, but these 

losses are a low 10-15%. 

Upon sample application, sodium ions must occupy most of the cation-

exchange sites. Removal of excess sodium ions from silica pores and 

interparticulate spaces in the aqueous rinse allows for analyte ions to compete 

for ion-exchange sites. Analyte molecules that may have been held up on 

ethylbenzene chains must take over ion-exchange sites. Selectivity for sodium 

ions is low, as seen in Table 4.8. This is the proposed mechanism responsible 

for the large fraction of analytes that are recovered. Figure 4.20 is a model 

showing that upon sample application, a large number of sodium ions occupy 

sulfonate sites, while most analyte molecules are retained on ethylbenzene 

chains prior to taking over ion-exchange sites. 

The results of this experiment are significantly different from those 

obtained with the PRS and CBA sorbents. With a propylene linker chain, there is 

breakthrough of the majority of analytes during sample application due to a lack 

of strong hydrophobic interactions. Clearly, nonpolar interactions between 

analyte ions and the ethylbenzene chain are energetically capable of retention in 

a high ionic strength environment. 
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Percent Losses and Absolute Recovery of Analytes Using EBS 

in the SPE from a 0.1 M Solution Matrix (N=3) 

Analvte Loss in 
Loadina 

Loss in 
Methanol 

Rinse 

Absolute 
Recovery in 

Elution 

Phencyciidine 10 (+/-4) ND 83 (+M) 

Ketamine 12 (+/-3) ND 84 (+/-7) 

Cocaine 15 (+/-6) ND 81 (+/-5) 

ND = Not Detected 



Figure 4.20 The Hydrophobic Retention of Organic Cations 
in a High Ionic Strength Matrix with EBS 

|y|a+ Na* Na* Na* 
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4.7 THE EFFECT OF pH ON THE RETENTION OF ANALYTES OF 

DIFFERING BASICITY 

The pH of the solvent environment of the ethylbenzene sulfonate surface 

controls the ionization of analytes This in iurn affects the chemical interactions 

that are possible between anaiyte molecules and the surface. By manipulating 

the pH during an extraction, it is possible to further investigate the properties of 

the surface as they pertain to retention of amines that are partially ionized or 

completely neutral while the sulfonate group stays completely charged. 

4.7.1 Experimental 

Samples were prepared at 1 ug/ml anaiyte in 0.001 M buffer solutions 

adjusted to pH 2, 4, 6, 8 and 10, The sorbent was conditioned by the buffer 

solution at the same pH as the sample. The sample was loaded and rinsed with 

same pH buffer. Methylamphetamine (pKa 10.1), cocaine (pKa 8.6) and 

ketamine (pKa 7 5) were used as anaiyte probes. The sample application 

fraction and subsequent buffer rinsate was collected and the analytes were 

extracted with a 08 cartridge. The methanol rinsate was collected, as well as the 

eluate. All fractions were dried under nitrogen at 40 °C and derivatized for 

analysis as previously described. 
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4.7.2 Results and Discussion 

The sample load, methanol rinse and elution results of this experiment are 

plotted in Figures 4.21, 4.22 and 4.23, respectively. By measuring breakthrough 

losses as a function of pH, it is shown that neutralization of analyte molecules at 

a higher pH does not affect retentive interaction with the EBS surface. The 

published pKa's of methylamphetamine, cocaine and ketamine are 10.1, 8.6 and 

7.5, respectively. Theoretically, according to the Henderson-Hasselbalch 

Equation (Equation 8), these amines should be fully protonated at two pH units 

lower than the pKa and fully deprotonated at two pH units above the pKa. 

Assuming nearly complete deprotonation of ketamine at pH 10. no detectable 

loss of the analyte molecules in an aqueous solvent environment indicates that 

hydrophobic retention plays a major role in retention. 

A methanol solvent environment will disrupt hydrophobic interactions. A 

maximum loss of approximately 90% is exhibited by ketamine at pH 10, where it 

should be nearly completely deprotonated. This data supports the hypothesis 

that hydrophobic interactions are a significant means of retention with EBS. 

Significant losses of ketamine are observed between pH 7-10. These losses are 

accountable to disruption of van der Waals interactions during the methanol 

nnse. 

in the elution fractions, recovery of each of the three analytes drops off at 

pH 10. Lowered recovery is accountable to loss of neutral species during the 

methanol rinse step. 
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Figure 4.23 Effect of pH on Elution 
Recovery using EBS 
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4.8 THE PROPOSED MODEL OF THE EBS SURFACE 

In experiments with singly charged counterions in Section 4.3, it was 

suggested that one possible reason for the significant nonpolar interactions 

between the ethylbenzene linker and the fiydrocarbon side groups of the 

counterion is the solvent environment at the near surface region. Methanol was 

used to condition the SPE columns prior to sample application. The 

ethylbenzene chains may be solvated to a high degree by methanol molecules. 

Longer hydrocarbon chains allow for solvation with more methanol in proportion 

to water. Also, it was suggested that the viscosity of the solvent environment 

may be lower with an ethylbenzene linker than with a propylene linker. With 

PRS, the higher proportion of water molecules between the chains may give a 

hydration layer that is very ordered and lends to a higher viscosity than that of 

the bulk vvater. Solvation of EBS chains by methanol may inhibit this order, 

contributing to a less viscous environment that is more thermodynamically 

inviting to the diffusion of solutes between the chains Figure 4.24 shows a 

cartoon of the proposed solvated surface of EBS. 

Outside of the greater hydrophobic character of the ethylbenzene chain 

than that of the propylene chain, another reason for the hydrophobic interactions 

possible with EBS may be fluid mobility of the ethylbenzene linker. The chain 

may be able to move in order to accommodate the intercalation of the organic 

cation behveen chains and enhance their interaction. Thus, the longer 

hydrocarbon linker contributes to a bonded phase that is more "liquid-like" than 
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PRS (Figure 4.25). The ion-exchange capacity of the EBS sorbent is 

approximately 0.6 mmol/g. This is 150% of the capacity of PRS (0.4 mmol/g), 

which indicates that the surface density of EBS is much higher than that of PRS. 

This may be due to nonpolar interactions between the linker chains as the 

trichlorosilanes are bonded to the surface during the synthetic process. Figure 

4.26 shows the computational model of the energy-minimized EBS phase, 

demonstrating that adjacent chains are able to come much closer together than 

PRS chains (see Figure 2.25). The silica substrate particles have a surface that 

is mostly located in the pores. Pores may have different sizes, shapes and 

tortuosity and there is a great degree of heterogeneity with respect to both 

physical and chemical characteristics. The proposed heterogeneity of the EBS 

surface is depicted in the cartoon in Figure 4.27. 

Overall, the proposed mode! of this surface has ethylbenzenesulfonate 

chains that are conformationaliy mobile with a "liquid-like" nature. The chains 

may be well solvated by methanol when exposed to a water/methanol solvent 

environment. The EBS surface !S very chemically and physically heterogeneous. 

It has variable spatial surface coverage with some areas more densely packed 

with immobilized chains than others. Though less heterogeneous in coverage 

than PRS, the surface is a mixture of isolated chains and islands of chains. 
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4.9 CONCLUSIONS 

It was shown that there is a difference in selectivity of EBS for organic 

cations diffenng in the number and types of hydrocarbon substituents on the 

positively charged nitrogen. In general, there is an increase in selectivity of EBS 

for cations with increasing nydrophobic nature. The selectivity for organic cations 

based on the hydrophobic nature of tiie cation is the same as that exhibited by a 

PSDVB-based exchanger. The linker chain is adequately long enough to allow 

for nonpolar interactions with the aliphatic side groups, just as the polymer 

allows. 

Interaction between EBS and organic cations must be a combination of 

ionic forces and van der VVaals forces. Clearly there are much stronger 

secondary hydrophobic interactions that exist using an ethylbenzene linker than 

are obsen/ed when using the shorter propylene phase. Energy-minimized 

computational modeling demonstrates that cations with hydrophobic sidegroups 

may interact with the ethylbenzene sulfonate chain by positioning these 

sidegroups within close proximity of the linker and the positively charged nitrogen 

atom close to a negatively charged oxygen atom of the sulfonate group. This is 

not observed when modeling these ions with PRS. Rather, interaction with PRS 

appears to be predominantly between the ionic sites. Outside of the greater 

hydrophobic character of the ethylbenzene chain than that of the propylene 

chain, the reason for this may be due to a more fluid mobility of the ethylbenzene 
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linker. The chain may be able to move in order to accommodate the intercalation 

of the organic cation between chains and enhance their interaction. 

The solvent environment at the near surface region may also promote 

embedding of hydrophobic moiet'es of organic cations. Methanol was used to 

condition the SPE columns prior to sample loading. The ethylbenzene chains 

could be well solvated by methanol molecules This methanol-rich environment 

may allow for effective penetration of counterions between these chains. 

Furthermore, the viscosity of the solvent environment may be lower with an 

ethylbenzene linker than with a propylene linker. The higher proportion of water 

molecules between the PRS chains may give a hydration layer which is very 

ordered which lends to a higher viscosity than that of the bulk water. Solvation of 

EBS chains by methanol may inhibit this order, contributing to a less viscous 

environment that is more thermodynamically inviting to the diffusion of solutes 

between the chains. 

By introducing monovalent organic cations prior to analyte loading, the 

contribution of secondary interactions with the linker chain to retention was 

confirmed by examination of recoveries with another bonded phase with a long 

linker chain, octylenesulfonate. The same general trend exhibited by the EBS 

phase was demonstrated using the OCS phase. Namely, the larger counterions 

with more hydrophobic character inhibited effective retention of a competing 

aminium analyte probe. Thus the analyte could not effectively displace enough 

of these counterions to be completely retained. Again, this may be attributed to a 
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competitive retention of these larger cations because of significant secondary 

hydrophobic interactions with the linker chains. 

With EBS, elution of analytes with monoprotic ammonium ions is possible 

in an aqueous solution. The highest recoveries at the lowest concentrations 

were obtained by using cations with ammonium ions substituted with larger 

hydrocarbon groups. However, these recoveries were far below 100%, 

suggesting that ionic displacement from EBS is a relatively ineffective means of 

elution. Ineffective displacement by a high concentration of cations in aqueous 

solution supports the hypothesis that hydrophobic forces play a large role in 

retention. 

With an ethylbenzene linker chain, disruption of van der Waals forces 

between the analytes and the linker is necessary for higher recovery. 

Recoveries of all analytes are much higher, over 35% higher, with methanolic 

elution solutions than with the aqueous elution solutions. Unlike elution with 

aqueous solutions, there is no significant difference in recovery between any of 

the cations used for elution between 0.06 M and 0.1 M. Therefore, the structure 

of the counterions does not appear to play a role in displacement of the analytes 

in the organic solvent environment. Rather the presence of the organic solvent 

contributes greatly to the effectiveness of the elution. Far higher recovery using 

an organic solvent rather than water as the elution solvent indicates that there 

are nonpolar forces involved with retention, and these interactions play a very 

large role in the retention of organic cations. The organic solvent disrupts van 
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der Waals interactions between the ethyibenzene linker chains and the 

hydrocarbon moieties of the analytes. The high concentration of ammonium 

counterions in the elution solution displaces the analyte ions from the sulfonate 

sites by mass action. Thus, the anaiytes are eluted from the sorbent with a 

solution that disrupts both ionic and nonpolar interactions simultaneously. The 

EBS-modified silica surface appears to have strong interactions with organic 

cations that exhibit both ionic and nonpolar character. 

It v/as demonstrated that with EBS, there are significant differences in 

selectivity between monovalent, trivalent or tetravalent species. There is no 

significant difference in selectivity between the larger monovalent species, 

triethylhexylammonium and triethylbenzylammonium, and the diprotic 

ethylenediamine, however. The secondary hydrophobic interactions between the 

surface and these ammonium ions with longer hydrocarbon side groups 

contribute to a strength of interaction that is the same as the doubly-charged ion 

offers. When triprotic and tetraprotic counterions are bound to the surface, 

monoprotic analyte ions cannot displace enough of these counterions to be 

ionically retained to a high degree, and a portion of the analyte ions are lost 

during sample application. These data suggest that cation-exchange sites are 

occupied by polyprotic species and the strength of interaction may not be 

completely overcome by displacement with a monoprotic analyte. Computational 

modeling is consistent with the hypothesis that multiple-site ionic attachment of 

the polyprotic species studied may be possible with adjacent EBS chains. 
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However, the selectivity differences between cations of differing charge suggest 

that a combination of single and multiple ionic interactions actually take place. 

