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The most commonly used chromatographic and solid phase extraction sorbents 

are silica-based. Usually trifimctional silanes are used to modify silica sorbents 

because they can form polymer networks that provide increased stability as compared 

to sorbents prepared with monofimctional silanes. Unfortunately, the reactions of 

trifimctional silanes with a silica surface, and with each other, are difficult to control 

and the resulting polymerized bonded phase is very complex. Although these sorbents 

have been used extensively for various applications, studies of bonded phase chemistry 

continue to this day. The importance of such studies lies in the fact that an 

understanding of chemically modified silica sorbents will lead to the development of 

better chromatographic and solid phase extraction methods. This study focuses on the 

influence of silica topography on the structure and surface coverage of bonded phases, 

as well as the differences between hydrocarbon and ion exchange bonded phases. 

Solid-state NMR spectra, recorded for alkyl sorbents, showed that the porosity 

of the base silica determined the surface coverages of the different bonded phases. 

Large silanes and siloxane oligomers were excluded fi^om micropores, limiting their 

access to a significant fiaction of the silica surface area. These conclusions were made 

after analj^ng the spectra of endcapped sorbents, which contained peaks that 

represented polymer and surface bound endcapping reagent. These experiments were 

supplemented with normal and reversed phase chromatographic data that indicated that 

shorter alkyl silanes were not dispersed evenly on the heterogeneous silica surface, as 
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opposed to octyi and octadecyl silanes. In addition, bonded phases that contained 

excessive vertical polymerization were found to exhibit non-uniform retention 

behavior. 

Spectroscopic characterization of anion exchange sorbents supported the 

hypothesis that ionic silanes affect the structure of a bonded phase. It was discovered 

that the post-modification of cation exchange precursor sorbents also produced bonded 

phases without vertical polymerization. The uniformity of both anion and cation 

exchange sorbents was confirmed by studying the effects of endcapping. However, it 

was shown that an octyl thioacetate phase hindered bond breakage during post-

modification oxidation. The resulting octyl sulfonic acid sorbent was shown to exhibit 

increased selectivity for analytes with both hydrophobic and ionic character. 
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CHAPTER 1 

INTRODUCTION AND BACKGROUND 

1.1 CHARACTERISTICS OF SILICA SORBENTS 

1.1.1 Physical Dimensions of Silica 

Silica is one of the most studied inorganic polymers [1-3], which is due, in part, 

to its wide use as a solid support for chromatography and solid phase extraction. There 

are many characteristics of silica that make it a desirable material for separations. It is 

both thermally and mechanically stable, relatively pure [4], with only 0.1 - 0.3% 

contamination by metal oxides [5,6], and is available in many different shapes and 

sizes. By careflilly controlling reaction conditions, silica particles can be either 

spherically or irregularly shaped, with sizes ranging from 1-5 |im to as large as 50 nm. 

Also, these particles can be made with or without pores. Most silicas are used for 

chromatographic purposes, are porous, and have surface areas between 100-550 m'/g, 

which greatly increases capacity. Since almost all of the surface area of a silica particle 

is contained within the pores, the size of an average pwre greatly influences the 

behavior of a silica-based sorbent. Typically, silica used for high pressure liquid 

chromatography (HPLC) has an average pore size of 300 or 120 A, while the pores that 

comprise SPE silica have an average diameter of 60 A. In addition to the average pore 

size, the distribution of pore sizes is a very important factor. Since analytes must 
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diffuse into the pores of a silica particle in order to interact with the surface, the 

effective surface area may be much lower if there is a high percentage of micropores 

(< 20 A). Access to as much of the surface area as possible is essential because the 

strong adsorption sites of silica are silanols [7], which are located at the surface. 

1.1.2 Chemical Properties of the Silica Surface 

The surface region of a silica particle contains a variety of different sites that 

are shown in Figure 1.1. When a silica particle is formed, the resulting silanols have 

only one or two attached hydroxyl groups, since the presence of a silanol with three 

hydroxyl groups is unlikely [2]. On a fully hydroxylated surface, it is generally agreed 

that there are 8 jomol of hydroxyl groups per m^ of silica [2, 8-10]. Not all of the 

silanols behave similarly and the differences between silanols are mainly caused by the 

geometry of the base silica. It has been reported that silanols are homogeneously 

distributed about the surface, but the underlying silica structure is heterogeneous 

[11,12]. This concept is illustrated in Figure 1.2, in which it can be seen that a concave 

surface increases the density of silanols, whereas a convex surface decreases the 

number of silanols within a given area. When silanols are in close proximity to each 

other, they can form hydrogen bonds that change their nature. Many studies have been 

performed to determine the adsorptive and reactive properties of isolated [13-17], 

geminal [18,19], and hydrogen-bonded [20-25], i.e. vicinal, silanols. Geminal silanols 

are considered to be the most reactive type, because the additional hydroxyl group 

increases their acidity, but the difference between isolated, i.e. free, and vicinal silanols 

is not as obvious. 
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Although it is known that free silanols are more acidic, studies differ as to the 

roles that free and vicinal silanols play during reactions. The creation of more efficient 

bonded phases, in which highly reactive silanols remain [19,24,25], through 

deactivation of acidic silanols [23] has lead researchers to believe that vicinal silanols 

are the more reactive species [19,21-25], However, an ER. study has shown that basic 

compounds prefer to associate with acidic, isolated silanols, while vicinal silanols are 

only able to hydrogen bond with analytes with hydroxy 1 groups [16], The same study 

also concluded that only isolated silanols react with chlorosilanes and that the 

selectivity of silica depends on the relative number of isolated silanols. The unwanted 

adsorption of basic compounds and the low hydrolytic stability of some alkyl-modified 

sorbents have also been attributed to the presence of highly reactive free silanols 

[15,17], These studies support earlier work that distinguishes isolated silanols as the 

more reactive species [7,13,14], Because of the different reactivities of silanols, silica 

has greater selectivity than it would if it contained a homogeneous population of 

silanols [26], Unfortunately, the heterogeneity of silica is more often problematic, so 

researchers have attempted to deactivate high-energy silanols sites [17,27-30] in an 

attempt to improve chromatographic or synthetic procedures. The effectiveness of 

synthetic methods is particularly important because silica is used extensively to create 

modified sorbents for chromatography and SPE. 
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1.2 CHEMICAL MODIFICATION OF SILICA 

1.2.1 Silanes 

One of the main reasons that sihca is the common base material for 

chromatographic packings is that it is easily modified. Chemical modification of silica 

is primarily achieved through the use of silanes, which are readily available in a variety 

of configurations. A commercial silane basically consists of a silicon atom to which is 

attached an R group that has a desired functionality and from one to three leaving 

groups, such as chloride or alkoxy groups. Silanes are defined as mono-, di-, or 

trifunctional, depending on the number of leaving groups attached to the silicon atoms. 

For mono- and difunctional silanes, small alkyl groups normally replace the positions 

that would be occupied by leaving groups (in comparison to a trifionctional silane), 

methyl being the most common. Special care must be taken when using silanes 

because they react rapidly in the presence of water. Because of this, silylation reactions 

are usually performed in non-polar solvents such as n-hexane [31-38] or toluene 

[39,40] to achieve maximum coverage of the silica surface. 

1.2.2 Monofunctional and Trifunctional Modification 

Figure 1.3 shows the reaction of a monofimctional silane with a surface silanol. 

In order for this reaction to proceed to completion, the silane is hydrolyzed, releasing 

HCl or an alcohol depending on the composition of the silane, then it forms a silyl 

ether, i.e. siloxane, bond with a surface silanol. A similar reaction can be diagrammed 

for a trifunctional silane (Figure 1.4). One of the advantages of bonded phases created 

with trifunctional silanes is that they provide increases selectivity, as compared to 
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monofunctional sorbents [41-43], When a triflinctional silane is added to the reaction 

mixture it may react with other silanes before it reaches the silica surface. This event 

occurs if there is water present in the reaction solvent and can be very detrimental to 

the modification process. If the extent of reaction in solution is excessive then the 

resulting siloxane polymer or oligomer might be too large to diffuse into the pores of 

the base silica. It is for this reason that solvents are dried and silica samples are 

routinely vacuum and thermally treated to remove water that could be released into the 

reaction solvent [43-50], When excess water is removed from the silylation reaction, 

siloxane oligomers and monomers react with each other and surface silanols to create a 

bonded phase. The character of the bonded phase is governed by several variables, 

including the fxmctionality of the R group of the original silane as well as the 

dimensions of the silica [51,52]. 

1.2.3 Surface Coverage and Arrangement of Bonded Phases 

Because of the number of conditions that must be controlled in order to create a 

well ordered bonded phase, it is not surprising that there are examples of 

irreproducibility in the literature [53,54]. Since it should not be difficult to obtain pure 

reagents and to prepare batches of silica, the lack of reproducibility must be caused by 

the heterogeneous nature of the silica. Specifically, it is the porous nature of silica that 

greatly influences the outcome of its chemical modification. It has been reported that 

the curvature of pores affects surface coverage and that maximum coverage cannot be 

achieved when there are a large number of narrow pores [55]. In addition, higher 

surface coverages are achieved when wider pore silica (average pore size > 120 A) is 
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used [55,56]. These results are consistent with the explanation of the modification 

process given above. For most commercial sorbents, it is impossible to exclude water 

from the reaction solvent, so even under proper reaction conditions some siloxane 

oligomers will form. It therefore follows that wider pore silica would be best able to 

accommodate these species, as well as additional monomeric silanes. 

1.2.4 The Unmodified Silica Surface 

Although the modification of silica does improve the efficiency of the sorbent 

[57] it does not create a perfect sorbent. The geometry of the underlying, 

heterogeneous silica surface is not altered by the addition of silanes, so unreacted 

silanols will still be found in a non-uniform arrangement. It has been reported that 

modification cannot remove all of the reactive sites of a silica sample [58], so it can be 

stated that silanols do remain after the reaction has completed. Depending on the 

experiment to be performed, the presence of silanols can either be advantageous or 

detrimental. 

There is ample evidence in the literature [59-63] that solutes can interact with 

silanols groups that remain after silica is modified. This means that compounds 

capable of interacting via hydrogen bonds and dipole-dipole forces, such as alcohols, 

amines, and aromatic molecules, have access to silanols scattered throughout the 

bonded phase. The quality of some separations is improved because of the availability 

of silanols, which add selectivity to the sorbent by offering analytes different retention 

mechanisms. If these silanols are removed then the sorbent becomes less selective and 

the resulting separation is poor [37,63], However, for most separations, unreacted 
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silanols are undesirable [64-67] because they promote unwanted secondary interactions 

that may cause peak asymmetry. Unfortimately, even the most comprehensive surface 

modification carmot eliminate silanols, so methods have been developed to minimize 

their number. 

1.2.5 Effects of Endcapping 

To reduce the number of silanols present in a chemically modified sorbent, endcapping 

is routinely used. Endcapping consists of bonding a relatively small, monofunctional 

silane to unreacted silanols. The most common endcapping reagent is a trimethylsilane 

(TMS) compound, which is useful because it is the smallest monofiinctional alkyl 

silane available. Because of its size, the TMS compound is better able to diffuse 

throughout the pores of a silica particle, including many of the micropores. However, 

although TMS is a relatively small molecule it cannot diffiise into all of the pores [68]. 

This means that even under ideal conditions silanols will still remain after the 

endcapping procedure. This conclusion can be supported by a study that estimated that 

only 60% of a bare silica surface could be modified by treatment with TMS [17]. In 

addition, the R groups that are bound to the silica surface hinder endcapping; a 

condition that becomes worse as the size of the R group increases [69]. Therefore, 

different bonded phases will not be endcapped to the same extent, producing a variety 

of surface regions. Since the behavior of a sorbent is dependent on the arrangement of 

R groups and unreacted silanols, it is important to study the surface region of 

chemically modified silica sorbents. 
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13 Solid State NMR Spectroscopic Characterization of Chemicaily Modified 

Silica Sorbents 

13.1 Solid State NMR Spectroscopy 

Many spectroscopic methods have been used to characterize silica sorbents, 

including solid state nuclear magnetic resonance (NMR) spectroscopy. Solid state 

NMR is particularly well suited to study chemically modified silica because it is 

essentially a surface technique. Also, since the chemical shifts of active nuclei in solids 

do not change much in comparison to their solution phase equivalents [70], the 

identification of signals is fairly simple. 

1.3.2 Chemical Shift Anisotropy and Dipole-Dipole Interactions in Solids 

Before significant advances had been made in the development of solid state 

NMR spectroscopy, it was very difficult to obtain quality spectra of solids. There are 

certain magnetic properties of solids that eliminate the possibility of obtaining 

meaningful data on a conventional NMR instrument, such as chemical shift anisotropy 

(CSA) and dipole-dipole interactions. CSA is caused by a non-spherical distribution of 

electron density about a nucleus. Since the chemical shift is determined by the amount 

of electronic shielding of the surrounding magnetic field, it will fluctuate with any 

changes in shielding. The distribution of electrons is affected by the atom's position 

relative to the external magnetic field and is proportional to the quantity (3cos^0 - 1). 

A magnetic dipole-dipole interaction is created when two NMR active nuclei are in 

close proximity to each other, as seen in Figure 1.5. The magnetic field created by one 

nucleus, in this case 'H, can either add to or subtract from the external magnetic field. 
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Bo- This interaction changes the local magnetic field experienced by the observed 

nucleus. The magnitude of this effect is proportional to the angle 0 between the dipolar 

axis, and the applied magnetic field. Bo, and inversely proportional to the cube of the 

distance between the two nuclei. This change can only occur when the nuclei are 

within ~ 5 A of each other, a condition that is usually met when protons are present. 

Because the nuclei are arranged randomly in a solid sample the values for 0 are also 

randomly distributed. Therefore, each observed nucleus experiences a different local 

magnetic field, biocai, which produces a range of chemical shift values. The result of 

obtaining an NMR spectrum of a solid using a typical solution-based instrument would 

be an extremely broad peak with almost no intensity. This problem is nonexistent for 

solution seunples because the rapid tumbling of molecules in solution averages the 

value of 0. 

1.3 J High Power Decoupling and Magic Angle Spinning 

In order to obtain reasonable spectra of solids, the influence of neighboring 

nuclei must be greatly reduced. Two techniques that have been shown to be effective 

are high power decoupling [71] and magic angle spinning (MAS) [72]. When high 

power decoupling is applied to a solid sample at the proper frequency, the populations 

of the nuclear spins of the interfering nucleus are equalized, which eliminates the 

magnetic moment of the nucleus (Figure 1.6). Unfortunately, decoupling alone cannot 

completely diminish biocau so another method must be employed. In addition to 

decoupling, MAS is used to reduce the effect of dipole-dipole interactions. As shown 

in Figure 1.5, the dependence of the local magnetic field on 0 is given by the quantity 
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(3cos^0 - 1). When this quantity is equated to zero and the equation is solved for theta, 

the result is an angle of 54°44'. This angle is referred to as the magic angle because 

when a sample is set at this angle, theoretically, it should not be influenced by dipole-

dipole interactions. Since CSA has the same angular dependence, it can also be 

removed at the magic angle with decouphng [73]. In order to ensure that all of the 

nuclei are situated at the magic angle, relative to Bo, the solid sample is placed in a 

rotor at the magic angle and spun rapidly, as shown in Figure 1.7. Extremely high 

spinning rates, in the kHz range, must be used so that the average position of each 

nucleus is located at the magic angle. The high spinning rates replace the random 

motions of molecules in solution and mechanically narrow linewidths [74]. 

1.3.4 Cross-Polarization 

When high power decoupling and MAS are used, it is possible to obtain useful NMR 

spectra of solids, but it is not always convenient. The natural abundance of many NMR 

active nuclei is very low, so the amount of time necessary to detect an appreciable 

signal is sometimes prohibitively long. Also, the relaxation times of these nuclei are 

slow, requiring large delays between successive scans. These problems can be 

overcome if a secondary active nucleus is present in the solid matrix in abundance. 

Fortunately, this is the case for chemically modified silica, which consists of silanols 

and attached hydrocarbon groups, both of which contain 'H atoms. Because the natural 

abundance of 'H is almost 100%, silica sorbents have a rich source of magnetization 

from which to draw. The magnetization of the isotopes of interest, ^'Si and '^C, can be 

increased by the surrounding nuclei through the use of cross-polarization (CP) [75]. 
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During cross-polarization, both the abundant nucleus and the deficient, observed 

nucleus are irradiated at their appropriate frequencies. The simultaneous irradiation is 

known as spin lock, and when this occurs, magnetization can be transferred from the 

abundant to the observed nucleus as in Figure 1.8. Another advantage of cross-

polarization is that the delay between scans only depends on the relaxation time of the 

abundant nucleus. Since relaxation rates for the 'H nucleus are fast, many more scans 

can be obtained in a given amount of time, in contrast to the slow relaxation of ^'Si and 

'^C nuclei. 

1.3.5 CP/MAS NMR Spectroscopy of Silica Sorbents 

CP/MAS NMR spectroscopy has been used extensively to study chemically modified 

silica sorbents [76-93]. When ^^Si is the observed nucleus CP/MAS NMR can be 

considered a surface technique because of the limitations of cross-polarization. Like 

dipolar interactions, the transfer of magnetization during cross-polarization is 

proportional to l/r', where r is the distance between the two nuclei. Because of this 

dependence, only protons within ~ 5 A will be able to effectively transfer 

magnetization to "'Si. Therefore, only the local environment of the "'Si nuclei, which 

are all located at or near the surface, will be investigated. 