The polyprotic species studied are very polar with protonated amine groups in 

close proximity to one another. These species may not be able to penetrate the 

more apolar environment around the linker chains, as the larger monoprotic 

species do, and may prefer the more aqueous environment of the mobile phase. 

Displacement of monoprotic analytes by polyprotic cations was 

demonstrated. With an aqueous elution solution, recoveries are significantly 

lower with the EBS-modified phase than obsen/ed with the PRS-modified phase. 

There are relatively low recoveries (50-65%) at a maximum concentration of 

counterion. This suggests that nonpolar secondary interactions play a larger role 

with the ethylbenzene linker than with the propylene linker. 

It was shown that extraction of organic bases from a high ionic strength 

matrix is very effective using EBS. Anaiyte ions aie retained, regardless of the 

presence of a much larger number of sodium ions that compete for ion-exchange 

sites. There is minimal breakthrough during the sample application step. 

Furthermore, there is no detectable loss during a methanol rinse. Upon sample 

application, sodium ions must occupy most of the cation-exchange sites. 

Removal of excess sodium ions from silica pores and interparticulate spaces in 

the aqueous rinse allows for anaiyte ions to compete for ion-exchange sites. 

Anaiyte molecules that may have been held up on ethylbenzene chains must 

take over ion-exchange sites. Otherwise,, in the methanol rinse there would be 
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loss of analytes that were held up through van der Waals interactions alone. 

Clearly, nonpolar interactions betA/sen analyte ions and the ethylbenzene chain 

are energetically capable of retention in a high ionic strength environment. The 

retentive properties of the EBS surface are significantly different from those of 

the PRS and CBA surfaces. In the same experiment with a propylene linker 

chain, there is breakthrough of the majority of analytes during sample application 

due to a lack of strong hydrophobic interactions. 

By measuring breakthrough losses as a function of pH, it was shown that 

neutralization of analyte molecules at a higher pH does not affect retentive 

interaction with the EBS surface. At high pH where analyte molecules are 

neutral, no losses in an aqueous solvent environment indicate that hydrophobic 

forces play a major role in retention There are high losses of analytes in a 

methanol rinse at a high pH. In order for this to be true, there must be a major 

contribution of secondary hydrophobic interactions to retention of these bases. 

These losses are accountable to disruption of van der Waals interactions during 

the methanol rinse. 

Ionic interaction is the dominant reason for the retention of an organic 

cation. However, selective retention is due to the secondary hydrophobic 

interactions. Though fundamentally less energetic than coulombic forces, van 

der Waals interactions add to the energetics of interaction because of a major 

entropic contribution and a minor enthalpic contribution. There is a higher 

probability that the solute can be sorbed, because it can approach the surface in 
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any conformation, allowing either interaction to occur. The secondary interaction 

between the hydrophobic center of the organic cation and the linker chain is 

additive to the enthalpic primary ionic interaction. An advantage is that a buffer 

may be used as a rinse, since although ionic interaction may be disrupted, 

retention is maintained with hydrophobic interactions. Elution is possible with a 

high concentration of a weaker ion (such as NH4'') and an organic solvent (such 

as methanol), because ionic interaction is disrupted by mass action while van der 

Waals interactions are disruoted simultaneously with the organic solvent. 

The proposed model of the EBS surface has ethylbenzenesulfonate 

chains that are conformationally mobile with a "liquid-like" nature. The chains 

may be well solvated by methanol when exposed to a water/methanol solvent 

environment. Overall, the surface is less polar than either PRS or CBA, and 

more like a resin. The surface is very chemically and physically heterogeneous. 

It has variable spatial surface coverage with some areas more densely packed 

with immobilized chains than others. Though less heterogeneous in coverage 

than PRS. the surface is a mixture of isolated chains and islands of chains. 
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CHAPTER 5 

PROPERTIES OF A MIXED SORBENT BED COMPRISED OF ALKYL-

MODIFIED AND ACID-MODIFIED SILICA 

5.1 BACKGROUND 

Sorbent beds for the silica- based mixed-mode SPE of bases consist of a 

mixture of hydrophobic bonded-phase particles and cation-exchange bonded-

phase particles. The advantage of a mixed sorbent bed is that it offers the 

analyst the freedom to choose the type of cation exchanger and nonpolar phase 

to use together for a particular isolation and purification problem. Dual 

hydrophobic and ionic interactions provided by a mixed-mode approach can yield 

a greater control over selectivit/ for an analyte than may be attained by a strictly 

reversed-phase or an ion-exchange strategy alone. The literature at this point in 

time pertaining to mixed-mode SPE is much more limited relative to the breadth 

and extent of publications in the area of standard reversed-phase SPE. Most 

literature reports on only the methodology used to extract certain analytes from 

various sample matrices. There has been very little discussion regarding the 

chemical properties of a mixed acidic and alky! modified silica sorbent bed and 

the retention mechanisms involved in the isolation of organic bases. 

The purpose of this investigation is to study the properties of mixed-mode 

sorbents. Mixed-mode sorbent beds consisting of either PRS or EBS mixed with 

08 were evaluated for the extraction of organic bases from a high ionic strength 
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matrix. Furthermore, the retention mechanism involved in this extraction is 

elucidated by using stacked columns of propylenesuifonate-modified or 

ethylbenzene sulfonate-modified silica beds with octylene-modified silica beds. 

The role of the hydrophobic: cation-exchange ratio is examined with regard to the 

particle ratio and the cation-exchange particle surface coverage. Finally, the 

hydrophobic contribution to anaiyte retention is explored through the variation of 

bed mass versus chain length of the hydrophobic phase. 

5.2 EXPERIMENTAL OVERVIEW 

Buffer samples were spiked with basic analytes and extracted by manual 

SPE or automated SPE with a Zymark RapidTrace® SPE Workstation using 

mixed-mode cartridges. Extracts were then spiked with deuterated internal 

standards for quantitative analysis to detennine absolute recovery. 

Derivatization, if needed, was subsequently performed. Analysis was by GC/MS 

in the SIM mode. The instrumental limit of detection for all analytes ranged from 

5-10 ppb at a 3:1 signal-to-noise ratio. 

5.2.1 Materials and Methods 

Analytical standards were purchased from Radian International (Austin, 

Texas). All solvents were HPLC-grade Burdick and Jackson and purchased from 

J.T. Baker Chemical Company (Phillipsburg, NJ). Analytes were phencyclidine, 

cocaine, ketamine and benzoylecgonine and their respective deuterated forms as 
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internal standards. See Figures 2.2, 2.3, 5.1 and 5.2 for these chemical 

structures. SPE cartridges were obtained from International Sorbent Technology 

Ltd. (Hengoed, Mid Glamorgan, UK). One milliliter standards and internal 

standards were obtained at 1 mg/ml and diluted 1:100 with methanol to 10 ug/ml 

stock solutions of 100 ml. One ml buffer samples of v/ere spiked with 100 ul of 

standard stock solutions. 

The following general SPE procedure v/as followed. SPE cartridges were 

conditioned with 1m! of methanol, then equilibrated with 1 ml of the sample buffer 

matrix. The sample was applied without vacuum at 0.5 ml/min. The cartridges 

were rinsed with 1 ml of 10 mM HCI. then dried by vacuum aspiration for 1 

minute so that the amount of water in the eluate could be reduced. The 

cartridges were then rinsed with 1 ml of methanol. Analytes were then eluted 

into culture tubes with 1 ml of 2% NH4OH in methanol. For manual SPE 

experiments, fractions were collected in culture tubes during sample loading and 

methanol rinsing as well as elution for subsequent analysis. The aqueous 

sample-loading fraction was further extracted with a 3 mf, 100 mg C8 cartridge 

and eluted with methanol prior to analysis. Modifications to this general SPE 

procedure are noted in the Experimental sections of this chapter. 

To all collected samples and calibration standards were added 100 ul of 

deuterated internal standards. Calibration standards were prepared by adding 

20 ul, 50 ul, 70 ul, 100 ul, and 120 ul of stock solution to 1 ml elution solution of 

2% NH4OH in methanol. These standards correlated to 20%, 50%, 70%, 100% 



Figure 5.1 The Chemical Structure of Benzoylecgonine (BZE) 
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Figure 5.2 The Chemical Structure of Benzoylecgonine-03 

Ions Monitored: m/z 85 (quantitation), 243 (confirmation) 
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and 120% absolute recovery^ and were used to construct five-point calibration 

curves. Linear calibration curves using regression analysis consisted of peak 

area ratios of analytes to their respective internal standards versus percent 

absolute recovery. 

Prior to analysis, benzoylecgonine required chemical modification to form 

stable, volatile derivatives for GC/MS analysis. This was performed after addition 

of internal standard to the collected samples. First, the collected sample tubes 

were capped and vortexed for 1 minute. The samples were then dried at 40°C 

under 3 psig nitrogen. After this, 100 ul of /V-methyl-ZV-

trimethylsilyltrifluoroacetamide, or MSTFA (Sigma Chemical Company, St. Louis, 

Missouri) were added, and the samples were capped and vortexed for 1 minute. 

The samples were then heated at SO'C for 20 minutes. Finally, 200 ul of 20% 

acetone: 80% ethyl acetate (v/v) was added and the sample was transferred to 

autosampler vials prior to injection in the GC/MS. 

After addition of internal standards and vortexing for 1 minute, all 

underivatized samples and standards were dried under a stream of nitrogen at a 

temperature of 40°C using a TurboVap® supplied by Zymark, Inc. (Hopkinton, 

Massachusetts). All underivatized samples and standards were then 

reconstituted in 100 ul of 20% acetone: 80% ethyl acetate (v/v), vortexed for 1 

minute, and transferred to autosampler vials for GC/MS analysis. The limit of 

quantitation was determined to be at or below 0.1% absolute recovery for all 

analytes. 
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5.2.2 Gas Chromatography 

All analyses were performed with a Hewlett-Packard (Wilmington, 

Delaware) model 5390 Series il gas chromatograph and a Hewlett-Packard 

model 7673 autosampler with mass spectrometric detection. The column used 

was a 30 m X 0.25 mm i d. x 0 25 i^m film DB-XLB fused silica capillary column (J 

& W Scientific, Folsom. CA). The GC column head pressure was maintained at 

8 p.s.i. with a helium carrier gas flow of 0.90 mL/min. A splitless injection was 

used with an injector temperature of 250°C. The transfer line was maintained at 

5°C above the highest temperature reached in the oven temperature program. 

Oven temperature programs were assay dependent, but a typical program was 

the following; 200''C for 0.5 min, 40''C/min to 280°C, 280^0 for 2 min, 70''C/min 

to 320°C, 320''C for 1 min. Injection volumes of 1 or 2 microliters and a double-

gooseneck silylated injection liner were used. 

5.2.3 Mass Spectrometry 

A single quadrupole Hewlett-Packard model 5970B Mass Selective 

Detector was used. In order to enhance sensitivity, the mass spectrometer was 

operated in the SIM mode. Electron ionization was utilized with a solvent delay 

of 3 min. The GC/MS system was interfaced with a computerized data system 

using Hewlett-Packard ChemStation Software, Version 12.0, to control 

instrumental parameters for the autosampler, the GC and the MS, and to acquire, 

store, and output Total Ion Chromatograms (TlC's) and mass spectral data. The 
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software integrated areas for each peak for the ions monitored. See Table 2.1 

and Figures 5.1 and 5.2 for the ions monitored for each analyte and its respective 

deuterated internal standard. Analytes were identified by retention time, and 

quantitation was performed based on the abundance of each analyte relative to 

the abundance of its interna! standard. 

5.3 MIXED-MODE SORBENT BEDS FOR EXTRACTION OF ORGANIC 

BASES FROM A HIGH IONIC STRENGTH MATRIX 

In Chapters 2 and 4, the efficiency of the extraction of organic bases from 

a high ionic strength matrix was explored using propylenesulfonate and 

ethylbenzene sulfonate modified phases. It was found that PRS did not provide 

sufficient hydrophobic retention while E3S did for high recoveries of analytes. A 

high concentration of electrolytes competes with analyte ions for sulfonate sites, 

thus limiting rstoriticn oy ionic forces alone. Retention through nonpolar 

interactions be^veen hydrocarbon moieties of the analyte molecules and the 

bonded phase may be the prevalent means available for retention under these 

experimental conditions. The effect of adding a reversed-phase, C8, to either 

cation exchanger on extraction recovery is studied in the following investigation. 

5.3.1 Experimental 

Sample solutions were prepared by spiking 1 ml. 0.1 M sodium phosphate 

pH 6 buffer solutions with 100 ul of a 10ug/ml standard solution of phencyclidine. 
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ketamine and cocaine. Thus, a micromolar concentration of analytes in 0.1 M 

sodium solutions, a concentration difference of five orders of magnitude, were 

used for extraction with 3 ml, 100 mg 20% PRS: 80% C8 and 20% EBS: 80% C8 

mixed-mode cartridges. The same general manual SPE procedure described 

previously was followed. 

5.3.2 Results and Discussion 

The results of this experiment are shovyn in Table 5.1. Elution recoveries 

are high for all three analytes. Analyte ions are retained, regardless of the 

presence of a much larger number of sodium ions that compete for ion-exchange 

sites. Recoveries using PRS/C8 are 70-80% higher than using PRS alone (see 

Table 2.11). Recoveries using EBS/C8 are 10-15% higher than using EBS alone 

(see Table 4.9). There are no losses that occur during sample application, nor 

during the methanol rinse step. Recoveries are not significantly different 

between both sorbent mixtures. 

Upor) sample application, sodium ions must occupy most of the cation-

exchange sites. Analyte ions must be held up hydrophobically since there are no 

losses during the sample application step. Removal of excess sodium ions from 

silica pores and interparticulate spaces in the aqueous rinse allows for analyte 

ions to compete for ion-exchange sites. The fact that there are no detectable 

losses in the methanol rinse suggests that there is no significant retention of 

organic bases through nonpolar forces alone. During the methanol rinse step. 
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TABLE 5.1 

Percent Losses and Absolute Recovery of Analytes Using 

Mixed-Mode Sorbent Beds in the SPE from a 0.1 M Na"^ Solution 

Matrix (N=6) 

Analvte Loss in Loss in Absolute 
Loading Methanol Recovery 

Rinse in Elution 

EBS/ 

C8 

PRS/ 

C8 

Phencyclidine ND 

Ketamine ND 

Cocaine ND 

Phencyclidine ND 

Ketamine ND 

Cocaine ND 

ND 96 (+/-4) 

ND 97 (+/-3) 

ND 94 (+/-3) 

ND 97 (+/-6) 

ND 95 (+/-4) 

ND 93 (+/-5) 

ND = Not Detected 
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analyte molecules that have been held up by nonpolar means must take over 

ion-exchange sites. 

The results of this experiment are significantly different from those 

obtained with the PRS sorbent. With PRS, losses are accountable to 

breakthrough of the majority of anaiytes during sample application due to a lack 

of strong hydrophobic interactions. With EBS, there are some losses due to 

breakthrough in sample lor.ding, but these losses are minimal in comparison with 

those obsen/ed using PRS. There is a clear contribution of nonpolar forces to 

retention with the mixed sorbents as was observed with the EBS phase. 

5.4 ELUCIDATION OF RETENTION MECHANISM IN THE MIXED-MODE 

EXTRACTION OF ORGANIC BASES FROM A HIGH IONIC STRENGTH 

MATRIX 

The proposed retention mechanism in the mixed-mode extraction of 

organic bases from a high ionic strength matrix is initial retention through 

hydrophobic interactions during sample application followed by ionic retention 

during the methanol rinse step. It is proposed that removal of excess sodium 

ions from silica pores and interparticulate spaces in the aqueous rinse allows for 

analyte ions to compete for ion-exchange sites during the methanol rinse. 

Mann proposed this mechanism for a PRS/C8 mixture by isolating the two 

bonded phases from each other in a layered type format [135]. Retention was 

compared for t/vo formats - PRS layered over 08 and 08 layered over PRS. In 



329 

the former case, it was found that a iarge fraction of analytes breakthrough the 

PRS layer to the C8 layer during sample application. This fraction of analytes is 

lost during a methanol rinse. However, in the latter case; analytes are held up in 

the C8 phase and move down to the PRS phase and are retained ionically upon 

introduction of methanol. 

In order to confirm this proposed mechanism for mixed alkyi and strong 

acid bonded phases, stacked columns were employed in the following 

experiments. The retention mechanism for PRS/C8 and EBS/C8 mixed phases 

was elucidated by investigating retention when the cation-exchange column was 

stacked on top of the reversed-phase column as opposed to the reversed-phase 

column stacked on top of the cation-exchange column. 

5.4.1 Experimental 

One milliliter, 25 mg PR%S and EBS and 1 ml, 100 mg C8 SPE columns 

were obtained from International Sorbent Technology Ltd. (Hengoed, Mid 

Glamorgan, UK). Columns were stacked on top of each other using polyethylene 

adaptors by attaching PRS or ESS cartridges on top of C8 cartridges and vise 

versa. Sample solutions were prepared by spiking 1 ml, 0.1 M sodium 

phosphate buffer solutions with 100 ul of a 10ug/ml standard solution of 

phencyclidine, ketamine and cocaine. Thus, a micromolar concentration of 

analytes in 0.1 M sodium solutions, a concentration difference of five orders of 
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magnitude, were used for extraction. The same general SPE procedure 

described previously was followed. 

5.4.2 Results and Discussion 

The results of this experiment are shown in Tables 5.2 - 5.5. In 

extractions using PRS stacked above C8 versus C8 stacked above PRS, there 

are no detectable losses during the sample-loading step with either configuration. 

As shown in Chapter 2, sodium ions occupy most of the cation exchange sites on 

PRS, inhibiting ionic retention of a large fraction of analyte ions. A good fraction 

of analyte molecules must be held up by van der Waals forces on the C8 phase 

in both configurations. 

The analyses of methanol rinsates reveal that there are significant losses 

during the methanol rinse step from the PRS over C8 configuration. By stacking 

a PRS phase over a C8 phase, losses are not significantly different than those 

obtained in Chapter 2 using PRS alone under the same conditions (see Table 

2.11). In experiments using PRS alone, losses were in breakthrough during the 

sample-loading step. Here, however, losses are in the methanol rinse step. 

Losses with methanol indicate that retention of most of the analyte molecules is 

through nonpolar interactions alone. Retention must be attributed to the 

reversed-phase, since it was shown in Chapter Two that PRS does not allow for 

significant hydrophobic interactions between solutes and the linker chain. 
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TABLE 5.2 

Percent Losses and Absolute Recovery of Anaiytes Using PRS 

Stacked over C8 in the SPE from a 0.1 M Na^ Solution Matrix 

(N=6) 

Analvte Loss in 
Loadina 

Loss in 
Methanol 

Rinse 

Absolute 
Recovery in 

Elution 

Phencyclidine ND 73 (+/-4) 24 (+M) 

Ketamine ND 75 (+/-3) 19 (+/-2) 

Cocaine ND 78 (+/-5) 16(+/-3) 

ND = Not Detected 
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TABLE 5.3 

Percent Losses and Absolute Recovery of Anaiytes Using C8 

Stacked over PRS In the SPE from a 0.1 M Na"^ Solution Matrix 

(N=6) 

Analvte Loss in 
Loadina 

Loss in 
Methanol 

Rinse 

Absolute 
Recovery in 

Elution 

Phencyclidine ND ND 98 (+/-3) 

Ketamine ND ND 95 {+/-2) 

Cocaine ND ND 92 (+/-2) 

ND = Not Detected 
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TABLE 5.4 

Percent Losses and Absolute Recovery of Analytes Using EBS 

Stacked over C8 in the SPE from a 0.1 M Na"^ Solution Matrix 

(N=6) 

Analvte Loss in 
Loadinu 

Loss in 
Methanol 

Rinse 

Absolute 
Recovery in 

Elution 

Phencyciidine ND 11 (+/-2) 82 (+/-2) 

Ketamine ND 9 (+/-4) 86 (+M) 

Cocaine ND 11 {+/-3) 80 (+/-4) 

ND = Not Detected 
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Percent Losses and Absolute Recovery of Analytes Using C8 

Stacked over EBS in the SPE from a 0.1 M Na^ Solution Matrix 

(N=6) 

Analvte Loss in 
Loadina 

Loss in 
Methanol 

Rinse 

Absolute 
Recoverv in 

Elutlon 

Phencyclidine ND ND 95 (+/-6) 

Ketamine ND ND 97 (+/-5) 

Cocaine ND ND 93 (+/-4) 

ND = Not Detected 
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There are no losses detected during the methanol rinse step with C8 

stacked above PRS. This is the same result obtained with the mixed PRS/C8 

sorbent in the experiments of Section 5.3 (see Table 5.1). By stacking a C8 

phase over a PRS phase, initial retention must be through hydrophobic 

interactions between the analyte and the reversed-phase. Therefore, the 

retention mechanism is ihe same with this configuration as the mixed sorbent. 

There is a displacement of sodium ions from the PRS phase by analyte ions 

during the methanol rinse step, it was shown in Chapter 2 that PRS selectivity 

for sodium is very low. This selectivity' datum was calculated for a very high 

recovery for phencyclidine when using sodium as a counterion in conditioning. 

Phencyclidine and other basic analyte probes easily displace sodium ions from 

sulfonate. The aqueous rinse step prior to the methanol rinse removes excess 

sodium ions that may reside in the pores of the modified silica particles and 

interparticulate spaces. 

The analysis of 2% NH4OH. 98% CH3OH eluates shows low recovery of 

analytes in the PRS over C8 configuration, and these losses are accounted for in 

the methanol rinse step. High recovery in the C8 over PRS configuration 

demonstrates that analytes are held up after a methanol rinse on the cation 

exchange sites after displacing sodium ions. They are subsequently eluted with a 

high concentration of ammonium ions. 

In extractions using EBS over C8 versus C8 over EBS, the analysis of 

sample loads and subsequent rinsate of both stacked configurations shows no 



analytes are lost due to breakthrough in either case. As shown in Chapter 4, 

sodium ions occupy most of the cation exchange sites, inhibiting ionic retention 

of a large fraction of analyte ions. However, hydrophobic interactions between 

the analytes and the linker chains or the C8 phase are responsible for retention 

of the majority of analyte molecules. 

The analyses of methanol rinsates reveal minor losses (~10%) from the 

EBS over C8 configuration, but no losses from the CB over EBS configuration. 

By stacking an EBS phase over a C8 phase, losses are not significantly different 

than those obtained by using EBS alone (see Table 4.9). Here, however, losses 

are in the methanol rinse step. This indicates that most of the analyte molecules 

are held up through nonpolar interactions with the ethylbenzene linker chain, 

rather than the C8 chain. The phase mostly responsible for retention prior to the 

methanol rinse must be the EBS; otherwise, there would be great losses due to 

elution from the C8 phase. By stacking a C8 phase over an EBS phase, the C8 

phase must play a role in initial retention, since there are no losses observed in 

the methanol rinse step. Therefore, the proposed mechanism is a displacement 

of sodium ions from the EBS phase by analyte ions during the methanol rinse 

step. It was shown in Chapter 4 that EBS selectivity for sodium is very low. This 

selectivity datum was calculated for a very high recovery for phencyclidine when 

using sodium as a counterion in conditioning Phencyclidine and other basic 

analyte probes easily displace sodium ions from sulfonate. The aqueous rinse 

step prior to the methanol rinse removes excess sodium ions that may reside in 
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the pores of the modified silica partlcies and interparticulate spaces. Analysis of 

2% NH4OH: 98% CH3OH eluates shows slightly lower recovery of analytes 

(-10%) in the EBS over C8 configuration than in the opposite configuration, and 

these losses are accounted for in the methanol rinse step. 