Because the characteristics of silica samples can vary greatly, the base silica is 

analyzed before the modified sorbent. Although the spectrum of an unmodified silica 

sample is simple, it can yield information that can be used to determine the 

composition of the surface. Unlike vibrational spectroscopy, NMR can differentiate 

between geminal and single silanols because they appear as separate peaks in a 
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spectrum [94]. Often these two peaks are not completely resolved, but if the areas of 

each peak can be determined the relative proportions of each type of silanoi can be 

calculated when combined with data from a TMS modified surface [18], Once the base 

silica has been studied, then the results of a modified silica study can be better 

understood. 

When CP/MAS NMR is used to study chemically modified silica sorbents, 

several peaks are added to the resulting spectra. Examples of the structures that can be 

created when mono- and trifunctional silanes are added to silica can be seen in Figure 

1.9. If a polymeric bonded phase is further treated with an endcapping agent, then 

other structures can be formed (Figure 1.10). Almost all of the peaks that correspond 

to these structures (Figure l.ll) have been identified in the literature [89,93,95] with 

the exception of the M' peak. Data will be presented in later chapters to confirm its 

presence in endcapped polymeric bonded phases. Modification of silica with a 

triflmctional silane not only adds peaks to an NMR spectrum, it also changes the 

intensity of the silanols peaks. Since the number of isolated and geminal silanols is 

reduced when silanes form siloxane bonds with the surface, there will be a 

corresponding decrease in the intensity of the silanoi peaks. Also, additional analysis 

of the bonded phase {)eaks can provide information that can be used to elucidate the 

structure of the bonded phase. 

Although solid state NMR has been used to study the composition and mobility 

of modified silica sorbents [96-99], it cannot adequately describe how an analyte will 

interact with a given sorbent. For this reason, it is advisable to complement 
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spectroscopic results with chromatographic data. If the appropriate probe molecules 

are chosen, both the arrangement of the attached R groups and unreacted silanols can 

be modeled. 

1.4 CHROMATOGRAPHIC CHARACTERIZATION OF CHEMICALLY 

MODIFIED SILICA SORBENTS 

1.4.1 Normal and Reversed Phase Chromatography 

HPLC experiments can be divided into two broad types, normal phase and 

reversed phase. In a normal phase experiment, a non-polar mobile phase is pumped 

through a bed of polar stationary phase, commonly silica. In this case it is the dipole-

dipole interaction, usually a hydrogen bond, between a surface silanol and the 

corresponding functional group on the analyte that is responsible for retention. 

Consequently, as the strength of this interaction increases retention also increases. 

When a polar solvent is used for the mobile phase and the stationary phase is the source 

of non-polar interactions the chromatography is said to be reversed phase. Chemically 

modified silica sorbents are the most common stationary phases for reversed phase 

chromatography and are usually alkyl sorbents. Often the primary retention 

mechanism of these sorbents is the attraction between two hydrophobic species that is 

caused by van der Waals forces, but other retention forces are possible because of the 

polar, unmodified silica surface. Therefore, in a reversed phase experiment an 

increase in retention cannot necessarily be ascribed to an individual type of interaction. 

If a particular analyte is a hydrocarbon, and does not have any fiinctional groups that 

would allow hydrogen bonding, such as an alcohol, amine, or carboxylic acid, then the 
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retention of the molecule can be understood as being governed by van der Waals 

forces. Other\\ise, a combination of forces will determme how strongly an analyte 

interacts with a sorbent. In either case, the absolute retention of selected probes can be 

used to study the contributions of the different mechanisms that affect retention. 

1.4.2 Retention 

The retention of analytes in a liquid chromatographic experiment is given by the 

equation put forth by Martin and Synge [109]; 

Vr = V„'KVS (LI) 

where Vr is the retention of a particular compound, 

Vm is the void volume of the analytical column, 

Vs is the volume of the stationary phase, and 

K is the distribution coefficient. 

The distribution coefficient varies depending on the analyte and the mobile and 

stationary phases and is given by the following equation; 

K. — [AJjiag [A]mobile (I • 

Basically, K is a measure of the affinity that a particular molecule has for the stationary 

phase, relative to the mobile phase. The total volume required to elute a molecule 

depends on the interaction between the analyte and the stationary phase. Therefore an 

increase in the amount of stationary phase or a stronger interaction requires that more 

mobile phase be used to elute an analyte firom a column. For a normal phase 

experiment this equation, in its simplified form, can be used to describe retention 
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because only one retention mechanism is available so only one partition coefficient is 

needed. However, when more than one retention mechanism is available, as in a 

reversed phase experiment, it would be more correct to write the equation as follows: 

VR=VM-KVs'K'V,Uica (1.3) 

where the additional terms K' and Vsilica represent the partition coefficient of an 

analyte between surface silanols and the mobile phase and the volume of pores which 

contain accessible silanols, respectively. Obviously, this equation would only be valid 

when the analyte being studied has the capability of hydrogen bonding with a silanol 

group; otherwise, the previous equation would be adequate. To estimate the relative 

strengths of these interactions a normal phase experiment can be used to study 

hydrogen bonding whereas a hydrophobic analyte, incapable of hydrogen bonding, can 

be used in a reversed phase experiment to investigate the interaction between a 

molecule and the alkyl chains of the bonded stationary phase. 

1.4J Peak Asymmetry 

In addition to the knowledge that can be gained from retention, the shape of a 

peak eluted from an HPLC column can yield important information. When an analyte 

diffuses into the pore of a modified silica particle, it may have the option of interacting 

with either the surface or the bonded phase. In most cases, the strengths of these 

possible interactions are not the same so the retention of a particular molecule will 

depend on the number of times that it encounters a retentive species. Because of this 

fact the distributions of both surface silanols and parts of the surface that have been 

modified by silanes become very important. This is true because both parts of the 
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sorbent must be equally available to a large population of the same analyte to produce 

uniform retention. If surface silanols or alkyl chains are only accessible to a certain 

fraction of the total population then those analytes will be retained differently from the 

other part of the population. A modified sorbent that is not uniformly modified will be 

charaaerized by this type of retention behavior, which can be measured by analyzing 

the shape of an eluted peak. 

The accepted measure of the homogeneity of a sorbent is the ratio of the tailing 

and leading halves of a chromatographic peak, known as peak asymmetry. To measure 

peak asymmetry a vertical line is drawn from the apex of a peak to the baseline of the 

chromatogram, then a horizontal line is drawn perpendicular to this line at a height that 

is 10% of the peak maximum. As shown in Figure 1.12, the distance from the trailing 

edge of the peak to the middle of the peak, at 10% of the peak maximum, is divided by 

the corresponding distance at the front half of the peak. Ideally these two distances are 

equal and the peak asynunetry is unity implying that the sorbent is homogeneous and 

the distribution of analytes represented by the peak shape is due only to random 

diffusion. Normally the trailing edge of a peak is longer than the leading edge and is 

said to exhibit "tailing". 

Tailing occurs when a relatively small number of analytes experiences a high 

energy interaction with an isolated part of the sorbent while the majority of analytes do 

not. Because random diffusion determines which molecules with find a high-energy 

interaction site, retention is varied across the population of the analytes causing a 

skewed distribution of retention times, which results in a tailing peak. As the number 
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of isolated, high energy sites decreases the number of analytes that find the sites 

decreases causing an increase in the difference in retention times between the majority 

of analytes and this small population; i.e. an increase in tailing. The usefulness of peak 

asymmetry data lies in the fact that it can be used to determine the degree to which a 

modified sorbent is homogeneous. Figure 1.13 shows the differences in surface 

composition that are responsible for asymmetric and symmetric peaks. A sorbent 

whose surface has been largely modified, but has a few exposed silanols (Figure 1.13 

(a)), will produce peaks that tail when the analyte being studied can be retained by both 

hydrophobic and dipole-dipole forces. For this type of molecule, it is acceptable to 

have accessible alkyl chains and silanols as long as each species is distributed equally 

as in Figure 1.13 (b). The retention in such an experiment would be greater because of 

the combination of forces, but there would be no peak asymmetry. Usually sorbents 

are not this ideal because of the heterogeneous nature of the base silica. As described 

earlier, the porosity of silica has a significant effect on the surface coverage of a 

bonded phase and it would seem reasonable to expect a similar affect on the 

distribution of the various siloxane species. This hypothesis is supported by the 

chromatographic data, which complements the spectroscopic data quite well. 
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1.5 CHEMICALLY MODIFIED SILICA SORBENTS USED FOR SOLID 

PHASE EXTRACTION 

1.5.1 Types of SPE Sorbents 

Spectroscopic and chromatographic experiments can both be used to gain a 

better understanding of the structure of sorbents used for SPE. This knowledge, in 

turn, can be used to develop more effective methods for the extraction of analytes from 

complex matrices. The specific method used depends not only on the native of the 

analyte of interest, but also on the characteristic of the chosen sorbent. 

SPE sorbents can be made using a variety of different silanes, ranging from 

alkyl to ion exchange. Examples of common sorbents that are commercially available 

are shovra in Figure 1.14. Each type of sorbent has its own unique selectivity that can 

be exploited to achieve a desired result. The main differences between SPE and HPLC 

sorbents are the dimensions of the base silica. Typically 50 jim silica particles are used 

to make SPE sorbents, as opposed to the 1-10 |am particles used for HPLC sorbents, 

and the average pore diameter is smaller (~ 60 A). The size and porosity of the SPE 

particles explains why they have a much higher surface area than HPLC silica, but a 

significant percentage of the surface is contained in micropores. Therefore the 

effective surface area of an SPE sorbent may be much lower than reported, depending 

on the sizes of analytes and the silanes used to modify the surface. 

1.5.2 Alkyl Modified SPE Sorbents 

Alkyl modified silica sorbents are synthesized using trifunctional silanes that 

have an attached alkyl group, which can be as short as an ethyl group or as long as an 
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cx^tadecyl chain. The structures of the bonded phases created using these silanes are 

quite different because smaller silanes are better able to diffuse into micropores. 

Therefore, they interact with a higher percentage of the surface area, resulting in 

greater coverage of the silica. In addition, the ethyl bonded phase allows more access 

to the silica surface because the attached R group is not long enough to stop analytes 

from diffusing into smaller pores. As the length of the alkyl chain increases to butyl, 

hexyl, octyl, and, finally, octadecyl an increasingly smaller portion of the silica surface 

is modified. However, the increased length of the alkyl chains can limit access to 

smaller pores (Figure 1.15), especially in the presence of an aqueous solution. 

Consequently, the polarity of an alkyl SPE sorbent is inversely proportional to the 

length of the alkyl chains. Since there is a range of different alkyl sorbents, there is 

also a range of selectivity from which to choose. 

1.53 Ion Exchange SPE Sorbents 

In addition to alkyl sorbents, ion exchange sorbents are frequently used to 

perform SPE. They can either be cationic or anionic, and the ion exchange moiety is 

usually attached to the silicon atom of the silane via a short alkyl chain. The relatively 

small size of ion exchange silanes allows them to diffuse into some of the smaller 

pores, so the surface coverage of ion exchange sorbents is generally not limited by the 

base silica. However, the nature of ion exchange silanes and the procedures used to 

fabricate these sorbents does have a significant impact on the structure of the resulting 

bonded phases. For example, the formation of an anion exchange sorbent is 

considerably different from that of a cation exchange sorbent. 



Figure 1.15 The influence of silica geometry on the surface 
coverage of a chemically modified silica sorbent 
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1.53.1 Anion Exchange SPE Sorbents 

The ionic species of anion exchange silane is a quaternary ammonium group. 

When such a silane is bonded to silica, it is the ionic group that governs the bonded 

phase structure and the surface coverage. Because anion exchange silanes are ionized 

during the bonding process, the individual silanes are repulsed from each other in 

solution. Therefore, the probability that silanes will form oligomers in solution, before 

reaching the silica surface is minimal. Also, the charged species hinders the formation 

of siloxane bonds between free silanes and those already attached to the surface. This 

behavior severely reduces the surface coverage of the sorbent, but the bonded phase 

that is formed is highly crosslinked and well anchored to the silica surface. 

1.5.3.2 Cation Exchange SPE Sor bents 

In contrast to anion exchange sorbents, cation exchanges sorbents are not 

usually synthesized using ionic silanes. Unfortunately, the typical cation exchange 

groups, sulfonic and carboxylic acids, react very energetically with trifunctional 

silanes. For this reason, neutral silanes, that can be oxidized or sulfonated, are used to 

create precursor sorbents. After the initial modification process has been completed, 

the precursor sorbent can be treated with the appropriate reagents to produce the 

desired acids. The solutions used to perform this post-modification process are often 

quite acidic, and cause siloxane bonds to be broken. The bonds that are severed during 

this process include bonds between silanes and the silica surface, so post-modification 

can noticeably reduce the surface coverage. Since the siloxane bonds of highly 
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interconnected silanes are more resistant to acid attack, the remaining bonded phase 

assumes a structure that is similar to those of anion exchange sorbents. 

1.6 STATEMENT OF PURPOSE 

This study was undertaken in order to investigate how the structure of a 

chemically modified silica sorbent affects its ability to selectively retain analytes. First, 

alkyl sorbents were analyzed using CP/MAS NMR spectroscopy to investigate the 

relationship between the porosity of silica and the surface coverage and arrangement of 

the resulting sorbent. Chromatographic studies were then employed to study the 

distribution of alkyl species as well as the uiu-eacted silanols. These experiments were 

further extended to ion exchange sorbents to determine the affects of charged silanes 

and post-modification procedures. Finally, solid phase extractions were performed to 

demonstrate how the contributions of alkyl and ionic sf)ecies determine the selectivity 

of a sorbent. The knowledge gained from these studies is beneficial as an aid in the 

development of chromatographic and extraction methods, but it can also be applied to 

other systems. In addition to silica, there are many other porous supports that are used 

for both practical and experimental purposes. The information contained herein can be 

used to describe the behavior of these media; heterogeneous catalysts being the most 

obvious example. Furthermore, there has recently been much interest in the use of 

polymeric resins for solid phase extraction. Since these materials are porous, the 

diffusion of analytes, or molecules used for chemical modification, throughout 

polymeric sorbents can also be modeled. There are many other uses for porous 
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materials besides these examples, but it can be seen that the study of HPLC and SPE 

sorbents provides general information about porous media. 
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CHAPTER 2 

®Si CP/MAS NMR INVESTIGATIONS OF 

ALKYL MODIFIED SILICA SORBENTS 

2.1 INTRODUCTION 

The majority of chromatographic and solid phase extraction supports are silica-

based sorbents that have been modified using siloxane chemistry. Typically mono- or 

trifunctional silanes are bonded to irregularly shaped, porous silica particles. Because 

of the heterogeneous nature of these particles, only a fraction of the available silanols is 

reacted and the bonded phase can exist in many conformations. Silanol activity and 

bonded phase structure both contribute to the behavior of a modified silica sorbent. 

Silanol groups exist on the surface of all modified silica sorbents and can 

significantly affect chromatographic behavior. When a separation or extraction has 

been optimized to take advantage of hydrophobic forces between analyte and bonded 

phase the presence of hydrophilic silanols can sustain unwanted secondary interactions. 

In order to minimize these effects, silylating reagents, such as trimethylchlorosilane, 

can be reacted with the sorbent to reduce the number of silanols, endcapping the 

surface. In addition to improving chromatographic performance, endcapping reagents 

can be used as probes in NMR investigations of bonded phases. NMR spectra of 
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endcapped sorbents provide information about the surface coverage of the bonded 

phase, as well as its structure. 

Numerous bonded phases can be synthesized due to the wide variety of available 

silanes and silica materials. Therefore it would be advantageous to understand how 

changes in silane ftmctionality and silica topography affect the nature of bonded 

phases. To study these effects, silicas with different dimensions must be analyzed. 

CP/MAS NMR spectra can be recorded and used to determine the effect of each 

parameter on bonded phases. Endcapped sorbents can then be analyzed to provide 

additional information. 

2.2 EXPERIMENTAL 

2.2.1 Materials 

The solid phase extraction sorbents used in this study were 1ST ISOLUTE C2, 

C4, C6, C8, CI8, both uncapped and endcapped (International Sorbent Technology, 

Wales, UK). Apex and Hypersil HPLC sorbents were obtained from Jones 

Chromatography, Ltd. (Wales, UK). The siloxane polymer was synthesized using 

trimethoxysilylpropylamine (Petrarch). Endcapping reactions were performed using 

trimethylsilylimidazole (Aldrich) and toluene (Mallinkrodt). 

2.2.2 Endcapping Reactions 

1ST ISOLUTE C4 and C6 sorbents were suspended in a solution of 33 % 

trimethylsilylimidazole in toluene and stirred at 50 C ovemight. The excess solvent 

O 
was then filtered off using a glass frit and dried for 15 minutes at 160 C. 
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2.23 Apparatus 

CP/MAS NMR spectra were acquired using a Bruker MSL-200 

O 
spectrometer (Karlsruhe, Germany) using a 9 usee proton 90 pulse, a 2.5 msec contact 

time, and a delay of 2 sec. Approximately 200-350 mg samples were loaded into 

zirconia rotors and spun at rates of 2.7-3.5 kHz. Trimethylsilyl pentane sulfonic acid 

(Aldrich) was used as an external reference. 