5.5 THE ROLE OF THE HYDROPHOBIC: CATION-EXCHANGE RATIO 

Silica-based mixed-mode SPE consisting of a mixture of hydrophobic 

bonded-phase particles and cation-exchange bonded-phase particles provides a 

powerful means for the isolation of bases through the combination of ionic and 

nonpolar interactions. The cation exchange phase provides retention in an 

organic solvent environment, where the reversed phase provides retention in a 

high ionic strength aqueous environment A commonly used particle mixture is 

80% 08 and 20% PRS by weight, in this section other mixture ratios are 

explored, as well as higher ion-exchange capacity with regard to cation-

exchange particle surface coverage. 

5.5.1 Experimental 

One milliliter, 80 mg SPE cartridges with particle mi.xtures of 80:20, 60:40 

and 50:50 08: PRS with PRS surface coverages of 35 and 50 umol/100 mg bed 

mass were obtained from International Sorbent Technology Ltd. (Hengoed, Mid 

Glamorgan, UK). A 1 ug/ml phencyclidine, cocaine and benzoylecgonine sample 

solution in pH 6, 50mM HPOA?-- i H2PO4" buffer was prepared, using 1 ml as 
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samples for extraction. A Zymark RapidTrace® SPE Workstation was used for 

automated extractions. The extraction method followed is shown in Figure 5.3, 

and eluates were collected and derivatized for analysis as previously described. 

5.5.2 Results and Discussion 

The results of this experiment are shown in Tables 5.6 and 5.7. The mean 

recoveries of benzoylecgonine are lower than recoveries of the other two 

analytes, because it is zwitterionic; this makes this analyte very polar and difficult 

to extract efficiently from water. There is no significant impact on recoveries for 

the ratios of hydrophobic phase to ion exchanger, nor with the surface coverage 

of the ion exchanger under the conditions studied with ail analytes. There is 

sufficient ion-exchange material at 20% for high recovery of all analytes. 

Moreover, there is high recovery and no significant difference in recovery 

between all analytes, regardless of particle ratio; thus, there is sufficient ion-

exchange capacity at lower surface coverage. 

It should be noted that recoveries are typically lower using automated 

extraction with the Zymark RapidTrace® unit than are obtained by performing 

manual extractions. With manual extraction, the whole cross-sectional area of 

the sorbent bed is utilized. As shown in Figure 5.4, with a 1 ml column this is 

approximately 0.20 cm^ However, because of the plunger design of the 

RapidTrace® unit, only 0.07 cm^ of the cross-sectional area at the top of the 

sorbent bed is utilized The end result is that only a portion of the sorbent bed is 



Figure 5.3 Cocaine, PCP, BZE Extraction Method 
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Absolute Recovery of Analytes as a Function of the C8: PRS 

Particle Ratio of a Mixed Sorbent Bed with 35 umol/100 mg PRS 

Surface Coverage (N=3) 

Analvte 80:20 60:40 50:50 

Phencyclidine 89 (+/-3) 85 (+M) 87 (+/-4) 

Cocaine 86 (+/-5) 84 {+/-6) 83 (+/-4) 

Benzoylecgonine 79 {+/-6) 80 (+/-5) 77(+/-7) 
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TABLE 5.7 

Absolute Recovery of Analytes as a Function of the C8: PRS 

Particle Ratio of a Mixed Sorbent Bed with 50 umol/100 mg PRS 

Surface Coverage (N=3) 

Analvte 80:20 60:40 50:50 

Phencyclidine 92 (+/-6) 88 (+/-5) 89 (+/-3) 

Cocaine 83 (+M) 87 {+/-3) 83 (+/-6) 

Benzoylecgonine 76 (+/-3) 78 (+/-4) 75(+/-6) 
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used, thus reducing the effective capacity of the bed and the absolute recovery 

that is obtained. 

5.6 THE HYDROPHOBIC CONTRIBUTION TO ANALYTE RETENTION 

It was shown previously that the hydrophobic phase is critical in the 

retention of organic bases In a high ionic strength nnatrix. The impact of the 

reversed-phase component may also be important in the extraction of more polar 

basic analytes from an aqueous matrix. In order to investigate the extent of the 

hydrophobic contribution to analyte retention, chain length of the hydrophobic 

phase was varied versus the bed mass In the following experimental extractions. 

Analytes were used as probes varying in polarity between the less polar tricyclic 

phencyclidine and very polar zwitterionic benzoylecgonine at pH 6. 

5.6.1 Experimental 

One milliliter, 25. 50 and 80 mg SPE cartridges with reversed-phase alkyi 

chain lengths of C4, 08 and C18 were obtained from International Sorbent 

Technology Ltd. (Hengoed, Mid Glamorgan, UK). One milliliter samples of 1 

ug/ml phencyclidine and benzoylecgonine in pH 6, 50mM HPO42- / H2PO4 were 

used for extraction. A Zymark Rapid Trace® SPE Workstation was used for 

automated extractions. The same extraction method was followed as shown in 

Figure 5.3, and eluates were collected and derivatized for analysis as previously 

described. 
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5.6.2 Results and Discussion 

The results of this experiment are shown in Figures 5.5 and 5.6. As shown 

in Figure 5.5, a 25 mg bed mass does not provide sufficient capacity for retention 

with all chain lengths of the hydrophobic bonded phase. Recoveries are nearly 

half of those obtained v/ith C4 and C8 using 50 and 80 mg beds. With 

phencyclidine, there are no significant differences in recovery using the more 

hydrophobic C8 and C18 phases in the sorbent mixture between 50 and 80 mg 

beds. Most notable in this regard is the lower recovery using the C4 phase at 50 

mg bed mass than at 80 mg. Thus, the hydrophobicity affects the capacity of the 

bed where the bed mass is lower. 

There is a very low recovery of the polar analyte, benzoylecgonine, using C4 

in the sorbent mixture (Figure 5.6). Thus, C4 gives good recoveries for the 

nonpolar analyte at higher bed mass, while yielding poor recoveries for 

benzoylecgonine zwitterions on all bed masses studied. It may be concluded 

that the hydrophobic contribution is critical in the retention of an analyte that is 

more polar (especially zwitterionic) in an aqueous environment. 

5.7 CONCLUSIONS 

It was shown that the addition of a majority of long chain alkyi modified 

silica particles to PRS modified silica particles in a sorbent bed offers advantages 

in the retention of organic bases in a high ionic strength sample matrix. Under 

such experimental conditions, recoveries are significantly higher than those 
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obtained with the PRS sorbent alone. With PRS, losses are accountable to 

breakthrough of the majority of analytes during sample application due to a lack 

of strong hydrophobic interactions. With EBS, there are some losses due to 

breakthrough in sample loading, but these losses are minimal in comparison with 

those observed using PRS. There is a clear contribution of nonpolar forces to 

retention with the mixed sorbents as was observed with the EBS phase. 

Experiments with stacked phases elucidated the retention mechanism 

in the extraction of organic bases in a high ionic strength sample matrix utilizing a 

mixed-mode sorbent consisting of either PRS or EBS mixed with C8. With a 

mixed sorbent, analyte ions are retained, regardless of the presence of a much 

larger number of sodium ions that compete for ion-exchange sites. Upon sample 

application, sodium ions must occupy most of the cation-exchange sites. Analyte 

ions must be held up hydrophobicaliy with the C8 phase and the ethylbenzene 

linker chain of the EBS phase. Removal of excess sodium ions from silica pores 

and interparticulate spaces in the aqueous rinse allows for analyte ions to 

compete for ion-exchange sites. 

The fact that there were no detectable losses in the presence of methanol 

suggests that there is no significant retention of organic bases through nonpolar 

forces alone. In a methanol solvent environment, analyte molecules that have 

been held up by nonpolar means must take over ion-exchange sites. The mixed-

mode behaves much like EBS alone, providing retention through the combination 

of nonpolar and ionic forces. However, a mixed-mode approach offers the 
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distinct advantage of allowing control over the hydrophobicity of the composite 

sorbent through the choice of alkyi chain length of the reversed phase. 

It was also demonstrated that there is no significant impact on the recovery 

of basic analytes between 20% and 50% cation-exchange material in the 

mixture, nor with the surface coverage of the ion exchanger under the conditions 

studied with ail analytes. Furthemnore, the length of the alkyI chain on the 

reversed phase particle affects the capacit/ of the bed where the bed mass is 

lower. It was found that using C4 in the sorbent mixture gives good recoveries 

for a nonpolar analyte at higher bed mass. However, C4 yields a very low 

recovery of a very polar analyte, such as benzoylecgonine, which is a zwitterion 

at pH 6. In an aqueous environment, the hydrophobic contribution to the mixed-

mode sorbent is critical in the retention of an analyte that is more polar. 
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CHAPTER 6 

APPLICATIONS 

In this chapter, the application of mixed PRS and alkyi modified silica 

sorbent beds and hydrophobic phases are explored. First, the cleanliness and 

recovery in the extraction of basic drugs of abuse is investigated using mixed 

sorbent beds of PRS with C4, 08 or C18. The miniaturization of an automated 

approach to the solid phase extraction of basic drugs of abuse is also reported. 

Lastly, a method for the extraction of a neutral analyte, diethyltoluamide, from 

human skin is developed using nonpolar SPE for cleanup. 

6.1 CLEANLINESS OF URINE EXTRACTS FOR THE SPE OF DRUGS OF 

ABUSE USING DUAL SITE BEOS 

Urine is the most common matrix analyzed in the screening and 

confirmation of drugs of abuse in numans and animals. Urine, like any other 

biological sample, contains many interfering components, such as urea, 

creatinine, proteins, free amino acids, sugars, lipids, free fatty acids, pigments, 

and salts in varying concentrations [4]. The use of SPE can remove 

interferences that may affect sensitivity or coelute with analytes, making 

qualitative and quantitative analyses difficult in a chromatographic analysis. 

"Dirty" samples can increase instrument downtime, thus decreasing valuable 

analytical productivity. In this investigation, 80% hydrophobic: 20% cation 
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exchange mixed silica beds were evaluated for cleanliness of extracts and the 

recovery of analytes from urine extracts compared to buffer extracts. The 

hydrophobic bonded phases used were C4, C8 and C18; the cation exchanger 

was PRS. 

6.1.1 Experimental 

A one nnl human urine sample was spiked with 100 ul of 10 ug/ml of 

phencyclidine (PCP), cocaine and benzoylecgonine (3ZE), a cocaine metabolite, 

and 100 ul of 10 ug/ml of the respective deuterated standards - PCP-Ds, 

cocaine-Ds, and BZE-D3. The sample was evaporated under nitrogen at 40°C, 

derivatized with MSTFA as described earlier and reconstituted in 50 ul of 80% 

ethyl acetate: 20% acetone. Nine 1 ml samples of urine were also spiked in the 

same way and diluted with 500 ul of 0.05 M phosphate buffer, pH 6. Also, three 

1.5 ml 0.05 M phosphate buffer, pH 6, buffer samples were spiked. These 

diluted urine samples and buffer samples were then extracted with a Zymark 

RapidTrace® SPE Workstation (Hopkinton, MA) using 80%C4:20%PRS, 

80%C8:20%PRS and 80%C18;20%PRS three milliliter, 130 mg SPE cartridges 

obtained from International Sorbent Technology Ltd. (Hengoed, Mid Glamorgan, 

UK). The SPE method and RapidTrace® procedure followed are shown in 

Figures 6.1 and 6.2, respectively. 

Calibration standards were prepared by adding 20 ul, 50 ul, 70 ul, 100 ul, 

and 120 ul of stock solution to 1 ml elution solution of 2% NH4OH in methanol. 



Figure 6.1 SPE Method Followed for Extraction of Drugs from Urine 
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To each of these standard solutions, 100 ul of the internal standard solutions 

were also added. These standards correlated to 20%, 50%, 70%, 100% and 

120% absolute recovery, and were used to construct five-point calibration curves. 

Linear calibration curves using regression analysis consisted of peak area ratios 

of analytes to their respective 'nternai standards versus percent absolute 

recovery. 

All triplicate extracted samples and standards were spiked with 100 ul of 

10 ug/ml of the deuterated standards and were treated with MSTFA to derivatize 

the BZE. First, the collected sample tubes were capped and vortexed for 1 

minute. The samples were then dried at 40°C under 3 psig nitrogen. After this, 

100 ul of A/-methyl-A/-trimethylsilyltrifluoroacetamide, or MSTFA, (Sigma 

Chemical Company, St. Louis, MO) were added, and the samples were capped 

and vortexed for 1 minute. The samples were then heated at 60°C for 20 

minutes. Finally, 200 ul of 20% acetone. 80% ethyl acetate (v/v) were added 

and the samples were transferred to autosampler vials prior to injection into a 

GC/MS. 

The GC/MS system used was a Hewlett-Packard (Wilmington, Delaware) 

model 5890 Series !l gas chromatograph and a model 7673 autosampler coupled 

to a model 5970B MSD. The column used v/as a 30 m x 0.25 mm i.d. x 0.25 |jm 

film DB-XLB fused silica capillary column (J & W Scientific, Folsom, CA). The 

GC column head pressure was maintained at 8 p.s.i. with a helium carrier gas 

flow of 0.90 mUmin. A splitless injection was used with an injector temperature 
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of 250°C. The transfer line was maintained at 285''C. Oven temperature 

program was the following: ISO'C for 2.00 min, 20''C/min to 280°C, 280°C for 2 

min. An injection volume of 1 ul and a double-gooseneck silylated injection liner 

were used. The mass spectrometer was operated in the scan and SIM mode. 

Electron ionization was utilized with a solvent delay of 3 min. The GC/MS 

system was interfaced with a computerized data system using Hewlett-Packard 

ChemStation Software, Version 12.0, to control instrumental parameters for the 

autosampler, the GC and the MS. and to acquire, store, and output Total Ion 

Chromatograms (TIC's) and mass spectral data. Analytes were identified by 

retention time and mass spectra. 

6.1.1 Results and Discussion 

Representative total ion chromatograms using the MS in scan mode for 

the unextracted urine sajnple and the three sorbent mixtures are shown in 

Figures 6.3 ~ 6.6. The chromatograms show that all three mixtures gave very 

clean extracts. !n fact, there are no interfering peaks that appear using any of 

the cartridges There is enough hydrophobic capacity provided by even C4 in the 

130 mg bed to retain the analytes while removing matrix components. 

The recoveries for all the samples are shown in Table 6.1. There are two 

notable conclusions to make from these results. First, there is no significant 

difference in recovery of any of the analytes between the buffer samples and the 

urine samples using any of the mixed phases. Therefore, isolation and retention 
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TABLE 6.1 

Absolute Recovery of Analytes in the SPE from pH 6 Phosphate 

Buffer and Human Urine Using Three Different Sorbent Mixtures 

(N=3) 

Analvte C4/PRS C8/PRS C18/PRS 

Phencyclidine 82 (+/-6) 86 (+/-5) 83 (+/-4) 

Buffer Cocaine 80 (+/-4) 82 (+/-4) 80 (+/-3) 

Benzoylecgonine 46 (+/-7) 81 (+/-6) 78 (+/-3) 

Urine 

Phencyclidine 78 (+/-5) 83 (+/-3) 85 (+/-6) 

Cocaine 77 (+/-4) 79 (+/-5) 80 (+/-4) 

Benzoylecgonine 42 (+/-5) 78 (+/-4) 79 (+/-5) 
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of the analytes is not affected by competition from matrix components. Secondly, 

there are no significant differences in recovery of phencyclidine and cocaine 

using any of the mixed phases. However, there is a significantly lower recovery 

of benzoylecgonine using C4. This is consistent with the findings in Chapter 5 

and it may be contributed to the very polar nature of the zwitterionic BZE and its 

difficulty to extract from aqueous matrices. The hydrophobic component of the 

mixed phase is critical in the retention of such species. A C8 or CI8 chain 

provides more nonpolar character to the sorbent in order to extract BZE, whereas 

the C4 proves to be inferior. 

6.2 MINIATURIZATION OF THE AUTOMATED SPE OF DRUGS OF ABUSE 

The use of the Zymark RapidTrace® SPE Workstation (Hopkinton, MA) for 

automated single-column SPE in sample preparation is typical in many 

government and commercial drug-screening laboratories. There is an obvious 

desire by these laboratories to optimize existing extraction methodology. 

Optimization means maximizing extraction efficiency, or recovery, while 

minimizing time and cost. One means of accomplishing this is miniaturizing and 

streamlining the automated approach. This means reducing the elution volume 

and the bed mass, thus reducing solvent consumption, blowdown time and 

overall cost of the sample preparation. This can also be extended to elimination 

of a transfer step by extracting directly into a GC/MS autosampler vial rather than 

into a culture tube. 
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6.2.1 Experimental 

One milliliter SPE cartridges were obtained from International Sorbent 

Technology Ltd. (Hengoed, Mid Glamorgan. UK) in bed masses of 80 mg, 50 mg 

and 25 mg and a sorbent blend of 80% C8: 20% PRS The minimal volume of 

liquid that the Zymark RapidTrace€) can dispense is 330 ul. Absolute recoveries 

were measured for elution volumes of 1.0, 0.75 and 0.5 ml on the 80 mg bed. A 

minimal volume of 500 ul is above the lowest limit allowed by the instrument. 

Lower bed masses allov; for lower solvent volumes to be used in the method. 

Therefore, if 0.5 ml is sufficient for the efficient elution from a 80 mg bed, it would 

be for lower bed masses, also. Absolute recoveries were measured for all bed 

masses. The experiment was performed using spiked 1.5 ml 0.05 M phosphate 

(pH 6) buffer samples. The same procedure was followed as described 

previously in Section 6.1.1 with the exception that elution was collected directly in 

a GC/MS autosampler vial rather than a culture tube. 

6.2.2 Results and Discussion 

The results of the elution volume experiment are shown in Figure 6.7. An 

elution volume of 0.5 ml yields recoveries as high and reproducible as 0.75 and 

1.0 ml independent of the analytes selected for this study and independent of 

bed mass from 25 mg to 80 mg. The recoveries obtained using the three bed 

masses at an elution volume of 0.5 ml are shown in Table 6.2. The 80 mg and 

50 mg beds prove to be effective. However, the 25mg is insufficient under the 
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TABLE 6.2 

The Effect of Bed Mass of a 1 m{, 80% C8: 20% PRS Mixed-Mode 

Column on Absolute Recover^' 

(Eiution Volume=0.5 ml, N=3) 

Analvte 25 ma 50 ma 80 ma 

Phencyclidine 41 (+/-4) 80 (+/-5) 82 (+/-5) 

Cocaine 46 (+/-6) 81 (+/-3) 84 (+/-4) 

Benzoylecgonine ND 68 (+/-4) 79 (+/-3) 

ND = Not Detected 
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conditions studied. As shown in Chapter 5, the effective bed mass is dependent 

upon the chain length of the alkyl-modified phase (see Figure 5.6). The nonpolar 

character of the hydrophobic phase affects the capacity of the bed where the bed 

mass is lower. Thus, it was found that lower recovery is yielded using the 04 

phase rather than 08 or 018 at 50 mg bed mass than at 80 mg. Under such 

considerations, an 80 mg bed mass proves to be most robust. 

6.3 EXTRACTION AND QUANTITATION OF THE INSECT REPELLENT 

DIETHYLTOLUAMIDE FROM HUMAN SKIN 

Organonitrogen insecticides are widely used in agricultural and non-

agricultural applications. The insect repellent A/,A/-diethyl-3-methylbenzamide 

(DEET) is used topically to control mosquitoes. Unfortunately, DEET is potentially 

neuro-toxic in humans and animals, and systemic absorption is a major concern 

associated with its use [143-146]. In addition, DEET has been shown to be an 

excellent solvent that can enhance the permeation of other chemicals through 

the skin [147,148]. Therefore, its topical use could result in increased absorption 

of other, more toxic chemicals. The development of methods for sample 

preparation and analysis of DEET would be of great value for the quantitation of 

DEET in human tissues and animal food products. 

The objective of this study was to develop a sensitive and reliable method 

based on solid-liquid extraction and solid-phase extraction (SPE) combined with 

gas-chromatographic separation and mass spectrometric detection (GC/MS) 
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utilizing selective-ion nnonitoring (SIM) for the quantitative analysis of DEET in 

human skin samples. In order to diagnostically evaluate the method, absolute 

recovery measurements of DEET were performed. Hence, internal standard was 

added after extraction and prior to analysis. As shown in Figure 6.8, DEET is a 

neutral amide with an aromatic ring structure, and is practically insoluble in water. 

The toluene and ethyl functional groups provide the non-polar character exploited 

for extraction and sample cleanup. 

6.3.1 Experimontal 

6.3.1.1 Materials and instrumentation 

DEET (95%) was obtained from Morflex, Inc. (Greensboro, NC). High-

purity methanol, acetone, acetonitrile and ethyl acetate were obtained from 

Burdick and Jackson (Muskegon, Ml). Ammonium acetate was obtained from 

Aldrich Chemical Co., Inc. (Milwaukee, Wl). The internal standard, benzyl 

benzoate, was obtained from Sigma Chemical Co. (St. Louis, MO). The water 

used was double distilled and then deionized to a resistance of greater than 18 

MQ by a Millipore system (Millipore Corp., Bedford, MA). Human 

abdomenoplasty skin samples were donated by Plastic Surgical Specialists 

(Tucson. AZ). 

An 1ST VacMaster® sample processing station and 1ST ISOLUTE® (3 mL, 

500 mg C2, C8 and CI8; and 3 mL, 100 mg polystyrene divinylbenzene ENV+®) 

SPE columns. Teflon column adapters and 6 mL polypropylene column 
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reservoirs were all obtained from International Sorbent Technology Ltd. 

(Hengoed, Mid Glamorgan, UK). A Branson Model 1210 ultrasonicator (Branson 

Ultrasonics Corp., Danbury, CT) was used for the skin extraction procedures. 

The GC/MS system consisted of a Hewlett-Packard (Wilmington, DE) 

Model 5890 Series II gas chromatograph coupled to a Hewlett-Packard Model 

59708 Mass Selective Detector. The GC was fitted with a Model 7673 

autosampler and a double-gooseneck silylated liner. The column used was a 30 

m X 0.25 mm i.d. x 0.25 jam film DB-XL3 capillary column (J & W Scientific, 

Folsom, CA). The GC column head pressure was maintained at 8 p.s.i. with a 

helium carrier gas flow of 0.90 mL/nnin. A splitless injection was used with an 

injector temperature of 250' C. a detector temperature of 335° C and a 1.0 |iL 

injection volume. The temperature program was as follows: lOO"' C; 35° C/min to 

200° C; 200° C for 3 min; 50" C/min to 225° C; and 225° C for 1.64 min. In order 

to enhance sensitivity, the mass spectrometer was operated in the SIM mode. 

Electron ionization was utilized with a solvent delay of 3 min and the following 

ions (m/z) were monitored: 119 (quantitative) and 190 (confirmation) for DEET, 

and 105 (quantitative) and 77 (confirmation) for benzyl benzoate. 

6.3.1.2 Standards 

Two concentrated stock solutions of DEET and benzyl benzoate, each at 

5 mg/mL, were prepared in methanol. 50 |ig/niL solutions of DEET and benzyl 

benzoate were prepared from the stock solution in methanol. Subsequently, 
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calibration standards were prepared in the SPE elution solvent mixture, 10% 

ethyl acetate; 90% acetone (v/v). During all phases of the study, these 

calibration standards corresponded to 25%, 50%, 75%, 100% and 125% 

absolute recovery. A 5 ug/mL. benzyi benzoate internal standard solution was 

prepared in methanol and 100 jiL added to the calibration standards, as well as 

to all the sample extracts. 