23 ®Si NMR SPECTROSCOPY OF SILICA 

Before attempting an analysis of a series of chemically modified silica sorbents, 

it is necessary to first analyze the base solid support since there are various types of 

silica that can be used for this purpose. The majority of the differences among these 

silicas are comprised of their physical differences but there are some chemical 

differences as well. Probably the most important physical parameters are particle size 

and pore diameter because they determine the available and overall surface areas of the 

material to be modified. For a given pore size and particle size there is a limit to the 

number of pores that can be present which will maintain the structural integrity of the 

particle. Therefore the combination of these parameters along with the structural 

constraints will determine the surface area of the silica sorbent. Equally important is 

the distribution of pores sizes within a batch of silica. If the distribution of pore sizes is 

fairly uniform and the average size is large then almost all of the surface area will be 

accessible to either silane used to modify the surface or analytes that will partition 

between mobile and stationary phases. However most silica samples have dimensions 

which are very irregular which can be seen in Figure 2.1. Because of these varying 



Figure 2.1 Electron micrograph of silica particles used to 
make modified sorbents for solid phase extraction 
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dimensions most scrbents are made using silicas that have a non-uniform distribution 

of pore sizes. 

The pore size distnbution of many silicas is quite broad which can have great 

consequences for chemical modification and subsequent extractions or 

chromatographic experiments. If the pores are large relative to the size of the silanes 

used for modification or analytes then the effective surface area will be close to the 

actual surface area. In reality this is rarely the case and most pore size distributions are 

quite broad as can be seen in the example distribution (Figure 2.2). The presence of 

many small pores has definite consequences for the performance of a silica sorbent. 

First during the modification process silanes must be able to diffuse into the pores, then 

bond, in order to create a uniform bonded phase. When the size of the silane used to 

modify the surface exceeds the size of a significant portion of the pores only a fraction 

of the total surface area will be affected, creating a heterogeneous sorbent Some parts 

of the sorbent will be modified to contain a region of a certain fxmctionality, commonly 

alkyl chains, whereas there will be a portion of the silica that will be unaffected by the 

chemical modification. The behavior of the unmodified region of the sorbent will be 

governed by the acid-base properties of the silica, which may be much different than 

the modified portion of the surface. The differences in interaction energy between the 

two sites may or may not effect chromatographic experiments depending on the size of 

the analyte being investigated. If the size of the analyte is sufficiently large it will not 

be able to diffuse into the smaller micropores and thus will only interact with that part 

of the silica surface that has been modified. In order to optimize the utilization of 
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sorbents it would be advantageous to study the structure of bonded phases as well as 

the chemical nature of the sorbent as a whole. 

One technique that is available to study the structure of a chemically modified 

silica sorbent is solid state ^'Si NMR. It has the advantage of being a surface technique 

because the majority of the magnetization that is measured is comprised of either 

surface silanols or the Si atoms in the silyl polymer backbone. This is the case because 

of the transfer of magnetization from 'H nuclei to ^^Si nuclei during cross-polarization. 

Since magnetization is transferred through space during cross-polarization only those 

^'Si nuclei within ~5 A of a 'H nucleus will receive a significant amount of 

magnetization. Therefore only isolated ^'Si atoms in great abundance or those "^Si 

atoms near hydrogen atoms, such as silanols or Si atoms in the bonded phase, which 

are either bonded to hydroxyl groups or are in close proximity to the CH containing R 

group of the silane, will be appreciably and accurately measured. "'Si atoms contained 

in the bulk silica appear in an NMR spectrum because the majority of Si atoms are in 

the bulk and the 5.1 % abundance of ^'Si ensures that the inherent magnetization of "^Si 

will be detected. 

Figure 2.3 contains examples of the types of silicon atoms that are commonly 

found at the silica surface. As mentioned before, bulk silica makes up the majority of a 

silica particle whereas the surface is comprised of vicinal silanols, which have three 

silyl ether bonds to the bulk and one attached to a hydroxyl group, and geminal silanols 

that are bonded to two hydroxyl groups. Also Figure 2.3 includes a representation of a 

^'Si CP/MAS NMR spectrum and the assignments of the peaks for the three types of Si 
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atoms found in silica. The three peaks, which have two, three, or four silyl ether 

linkages, have been labeled Q^, Q^, and Q"* to be consistent with the literature [107], It 

should be noted that the intensities and areas of the three peaks caimot be compared 

directly because of the way that the magnetization responsible for each peak has been 

generated. Because of the cross-polarization process those "'Si atoms that are closer to 

hydrogen atoms will have a greater intensity when detected. Since geminal silanols are 

in close proximity to two hydrogen atoms, as compared to one for vicinal silanols and 

none for bulk silica, the size of the Q" peak will be over represented relative to the 

and Q"* peaks. Also it is interesting to note that the silanol peak is larger than the 

bulk silica peak since there are many more bulk "'Si atoms than those that are on the 

surface. This also is a result of cross-polarization and must be taken into consideration 

before any conclusions are drawn using subsequent spectra of chemically modified 

silica. 

The intensities of the Q^, Q^, and Q"* peaks can however be used in a qualitative 

way to identify the presence of certain moieties or to make comparisons between 

sorbents whose NMR spectra have been recorded using the same acquisition 

parameters. For example, a spectrum of silica that is commonly used to make SPE 

extractions (Figure 2.4) confirms that this solid support has a measurable amount of 

geminal silanols (-92.5 ppm) as well as the expected vicinal silanol (-102.6 ppm) and 

bulk silica (-111.7 ppm) peaks. Comparison of this spectrum to others (Figures 2.5 and 

2.6) allows conclusions to be made only about the relative amounts of the different 

types of silanols. 
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Figure 2.5 ^asi CP/MAS spectrum of acid treated silica 



Figure 2.6 CP/MAS spectrum of silica 
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2.4 "Si NMR SPECTROSCOPY OF ALKYL MODIFIED SILICA USED FOR 

SOLID PHASE EXTRACTION 

2.4.1 Trifuactional Modification 

Silica has been widely used as a solid support for chromatography and solid 

phase extraction. Part of its widespread use is due to the ease of modification and the 

large variety of chemical available to produce many different types of sorbents. 

Trireactive, i.e. trifimctional, silanes, usually have chloro or alkoxy leaving groups and 

are often used for this modification, creating a polymerized bonded phase that has the 

prop)erties of the R group of the chosen silane. Some of the most common groups of 

sorbents are the alkyl modified sorbents ranging in length fi-om ethyl to octadecyl. The 

length of the alkyl group is chosen depending on the proposed use of the sorbent. 

Longer chain lengths, octyl and octadecyl, are often used to make HPLC sorbents while 

all commercially available alkyl sorbents, ethyl, butyl, hexyl, octyl, and octadecyl, are 

used in the SPE format. The main differences between SPE and HPLC sorbents is that 

larger particles (~ 50 jam average diameter) with a smaller average pore size (-60 A) 

are used for SPE whereas HPLC particles are I-10 jim in diameter with common 

average pore sizes being either 120 or 300 A. The choice of which sorbent to use 

depends on the separation or extraction that one wishes to perform. 

Trifimctional silanes are extremely reactive in the presence of water forming 

oligomeric and polymeric silanes after being hydrolyzed. Because of this reactivity, 

great care must be taken when handling these compounds and reaction conditions must 

be controlled to reduce the amount of water present when chemically modifying a silica 
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sorbent To synthesize one of these sorbents, first silica, that has been dried in an oven 

to remove excess water, is suspended in a high boiling, aprotic solvent, such as toluene 

or ethylbenzene, that has been dried to remove as much water as possible. The mixture 

is then stirred creating a slurry to which is added the silane of choice. After reflux for 

several hours or days the silica is isolated by filtration and washed with appropriate 

solvents to remove any unreacted materials. Ideally the water molecules necessary to 

hydrolyze the silanes, which will then bond to silanol groups as well as other silanes, 

will be those that are strongly held to the silica surface by hydrogen bonds. If this is 

the case then siloxane oligomers and polymers will not form until the silanes have 

reached the surface region, allowing them to react directly with surface silanols or other 

silanes that have already been bonded to the surface. Unfortunately the precautions 

required to achieve this goal, distilling solvents and performing reactions under an inert 

atmosphere, are not cost effective so when most commercially available sorbents are 

bonded, reactions between silanes do take place in solution before they reach the 

surface. By taking this fact into consideration it is not difficult to understand that the 

bonded phase structure of commercial sorbents may be much different than the 

structure of a bonded phase synthesized under rigorous conditions or using 

monofunctional silanes. Fortunately, solid state NMR has proven itself to be a usefiil 

tool for the analysis of modified silica sorbents and can allow the distinction of 

sorbents made using different methods or conditions. 

When silanes react in solution, then attach to the silica surface they may form a 

structure similar to the one shown in Figure 2.7. There are different ways in which a 
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silane can react when the conditions are less than ideal, distributing silicon atoms in a 

wide variety of chemical environments. As seen in the figure, the relative chemical 

shifts of the silicon atoms in the bonded phase are largely determined by the number of 

silyl ether bonds to a particular atom. Silicon nuclei responsible for the peak (~ -67 

ppm) correspond to those silicon atoms that are bonded to three other silicon atoms 

through silyl ether linkages and an R group. An individual silane can either bond to 

two other silanes and a surface silanol (as shown in Figure 2.7) or to three other silanes. 

In either case the peak represents a silane that is in a very stable, crosslinked 

environment and is indicative of a stronger bonded phase that is more resistant to attack 

by acids or bases. Similar to the peak, the peak also represents silicon atoms that 

can be found in two different bonding arrangements. A silane within a siloxane 

network that is bonded to two other silicon atoms, one of which may be part of the 

surface, contains silicon nuclei that would contribute to the peak at -58 ppm. The T' 

peak is usually the largest signal in the spectrum of a silica sorbent and may represent a 

polymerized bonded phase that is highly crosslinked and stable. This is probably the 

case if a fairly large T^ peak is also present Such an orientation is illustrated in Figure 

2.8 and contains a number of doubly bonded silanes (T^) to provide the connections 

between siloxane chains to create a highly inter-linked two-dimensional polymer 

backbone as well as triply bonded silanes (T^), which are necessary to anchor the 

polymer to the silica surface at several points, providing stability. Such a surface 

would be very desirable and would be ideal because, if bonded to an irregular silica 

particle, it may be able to cover the physically heterogeneous silica surface as picture in 



Figure 2.8 Example of a highly crosslinked bonded phase 
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Figure 2.9. Unfortunately it is very difBcult to produce this type of bonded phase and 

in reality the results would probably be much different. 

When silanes react appreciably in solution and the resulting polymer network 

becomes larger it is reasonable to assume that will be difficult for the polymer to find a 

uniform portion of the silica surface that is sufficiently large to allow the siloxane 

backbone to attach all of its free silanols to the surface. As stated before, this is not a 

problem if these silanols exist in the interior, crosslinked portion of the bonded phase 

(T^ type bonding), but if it is not possible to attach the outer edges of the polymer to the 

surface, as seen in Figure 2.10 (a), then a third type of bonded phase silane is created 

and represented in the NMR spectrum by the T' peak. This type of bonding is 

unwanted because other silanes or siloxane oligomers may react with either of the two 

free silanol groups and polymerize vertical to produce structures like the one shown in 

Figure 2.10 (b). Vertical polymerization is detrimental to subsequent extraction or 

chromatographic experiments because the structure of the bonded phase may create a 

more heterogeneous sorbent for which it is difficult to develop methods or obtain 

reproducible results. A T' peak indicates that vertical polymerization is present for 

most sorbents which are not synthesized under extremely dry conditions. This is noted 

because a single silane that is able to reach and react with the silica surface without 

reacting with other silanes will produce a signal that appears at the same chemical shift. 

However the sorbents being studied are commercially available sorbents which are not 

prepared in inert atmospheres. Therefore in the following analyses of the data the 



Figure 2.9 Illustration of an ideal bonded phase 
attached to a heterogeneous silica surface 
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appearance of a peak at a chemical shift of ~ 48 ppm will be interpreted as evidence of 

vertical polymerization. 

The spectrum of a silica sorbent that has been modified with trifimctional 

silanes shows consistency in the spacing between peaks of the T and Q groups. It has 

been recorded in the literature that each addition silyl ether bond that is formed causes 

an upfield chemical shift of about 10 ppm. This piece of information is important to 

remember when interpreting the Q region of a sorbent. At first glance it can be seen 

that both the Q" and peaks of one of these spectra have been significantly decreased 

by the modification of the silica. This makes sense because as surface silanols are 

bonded to siloxane oligomers or polymers they form an additional siloxane bond, 

which shifts the chemical shift of the surface ^^Si nucleus 10 ppm. Therefore, when a 

geminal silanol reacts it becomes a free silanol and when a free silanol reactions it 

takes on the character of bulk silica. It is obvious from the example silica spectrum 

that there are far more vicinal silanols than geminal silanols so the decrease in the 

peak will be most dramatic. The Q"* peak can be used for comparison since the addition 

of a relatively small amount of Q"* type silicon atoms will not affect the total signal 

much, especially since their measured magnetization is lower due to their removal from 

the vicinity of proton magnetization. 

2.4.2 NMR Spectra of SPE Sorbents 

Figure 2.11 is the '^Si CP/MAS NMR spectrum of an ethyl (C2) modified silica 

sorbent which shows the peaks characteristic of trifianctionally modified silica. The T' 

peak indicates that the bonded phase exhibits vertical polymerization, but that the 



Figure 2.11 CP/MAS spectrum of ethyl modified silica 
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majority of the bonded phase is comprised of crosslinked silanes as evidenced by the 

dominant peak and the peak. Although the area of the peak only appears to be 

slightly larger than the T' peak, it represents more nuclei due to the cross-polarization 

effect. The sources of hydrogen magnetization for T' type nuclei are the two attached 

hydroxyl groups and the alkyl group whereas T' type nuclei have only the alkyl group 

from which to draw magnetization. The pattern of the peaks between -48 and -67 

ppm would seem to describe a bonded phase which is comprised primarily of long 

siloxane chains, giving rise to the large T^ peak, that are attached to the surface at 

various points leaving some portion of the polymer to exist in a vertically polymerized 

state. The Q peaks appear as one would expect. Both silanol peaks are reduced, but 

neither is completely eliminated by bonding. The small geminal peak is evidence that 

there are some geminal silanois, which are the more reactive species, that are most 

likely inaccessible to the silanes, either because they are located in small micropores or 

in the interior of the bulk silica. A large reduction of the silanol peak can also be seen 

and is more apparent if a comparison to the same peaks in Figure 2.4 is made. It is 

noteworthy that even after modification with a small silane that should be able to 

explore a large portion of the surface area there is still a significant number of silanois 

present. Because there still are many silanois present, how the bonded phase and the 

silanois are distributed will strongly contribute to the chromatographic behavior of the 

sorbent. 

Butyl (C4) modified silica (Figure 2.12) has the same general appearance as the 

ethyl sorbent, but there are some differences. First the T' peak indicates that there is a 



Figure 2.12 CP/MAS spectrum of butyl modified silica 
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slightly higher degree of vertical polymerization which would not be expected because 

the difference in length between a butyl and an ethyl silane is fairly small. Also the 

number of silanols that have been bonded seems to be larger which is also not 

consistent with expectations. It is possible that more water was present in the solvent 

used to prepare the sorbent causing more solution polymerization and allowed more 

silanes to bond to the surface. This is probably not a satisfactory explanation since the 

surface coverage of the C2 sorbent is significantly greater than that of the C4 sorbent. 

The difference may be due to the differences in the base silica. However, the geminal 

silanol peak is greatly diminished in both spectra, which is consistent with the behavior 

of a highly reactive species. 

The influence of a "wet" solvent can most easily be seen in the spectrum of 

hexyl (C6) modified silica (Figure 2.13). One would expect this spectrum to be similar 

to the C4 spectrum but it is obvious that there is a significantly lower amount of 

crosslinking and a high degree of vertical polymerization as evidenced by the unusually 

large T' peak. The dominance of the T region of the spectrum by the T' and T" peaks 

suggests that the C6 bonded phase is primarily comprised of long siloxane oligomers 

that are only attached to the silica surface at relatively few sites. Also the silanol 

peak is larger in this spectrum which supports the conclusion that there are fewer 

attachments to the silica surface. Finally the slight increase in the Q' geminal silanol 

peak is further support for this hypothesis. When first inspected, it may be proposed 

that the additional length of the hexyl silane, because of the porosity of the silica, has 
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caused this dramatic change in the bonded phase. However, this idea is not 

substantiated upon comparison with an octyl (C8) modified sorbent. 

The C8 sorbent (Figure 2.14) retains the appearance of the C2 sorbent in the 

siloxane (T) region. A cursory inspection of the spectrum would lead to the same 

conclusions that were drawn about the C2 sorbent. The only noticeable difference is 

observed in the Q region of the spectrum where the intensities of the silanol peaks are 

different. The intensities of the and peaks are larger for the C8 sorbent indicating 

that a smaller fraction of the silica surface has been affected by the bonding process. 