6.3.1.3 Skin extraction study 

A 2 cm^ section of skin was minced with surgical scissors. The minced 

skin was weighed, placed into a 16 x 100 mm culture tube, spiked with DEET (5 

mg/mL in 2 mL of acetone), vortexed for 10 minutes, and sonicated for 10 

minutes. Each sample was sealed and allowed to stand overnight. The spiking 

solution was decanted and assayed for DEET so that the amount actually sorbed 

by the skin sample could be back calculated by mass balance and used to 

calculate the 100% skin extraction recovery value. The mean weight of DEET 

taken up by the skin was 2.4 mg, or 24% of the amount in the spiking solution. 

The DEET was exiracted from the fortified skin with methanol (2 mL) by 

sonication for 10 minutes. This was repeated two more times and the fractions 

were combined. The methanol was diluted with ammonium acetate buffer (0.1 M, 

pH 4.5) to the optimal concentration (1%) determined from the previous 

experiments and the DEET was extracted using the optimized SPE method. A 

low percent recovery value for the C2 sorbent precluded it from further 
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consideration. The remaining sorbents were evaluated with respect to their ability 

to isolate DEET from interferences in the skin extracts using the optimized SPE 

method. The amount of DEET actually sorbed by the skin was determined by 

mass balance. These values were then converted to percent recovery and 

statistically analyzed in order to determine the precision obtained with each 

sorbent. 

6.3.1.4 SPE Method Development 

Prior to attempting to extract DEET from actual skin samples, an 

optimized SPE clean-up method was developed using a buffer matrix. Neat 

methanol was used to extract the DEET from skin samples. This methanol 

extract was diluted with an aqueous buffer solution (ammonium acetate, 0.1 M, 

pH 4.5) for cleanup by reverse-phase SPE. In order to ensure sufficient analyte 

retention by the sorbent and to minimize interaction of DEET with matrix 

components, vanous conceritrations (1%, 5%, and 20%) of methanol in buffer 

were investigated to detern>ine the optimal solvent strength. 

Due to the lipophilic character of DEET, non-polar (van der Waals) 

interactions could be exploited as the primary mechanism in the SPE of DEET 

from the methanol/buffer matrix. Several non-polar sorbent types were 

compared for their ability to retain DEET from the sample; 1ST ISOLUTE® silica-

based C2, C8 and C18 and the polystyrene-divinylbenzene-based ISOLUTE 

ENV+®. Three mL cartridges where chosen to obtain rapid, yet uniform cross-
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sectional flow characteristics. These were coupled with 6-mL reservoirs via 

Teflon adapters to accommodate the sample volume (5 mL). Appropriate 

sorbent bed masses were selected for each scrbent type based on the mass of 

the analyte in the sample (10 mg) and the effective capacity for the sorbents; 500 

mg for the silica-based sorbents and 50 mg for the ISOLUTE ENV+® sorbent. 

Triplicate determinations were performed for each sorbent. Flow rates for 

all steps were kept low (1 mL min"^) to ensure optimal conditioning and sufficient 

residence times for the solute on the column. The sorbents were initially 

solvated v/ith 5 mL of methanol and equilibrated with 5 mL of buffer. The sample 

solutions (5 mL) were loaded onto the columns. The cartridges were rinsed with 

buffer solution (5 mL) containing 10% acetonitrile to elute interferences and then 

dried for 15 minutes under vacuum. The DEET was then eluted with 5 mL of a 

90% acetone: 10% ethyl acetate mixture. Nine hundred pL of eluted sample 

were combined with 100 pL of internal standard (benzyl benzoate, 5 ppm). 

Samples were analyzed in triplicate and converted to percent recovery by means 

of a calibration curve. 

6.3.2 Results and Discussion 

6.3.2.1 Dilution Optimization for SPE 

The results from the study that was conducted to determine the optimal 

dilution for the extraction of the analyte from the skin extract are shown in Table 

6.3. The C2 sorbent showed the greatest discrimination with respect to the 
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Table 6.3 

Absolute recoveries and relative standard deviations for SPE of 
DEBT from a 1%, 5% and 20% methanol solution in pH 4.5 buffer. 

Sorbent % Recovery %RSD 

ENV+(1%) 88.6 1.0 
ENV+ (5%) 87.8 1.2 

ENV+ (20%) 86.6 0.9 

C18 (1%) 97.7 3.1 
C18 (5%) 89.2 4.2 
C18 (20%) 85.6 6.6 

C8 (1%) 92.3 5.3 
C8 (5%) 89.7 1.0 
C8 (20%) 87.6 5.3 

C2 (1%) 79.9 4.9 
C2 (5%) 73.5 1.7 
C2 (20%) 43.2 1.6 
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various methanol/buffer concentrations. A 20% methanol solution yielded a 

marked decrease in recovery using the C2 sorbent. The C18 sorbent gave a 

significantly higher recovery at a 99% confidence level by extracting from a 1% 

rather than a 5% methanol solution. The most reproducible results were obtained 

with the ISOLUTE ENV+^ sorbent. 

The results of this initial experiment indicate that a lower concentration of 

methanol in the aqueous matrix leads to a higher degree of DEET adsorption, or 

partitioning, onto the hydrophobic solid phase. This is typical of a reverse-phase 

separation. A small percentage of a water-miscible solvent, such as methanol, 

allows for a homogenous solution of DEET in the buffer. Since a 1.100 dilution 

yielded the highest recoveries, aliquots of the methanol skin extracts were 

subsequently diluted in such a fashion. 

Among the hydrophobic phases, there are significant differences in polarity 

and retention characteristics. C2 exhibited the highest degree of polarity of the 

sorbents tested In fact, it has been shown that there is a significant amount of 

water associated with the C2 surface [87]. This is due to the fact that the ethyl 

chains are short enough that water has easy access to the silanol groups of the 

silica. Because of its hydrophilic character, C2 exhibited a lower retention for 

DEET. Therefore, C2 was not used in further experimentation. 
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6.3.2.2 Skin Extraction 

In the extraction study, the sorbent selection criteria focused on adequate 

DEET recovery, reproducibility and degree of isolation (cleanup) of the extracted 

sample as illustrated by chromatographic surveys. 

6.3.2.2.1 OEET Recovery 

As seen in the preliminary study (Table 6.3), the greatest percent recovery 

was obtained for the silica-based sorbents, however the standard deviations 

were greater (Figure 6.9 and Table 6.4). The percent recovery for the ISOLUTE 

ENV+® sorbent was also acceptable and the standard deviation was the 

smallest. 

As seen in the previous study, the percent relative standard deviations were 

greatest for the silica-based sorbents. Again, the ISOLUTE ENV+® sorbent 

provided the best precision. At the 85% confidence level using a student's t-test, 

there were no significant differences in absolute recoveries between the three 

sorbents. 

The limit of quantitation was determined to be 0.05 i^g/g DEET with a 

nominal 5 g sample. This corresponds to an instrumental limit of detection of 5 

ppb for DEET at a 3:1 signal-to-noise ratio. 
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Figure 6.9 

The mean percent recovery (n=3) of DEET sorbed 

by the skin samples for each of the SPE sorbents 
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Table 6.4 

Absolute recoveries and relative standard deviations for solid 
liquid extraction of DEET from skin and SPE cleanup 

Sorbent % Recovorv % RSD 

ENV-h 95.5 2.9 
C18 97.2 3.4 
C8 97.3 6.0 
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6.3.2.2.2 SPE Cleanup 

The cleanliness of the extracts is illustrated by the chrornatograms 

obtained (Figure 6.10). The chromatogram for the C8 extraction shows a 

number of matrix constituents in the final extract. Chromatograms for the C18 

sorbent and I SOLUTE ENV+® illustrate that a much higher degree of isolation 

was achieved using these more hydrophobic phases. 

6.4 CONCLUSIONS 

It was shown that the application of mixed PRS and alkyi modified silica 

sorbent beds to the SPE of basic drugs of abuse yields clean extracts, regardless 

of whether C4, C8 or 018 is used in the sorbent mixture. However, recovery of 

a very polar analyte, such as a zwitterion, can be significantly lower using 04. A 

08 or 018 chain provides more nonpolar character to the sorbent in order to 

extract a polar organic base, whereas the 04 proves to be inferior. Furthermore, 

isolation and retention of the analytes is not affected by competition from matrix 

components. This was demonstrated by the fact that there was no significant 

difference in recovery of any of the analytes between buffer samples and urine 

samples using any of the mixed phases. 

The miniaturization and streamlining of an automated approach to the 

SPE of organic bases was demonstrated with a Zymark RapidTrace® SPE 

Workstation using 1 ml columns of 80% 08; 20% PRS sorbent mixtures. This 

was accomplished by reducing Ihe elution volume and the bed mass, thus 
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Figure 6.10 

Representative chromatograms for skin extracts 
following SPE cleanup 
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reducing solvent consumption, blowdov/n time and overall cost of the sample 

preparation. This was also extended to the elimination of a transfer step by 

extracting directly into a GC/MS autosampler vial rather than into a culture tube. 

It was shown that with a 1 ml SPE cartridge, an elation volume of 0.5 ml yields 

recoveries as high and reproducible as 0.75 and 1.0 ml independent of the 

analytes selected for the study and independent of bed mass from 25 mg to 80 

mg. The recoveries obtained using three bed masses at an elution volume of 0.5 

ml reflect that 80 mg and 50 mg beds prove to be effective. However, the 25mg 

is insufficient under the conditions studied. As shown in Chapter 5, the effective 

bed mass is dependent upon the chain length of the alkyl-modified phase. The 

nonpolar character of the hydrophobic phase affects the capacity of the bed 

where the bed mass is lower. Thus, it was found that lower recovery is yielded 

using the C4 phase rather than C8 or C18 at 50 mg bed mass than at 80 mg. 

Under such considerations, an 80 mg bed mass proves to be most robust. 

A method was described for m-diethyltoluamide (DEET) extraction from 

human skin that provided excellent recovery and precision, along with sufficient 

cleanup to allow a low limit of detection. In addition, the SPE sample cleanup 

proved to be quick, effective and economical. Such a vigorous cleanup may be 

critical when using other analytical methods, such as GC with flame-ionization 

detection or HPLC with UV-Vis detection. In addition, the method enhanced 

throughput while maintaining reliable reoroducibility in the analysis of DEET from 

human skin samples. The application of solid-liquid extraction and SPE cleanup 
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combined with GC-MS should prove to be a reliable method for the quantitation 

of accumulated DEBT, and probably other neutral organonitrogen compounds, in 

human tissues and animal food products. 
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CHAPTER 7 

SUMMARY AND FUTURE DIRECTIONS 

7.1 SUMMARY 

7.1.1 Properties of the Propytenesulfonate-Modifled Silica Sorbent (PRS) 

The molecular iRteractlons between organic cations and a modified silica 

phase consisting of a sulfonic acid group on the end of a propylene linker were 

investigated. It was shown that the primary mode of interaction is through ionic 

forces. The role of hydrophobic interactions in retention is minor in comparison, 

and interaction of the linker chain with charged species is not apparent. As a 

consequence, there is no selectivity of PRS for cations based on hydrophobic 

nature. Nor is there selectivity for a monovalent ion based on hydrated size 

below the diameter of silica pore. Rather, there is selectivity proportional to the 

oxidation state of the ion. The proposed reason for this is a combination of 

multiple-site attachment of polyvalent species to the surface and increased 

probability of single-site interaction proportional to the number of charged 

nitrogen atoms on the molecule. 

The size and/or hydration of the cation do not play a significant role in 

selectivity, because silica is rigid and not susceptible to swelling like a resin-

based exchanger. Gregor s theory of ion selectivity [136] attributes the selectivity 

of a resin-based cation exchanger for smaller ions to the swelling of the polymer. 
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The polymer substrate is very movable and the osmotically active exchange ions 

within the resin lower the activity of the solvent, causing more water to enter until 

the swelling pressure within the resin is counterbalanced by the elastic tension of 

the substrate. Since energy is required to swell the resin, the cation exchanger 

will be selective for the hydrated ion which occupies the smallest volume. 

Furthermore, the number and length of hydrocarbon sidegroups on the 

charged nitrogen atom of the cations studied do not affect selectivity. Larger 

hydrocarbon sidegroups may stereochemically inhibit access to the positively 

charged nitrogen atom. However, the experimental data suggest that these 

groups do not act as "resistors" to the very strong coulombic interaction with the 

exchange group. 

The properties of PRS are very different than that of a polystyrene-

divinylbenzene-based cation exchanger. The resin-based exchanger is far less 

hydrated and offers hydrophobic interactions with the very nonpolar polymer 

substrate. Cantwell et al. (137-139] has shown that retention of an organic ion on 

a PSDVB-based ion exchanger is due primarily to two interactions; 1) 

hydrophobic adsorption onto the nonpolar polymer backbone; and 2) ionic 

interaction between the cation-exchange site and the countercation. However, 

PRS does not contribute significant hydrophobic interactions to the retention of 

organic cations. Thus, PRS does not exhibit the selectivity that the resin-based 

material does. 
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It was demonstrated that the isolation of organic cations in a high ionic 

strength environment with PRS is not an effective approach. The extraction of 

organic bases from a high ionic strength matrix results in significant losses due to 

breakthrough. There is a competition for ion-exchange sites by which 

electrolytes overcome analyte ions in binding due to mass action. Since there is 

no significant retention of organic bases through nonpolar forces alone with the 

linker chain, analytes are lost during sample application. The elution of analytes 

from PRS with a high ionic strength aqueous solvent is highly effective. Ionic 

displacement occurs, and the presence of an organic solvent is not required. 

Since interactions are predominantly ionic, there is no need for disruption of van 

der Waals forces. 

By measuring loss and recovery during the SPE procedure as a function 

of pH, it was demonstrated that neutralization of analyte molecules at a higher 

pH results in a lack of considerable interaction with the PRS surface. Though 

there Is some hydrophobic interaction between neutral species and the propylene 

chain, the impact on retention is minor in comparison to the ionic retention of the 

species in the charged form. 

There were a number of reasons proposed for the lack of significant 

hydrophobic interactions with the PRS phase. It was suggested that PRS has a 

rigid "solid-like" character due to the short length of the linker chains. The chains 

may not be able to move to a considerable degree in order to accommodate the 

embedding of counterions be^//een adjacent chains. Also, the chains may not be 



383 

long enough to allow for intercalation of large hydrocarbon sidegroups for 

significant van der Waals interactions. Another reason may be the hydration 

layer on the surface. The near surface region could be very polar as a result of a 

very structured water layer that extends from surface silanols to the sulfonic acid 

head groups. Furthermore, the structural order of water between the chains 

could contribute to a higher viscosity of the solvation layer than that of bulk water. 

This could inhibit diffusion of nonpolar entities into the region. 

A model of the PRS surface was proposed which is very chemically and 

physically heterogeneous. It has variable spatial surface coverage with some 

areas more densely packed with immobilized chains than others. The surface is 

a mixture of isolated chains and islands of chains. The chains are 

conformationally rigid and solvated to a high degree with a viscous, structurally 

ordered water layer. 

7.1.2 Properties of the Propylenecarboxyiate-Modified Silica Sorbent 

(CBA) 

The CBA modified phase has very similar chemical properties to the PRS 

phase under appropriate pH conditions. Specifically, at pH conditions where the 

carboxyl group on the surface and the amine group of the counterion are both 

ionized, the ion-exchange properties of CBA are the same as those of PRS. 

There appears to be a very minor contribution of the propylene linker chain to 

retention, regardless of the acidity of the head group. The stronger electrostatic 
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field strength of the carboxylate head group as compared to the sulfonate head 

group does not make for a significant difference in the cation-exchange 

properties. 

As is the case with PRS, it was shown that there is no difference in 

selectivity of CBA for monovalent organic cations differing in the number and 

types of hydrocarbon substltuents on the positively charged nitrogen. With the 

organic cations studied, the sidegroups on the nitrogen atom do not inhibit ionic 

interaction. The propyl linker does not offer a medium for significant nonpolar 

interaction with the hydrophobic center of an organic cation. The surface is far 

more polar and likely much more hydrated than the surface of an organic 

polymer substrate. Therefore, this phase, as well as PRS, does not exhibit the 

selectivity of a PSDVB-based exchanger. The primary mode of interaction 

between CBA and ammonium ions must be ionic forces. The higher 

concentrated charge of the deprotonated carboxylic acid compared to the 

deprotonated sulfonic acid does not play a role in selectivity for the aminium and 

quaternary ammonium ions studied. 

Computational models are consistent with the proposed lack of 

hydrophobic interactions with organic cations. A cation with hydrocarbon side 

groups may interact with the CBA chain by positioning the ammonium nitrogen 

close to a negatively charged oxygen atom of the carboxylate group while a large 

side group extends away from the propylene chain at an energy minimum. This 

is the same interaction as exhibited by the PRS phase. Therefore, interaction 
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appears to be predominantly between the ionic sites of the counterion and the 

propylene-linked cation-exchange head group. 

Similar to PRS, the lack of significant interaction between the propylene 

linker and the hydrocarbon side groups of the counterion may also be due to a 

rigid "solid-like" character of the CBA bonded phase. The chains may not be 

able to move to accommodate the embedding of countehons between the 

chains. Also, the propylene chain may not be long enough for this to occur. With 

the short propylene linker, the hydration layer may be very ordered, creating a 

higher viscosity than that of bulk water. A viscous environment is not 

thermodynamically favorable for the diffusion of solutes between the chains. 

It was demonstrated that with CBA, there are significant differences in 

selectivity between monoprotic, diprotic, tnprotic and tetraprotic species. The 

strength of interaction between the CBA surface and the particular cation is 

directly proportional to the charge of the cation. This correlation was also 

observed with the propylene sulfonate phase and may be explained by the 

enthalpic strength of interaction due to multiple site attachment or the entropic 

probability of ionic interaction with an increased number of charged sites in the 

molecule. 

When polyprotic counterions are bound to the surface prior to analyte 

introduction, a large fraction of analyte ions break through the sorbent bed during 

sample application. These data suggest that the cation-exchange sites are 

occupied by polyprotic species and the strength of interaction may not be 



386 

completely overcome by displacement with a monoprotic analyte. Breakthrough 

in sample loading is proportional to the charge of the cation that is introduced. 

When analytes are bound to the surface prior to the introduction of polyprotic 

species, displacement of monoprotic analytes by polyprotic cations is 

demonstrated with recovery proportional to the charge of the cation. 

It was shown that extraction of organic bases from a high ionic strength 

matrix results in significant losses due to breakthrough. There is a competition 

for ion-exchange sites by which electrolytes overcome analyte ions in binding 

due to mass action. The fact that there are no detectable losses in the methanol 

rinse suggests that there is no significant retention of organic bases through 

nonpolar forces alone. Therefore, the use of the CBA sorbent alone is not an 

effective means of analyte isolation in a high ionic strength environment. 

Conversely, the elution of analytes from CBA with a high ionic strength aqueous 

solvent is highly effective. Ionic displacement occurs, and the presence of an 

organic solvent is not required. 

Most unsubstituted carboxylic acids in aqueous solutions have pKa's in 

the range of 4-5. In fact, propionic acid has a pKa of 4.8. It was shown that in 

the extraction of very basic analytes (pKa - 10) the optimal pH range for 

retention is between 8 and 9 At this range, both the analytes and the bonded 

phase may be charged. This may be indicative that the true pKa of CBA may be 

closer to 6. rather than 4.8. Two possible reasons for this may be: 1) solvation 

by methanol, which may raise th-e effective pKa above that of the carboxyl group 



in wate; and 2) the presence of deprotonated silanol groups that may influence 

the acidity of the surface-confined molecule through electrostatic fields. 

It was also demonstrated that breakthrough in the sample-load step 

occurs below pH 7 and above pH 9 indicating that nonpolar interactions play a 

minor role in retention with this phase. The results are dramatic at pH 2, where 

the surface is neutral; there is breakthrough of approximately 70-75% of the 

analytes. At pH 10, where the ketamine analyte is neutral and the surface is 

ionized, there is breakthrough of over 65% of the analyte molecules loaded onto 

the column. Losses in an organic rinse, indicative of disruption of hydrophobic 

interactions, are less than 30% in all cases at a pH where either the surface is 

ionized and the analytes are neutral, or where the surface is neutral and the 

analytes are ionized. 

A proposed model of the CBA surface is very chemically and physically 

heterogeneous. It has more homogenous spatial surface coverage than the PRS 

sorbent, though there may be some areas more densely packed with immobilized 

chains than others. The chains are conformationally rigid and solvated to a high 

degree with a viscous, structurally ordered water layer. 

7.1.3 Properties of the Ethylbenzene Sulfonate Modified Silica Sorbent 

(EBS) 

It was shown that there is a difference in selectivity of EBS for monovalent 

organic cations differing in the number and types of hydrocarbon substituents on 



388 

the positively charged nitrogen. In general, there is an increase in selectivity of 

EBS for cations with increasing hydrophobic nature. The selectivity for organic 

cations based on the hydrophobic nature of the cation is the same as that 

exhibited by a PSDVB-based exchanger. The linker chain is adequately long 

enough to allow for nonpolar interactions with the aliphatic side groups, just as 

the polymer allows. The surface is far less polar than that of PRS or CBA. 

Interaction between EBS and organic cations must be a combination of 

ionic forces and van der Waals forces. Clearly, there are much stronger 

secondary hydrophobic interactions that exist using an ethylbenzene linker than 

are observed when using the shorter propylene phases. Energy-minimized 

computational modeling demonstrates that cations with hydrophobic sidegroups 

may interact with the ethylbenzene sulfonate chain by positioning these 

sidegroups within close proximity of the linker and the positively charged nitrogen 

atom close to a negatively charged oxygen atom of the sulfonate group. This is 

not observed when modeling these ions with PRS. Rather, interaction with PRS 

appears to be predominantly between the ionic sites. Outside of the greater 

hydrophobic character of the ethylbenzene chain than that of the propylene 

chain, the reason for this may be due to a more fluid mobility of the ethylbenzene 

linker The chain may be able to move in order to accommodate the intercalation 

of the organic cation between chains and enhance their interaction. 

The solvent environment at the near surface region may also promote 

embedding of hydrophobic moieties of organic cations. The similar selective 
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properties of EBS to those of a resin-based exchanger strongly suggest that the 

solvent environment along the linker chain is similar to that in the near-surface 

region of polystyrene-divinylbenzene. Methanol was used to condition the SPE 

columns prior to sample application. The ethylbenzene chains could be well 

solvated by methanol molecules. This methanol-rich environment may allow for 

effective penetration of counterions between these chains. There may be much 

less water between the ethylbenzene linker chains than is present between the 

propylene linker chains of PRS and CBA. Furthermore, the viscosity of the 

solvent environment may be lower with an ethylbenzene linker than with a 

propylene linker. The higher proportion of water molecules between the PRS 

chains may give a hydration layer which is very ordered which lends to a higher 

viscosity than that of the bulk water. Solvation of EBS chains by methanol may 

inhibit this order, contributing to a less viscous environment that is more 

thermodynamically inviting to the diffusion of solutes between the chains. 

By introducing monovalent organic cations prior to analyte loading, the 

contribution of secondary interactions with the linker chain to retention was 

confirmed by examination of recoveries with another bonded phase with a long 

linker chain, octylenesulfonate. The same general trend exhibited by the EBS 

phase was demonstrated using the octylenesulfonate phase. Namely, the larger 

counterions with more hydrophobic character inhibited effective retention of a 

competing aminium analyte probe. Thus, the analyte could not effectively 

displace enough of these counterions to be completely retained. Again, this may 
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be attributed to a competitive retention of these larger cations because of 

significant secondary hydrophobic interactions with the linker chains. 