This result seems reasonable because the additional six methylene units of the octyl 

silane add sufficient length to the silane as to make a greater portion of the silica 

surface physically inaccessible. Because the C8 spectrum is different than both the C4 

and C6 spectra and most closely resembles the C2 spectrum it seems plausible to 

conclude that the C2 and C8 phases are more representative. 

The last widely available sorbent is octadecyl (CI8) modified silica. Because 

the length of a CI 8 silane is much longer than even a C8 silane it is not surprising that 

the appearance of its spectrum (Figure 2.15) is different. In comparison to the other 

spectra, the T region of the C18 spectra shows an increase in vertical polymerization 

relative to the C2, C4, and C8 sorbents, but not as much as is evident in the C6 sorbent. 

It is possible that the structure of the CI 8 bonded phase is not a result of excess water 

in the reaction solvent, but is more influenced by the length of the alkyl chain. This 

could be the case because the length of the alkyl chain may allow the individual silanes 

to aggregate in solution, forming oligomers or polymers. When these species diffuse to 
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Figure 2.14 CP/MAS spectrum of octyl modified silica 



Figure 2.15 ^ssi CP/MAS spectrum of octadecyl modified silica 



97 

the silica surface they will be excluded from many more pores than would the other 

silanes. Also individual CI8 silanes can interact with alkyi chains that have already 

bonded to the surface causing increased vertical polymerization. Because of these 

effects the surface coverage of the C18 sorbent is less than the other alkyl sorbents 

which can be seen most clearly when the geminal silanol peak is investigated. The 

geminal silanol peak (Q') is most prominent for this sorbent and the CI 8 sorbent is the 

only sorbent that has a Q' peak that is greater than the peak. Therefore it is apparent 

that the size of the silane does alter the way in which a bonded phase is formed on a 

particular type of silica sorbent. 

Although some conclusions can be drawn from the spectra discussed above they 

do not provide enough information to completely describe the structure of a bonded 

phase or its orientation on the silica surface. Figure 2.16 illustrates how two different 

structures can contain nuclei in the same chemical environments. Because of the 

similarities of the environments these two structures would produce the same NMR 

spectra, even though their chromatographic behavior would be quite different from 

each other. The separation or extraction of analytes that can interact strongly wdth the 

silica surface, i.e. polar or ionizable compounds, will be dependent on the accessibility 

of surface silanols, which are governed by their acid-base properties. A silanol has a 

pBCa ranging from 3.5-5.5 so the pH will definitely have an effect on the retention of 

certain molecules. If a proposed extraction mechanism is based on the van der Waals 

forces between a non-polar analyte and the alkyl chains of the bonded phase the 

accessibility of silanols may promote unwanted ionic (Figure 2.17) and dipole-dipole 
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(Figure 2.18) interactions. Structure 1 of Figure 2.16 would allow these undesirable 

interactions whereas the siloxane backbone of the bonded phase in structure 2 would 

block access to the silanols. Because of the inadequacy of the data presented to this 

point it is important to obtain more information about the structure of the bonded phase 

so that a better understanding of the behavior of sorbents can be gained. 

2.5 "Si NMR SPECTROSCOPY OF ENDCAPPED ALKYL MODIFIED SPE 

SILICA 

2.5.1 Purpose and Results of Endcapping 

In order to minimize the deleterious effects of exposed silanols many silica 

sorbents are deactivated using a monofunctional silane. The monoftmctional silane is 

bonded to silanols that remain after the chemical modification with a trifunctional 

silane. The most common reagent is chlorotrimethylsilane, which reacts as shown in 

Figure 2.19, but other silanes with larger alkyi groups or different leaving groups are 

also commonly used. The process of deactivating the silica surface through chemical 

modification is referred to as endcapping and the resulting surface is said to be 

endcapped. In addition to improving the performance of sorbents endcapping has 

proven to be very useful as a probe of the surface region of a modified sorbent. 

When a small monofunctional silane is used to endcap the remaining silanols of 

a sorbent it has two possible points of attachment. It can either bond to a silanol on the 

silica surface or it may find an available silanol on the bonded phase. Examples of the 

products of these reactions are shown in Figure 2.20 as well as the resulting peaks that 

appear in a typical spectrum. Although the chemical environments of the ^^Si nuclei 



Figure 2.18 Example of secondary dipole-dipole interactions 
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are very similar for both cases there is enough of a difference to cause a slight 

difference in chemical shifts. This difference in chemical shifts makes endcapping a 

viable means of studying modified silica because the silane acts as a probe, which can 

distinguish between the bonded phase and the silica surface. 

The possible use of an endcapping reagent as a probe was realized after the 

acquisition of a spectrum of an endcapped ethyl sorbent (C2 EC) that is shown in 

Figure 2.21. Upon close inspection two separate resonances can be seen in the region 

of the spectrum where endcapping peaks have been assigned. There are many 

examples in the literature of silica sorbents that have been endcapped, but none of them 

has described or assigned more than one resonance in this region of the NMR spectra. 

To ensure that there were indeed two distinct peaks in the region centered around 10 

ppm, the spectrum of C2 EC was resolution enhanced. The resolution-enhanced 

spectrum (Figure 2.22) shows conclusively that there are two unique peaks indicating 

that there are two separate populations of nuclei arising from the endcapping process. 

The two chemical shifts were measured at ~11.5 ppm (M') and ~8 ppm (M' ) and were 

assigned after fiuther experiments were performed. 

Although the peak at -l 1.5 ppm could easily be assigned as a trimethylsilyl 

(TMS) group bonded to the silica surface because of its common occurrence in the 

literature, a spectrum of endcapped silica was acquired to confirm this. Figure 2.23 is a 

spectrum of endcapped silica, which does indeed have a peak at the proper chemical 

shift (11.8 ppm). In addition to the main peak there is a shoulder, which extends in the 

downfield direction. This is not surprising because it has been documented that the 



Figure 2.21 ^ssi CP/MAS spectrum of endcapped, ethyl modified silica 
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chemical shift of the TMS group can be shifted to a higher frequency when there is 

hydrogen bonding between the silyl ether oxygen atom and the hydrogen atom of a 

neighboring silanol. Since the surface coverage of TMS is relatively low as evidenced 

by the peaks in the Q region, one would expect some surface bound TMS to be in the 

right orientation for hydrogen bonding. This effect may also explain the slight 

difference in chemical shifts between the two spectra. 

To assign the polymer bound TMS peak a siloxane polymer was synthesized by 

adding water to a trifimctional silane with stirring. The water caused the silanes to 

polymerize, forming large, spongy particles. These particles were reacted with TMS-

Cl, which was added in excess to ensure that all available silanols would be endcapped. 

An NMR spectrum of the resulting endcapped polymer was acquired and is shown in 

Figure 2.24. This spectrum retains some of the same basic features as do the alkyl 

modified silica sorbents with the omission of the Q type peaks arising from the base 

silica. Because the polymer was much more flexible than a silica sorbent the line 

widths of the peaks are significantly more narrow. The three T type peaks found in the 

previous spectra are now regions containing one or more peaks. Another reason that 

the peaks are so narrow and allow different resonances to be distinguished is the fact 

that when identical silanes are reacted with each other there are far fewer possibilities 

for their arrangement. The pairs of peaks corresponding to T^ and T^ type nuclei 

appear at roughly the same chemical shift as is found in silica sorbent spectrum but the 

T' peak is located farther upfield. A lack of hydrogen bonding between the geminal 
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bonded phase silanols, which causes a downfield shift, explains why this peak is 

located at -51 ppm, as opposed to -48 ppm in a silica sorbent spectrum. 

The major endcapping resonance appears at 6.6 ppm, but there is a slight 

downfield shoulder. Although this chemical shift is different than the one found for the 

same structure in the bonded phase sorbent, the shift can be explained by the lack of 

hydrogen bonding to other silanols. Based on this information the M' peak in the 

spectra of endcapped sorbents has been assigned to TMS groups that have bonded to 

the px)lymer network. 

2.5.2 NMR Spectra of Endcapped SPE Sorbents 

Examination of the spectrum of C2 EC (Figure 2.21) reveals how the sorbent is 

changed by the addition of an endcapping agent. As described above the two 

endcapping peaks are present, but not at equal intensity. Since the local chemical 

environments of the nuclei that are responsible for these peaks are nearly identical, 

direct comparison of the intensities of these peaks is more acceptable than comparisons 

among T or Q type peaks. With this in mind it is apparent that the peak representative 

of bonded phase endcapping (M' ) is greater than the surface bound TMS peak (M'). 

This means that there are more accessible px)lymer silanols suggesting that the ethyl 

silane has done a good job of covering silanols at the silica surface. The easy 

accessibility of the bonded phase silanols can also inferred from the near elimination of 

the T' peak representative of vertical polymerization. If the bonded phase consisted of 

a lot of vertical polymerization then it is possible that the siloxane chains could orient 

themselves in such a way as to maximize interactions between silanols, thus 
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minimizing the possibility of reacting with a TMS group. However this type of 

behavior may explain the appearance of the spectra of the "wet" sorbents, C4 and C6. 

The suspicion that the C4 sorbent was synthesized in the presence of excess 

water is reinforced upon inspection of the spectrum or C4 EC (Figure 2.25). In contrast 

to C2 EC this spectrum shows that a significant number of bonded phase geminal 

silanols remain after treatment with TMS. This result is consistent with the proposed 

reaction conditions because a wet solvent would promote the creation of an extended 

polymer network, which would include long siloxane chains unattached to the silica 

surface. The size of such a structure would allow it to arrange itself in a variety of 

orientations some of which would promote intramolecular forces and hinder the types 

of interactions that would allow formation of siloxane bonds with the surface or small 

endcapping silanes. As for those silanols that are accessible there appears to be an 

equal number of surface and bonded phase silanols indicating that the C4 bonded phase 

did not cover as much of the surface as did the C2 bonded phase. This result may have 

been slightly influence by the small increase in length of the butyl silane but the 

excessive solution polymerization is more likely responsible for the difference. 

The spectrum of C6 EC (Figure 2.26) has many of the same features as the C4 

EC spectrum supporting the assumption that they made under similar conditions. 

Again the geminal bonded phase silanol peak is still fairly prominent indicating the 

inability of TMS to reach that part of the bonded phase. The only noticeable difference 

is that the T' peak is a little less intense which is very interesting considering that the 

intensity of the C6 T' peak was far more intense than the same peak in the C4 



Figure 2.25 ^ssi CP/MAS spectrum of endcapped, butyll modified silica 
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spectrum. This indicates that although the C6 phase exhibits a large amount of vertical 

polymerization a fair proportion of the bonded phase is accessible. Unlike the previous 

two spectra of endcapped sorbents, the C6 EC peaks are now in a ratio that favors 

surface bound endcapping. 

Figure 2.27 contains the spectrum of C8 EC, which at first glance has the same 

attributes as C2 EC. In both spectra the T' peak is almost eliminated, more so in the 

C2 EC however, and the relative intensities of the and peaks are almost the same. 

The T' peak of C8 EC is somewhat larger, but the main difference between the two 

sorbents can be ascertained from the M' peaks. In contrast to the C2 EC spectrum, in 

which the bonded phase endcapping peak (M*) is greater, the C8 EC spectrum contains 

a surface bound endcapping peak (M') that is clearly larger than its M' peak. Since it 

does not appear from the uncapped sorbents that these two sorbents were synthesized 

under dissimilar conditions, the differences in the M' region of the spectra must be due 

to the increased length of the silane used to create the octyl phase. 

If the conclusion drawn above is valid then a similar, but more pronounced, 

effect should be observed for sorbents created using silanes with longer alkyl chains. 

One such example is a spectrum of an endcapped CIS sorbent (Figure 2.28). In this 

spectrum the M' peak is no longer distinguishable as a separate entity, but is a small 

shoulder of the M' peak indicating that octadecyl silanes seem to have more trouble 

occupying the silica surface than do the other silanes. Also the T' and Q" peaks are 

larger and more well defined than the other, shorter alkyl chain sorbents, which may 



Figure 2.27 ^^S'\ CP/MAS spectrum of endcapped, octyl modified silica 



Figure 2.28 29Si CP/MAS spectrum of endcapped, octadecyl modified silica 
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indicate that the longer alkyl chains are able to obstruct endcapping molecules from 

reaching some of the bonded phase silanols. 

2.5J Comparison of Endcapped Alkyl ModiHed Silica Sorbents 

The differences between the various endcapped sorbents can easily be seen in 

Figure 2.29, which contains the endcapping regions for each sorbent. Clearly there is a 

relationship between alkyl chain length and the ratio of the M' peaks that favors 

polymer bound TMS at shorter lengths and surface bound TMS at longer lengths. This 

trend may be better understood when the heterogeneous, porous nature of silica is taken 

into account. 

The silica used to make SPE sorbents, as seen in an electron micrograph (Figure 

2.1), is very irregular and does not have a uniform distribution of pore sizes. Data 

acquired from the manufacturer show that the total internal volume of a silica particle is 

not distributed evenly among pores of different sizes (Figure 2.2). As stated earlier, the 

size of a particular pore only becomes relevant when it approaches the size of the si lane 

used to modify the silica. The lengths of the silanes used to make the alkyl modified 

sorbents were calculated using a molecular modeling program and are displayed in 

Figure 2.30 along with the corresponding minimized silane structure. A visual 

comparison of the silanes shows that there is an obvious difference between the CI8 

silane and the other silanes. The change in length among the shorter silanes is only the 

length of two methylene units between successive silanes. If the length of silanes is to 

have an effect on bonding one would predict a gradual change in the structures of 
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Figure 2.30 Lengths of energy minimized structures of 
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resulting bonded phases whereas the octadecyl silane is twice as long as the nearest 

silane, C8. 

This information becomes much more valuable when it is combined with the 

distribution of pores. When this is done (Figure 2.31) the relative fraction of the silica 

surface that is inaccessible to a certain silane can be estimated. There are very few 

pores that are equal to or less than the length of an ethyl silane (4.5 A) so it should be 

able to diffuse into almost all pores. As the length of the silane increases, the fraction 

of the silica surface that is inaccessible also increases, although not in a linear manner. 

Even though a higher percentage of the silica surface is excluded from the silane as the 

alkyl chain lengthens the difference between successive silanes is not enormous. 

However the area of the surface that is not available to the octadecyl silane is quite 

substantial and much greater than any of the other silanes. Therefore an ethyl silane 

would be able to create a bonded phase that covers the majority of the silica surface, 

including most of the smaller pores, while the same modification using an octadecyl 

silane would not be as effective, leaving many of the smaller pores unchanged by the 

process. 

A cartoon showing how these sorbents could differ is shown in Figure 2.32. If 

this picture is accurate then there should be a direct relationship between the size of the 

silane and the surface coverage. Figure 2.33 is a graphical representative of how 

different silanes are excluded from increasing amounts of the silica surface along with 

their corresponding surface coverages. Among the sorbents that were synthesized 

under "normal" conditions, C2, C8, and CI8, there is a definite decrease in surface area 
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Sorbent 71 Peak 72 Peak 73 Peak %71 %72 %73 % Crosslinked 
C2 11075.44 40219.75 15424.00 17 60 23 72 
C4 9782.55 23460.64 6414.38 25 59 16 68 
C6 13647.87 29416.19 6580.59 27 59 13 67 
C8 7212.54 28272.03 10139.14 16 62 22 71 
C18 11262.01 32498.74 10370.81 21 60 19 70 

Table 2.1 Decon volution results 
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as the size of the trifunctional silane increases. The other sorbents, C4 and C6, are 

anomalous because the size of the butyl and hexyl silanes was not the determining 

factor because of the apparent widespread solution polymerization. It is important to 

point out that the proposed explanation of the data holds only if solution 

polymerization is kept to a minimum. If there is a lot of bonding between silanes in 

solution and there is a significant formation of siloxane oligomers and polymers then 

the size of these aggregates will then determine which pores are inaccessible. Because 

this is believed to be the case for the C4 and C6 sorbents it is not surprising that the 

surface coverage of these sorbents is lower than expected. 

Fortunately there is a method of estimating the extent of crosslinking of a 

trifimctionally modified silica sorbent that has been published [120]. It involves 

calculating the weighted average of the peaks in the T region using the following 

formula: 

Extent of Crosslinking (%) = 1 2 T' (%) ~ 2 3 (%) ~ 7^ (%) (2.1) 

This approach makes sense because the sum is weighted towards the T^ an T^ 

peaks which represent silanes that have bonded to more than one other species. To 

calculate this sum it is first necessary to determine the individual peak areas, which 

cannot be done directly because of the peak overlap. Deconvolution of the T region of 

the alkyi sorbents was performed using Varian VNMR software and the results are 
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shoAvn in Table 2.1. Also shown in the figure is the extent of crosslinking calculated 

using Equation 2.1. 

The results of the calculation seem to reinforce the assumption that the C4 and 

C6 sorbents were synthesized under "wet" conditions. Whereas the C2, C8, and C18 

sorbents all have about the same extent of crosslinking, the C4 and C6 sorbents are less 

crosslinked because of their unusually large T' peaks. The size of these peaks suggests 

that there was sufficient water in the reaction solvent to promote significant bonding 

between silanes in solution prior to their interaction with the surface. Also the 

similarity of the C2 and C8 data rules out the possibility that the difference in chain 

length is responsible for the lesser degree of crosslinking. However, the C18 data 

describe a situation in which the chain length of a silane does have an effect on its 

bonding behavior. The T' peak in the CI8 spectrum represents a higher percentage of 

the total T region when compared to the C2 and C8 data, but not as much if compared 

to the C4 and C6 data. It is reasonable to assume that the C18 sorbent was not made in 

the presence of excess water because if it had been than the T' peak in its spectrum 

would have been much larger and comparable with the equivalent peaks in the C4 and 

C6 spectra. Also, significant polymerization of the CI 8 silanes would have resulted in 

polymers and oligomers that were too large to fit into almost all of the pores resulting 

in an extremely low surface coverage. It is more likely that the C18 sorbent was 

bonded under conditions similar to those used to make the C2 and C8 sorbents and that 

interactions among CI8 silanes and between free silanes and bonded silanes are 

responsible for the increased vertical polymerization. In either case the main factor 
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governing the surfece coverage of a sorbent is the porosity of the base silica, relative to 

the size of the silane used for its modification. 

2.5.4 Further Investigation of C4 and C6 

Because the conmiercial endcapping process did not alter C4 and C6 to the 

same extent as the other sorbents, a more thorough scheme was designed. 1ST 

ISOLD I t, C4 EC and C6 EC were immersed in a solution of 33% 

O 
trimethylsilylimidazole in toluene and stirred overnight at 50 C. This procedure 

endcapped many more of the bonded phase silanols as well as a much greater portion 

of the silica surface. 

The spectrum for the modified C4 sorbent in Figure 2.34 shows that the 

enhanced process was successful. The most obvious changes in the spectrum are a 

significant increase in the M' peaks and the corresponding decreases in the T', Q", and 

peaks. First, the M' peaks indicate that more TMS is bonded to the surface than to 

the C4 bonded phase. This is consistent with the unusually low surface coverage of 

this sorbent (2.4 ^mol/m") as compared to the slightly shorter C2 phase, which has a 

much higher surface coverage (3.5 |imol/m^). Also the size of the M'' peak is much 

larger than the same peak in the C2 EC, C8 EC, and CI8 EC spectra, indicating that the 

C4 bonded phase is much more available to the endcapping reagent. The accessibility 

of the bonded phase silanols is a consequence of vertical polymerization and a lack of 

bonding to the silica surface. However, the apparent solution polymerization of the 

butyl silanes has created a bonded phase that is not completely accessible to the 

trimethylsilyl compound. The incomplete elimination of the T' peak is evidence of 
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this, and suggests that the untethered bonded phase can arrange itself in such a way as 

to protect polymer silanols from reaction. In addition, it is clear that the silanols 

attached to T' type silicon atoms must be protected from attack, because the 

disappearance of the peak and the drastic reduction of the peak confirm the 

effectiveness of the endcapping process. Therefore the other peaks in the spectrum can 

be used to support the conclusion that the C4 sorbent does not consist of a well ordered 

bonded phase. 

After C6 EC has been more completely endcapped its spectrum (Figure 2.35) 

contains the same features as the C4 EC spectrum. The slight differences between the 

spectra are most easily identified by focusing on the M' and peaks. C6 appears to 

be a more disordered sorbent than C4 because there are more unattached portions of the 

bonded phase. This can be deduced when one realizes that the M*' peak is larger than 

the M' peak. Assuming that the size of the M' peak is similar in both spectra, the 

increase in the M'' peak means that there are more accessible bonded phase silanols. 

Since C4 and C6 have almost equal surface coverages, the increase in these silanols can 

only be accomplished if the C6 bonded phase is crosslinked to a lesser degree. This 

conclusion is not hard to accept considering the excessive size of the T' peak in the 

spectrum of the uncapped C6 sorbent. The additional data acquired after a second 

endcapping process has proven useful, and has aided in the identification of two non

uniform sorbents. 
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2.6 ^SI NMR SPECTROSCOPY OF ALKYL MODIFIED HPLC SILICA 

2.6.1 Uncapped Sorbents 

As mentioned above, the main differences between HPLC silica and SPE silica 

is that HPLC silica particles are much smaller and have larger average pore sizes. 

Since a C18 silane has the most difficulty diffusing into smaller pores,  spectra of CI8 

HPLC sorbents were acquired in order to further test the supposition that porosity plays 

a major role in the bonding process. 

Figures 2.36 and 2.37 are spectra of Apex C18 and Hypersil CIS sorbents, 

respectively. In both spectra the silanol peaks are much less intense than are the same 

peaks in the CI8 SPE sorbent (Figure 2.15) which indicates that the silica surface is 

much more accessible to the CI8 silanes. This result is to be expected because the 

average pore sizes of these sorbents (listed in Table 2.2) are much larger than the 

average pore size of the SPE sorbent. The differences between the Apex and Hypersil 

spectra are actually beneficial because the Apex sorbent has a lot more vertical 

polymerization allowing a comparison to be made among the HPLC sorbents. At this 

point the fact that the Q peaks in both of these spectra are roughly identical leads to the 

conclusion that the pores of these sorbents are large enough to acconmiodate larger 

aggregates of silanes. Unfortunately how the bonded phases of these sorbents, which 

appear to have varied structures, are arranged on the silica surface carmot be 

determined without additional information. 
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Sorbent Nominal Average Pore Diameter (A) Surface Area (m'^/g) 
ISTIS0LUTEC18 65 514 

Apex C18 116 154 
Hypersil C18 127 174 

Table 2.2 Dimensions of octadecyl sorbents 
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2.6.2 Endcapped Sorbents 

After spectra (Figures 2.38 and 2.39) of the endcapped Apex and Hypersil 

sorbents were acquired, surprisingly, it was discovered that they each contained the 

same features. In each case the T' peak is almost completely absent and the more 

prominent portion of the endcapping peak is found at the chemical shift of polymer 

bound endcapping agent. These two pieces of information both point to the conclusion 

that the bonded phase silanols are much more accessible than the surface silanols. 

Perhaps the pores of these sorbents allow the silanes to cover most of the surface thus 

eliminating access to the surface. Also inspection of the and T' peaks reveals that 

both bonded phases consist of long siloxane chains, regardless of the amount of vertical 

polymerization present in the uncapped sorbent. This conclusion has been drawn 

because in both spectra the T^ peak is greater than or equal to the T^ peak which is only 

possible if there are a large number of accessible T" type silanols. These silanols would 

be available if the silanes reacted with each other to form long siloxane chains, which 

may or may not be attached to the surface at many points. Fewer attachments would 

produce a vertically polymerized phase like Apex CI8 while attachment of the ends of 

these chains would produce a spectrum like Hypersil C18. In both cases the results are 

most probably due to the increased size of the average pore. The information gained 

from SPE and HPLC CI8 sorbents shows that wider pore silica is better able to 

accommodate larger silanes and cover the silica surface. 



Figure 2.38 29Sj CP/MAS spectrum of endcapped Apex octadecyl modified silica 
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2.7 CONCLUSION 

"'Si CP/MAS NMR has proven to be a useful tool for the elucidation of bonded 

phase structure and the effects of porosity. Although important information was gained 

from the spectra of the uncapped sorbents, it was the addition of an endcapping 

compound that allowed a fuller understanding of these sorbents to be obtained. Such 

knowledge of the bonded phase was only made possible by the fact that the chemical 

shifts of TMS bonded to the surface and to the bonded phase are slightly different, 

which permits the researcher to distinguish between them. Analysis of the endcapping 

peaks, as well as the remaining bonded phase peaks, lead to the conclusion that the 

surface coverage of a particular sorbent depends on the porosity of the base silica and 

the size of the silane used to modify it. As the size of the silane increases it can diffuse 

into fewer pores, limiting the effective surface area of the sorbent. If the average pore 

diameter is sufficient then even large silanes can be accommodated as was seen for the 

HPLC silica sorbents. 
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CHAPTERS 

CHROMATOGRAPHIC INVESTIGATIONS OF 

ALKYL MODIFIED SILICA SORBENTS 

3.1 INTRODUCTION 

As has been demonstrated in the literature [7,16,17,121-127], spectroscopy can 

be used to find out a great deal about chemically modified silica sorbents. This is 

especially true when using solid state NMR, which has been used to study the surface 

coverage [105,106], crosslinking [128-130], stability [131-133], and mobility [93-96]. 

However, the distribution of silanes on the surface, which will greatly influence the 

performance of a sorbent, cannot be directly studied by spectroscopic methods. 

Therefore, sorbents must be tested in ways that are similar to those in which they will 

be used. Since silica sorbents are routinely used for chromatographic experiments, it 

makes sense to study them under the conditions of an HPLC experiment. 

The advantage of a chromatographic experiment is that it can be designed to 

probe not only the bonded phase but the unmodified silica surface as well. "'Si solid 

state NMR data, as reported in Chapter 2, can be used to hypothesize how silanes react 

with each other and then the surface to create a sorbent, but it is only enough 

information to describe how well the silanes are crosslinked and to explain how the 

porosity of the silica affects surface coverage. Unfortimately, it cannot be used to 
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determine how these species are arranged relative to each other and the remaining 

silanols. This distribution of bonded phase species can have a profound affect on 

retention behavior [134-139]. For example, a dense arrangement of siloxane moieties 

would prohibit molecules from interacting with the underlying silica surface [104] 

whereas a less densely bonded sorbent mi^t have gaps between adjacent siloxane 

polymers or oligomers, containing silanols [140]. The differences between these two 

types of sorbents may not be noticeable if the analytes of interest do not interact 

appreciably with silanols, but many molecules have this capacity, so a chromatographic 

investigation is warranted. 

To adequately investigate a bonded phase, molecules that can interact with both 

the R groups of the bonded phase and surface silanols must be chosen. This is 

necessary because if different retention mechanisms are available they will affect the 

separation or extraction of any analyte containing these functionalities. Therefore, the 

contribution of each type of interaction must be understood in order to characterize the 

sorbent accurately. Fortunately, chromatographic experiments can be designed to study 

the interactions separately or in combination once the appropriate probe molecules 

have been chosen. 

3.2 EXPERIMENTAL 

3.2.1 Apparatus 

Chromatographic experiments were performed on a Thermo Separation 

Products liquid chromatograph using a Spectra Physics autosampler and a UV3000 
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ultraviolet detector. The spectroscopic data was collected and processed using PC 1000 

software. 

3.2.2 Reagents and Procedures 

A 20 mL sample loop was used for all experiments, which were performed at 

room temperature. Reversed phase experiments were run at 0.5 and 1 mL/min using a 

mobile phase consisting of 60% isopropanol (Burdick & Jackson) and 40% MilliQ 

water (Millipore). Normal phase experiments were performed using a mixture of 

92.5/5/2.5 hexane/ethyl acetate/isopropanol (Burdick & Jackson). The columns used 

were provided by International Sorbent Technology (Hengoed, Wales) and packed with 

1ST ISOLUTE solid phase extraction sorbents. Table 3.1 contains a list of the sorbents 

used and other column parameters. 

3 J RESULTS AND DISCUSSION 

3.3.1 Reversed Phase Experiments Using Uncapped Alkyt Sorbents 

Ethylbenzene, phenol, and aniline were chosen as probe molecules so that the 

different types of retention mechanisms could be investigated. As stated earlier, when 

silica is modified with a triflmctional, alkyl silane the process is incomplete leaving a 

sorbent that has a mixture of alkyl chains and silanols. Because of its non-polar nature, 

ethylbenzene would be expected to associate with the stationary phase, when the 

mobile phase is polar, and can be used to determine how van der Waals forces 

contribute to retention. Phenol and aniline were chosen to study the how hydrogen 

bonding contributes to retention because they both have the ability to hydrogen bond, 

but to differing degrees. 



Sorbent Column Lenath (cm) Supolier Sorbent Column Lenath (cm) 
C2 10 1ST C2 EC 10 
C4 10 1ST C4 EC 10 
C6 10 1ST C6 EC 10 
C8 25 1ST C8 EC 25 
C18 25 1ST C18EC 25 

Table 3.1 Columns used for chromatographic experiments 
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33.1.1 Reversed Phase Retention Behavior 

To provide an accurate comparison among the data, absolute retention values 

was not used, but rather capacity factors were calculated. The capacity factor of a 

particular analyte is defined by the following equation; 

Capacity factor (k') = (Vr - V<^t)/ Vyi (3.1) 

Where Vr and Vm retain the same meaning explained in Chapter I. Knowing that flow 

rate = V/t, the above equation can be written in terms of time if the experiment is run at 

a constant flow rate: 

k' = (tR-to)'to (3.2) 

where Ir is the retention time and to is the time required for an unretained species to 

pass through the column. A capacity factor can be thought of as the number of column 

volumes necessary to elute a compound. After all of the probe molecules were run on 

the alkyl sorbents described in Chapter 2 using a mobile phase consisting of 60% 

isopropanol, 40% water, k' values were calculated and are summarized in Table 3.2. 

Upon first glance, it does appear that there is a relationship between alkyl chain 

length and retention, but it is not obvious or consistent for each of the analytes. Also, 

alkyl chain length should not be considered as a sole factor because of the surface 

coverage differences that were discussed in Chapter 2. This is important to remember 

because according to equation 1.1 the stationary phase volume, which is directly related 

to surface coverage, contributes to the overall retention volume. It has been reported 

elsewhere [141] that retention increases with increasing carbon content. The variations 



Capacity factor (k') Capacity factor (k') Capacity factor (k') 
Sorbent Ethvlbenzene Phenol Aniline 

C2 1.02 ±0.02 0.767 ±0.004 1.0±0.1 
C4 1.35 ±0.01 1.000 ±0.009 1.41 ±0.03 
C6 1.739 ±0.001 0.876 ±0.003 1.828 ±0.003 
C8 3.84 ±0.04 1.08 ±0.01 1.7 ±0.3 
C18 2.84 ± 0.02 0.460 ± 0.005 1.372 ±0.002 

Table 3.2 Capacity factors for analytes chromatographed 
under reversed phase conditions - Uncapped sorbents 

5 
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in retention among the sorbents and the analytes can be easier viewed and analyzed 

when presented in graphical form as in Figure 3.1. 

33.1.1.1 Retention of Ethylbenzene 

It can be seen from Figure 3.1 that the retention of a hydrophobic compound 

increases with increasing alkyi chain length, as would be expected. The most apparent 

discrepancy in this trend is between C8 and CI8. One would expect that an octadecyl 

chain would offer ethylbenzene a much higher probability of interaction, especially 

since CIS occupies a greater volume than does an octyl chain. To explain the 

difference in retention the surface coverage of the sorbents must be taken into 

consideration. When the 2.5 jimol/m^ surface coverage of C8 is compared to the 1.6 

nmol/m^ of CI8, the two capacity factors make much more sense. Because of the 

greater surface coverage, the C8 sorbent has a larger stationary phase volume, which 

does contribute to increased retention. For this difference in retention to be directly 

related to the added stationary phase volume, the partition coefficients of the two 

sorbents must be relatively equal or only part of the C18 stationary phase volume is 

accessible. Experiments have been performed that lend support to the latter possibility 

and state that, depending on the mobile phase composition, different types of molecules 

are retained at different points in the inter-chain space of a C18 bonded phase [142-

148], 

As for the other sorbents, there seems to be a direct relationship between alkyl 

chain length and capacity factor. Even though the surface coverage of the C2 sorbent is 

greater than all of the other sorbents, it has the lowest capacity factor, indicating that 



Sorbent Type vs. Capacity Factor 
Ethylbenzene 

C2 C4 C6 C8 C18 
Sorbent Type 

Figure 3.1 Retention of ethylbenzene by alkyl 
modified sorbents under reversed phase conditions 
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the length of the alkyl chain has a significant affect on KL The intermediate sorbents, 

C4, C6, and C8, all have comparable surface coverages, so the differences in retention 

among these sorbents can be attributed to an increase in partition coefficient caused by 

increasing alkyl chain length. 

3.3.1.1.2 Retention of Phenol 

A similar trend cannot be identified when phenol is used as the probe molecule 

(Figure 3.2). It is apparent that phenol is not retained well by any of the sorbents, in 

particular CI8. This is probably the case because phenol is the most polar of the 

probes and therefore has the highest affinity for the mobile phase. It should be noted 

that the extremely low retention on the CI8 phase might indicate that hydrogen 

bonding makes a significant contribution to retention. The spectroscopic data 

presented earlier suggested that the long CI8 chains prevent access to the smaller, 

unmodified pores that contain the silanols necessary for dipole-dipole interactions. The 

chromatographic data supports this explanation, especially since all of the other 

sorbents show similar capacity factors. There does seem to be a relationship between 

the length of the alkyl chain used to modify the surface and the accessibility of the 

silica surface, but the use of the stronger hydrogen bonding probe, aniline, should be a 

better indicator of this. 