With EBS, elution of analytes with monoprotic ammonium ions is possible 

in an aqueous solution. The highest recoveries at the lowest concentrations of 

ions were obtained by using cations with ammonium ions substituted with larger 

hydrocarbon groups. However, these recoveries were far below 100%, 

suggesting that ionic displacement from EBS is a relatively ineffective means of 

elution. Ineffective displacement by a high concentration of cations in aqueous 

solution supports the hypothesis that hydrophobic forces play a large role in 

retention. 

With an ethylbenzene linker chain, disruption of van der Waals forces 

between the analytes and the linker is necessary for higher recovery. 

Recoveries of all analytes are much higher, over 35% higher, with methanolic 

elution solutions than with the aqueous elution solutions. Unlike elution with 

aqueous solutions, there is no significant difference in recovery of analytes 

between any of the cations used for displacement between 0.05 M and 0.1 M. 

Therefore, the structure of the counterions does not appear to play a role in 

displacement of the analytes in the organic solvent environment. Rather, the 

presence of the organic solvent contributes greatly to the effectiveness of the 

elution. Far higher recovery using an organic solvent rather than water as the 

elution solvent indicates that there are nonpolar forces involved with retention, 

and these interactions play a very large role in the retention of organic cations. 
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The organic solvent disrupts van der Waals interactions between the 

ethylbenzene linker chains and the hydrocarbon moieties of the analytes. The 

high concentration of cations in the elution solution displaces the analyte ions 

from the sulfonate sites by mass action. Thus, the analytes are eluted from the 

sorbent with a solution that disrupts both ionic and nonpolar interactions 

simultaneously. The EBS-modified silica surface appears to have strong 

interactions with organic cations that exhibit both ionic and nonpolar character. 

It was demonstrated that with EBS, there are significant differences in 

selectivity between monovalent, trivalent or tetravalent species. There is no 

significant difference in selectivity between the larger monovalent species, 

triethylhexylammonium and triethylbenzylammonium, and the diprotic 

ethylenediamine, however. The hydrophobic interactions between the surface 

and these ammonium ions with longer hydrocarbon side groups contribute to a 

strength of interaction that is the same as the doubly-charged ion offers. When 

triprotic and tetraprotic counterions are bound to the surface, a portion of the 

monoprotic analyte ions are lost during sample application. These data suggest 

that cation-exchange sites are occupied by polyprotic species and the strength of 

interaction may not be completely overcome by displacement with a monoprotic 

analyte. Computational modeling is consistent with the hypothesis that multiple-

site ionic attachment of the polyprotic species studied may be possible with 

adjacent EBS chains. However, the selectivity differences between cations of 

differing charge suggest that a combination of single and multiple ionic 



interactions actually take place. The polyprotic species studied are very polar 

with protonated amine groups in close proximity to one another. These species 

may not be able to penetrate the more apolar environment around the linker 

chains, as the larger monoprotic species do, and may prefer the more aqueous 

environment of the mobile phase. 

Displacement of monoprotic analytes by polyprotic cations was 

demonstrated. With an aqueous elution solution, recoveries are significantly 

lower with the EBS-modified phase than obsen/ed with the PRS-modified phase. 

There are relatively low recoveries (50-65%) at a maximum concentration of 

counterion. This suggests that nonpolar secondary interactions play a larger role 

with the ethylbenzene linker than with the propylene linker. 

It was shown that extraction of organic bases from a high ionic strength 

matrix is very effective using EBS. Analyte ions are retained, regardless of the 

presence of a much larger number of sodium ions that compete for ion-exchange 

sites. There is minimal breakthrough during the sample application step. 

Furthermore, there is no detectable loss during a methanol rinse. Upon sample 

application, sodium ions must occupy most of the cation-exchange sites. 

Removal of excess sodium ions from silica pores and interparticulate spaces in 

the aqueous rinse allows for analyte ions to compete for ion-exchange sites. 

Analyte molecules that may have been held up on ethylbenzene chains must 

take over ion-exchange sites. Otherwise, in the methanol rinse there would be 

loss of analytes that were held up through van der Waals interactions alone. 
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Clearly, nonpolar interactions between analyte ions and the ethylbenzene chain 

are energetically capable of retention in a high ionic strength environment. The 

retentive properties of the EBS surface are significantly different from those of 

the PRS and CBA surfaces. With a propylene linker chain, there is breakthrough 

of the majority of analytes during sample application due to a lack of strong 

hydrophobic interactions. 

By measuring breakthrough losses as a function of pH, it was shown that 

neutralization of analyte molecules at a higher pH does not affect retentive 

interaction with the EBS surface. At high pH where analyte molecules are 

neutral, no losses in an aqueous solvent environment indicate that hydrophobic 

forces play a major role in retention. There are high losses of analytes in a 

methanol rinse at a high pH, In order for this to be true, there must be a major 

contribution of secondary hydrophobic interactions to retention of these bases. 

These losses are accountable to disruption of van der Waals interactions during 

the methanol rinse. 

Ionic interaction is the dominant reason for the retention of an organic 

cation. However, selective retention is due to the secondary hydrophobic 

interactions. Though fundamentally less energetic than coulombic forces, van 

der Waals interactions add to the energetics of interaction because of a major 

entropic contribution and a minor enthalpic contribution. There is a higher 

probability that the solute can be sorbed, because it can approach the surface in 

any conformation, ailov/ing either interaction to occur. The secondary interaction 
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between the hydrophobic center of the organic cation and the linker chain is 

additive to the enthalpic primary ionic interaction. An advantage is that a buffer 

may be used as a rinse, since although ionic interaction may be disrupted, 

retention is maintained with hydrophobic interactions. Eiution is possible with a 

high concentration of a weaker ion (such as NHa*) and an organic solvent (such 

as methanol), because ionic interaction is disrupted by mass action while van der 

Waals interactions are disrupted simultaneously with the organic solvent. 

The proposed model of the EBS surface has ethylbenzenesulfonate 

chains that are conformationally mobile with a "liquid-like" nature. The chains 

may be well solvated by methanol when exposed to a water/methanol solvent 

environment. The surface is very chemically and physically heterogeneous. It 

has variable spatial surface coverage with some areas more densely packed with 

immobilized chains than others. Though less heterogeneous in coverage than 

PRS, the surface is a mixture of isolated chains and islands of chains. 

7.1.4 Properties of Mixed Sorbent Beds Comprised of Alkyl-Modified and 

Acid-Modified Silica 

It was shown that the addition of a majority of long chain alkyi modified 

silica particles to PRS modified silica particles in a sorbent bed offers advantages 

in the retention of organic bases in a high ionic strength sample matrix. Under 

such experimental conditions, recoveries are significantly higher from those 

obtained with the PRS sorbent alone. With a stand-alone PRS sorbent, losses 
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are accountable to breakthrough of the majority of analytes during sample 

application due to a lack of strong hydrophobic interactions. With a stand-alone 

EBS sorbent, there are some losses due to breakthrough in sample loading, but 

these losses are minimal in comparison with those observed using PRS alone. 

There is a clear contribution of nonpolar forces to retention with the mixed 

sorbents as was observed with the EBS phase. 

Experiments with stacked phases elucidated the retention mechanism 

in the extraction of organic cations from a high ionic strength sample matrix 

utilizing a mixed-mode sorbent consisting of either PRS or EBS mixed with C8. 

With a mixed sorbent, analyte ions are retained, regardless of the presence of a 

much larger number of sodium ions that compete for ion-exchange sites. Upon 

sample application, sodium ions must occupy most of the cation-exchange sites. 

Analyte ions must be held up hydrophobically with the C8 phase and the 

ethylbenzene linker chain of the EBS phase. Removal of excess sodium ions 

from silica pores and interparticulate spaces in the aqueous rinse allows for 

analyte ions to compete for ion-exchange sites. The fact that there were no 

detectable losses In the presence of methanol suggests that there is no 

significant retention of organic cations through nonpolar forces alone. In a 

methanol solvent environment, analyte molecules that have been held up by 

nonpolar means must take over ion-exchangs sites. The mixed-mode behaves 

much like EBS alone, providing retention through the combination of nonpolar 

and ionic forces. However, a mixed-mode approach offers the distinct advantage 
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of allowing control over the hydrophobicity of the composite sorbent through the 

choice of alkyi chain length of the reversed phase. 

It was also demonstrated that there is no significant impact on the recovery 

of basic analytes between 20% and 50% cation-exchange material in the 

mixture, nor with the surface coverage of the ion exchanger under the conditions 

studied with all analytes. Furthermore, the length of the alkyI chain on the 

reversed phase particle affects the capacity of the bed where the bed mass is 

lower. It was found that using C4 in the sorbent mixture gives good recoveries 

for a nonpolar analyte at higher bed mass. However, C4 yields a very low 

recovery of a very polar analyte, such as a zwitterion. In an aqueous 

environment, the hydrophobic contribution to the mixed-mode sorbent is critical in 

the retention of an analyte that is more polar. 

7.1.5 Applications 

It was shov/n that the application of mixed PRS and alkyI modified silica 

sorbent beds to the SPE of basic drugs of abuse from human urine yiekjs clean 

extracts, regardless of whether C4, C8 or C18 is used in the sorbent mixture. 

However, recovery of a very polar analyte, such as a zwitterion, can be 

significantly lower using C4. A C8 or C18 chain provides more nonpolar 

character to the sorbent in order to extract a polar organic base, whereas the C4 

proves to be inferior. The isolation and retention of the analytes is not affected 

by competition from matrix components. This was demonstrated by the fact that 
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there was no significant difference in recovery of any of the analytes between the 

buffer samples and the urine samples using any of the mixed phases. 

The miniaturization and streamlining of an automated approach to the SPE 

of organic bases was demonstrated with a Zymark RapidTrace® SPE 

Workstation using 1 ml columns of 80% C8; 20% PRS sorbent mixtures. This 

was accomplished by reducing the elution volume and the bed mass, thus 

reducing solvent consumption, blowdown time and overall cost of the sample 

preparation. This was also extended to the elimination of a transfer step by 

extracting directly into a GC/MS autosampler vial rather than into a culture tube. 

It was shown that an elution volume of 0.5 ml yields recoveries as high and 

reproducible as 0.75 and 1.0 ml independent of the analytes selected for the 

study and independent of bed mass from 25 mg to 80 mg. The recoveries 

obtained using three bed masses at an elution volume of 0.5 ml reflect that 80 

mg and 50 mg beds prove to be effective. However, a 25mg bed is insufficient 

under the conditions studied. As shown in Chapter 5, the effective bed mass is 

dependent upon the chain length of the alkyl-modified phase. The nonpolar 

character of the hydrophobic phase affects the capacity of the bed where the bed 

mass is lower. Thus, it was found that lower recovery is yielded using the C4 

phase rather than C8 or C18 at a 50 mg bed mass than at 80 mg. Under such 

considerations, an 80 mg bed mass proves to be most robust. 

An extraction method was described for the insect repellent m-

diethyltoluamide (DEBT) from human skin This method provided excellent 
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recovery and precision, along with sufficient cleanup to allow a low limit of 

detection. In addition, the SPE sample cleanup proved to be quick, effective and 

economical. Such a vigorous cleanup may be critical when using other analytical 

methods, such as GC with flame-ionization detection or HPLC with UV-Vis 

detection. In addition, the method enhanced throughput while maintaining 

reliable reproducibility in the analysis of DEET from human skin samples. The 

application of solid-liquid extraction and SPE cleanup combined with GC-MS 

should prove to be a reliable method for the quantitation of accumulated DEET, 

and probably other neutral organonitrogen compounds, in human tissues and 

animal food products. 

7.2 FUTURE DIRECTIONS 

Selectivity of silica-based bonded phase cation exchangers for organic 

cations needs further investigation. A homologous series of silica-based 

sulfonated exchangers with alkyi linker chains of varying lengths (C2, C3, C4, 

C5, C6, etc...) should be synthesized to better define and prove the role of the 

linker in selective and efficient interaction. Polar linkers, such as carbohydrates, 

could be studied to investigate the use of secondary polar interactions. Different 

head groups, such as phosphate or nitrate, could give the sorbent different 

properties. Also, resin-based exchangers with bonded alkyI ion-exchange 

groups should be synthesized and investigated to better understand the 

contribution of water, the polarity of the surface and the role of the substrate. 
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