3.3.1.1.3 Retention of Aniline 

A brief examination of Figure 3.3 reveals that aniline is better retained than 

phenol, but not as well as ethylbenzene. This is not surprising because aniline is less 

polar than phenol, but more polar than ethylbenzene, which results in K values that are 



Sorbent Type vs. Capacity Factor 
Phenol 

C6 
Sorbent Type 

Figure 3.2 Retention of phenol by alky! modified 
sorbents under reversed phase conditions 
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Sorbent Type vs. Capacity Factor 
Aniline 

C2 C4 C6 C8 C18 
Sorbent Type 

Figure 3.3 Retention of aniline by alkyI modified 
sorbents under reversed phase conditions 
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intermediate to the other analytes. Also the retention of anihne appears to be affected 

by the accessibility of hydrogen bonding sites. In contrast to phenol, aniline achieves 

maximum retention on the C6 sorbent indicating that the interaction with surface 

silanols may be more important than van der Waals forces. Again the argument that 

longer alkyi chains limit access to surface silanols can be used to explain the data. The 

near equality of the capacity factors of the C4 and CI8 sorbents indicate that both 

retention mechanisms are important to retention, but retention on C2 prevents one from 

stating that the dipole-dipole interaction is the dominant force. The best comparison 

that can be made is between C6 and C8, which have the same surface coverage and 

differ only by two methylene units. Based on previous data it would have been 

expected that C8 would retain aniline stronger, but the fact that the capacity factor is 

larger when the C6 sorbent is used suggests that the hydrogen bonding contribution to 

retention may be slightly more important for aniline. 

3^.1.1.4 Comparison of Retention Behavior 

The differences in retention of the analytes can best be seen in Figure 3.4 where 

the data may be compared directly. Initially there is an increase in retention of all 

probe molecules as the alkyl chain of the sorbent grows longer. The only exception to 

this trend is the capacity factor for phenol when it is run on a C6 column. Perhaps the 

excessive polymerization that was indicated by the NMR study has significantly 

reduced the number of accessible silanols causing a reduction in hydrogen bonding. 

This effect does not appear to be consistent with the aniline data, but the effect would 

not be expected to be as great because aniline forms stronger hydrogen bonds and 
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would not need the same number of silanols to achieve similar retention behavior. If 

this result is indeed anomalous then the retention behavior for both phenol and aniline 

follow the same trend even though they do not have identical capacity factors. This can 

be explained using the differences in polarity of the two molecules. Since phenol is the 

more polar of the two analytes its K values would be lower because it has the higher 

affinity for the mobile phase. Therefore, the differences in retention between phenol 

and aniline can be attributed to their differing abilities to interact with the alkyl chains 

of the bonded phase. However, it should be noted that the retention of both analytes 

indicates that hydrogen bonding does contribute to retention because as longer alkyl 

chains make the silica surface more difficult to reach, retention decreases. 

The combination of retention forces causes aniline to be slightly better retained 

than even ethylbenzene for the three shorter chained sorbents. When the alkyl chain 

lengthens, two effects cause a sharp distinction to be made between the retention of 

aniline and ethylbenzene. First, as the alkyl chain length increases the partition 

coefficient of ethylbenzene increases to a much larger extent than does that of aniline 

because it is the more hydrophobic molecule. In addition, the reduction of accessible 

silanols caused by the longer chains decreases the effective stationary phase volume 

available to the aniline probes. Because of these factors it is not surprising that 

ethylbenzene is more strongly held on C8 and C18. 

33.1.2 Peak Asymmetry 

In addition to retention behavior, the symmetry of an eluted peak can be very 

useful in explaining the structure of a modified sorbent. Peak asymmetry values were 
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recorded for each of the three probe molecules then normalized using normal phase 

chromatographic data, which will be presented and discussed later. The reversed 

phased tailing data can be found in Table 3.3 

3.3.0.1 Asymmetry of Ethylbenzene Peaks 

To reiterate, the symmetry of a chromatographic peak is a measure of the 

homogeneity of the sorbent with which it interacts. Thus, the peak asymmetry values 

for ethylbenzene run on the various sorbents, shown in Figure 3.5, can only be used to 

assess the homogeneity of the alkyl portion of these sorbents. With this in mind, the 

data indicate that, with the exception of the C8 sorbent, the alkyl chains are randomly 

distributed on all of the sorbents. This is an oversimplification because the tailing 

observed on the C2, C4, and C6 is much worse than the peak asynmietry measured on 

the CI8 sorbent. Because the ethyl trifunctional silane is the smallest to be used in the 

modification process, it would be able to diffuse into many of the smaller pores and 

therefore most closely mimic the heterogeneous nature of the silica surface. Since the 

peak asymmetry of ethylbenzene on the C2 sorbent is significantly greater than one, the 

bonded phase must be heterogeneously distributed. The same result was recorded for 

both the C4 and C6 sorbents, which tailed more than would have been expected. To be 

consistent with the description of tailing on the C2 sorbent, these values should be 

lower because the butyl and hexyl silanes should interact with a smaller ft-action of the 

silica surface. This discrepancy can be resolved when the spectroscopic data is 

remembered. The conclusion drawn in Chapter 2 was that solution polymerization was 

a more important factor in the formation of these sorbents as compared to the other 



Peak Asymmetry Peak Asymmetry Peak Asymmetry 
Sorbent Ethvlbenzene Phenol Aniline 

C2 1.247 ±0.009 1.293 ±0.002 1.316 ±0.003 
C4 1.35 ±0.05 1.38 ±0.02 1.349 ±0.009 
C6 1.356 ±0.007 1.4 ±0.2 1.313 ±0.007 
C8 1.06 ±0.02 1.080 + 0.006 1.12 ±0.01 
C18 1.12 ±0.03 1.49 ±0.05 1.370 ±0.004 

Table 3.3 Peak asymmetry values for analytes chromatographed 
under reversed phase conditions - Uncapped sorbents 



Sorbent Type vs. Peak Asymmetry 
Ethylbenzene 

C6 C8 
Sorbent Type 

C18 

Figure 3.5 Peak asymmetry of ethylbenzene peak eluted 
from alkyI modified sorbents under reversed phase conditions 
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sorbents. Oligomeric and polymeric species would have a more difficulty finding 

portions of the silica surface to acconmiodate their size. This explains their lower than 

average surface coverages as well as the increased heterogeneity. If the C4 and C6 

sorbents had been synthesized under the same conditions as C2, C8, and CI8 then the 

peak asymmetry values would have decreased fi-om C2 to C8. 

When the alkyl chain becomes sufficiently long the bonded phase can only 

occupy the larger pores and cannot modify the heterogeneous micropores. The larger 

silanes, C8 and CI 8, are excluded from a larger portion of the silica surface than are the 

shorter silanes and are less affected by the physically heterogeneous topography of 

silica. Because of the way in which the sorbents are bonded, there are two regions of 

these sorbents. The modified part of the silica surface is fairly well organized while the 

inaccessible portions of the surface retain their silanols. These two regions are 

definitely not the same but each section is homogeneous. Since ethylbenzene only 

interacts with the alkyl chains, the silanols within the bonded phase cannot be probed. 

Therefore, the ethylbenzene data can only be used to determine how evenly the alkyl 

chains are distributed. 

3.3.1.2.2 Asymmetry of Phenol and Aniline Peaks 

The peak asymmetry of phenol and aniline will be discussed jointly since the data in 

Figures 3.6 & 3.7 are almost identical. The first four sorbents lead one to the same 

conclusions that were drawn using the ethylbenzene data. They reinforce the idea that 

the C2, C4, and C6 sorbents are not uniformly distributed. Both phenol and aniline are 

retained by both dipole-dipole and van der Waals forces so the fact that they tail to the 



Sorbent Type vs. Peak Asymmetry 
Phenol 

C6 
Sorbent Type 

C18 

Figure 3.6 Peak asymmetry of phenol peak eluted from 
alkyI modified sorbents under reversed phase conditions 



Sorbent Type vs. Peak Asymmetry 
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Figure 3.7 Peak asymmetry of aniline peak eluted from alkyi 
modified sorbents under reversed phase conditions 
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same extent as ethylbenzene means that the random distribution of alkyl chains leaves 

patches of unmodified silica that are scattered about the sorbent. Also the ability to 

access silanols that are found within the bonded phase contributes to peak asymmetry. 

The C8 sorbent is still the only homogeneous sorbent while the CI8 sorbent exhibits 

increased tailing because of the hydrogen bonding contribution to the retention of 

phenol and aniline. The relatively large peak asymmetry values for the two hydrogen 

bonding analytes on the CI8 sorbent indicate that there are a limited number of 

accessible silanols. These silanols are either located with the bonded phase region of 

the sorbent or they are present in micropores that are "covered" by the siloxane 

polymer backbone. In either case, they indicate that the alkyl chains of the bonded 

phase are arranged in close proximity to each other. 

33.1.2.3 Comparison of Peak Asymmetry Values 

A comparison of the peak asymmetry values of the analytes (Figure 3.8) does 

not show much difference among ethylbenzene, phenol, and aniline. The only 

significant difference is among the values recorded using the C18 sorbent. Because of 

the deduced close arrangement of octadecyl chains, it seems reasonable that the sorbent 

would appear homogeneous to the hydrophobic molecule, but heterogeneous to the 

polar analytes. Phenol and aniline do not behave the same because of their differing 

abilities to hydrogen bond. Because phenol does not hydrogen bond well with silanols, 

relative to aniline, it is less likely to find a silanol with which it can interact strongly. It 

is known that as these unique sites become more scarce, peak tailing increases [149]. 



Sorbent Void Volume Void Volume % Increase of 
Reversed Phase Normal Phase Void Volume 

(mLycm) (mL/cm) 

02 0.071 0.064 -9 
04 0.068 0.126 85 
06 0.071 0.127 80 
08 0.063 0.114 82 
018 0.073 0.110 50 

Table 3.4 Comparison of void volumes recorded for 
uncapped sorbents under reversed and normal phase 
conditions 
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33.2 Normal Phase Experiments Using Uncapped Alkyl Sorbents 

To directly probe the availability of the silica surface normal phase experiments 

were performed using a mobile phase consisting of 92.5/5/2.5 hexane/ethyl 

acetate/isopropanol. The high percentage of non-polar, organic solvent essentially 

eliminates the van der Waals contribution to retention, so retention is solely due to 

dipole-dipole forces. Two molecules capable of hydrogen bonding, naphthol and 

naphthyl amine, were chosen to probe the arrangement of surface silanols while 

naphthalene, which is uru'etained under normal phase conditions, was used to determine 

the void volume of the columns and the peak asynunetry caused by non-uniform 

packing of the silica particles. 

3.3.2.1 Analysis of Void Volames 

After naphthalene was run on each of the columns and the retention times were 

tabulated an interesting trend was noticed. When the reversed phase and normal phase 

void volumes of the colunms are compared, it is apparent than there is an increase in 

void volume when a non-polar mobile phase is used, with the exception of the C2 

column (Table 3.4). The increase is significant for almost all of the columns indicating 

that a large number of pores are accessible to the non-polar mobile phase, but not to the 

mixture of isopropanol and water. Since the hydrophobic chains of the bonded phase 

would rather aggregate with themselves than with a polar solvent mixture, it appears 

that the bonded phase "waterproofs" some of the silica surface, blocking access to 

smaller pores. In contrast a non-polar solvent is able to mix freely with the bonded 

phase and is able to diffuse past the alkyl chains and occupy a greater surface area and 



Sorbent Type vs. Peak Asymmetry 
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Sorbent Type 

Ethylbenzene PPJ Phenol Aniline 

C18 

Figure 3.8 Comparison of peak asymmetry values of probe molecules 
eluted from alkyi modified sorbents under reversed phase conditions 
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volume. The largest increases are observed for the intermediate length sorbents, which 

may be explained by bonded phase structure and surface coverage. 

Before an explanation of the intermediate length sorbents can be given the lack 

of an increase in void volume for the C2 sorbent must be examined. The data in Table 

3.4 show that there is a decrease in void volume when the C2 sorbent is run under 

normal phase conditions. It does not seem reasonable to assume that the difference is 

due to preferential exclusion of the normal mobile phase by the bonded phase, but it 

may be due to differences in the surface tension and contact angle values of the two 

mobile phases. Since the ethyl groups are too short to reach each other when attached 

to the siloxane backbone of the bonded phase, and the spectroscopic data show that the 

sorbent is not excessively vertically polymerized, the alkyl chains carmot aggregate to 

prevent solvent from occupying pore volume as can an octadecyl bonded phase (Figure 

2.32). However, it does seem reasonable to expect the polymer backbone to physically 

block the opening of micropores. Therefore, there is not significant difference in the 

accessible pore volume upon a change to normal phase conditions. The 9 % 

discrepancy between the two mobile phases may be due to the abilities of the different 

solvents used to diffuse into smaller pores. Since silica is a very polar solid support, it 

would not be surprising to find that the pressure necessary to force a non-polar mobile 

phase into the smallest pores is prohibitively high. 

As the length of the alkyl chain of a bonded phase increases, more surface area 

should be excluded from the polar mobile phase in a steady fashion. This however is 

not the case and a huge increase is seen between the C2 and C4 sorbents. The solution 
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polymerization that occurred upon formation of the C4 and C6 sorbents created a great 

deal of vertical polymerization when the crosslinked silanes reacted with surface 

silanols. Long siloxane chains could aggregate in such a way as to minimize accessible 

pore volume, causing a decrease in void volume. The solubility of these chains in a 

non-polar solvent remove the barrier and increases the void volume of the column. The 

void volume increase is as pronounced for the C8 sorbent because the octyl chains are 

long enough to associate with each other across narrow pores, but they are small 

enough to modify a fairly large percentage of the pore volume, unlike an octadecyl 

chain. It is the increased length of the octadecyl silane that prevents it from modifying 

most of the silica surface, resulting in its low surface coverage. Because of this low 

surface coverage, a much larger fraction of pores can be accessed by either mobile 

phase, so only those pores that have been modified will be affected by a change in 

polarity of the mobile phase. It is for this reason that the void volume increase is not as 

prominent. 

3.3.2.2 Normal Phase Retention Behavior 

By using analytes that can hydrogen bond with surface silanols, the importance 

of this retention mechanism could be studied. The data in Figure 3.9 and Table 3.5 

show that naphthol and naphthyl amine both interact with the silanols on each of the 

sorbents in about the same maimer; the only difference being the strength of the 

hydrogen bond formed. Because amines form stronger hydrogen bonds with silanols, 

the retention of naphthyl amine is more sensitive to changes between sorbents, as can 

be seen in Figure 3.9. Although C4, C6, and C8 have roughly the same surface 



Sorbent Caoacitv Factor (k') 

Naohthvl Amine 

Caoacitv Factor fk') 

Naphthoi 

C2 3.6 ± 0.2 2.0 ±0,1 

C4 1.19 ±0.04 0.316 ± 0.008 

C6 1.72 ±0.07 0.183 ±0.003 
C8 1.29 ±0.06 0.032 ± 0.003 

C18 2.1 ±0.2 0.155 ±0.006 

Table 3.5 Capacity factors for naphthyi amine and naphthoi 
chromatographed under normal phase conditions - Uncapped sorbents 
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coverage there are more silanols found on the C6 sorbent. Since surface coverage is 

based only on the weight percent of carbon it cannot be used to determine the 

percentage of silanols that has been modified. The data suggest that even though the 

same amount of material is present on the C6 sorbent, less of it is actually bound to the 

surface, which is consistent with spectroscopic data. 

The capacity factor values for the analytes run on the C2 sorbent indicate that 

there is a substantial increase in accessible silanols relative to the other sorbents. This 

is most clearly observed when analyzing the naphthol capacity factors. Retention of 

naphthol on all of the other sorbents is negligible which means that an extremely large 

number of silanols must be present for it to be significantly retained. Although there 

are more silanols on the other sorbents, because their surface coverages are lower, the 

surface of the C2 sorbent is the most available. One might think that CI 8 would retain 

the analytes better, since it has by far the most silanols, but the data do not confirm this 

belief The results of this experiment confirm that the bonded phases consisting of 

longer alkyl chains do indeed limit entry into smaller pores. 

3.3.2^ Peak Asymmetry 

3.3.23.1 Asymmetry of Naphthalene Peaks 

Naphthalene was run on all of the sorbents to determine how well the columns 

were packed. Peak asymmetry can be caused by either a heterogeneous sorbent or non

uniform packing of the sorbent particles. If the particles do not settle well when 

solvent is applied, an uneven gap can form at the head of the column as shown in 

Figure 3.10. Because it is unlikely that this space would be evenly spread across the 
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Figure 3.10 Illustration of how improper column 
packing can cause (a) fronting and (b) tailing 
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area of column, analytes will travel different distances through the packed sorbent. If 

the sorbent is arranged as in Figure 3.10 (a) then a small fraction of the analytes will 

have to travel a longer distance before they are eluted, causing peak tailing. If the 

situation is reversed (Figure 3.10 (b)) then some of the analytes will elute earlier and 

the result will be peak fronting. Analysis of the data in Table 3.6 leads to the 

conclusion that both types of packing are represented. 

At first, the tailing of naphthalene on C2 and C4 was ascribed to the packing of 

the sorbent, but this was later proven incorrect after comparison to naphthol and 

naphthyl amine. The tailing of the hydrogen bonding analytes on C2 and C4 was less 

than that of naphthalene, so the tailing of naphthalene had to be caused by some 

interaction between the analyte and the sorbent. If poor packing had caused tailing 

then the peak asymmetry of naphthol and naphthyl amine would have been the sum of 

the asymmetry caused by both non-uniform packing and the heterogeneity of the 

sorbent. Since the values were both smaller, the tailing of naphthalene must be due to 

an interaction between analyte and sorbent. The most likely interaction between these 

two would be a hydrogen bond formed between a surface silanol and the pi cloud of 

naphthalene. To form such a bond the molecule must be parallel to the surface so that a 

sufficient amount of the pi cloud is available to the silanol. Such behavior has been 

observed for benzene on silica and other modified sorbents [26-28]. The relatively 

large peak asymmetry values indicate that there are few silanols that can accommodate 

this type of arrangement. 



Peak Asymmetry 
Sorbent Naohthaiene 

C2 1.45 ±0.02 
C4 1.373 ±0.004 
C6 0.825 ± 0.004 
C8 1.014 ±0.003 

C18 1.049 ±0.007 

Table 3.6 Peak asymmetry values for naphthalene chromatographed 
under normal phase conditions - Uncapped sorbents 
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The fronting that occurred when naphthalene was run on C6 can be caused by 

two different factors. Either too much sample was loaded onto the column and those 

molecules that could not find a site with which to interact eluted from the column 

before the majority of the analytes or the column was not packed ideally. Since the 

same amount of sample was loaded onto each of the different columns and fronting was 

only observed for the C6 sorbent the latter explanation is correct. However, the peak 

asynmietry of naphthalene is less than naphthol and naphthyl amine so the C6 sorbent 

does not behave like the shorter chain sorbents. The last two sorbents seem to be 

packed well as evidenced by their peak asynunetry values that are close to unity. 

3.3.2.3.2 Asymmetry of Naphthol and Naphthyl Amine Peaks 

The peak asymmetry values of naphthalene nm on C6, C8, and C18 were used 

to normalize the values shown in Figure 3.11. The values for C2 and C4 could not be 

normalized, but their values do not seem inconsistent with the data for C6 or the values 

recorded during the reversed phase experiments. The naphthyl amine data suggest that 

the silanols on C2, C4, and C6 are not evenly distributed about the silica surface, as do 

the naphthol data for C2 and C4. As has been seen throughout the chromatographic 

experiments, the C8 sorbent still appears to be very homogeneous. 

The CI8 sorbent exhibits the largest decrease in tailing when the mobile phase is 

changed from polar to non-polar. In a non-polar envirormient, the octadecyl chains are 

free to associate with the solvent and do not aggregate as in a polar environment. 

Because the chains are extended, the silanols that are within the bonded phase regions, 

as well as those silanols in smaller pores, are more accessible, resulting in less tailing. 
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The unmodified silica surface that was hidden in a reversed phase experiment is 

exposed when a non-polar solvent mixture is used, allowing a larger firaction of the 

analytes to find a hydrogen-bonding site. This change in peak asymmetry demonstrates 

how solvent can affect the arrangement of the bonded phase and the character of the 

sorbent [150-153], 

33.2.33 Effect of Flow Rate on Peak Asymmetry 

If the explanation given in this and the previous chapter that long alkyl chains 

and vertically polymerized siloxane chains physically isolate parts of the surface is 

correct, then there should be a relationship between flow rate and peak asymmetry. 

Because alkyl and siloxane chains are a barrier to analyte migration, those molecules 

that do find their way past the obstructions, and into the smaller pores, will have a more 

difficult time exiting the pores (Figure 3.12). Therefore, a small flection of the 

analytes will lag behind causing the peak to tail. As the flow rate through the column 

increases the lag time will also increase, causing greater peak asymmetry. Flow rate 

variation experiments were performed in order to determine if such an effect exists. 

The data are organized in Table 3.7. 

The raw peak asymmetry data for naphthalene were plotted versus flow rate and 

are displayed in Figure 3.13. C4 is the only sorbent that experiences a decrease in 

peak asymmetry with increasing flow rate. This occurs because as the flow rate 

increases, naphthalene has less time to interact with the surface silanols that cause 

tailing. There is no evidence that the butyl bonded phase hinders the diffusion of 

naphthalene molecules. However, as the length of the alkyl chain increases there is a 



Figure 3.12 Illustration of how peak asymmetry can be 
increased by obstruction of pores by the bonded phase 



Peak Asymmetry 
Naphthalene 

Peak Asymmetry 
Naphthalene 

Peak Asymmetry 
Naphthalene 

Peak Asymmetry 
Naphthalene 

Flow Rate fmL/mln^ C4 C8 CIS 
0.5 1.373 ±0.004 0.825 ±0.004 1,014 ±0.003 1.049 ±0.007 
1 1.33 ±0.01 0.858 ±0.006 1.019 ±0.003 1.18 ±0.02 
2 1.325 ±0.004 0.878 ±0.003 1.033 ±0.004 1.168 ±0.006 

Table 3.7 Peak asymmetry values for naphthalene chromatographed 
at various flow rates under normal phase conditions - Uncapped sorbents 
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relationship between flow rate and peak asymmetry. For both C6 and C8 the increase 

is very meager, but it is identifiable. The tailing on C6 depends slightly more on flow 

rate, which is probably caused by the vertically polymerized structure of its bonded 

phase. The increase of peak asymmetry of naphthalene run on C8 is probably due to 

the length of the alkyl chains because this sorbent appears to be more uniformly 

bonded. 

The effect of alkyl chain length is most obvious for the C18 sorbent, which has 

much different peak asymmetry values depending on the flow rate. At the slowest flow 

rate, analytes have enough time to diffuse in and out of pores and still remain with the 

majority of the analytes. When the flow rate is increased to I and 2 mL/min, some 

analytes get left behind resulting in peak tailing. Since this behavior is not observed on 

the other sorbents, the longer alkyl chains of the C18 bonded phase are probably 

responsible for obstructing the free migration of analytes. 

The data observed for each of these sorbents are not unique and the same trends 

can be seen by viewing the data collected using naphthol and naphthyl amine (Table 

3.8). The main difference between the naphthalene data and the plots for naphthol 

(Figure 3.14) and naphthyl amine (Figure 3.15) is the magnitude of the changes. 

Because each of these analytes form stronger hydrogen bonds than naphthalene, the 

dependence of peak asymmetry on flow rate is greater. For reasons that have been 

discussed, C6 and C18 are the most effective at limiting access to certain pjarts of the 

sorbent surface. 



Peak Asymmetry 
Naphthyl Amine 

Peak Asymmetry 
Naphthyl Amine 

Peak Asymmetry 
Naphthyl Amine 

Peak Asymmetry 
Naphthyl Amine 

Flow Rate fmL/min^ C4 C6 C8 C18 
0.5 1.268 ±0.009 1.13 ±0.05 1.056 ±0.007 1.23 ±0.02 
1 1.268 ±0.009 1.26 ±0.03 1.06 ±0.02 1.32 ±0.03 
2 1.255 ±0.003 1.26 ±0.01 1.107 ±0.008 1.38 ±0.02 

Peak Asymmetry 
Naphthol 

Peak Asymmetry 
Naphthol 

Peak Asymmetry 
Naphthol 

Peak Asymmetry 
Naphthol 

Flow Rate ̂ mUmin^ C4 eg QQ 018 
0.5 1.277 ±0.005 0.891 ±0.006 1.007 ±0.006 1.2±0.1 
1 1.24 ±0.02 0.943 ± 0.008 1.012 ±0.006 1.3 ±0.1 
2 1.235 ±0.006 0.965 ± 0.005 1.07 ±0.01 1.44 ±0.01 

Table 3.8 Peak asymmetry values for naphthol and naphthyl amine 
chromatographed at various flow rates under normal phase conditions -
Uncapped sorbents 
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333 Reversed Phase Experiments Using Endcapped Alkyi Sorbents 

J.l Reversed Phase Retention Behavior 

As was done in the spectroscopic experiments, endcapped sorbents were 

investigated to reinforce the conclusions made about the uncapped sorbents. The 

purpose of endcapping from a chromatographic perspective is to reduce the number of 

silanols. This can be useful because it can eliminate unwanted secondary interactions 

and produce a more uniform sorbent for hydrophobic analytes. In addition, the 

reduction of silanols can decrease the retention of basic compounds, as well as tailing. 

Table 3.9 shows that modification with a trimethylsilyl group does have a 

significant effect on the retention of the probe molecules. The retention of 

ethylbenzene has increased for almost ail of the sorbents, while retention of the more 

polar analytes has been lessened for the most part. These results can best be explained 

by analyzing how endcapping changes the contributions of van der Waals and dipole-

dipole forces to retention. 

3.3.3.1.1 Retention of Ethylbenzene 

When the sorbents are endcapped, the retention of ethylbenzene increases in a 

very predictable fashion (Figure 3.16). Ethylbenzene is now better retained by the 

endcapped (EC) CI8 phase than by C8 EC because more stationary phase has been 

added. The difference in retention between the uncapped C8 and CI8 sorbents was 

caused by the difference in their surface coverages. When this difference is decreased 

by modification with TMS, the retention of ethylbenzene is greater on C18 EC because 

it has a higher affinity for the octadecyl chains, relative to octyl chains. The 



Oapacity factor (k') Oapacity factor (k') Capacity factor (k') 
Sorbent Ethvlbenzene Phenol Aniline 
C2 EC 1.036 ±0.005 1.38 ±0.05 1.339 ±0.003 
C4EC 1.46 ±0.01 0.619 ±0.007 0.882 ± 0.002 
06 EC 2.02 ± 0.05 0.79 ± 0.02 1.09 ±0.03 
08 EO 2.512 ±0.004 0.933 ± 0.005 1.6 ±0.1 
018 EO 3.60 ± 0.02 0.633 ± 0.001 1.23 ±0.01 

Table 3.9 Capacity factors for analytes chromatographed 
under reversed phase conditions - Endcapped sorbents 



Sorbent Type vs. Capacity Factor 
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Figure 3.16 Retention of etiiylbenzene by endcapped alkyI 
modified sorbents under reversed phase conditions 
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modification process has increased retention on all of the sorbents except C2 EC. 

Apparendy the addition of endcapping reagent to this sorbent does not appreciably 

increase the volume of stationary phase and the capacity factor of ethylbenzene on a C2 

sorbent is roughly the same, regardless of endcapping. 

333.1.2 Retention of Phenol 

The retention of phenol on the alkyl sorbents does not depend much on the 

extent to which a sorbent has been endcapped (Figure 3.17). Only on the endcapped 

C2 phase is their a substantial increase in retention. Since phenol is retained by 

multiple forces the elimination of silanols within bonded phase regions does not seem 

like a plausible explanation for this result. If there is an increase in stationary phase 

volume caused by the addition of TMS, then the modification probably occurs on bare 

silica in micropores. Such an addition would increase the stationary phase volume 

without limiting access to silanols. TMS is monofimctional so it cannot polymerize, 

and therefore would be better able to diffuse into smaller pores. This does not seem to 

be the case for the other sorbents. 

Retention on C4, C6, and C8 EC has been reduced relative to the uncapped 

sorbents. In contrast to C2 EC, these sorbents do not appear to be as densely packed 

and they allow TMS to endcap surface silanols within the bonded phase. This prevents 

phenol from hydrogen bonding and, as a result, retention is lower. Also many of the 

surface regions that are endcapped are not accessible to phenol so the effective 

stationary phase volume is relatively unchanged. The same is largely true for CIS EC, 



Sorbent Type vs. Capacity Factor 
Phenol 
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Figure 3.17 Retention of phenol by endcapped alkyI 
modified sorbents under reversed phase conditions 
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but the addition of trimethylsilyl groups to pores that are not covered by the bonded 

phase may explain the small increase in retention. 

333. U Retention of Aniline 

Endcapping of the sorbents has a similar effect on the retention of aniline 

(Figure 3.18). Reduction of the number of silanols decreases the ability of analytes to 

find an accessible site for hydrogen bonding. This decreases retention for almost all of 

the sorbents, and C6 EC in particular. This result is consistent with the description of 

the C6 bonded phase. The increased polymerization concealed parts of the silica 

surface that were unaffected by chemical reaction, but were still accessible to aniline 

molecules. After endcapping, the regions that were rich in silanols were no longer 

sources of hydrogen bonding sites. As a consequence the capacity factor of aniline fell 

dramatically. It seems that an increase in stationary phase volume will only increase 

retention if the added methyl groups are accessible, as is the case for C2 EC. 

3.3.3.2 Peak Asymmetry 

333.2.1 Asymmetry of Ethylbenzene Peaks 

When ethylbenzene is run on the endcapped alkyl sorbents, it does not 

encounter the heterogeneity that is present on the uncapped sorbents. With the 

exception of C4 EC, the peak asymmetry values (Figure 3.19) assigned to these 

sorbents suggest that endcapping does produce a more homogeneous bonded phase for 

hydrophobic analytes. There is a significant decrease in tailing for both C2 and C6 EC 

indicating that the endcapping reagent modifies silanols that are vathin the bonded 

phase. Therefore, the probability that ethylbenzene will encounter an alkyl group. 



Sorbent Type vs. Capacity Factor 
Aniline 
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Sorbent Type 
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Figure 3.18 Retention of aniline by endcapped alky! 
modified sorbents under reversed phase conditions 
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whether it be a methyl group or the R group of the bonded phase, is high. It is for this 

reason that retention is increased and tailing is decreased. Since the tailing of 

ethylbenzene was minimal on C8 and CIS, the addition of TMS does not affect C8 

much and results in a slight increase in the homogeneity of the alkyl portion of the C18 

sorbent. 

3.33.2. Asymmetry of Phenol and Aniline Peaks 

Since phenol and aniline are both partially retained by dipole-dipole forces, it 

makes sense that endcapping reduces the peak asymmetry of these analytes [104] 

(Figures 3.20 and 3.21). The effect is different depending on the sorbent, but it is 

consistent for all sorbents. However, a comparison of peak asymmetry values among 

all of the analytes shows that the tailing of phenol on C6 EC to be anomalous. 

Excepting this value, the peak asymmetry values of phenol and aniline seem to follow 

the same trend. For the other sorbents phenol is less affected by the heterogeneity of 

the bonded phase than aniline because it forms weaker hydrogen bonds. These analytes 

differ significantly from ethylbenzene only for C18 EC. Apparently, endcapping is 

sufficient to create a homogeneous surface for hydrophobic molecules, but not 

thorough enough to eliminate access to all silanols. 

3.3.4 Normal Phase Experiments Using Endcapped Alkyl Sorbents 

3.3.4.1 Normal Phase Retention Behavior 

The retention of naphthol and naphthyl amine by endcapped sorbents (Table 

3.10) indicate that endcapping produces a significant reduction in the number of 

silanols. Since both analytes are retained by hydrogen bonding in a normal phase 
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Figure 3.20 Peak asymmetry of phenol peak eluted from 
endcapped alkyI modified sorbents under reversed phase 
conditions 
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Sorbent Type vs. Peak Asymmetry 
Aniline 
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Figure 3.21 Peak asymmetry of aniline peak eluted from 
endcapped alkyI modified sorbents under reversed phase 
conditions 



Sorbent Caoacitv Factor (k') 

Naohthvl Amine 

Caoacitv Factor fk') 

Naolithol 

C2EC 0.62 + 0.02 0.247 ± 0.002 

C4EC 1.01 ±0.04 0.177 ±0.003 

C6EC 1.00 ±0.03 0.049 ± 0.003 

C8EC 0.68 ± 0.02 Not retained 

C18EC 0.97 ± 0.03 Not retained 

Table 3.10 Capacity factors for naphthyl amine and naphthol 
chromatographed under normal phase conditions - Endcapped sorbents 
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experiment, lower capacity factors confirm this reduction. However, modification with 

a trimethylsilyl compound produces various results depending on the initial structure of 

the bonded phase. 

Naphthol is practically unretained by all of the endcapped sorbents (Figure 

3.22). As was argued for the uncapped sorbents, a large number of silanols must be 

available for alcohols to be appreciably retained. The data suggest that endcapping 

greatly reduces the number of silanols, and although C2 EC appears to have more 

accessible silanols it promotes negligible retention. The differences in the sorbents is 

better studied using naphthyl amine, since it forms stronger hydrogen bonds. 

The retention of naphthyl amine shows that there are differences between the 

sorbents, even after the endcapping process (Figure 3.23). It appears that the C2 and 

C8 sorbents are more amenable to reaction with a monofunctional trimethylsilyl 

compound. Because these two sorbents are well crosslinked, without much vertical 

polymerization, and their alkyl chains are not excessively long, they do not prevent the 

endcapping reagent from diffusing into smaller regions of the porous silica. In 

contrast, those sorbents that either exhibit vertical polymerization, C4 and C6, or have 

long alkyl chains, CI8, are able to limit endcapping to pores that are more accessible. 

The ability to block endcapping results in a sorbent surface that contains more silanols 

than are found on C2 EC and C8 EC. If this description of these sorbents is accurate 

then it should be confirmed by the peak asymmetry data. 
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Sorbent Type vs. Capacity Factor 
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Figure 3.23 Retention of naphthyl amine by 
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33.4.2 Peak Asymmetry 

33.4.2.1 Asymmetry of Naphthol and Naphthyl Amine Peaks 

When a non-polar mobile phase is used, the shortcomings of endcapping are 

more evident. Although tailing is reduced for naphthol, the data for naphthyl amine 

describe a different situation (Table 3.11). For the most part, the endcapped sorbents 

do not contain enough high-energy sites to cause naphthol to significantly tail (Figure 

3.24). Those sorbents that do promote tailing are the same sorbents that allow 

increased retention of naphthyl amine, ostensibly for the same reasons. The peak 

asymmetry of naphthyl amine is quite different though, as can be seen in Figure 3.25. 

Tailing on C2 EC, C8 EC, and CI8 EC is about the same for naphthyl amine 

and naphthol, but a striking difference is noticed for C4 EC and C6 EC (Figure 3.25). 

When reviewing these data, one should remember that peak asymmetry increases as the 

number of high-energy sites, in this case isolated silanols, becomes scarce. With this in 

mind, the data indicate that there are unique silanols on C4 EC and C6 EC that cannot 

be affected by the endcapping process. Vertical polymerization is common to these 

sorbents and must affect the accessibility of surface silanols. Since the C6 phase is less 

crosslinked than C4, it makes sense that it is better able to limit access to silanols. This 

explains why tailing is much worse on C6 EC than even C4 EC, which also does not 

have a well ordered bonded phase. 

33.4.2.2 Effect of Flow Rate on Peak Asymmetry 

Naphthalene was again run at different flow rates to determine to extent to 

which the bonded phases obstruct migration. This experiment yields better information 



Sorbent Peak Asvmmetrv 

Naohthvl Amine 

Peak Asvmmetrv 

Naohthol 
C2 EC 0.96 ± 0.02 1.010 ±0.009 

C4EC 1.39 ±0.02 1.25 ±0.01 

C6 EC 2.06 ± 0.06 1.170 ±0.009 

C8 EC 1.04 ±0.01 1.04 + 0.01 

C18EC 1.27 ±0.02 1.070 ±0.005 

Table 3.11 Peak asymmetry values for naphthyl amine and naphthol 
chromatographed under normal phase conditions - Endcapped sorbents 
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than did its uncapped counterpart because endcapping has virtually eliminated the 

possibility of hydrogen bonding between naphthalene molecules and silanols. As a 

consequence, the dependence of peak asymmetry on flow rate can be more clearly 

observed for the hexyl and octadecyl phases. This analysis shows that only significant 

vertical polymerization or alkyi chain length can pose a serious obstruction to analyte 

diffusion; migration through the other sorbents is not significantly affected by flow 

rate. It is interesting that C4 EC does not exhibit similar behavior since the 

spectroscopic data show that the structure of its bonded phase is closer to C6 than to 

any of the other sorbents. From this data it can be inferred that the C4 bonded phase is 

sufficiently crosslinked to limit access to some silanols, but the combination of vertical 

polymerization and alkyl chain length of C4 is not enough to obstruct the migration of 

analytes. 

Although the bonded phase of C4 does not extend far from the silica surface, it 

has a sufficient amount of vertical polymerization to limit access to silanols. When 

flow rate experiments are performed using naphthyl amine, C4 EC again resembles C6 

EC. The flow rate data for these sorbents show the influence that flow rate has on peak 

asymmetry for bonded phases that are not uniform. At the intermediate flow rate, 

tailing is greatest for these sorbents because naphthyl amine molecules spend enough 

time on the column to find isolated silanols, but the mobile phase is flowing fast 

enough to leave these analytes behind. When the flow rate is slower, more analytes 

have the time to find high-energy interaction sites, which keeps all of the analytes on 

the colunm longer. Retention for all analytes is decreased when the flow rate is 
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increased, so analytes have less time to interact with the sorbent. For this reason peak 

asymmetry is reduced for C4 EC and C6 EC. The data in Table 3.12 and Figures 3.26 

and 3.27 confirm that flow rate affects the retention mechanisms of all sorbents. The 

capacity factors of both naphthol and naphthyl amine are reduced when the flow rate 

becomes sufficiently high. Since C2 EC, C8 EC, and CI8 EC are more uniformly 

bonded, there are not substantial changes in peak asynunetry for these sorbents when 

the flow rate is varied. 

3.4 CONCLUSIONS 

The chromatographic data complement the spectroscopic data and confirm the 

conclusions made in Chapter 2. More information was gained by studying both 

uncapped and endcapped sorbents and through the use of polar and non-polar mobile 

phases. Retention and peak asymmetry data each contribute to a better understanding of 

alkyl modified silica sorbents. 

Retention of molecules can be achieved on alkyl sorbents through several 

different interactions. Alkyl chains provide sites for van der Waals interactions while 

silanols can support dipole-dipole and ionic interactions. It is common for an analyte 

to be retained by a combination of these forces. The strength of retention depends on 

the accessibility of the species that sustains a certain retention mechanism. Shorter 

alkyl silanes produce sorbents with a non-uniform distribution of stationary phase. 

Because the alkyl chains are not evenly distributed across the silica, the underlying 

silica surface becomes heterogeneous as well. When a hydrophobic analyte is used, the 

heterogeneity of the sorbent decreases with increasing alkyl chain length. However the 
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Naphthyl Amine 
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Naphthyl Amine 

Peak Asymmetry 
Naphthyl Amine 

Peak Asymmetry 
Naphthyl Amine 

Peak Asymmetry 
Naphthyl Amine 

Flow Rate ^mUmln^ C2 EC C4 EC C6 EC C8 EC C18EC 
0.5 0.96 ± 0.02 1.39 ±0.02 2.06 ± 0.06 1.04 ±0.01 1.27 ±0.02 
1 1.07 ±0.03 1.78 ±0.06 2.5 ±0.1 1.0 ±0.1 1.20 ±0.05 
2 1.07 ±0.01 1.38 ±0.02 1.79 ±0.04 1.044 ±0.004 1.25 ±0.03 

Peak Asymmetry 
Naphthol 

Peak Asymmetry 
Naphthol 

Peak Asymmetry 
Naphthol 

Peak Asymmetry 
Naphthol 

Peak Asymmetry 
Naphthol 

Flow Rate (mUmin^ 

LU C
M
 o
 C4EC C6 EC C8 EC C18EC 

0.5 1.010 ±0.009 1.25 ±0.01 1.170 ±0.009 1.04 ±0.01 1.070 ±0.005 
1 1.017 ±0.008 1.215 ±0.009 1.21 ±0.01 1.007 ±0.007 1,25 ± 0.02 
2 0.990 ± 0.003 0.976 ± 0.003 1.190 ±0.003 1.027 ±0.003 1.23 ±0.01 

Table 3.12 Peak asymmetry values for naphthol and naphthyl 
amine chromatographed at various flow rates under normal phase 
conditions - Endcapped sorbents 
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distribution of silanols is still heterogeneous except for the octyl sorbent, which seems 

to be at the proper length to form a uniform, homogeneous sorbent 

Endcapping allows further study of these sorbents, which provides informative 

data. As expected, the chemical modification of these sorbents with a small, 

monofunctional silane changes their retention characteristics. Retention of 

hydrophobic species is enhanced, whereas hydrogen bonding interactions are very 

limited. It is impossible to modify all of the silanols on a silica sorbent, partly because 

some silanols are protected by the bonded phase. As these sites become unique there is 

an increase in peak asymmetry, which can be used to determine the way in which some 

sorbents were created. For example, severe tailing on endcapped butyl and hexyl 

sorbents indicated that significant solution polymerization during sorbent creation 

causes higher than average vertical polymerization. Such a conclusion can be made 

because chromatographic experiments, especially normal phase experiments, are 

sensitive to changes in sorbent structure. Chromatography is valuable because one can 

probe the sorbent surface in ways that cannot be accomplished using spectroscopic 

techniques. 
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CHAPTER 4 

"Si CP/MAS NMR INVESTIGATIONS 

OF ION EXCHANGE SORBENTS 

4.1 INTRODUCTION 

Ion exchange sorbents can be divided into two broad categories, anion and 

cation exchanges sorbents. Anion exchange sorbents are usually made with amines or 

quaternary ammonium compounds whereas cation exchange sorbents consist of 

sulfonic or carboxylic acid groups. The ability of some of these sorbents depends on 

pH which can allow more flexibility during method development. In other experiments 

it is more advantageous to use a sorbent that has a permanent charge. 

Figures 4.1 - 4.5 are representations of commercially available strong ion 

exchange columns; propyl quaternary amine, propyl sulfonic acid, and phenyl sulfonic 

acid, respectively. The characteristic that is common to all of these sorbents is the 

permanent charge of each functional group. Quaternary amines are always positively 

charged, while the pKa of sulfonic acids are so low that they are effectively always 

negatively charged. In contrast, the propyl amine (Figure 4.4) and carboxylic acid 

phases (Figure 4.5) can either be charged or neutral depending on the pH of their 

immediate environment. Often, the option to change the nature of the stationary phase 

is used to selectively retain, then elute compounds of interest [154,155], 
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Figure 4.1 Representation of a propyl quaternary ammonium (SAX) sorbent 
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Figure 4.2 Representation of a propyl sulfonic acid (PRS) sorbent 
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Figure 4.3 Representation of a phenyl sulfonic acid (SCX) sorbent 
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Figure 4.4 Representation of a propyl amine (NH2) sorbent 
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Since all of these sorbents can be made using silica they can all be studied using 

"^Si NMR spectroscopy, as were the sorbents in Chapter 2. Example spectra of cation 

(Figure 4.6) and an anion (Figure 4.7) exchange sorbents contain some of the same 

peaks as an alkyl modified silica sorbent with one notable exception. Both spectra are 

noted by the absence of the T' peak, which indicates vertical polymerization. Given 

the previous investigation of alkyl sorbents, the lack of T' peaks is unusual and 

suggests a significant change in the way that these sorbents are synthesized. Further 

evidence of this difference is the much lower surface coverages of these sorbents 

(Table 4.1). The decrease in surface coverages cannot be caused by the size of the 

individual silanes because the silanes used to make ion exchange sorbents are 

comparable to butyl and hexyl silanes. Therefore, the reactions that occur among ion 

exchange silanes are unlike those of alkyl silanes. 

Before an examination of ion exchange sorbents can be made, it must be noted 

±at cation and anion exchange sorbents are not synthesized under the same conditions. 

Primary amino- and quaternary ammonium silanes are used to make anion exchange 

sorbents while a more involved process is required to fabricate a cation exchange 

sorbent. Unfortunately, carboxylic and sulfonic acid silanes cannot be made safely, 

partly because of the reactive nature of trifunctional silanes. 

To make a desired silane, an appropriate, unsaturated compound is attached, via 

the double bond, to a trichloro- or trialkoxysilane using a platinum catalyst [156] as 

shown in Figure 4.8. If a carboxylic acid is reacted with a trifunctional silane, the 

acidic group will react with the silane directly, prohibiting its use as ion exchanger and 



Figure 4.6 CP/MAS spectrum of a cation exchange sorbent 
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Sorbent Surface Coveraae (umol/m^) 
CBA 3.2 
sex 1 
PRS 0.8 
SAX 1.5 
NH2 2.8 

Table 4.1 Surface covarages of some ion exchange sorbents 
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hindering its ability to bond to a silica surface. Sulfonic acid containing compounds 

can be added to trichlorosilane, but this reaction is extremely dangerous and is not 

widely used. For these reasons alky I silanes are commonly used as precursors to ion 

exchange sorbents. Once the silica is modified with an alkyi silane, a post-conditioning 

process is used to create a carboxylic or sulfonic acid. An example of such a reaction is 

the oxidation of a cyano group to a carboxylic acid (Figure 4.9). To make sulfonic 

acids, either thiols can be oxidized or phenyl rings can be sulfonated. Usually these 

reactions are quite harsh and affect the alkyl bonded phase considerably. Therefore, 

anion exchange sorbents can be analyzed directly using NMR, but an alkyl precursor 

sorbent must be studied first in order to gain a complete understanding of the structure 

of a cation exchange sorbent. 

4.2 EXPERIMENTAL 

4.2.1 Materials 

A list of the solid phase extraction sorbents used in this study is given in Table 4.2. 

The silica samples used for the synthetic experiments were provided by International 

Sorbent Technology and Jones Chromatography. Glacial acetic acid and hydrogen 

peroxide were obtained from Fisher Scientific and J. T. Baker, respectively. 

Endcapping reactions were performed using trimethylsilylimidazoie (Aldrich) and 

toluene (Mallinkrodt). 

4.2.2 Synthetic Procedures 

The long chain ion exchange sorbents were synthesized by refluxing, with stirring, a 

mixture consisting of an octyl thioacetate silane and silica gel suspended in toluene. 



II II 

C = N C - O H  

Figure 4.9 Conversion of a cyano group to a carboxylic acid 



Sorbent SuDDlier Sorbent SuDDlier 
CBA International Sorbent Technology (1ST) PH 1ST 

CBA EC Varian PH EC 1ST 
CN 1ST PRS 1ST 

CN EC 1ST SAX 1ST 
NH2 1ST SAX EC 1ST 

NH2 EC 1ST sex 1ST 
SH 1ST 

Table 4.2 Sorbents used for ^^Si CP/MAS NMR experiments 
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Table 4.3 contains the amounts of silane and silica that were used to make the various 

sorbents. The resulting sorbents were removed from the toluene by filtration then the 

sorbents were oxidized by stirring them with a mixture of hydrogen peroxide in glacial 

0 

acetic acid at 50 C for one hour. Endcapping was accomplished by suspending the 

O 
sorbents in a solution of 33 % trimethylsilylimidazole in toluene and stirred at 50 C 

overnight. The solvent was then filtered off using a glass frit and dried for 15 minutes 

at 160 ""C. 

4.2.3 Apparatus 

^^Si CP/MAS NMR spectra were acquired using a Bruker MSL-200 

spectrometer (Karlsruhe, Germany) using a 9 fosec proton 90 degree pulse, a 2.5 msec 

contact time, and a delay of 2 sec. Approximately 200-350 mg samples were loaded 

into zirconia rotors and spun at rates of 2.7-3.5 kHz. Trimethylsilyl pentane sulfonic 

acid (Aldrich) was used as an external reference 

43 RESULTS AND DISCUSSION 

4.3.1 ^'Si CP/MAS NMR Characterization of Anion Exchange Sorbents 

4.3.1.1 Uncapped Sorbents 

A propyl quaternary ammonium sorbent, known commercially as a strong anion 

exchange (SAX) sorbent, is the best example of a sorbent that is synthesized using an 

ionic silane. Analysis of the SAX spectrum (Figure 4.10) leads to the conclusion that 

the sorbent is highly crosslinked, but does not cover much of the silica surface. The 

absence of a peak at - -47 ppm indicates that the SAX bonded phase does not contain 

any vertically polymerized siloxane strands. The relative sizes of the T^ and T^ peaks 



Tvoe of Silica Mass of Silica fa) Mass of Silane (a) Ratio 
60 A 4.0079 3.0250 1.32:1 
100 A 3.9215 3.0188 1.30:1 
300 A 2.4138 1.8173 1.33:1 

Table 4.3 Materials used to synthesize long chain ion exchange precursor sorbents 
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Figure 4.10 CP/MAS spectrum of strong anion exchange (SAX) sorbent 
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suggest that there is an ahnost equal mix of both types of silicon atoms. Given a 

roughly equal number of both types of silicon atoms, one could construct a bonded 

phase that is highly crosslinked and stable. It is reasonable to conclude that all of the 

silanes are part of an interlinked bonded phase because there is no evidence of vertical 

polymerization or individual silanes bound to the silica surface, both of which would 

contribute to a T' peak. In addition, the portion of the silica surface that has been 

modified is fairly small. This can be deduced from the intensities of the and 

peaks. These peaks are much larger than comparable peaks in the spectra of alkyi 

modified silica sorbents. Because the main difference between this sorbent and the 

alkyl sorbents is the charge state, the reduced surface coverage and bonded phase 

structure must be a consequence of this change. 

The most plausible explanation for the characteristics of SAX is that the 

quaternary ammonium ion hinders the formation of siloxane bonds. When the SAX 

silanes are mixed with silica, in an appropriate solvent, they must come into close 

contact with each other to form silyl ether bonds. Since the silanes are all positively 

charged, they will be repulsed from each other unless the uncharged portions of the 

molecules are arranged properly. Such an arrangement is not probable because the 

silanes will diffuse randomly, assimiing all possible orientations. This does not 

preclude silanes fi-om bonding to each other in solution, but the charged heads of the 

silanes will ensure that the extent of reaction is minimal. Those oligomers that do form 

in solution would have a better chance of bonding to the surface at multiple sites, 

because of their small size, producing a uniform bonded phase. However, the chance 
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that two silanes will react in solution is greater than if one silane is attached to the silica 

surface. If one silane is bonded to the surface it no longer has unlimited rotational 

freedom. This loss of motion is kinetically unfavorable to reaction because one of the 

potential reactants can only assume a limited niraiber of orientations [157], While one 

silane is tethered to the surface, it can only bond to those silanes that approach while in 

the proper orientation. For example the silane in Figure 4.11 (a) would be able to form 

a siloxane bond with the attached silane, while the one in Figure 4.11 (b) would not, 

because of electrostatic repulsion. If this reaction were to occur it would not affect the 

structure of the bonded phase much because the additional silane would be near the 

silica surface and would have a good chance of forming another siloxane bond. Also 

there is no evidence of vertical polymerization in the NMR spectrum. 

The spectrum of the propyl amine (NH2) phase in Figure 4.12 also provides no 

evidence of vertical polymerization, but it is not identical to the SAX spectrum. First 

the reduction of the indicates that the amino propyl silanes are able to cover a 

significantly larger fraction of the silica surface. The structure of the bonded phase 

differs from that of SAX because it consists of many more T^ type silicon atoms. An 

increase in this peak, relative to the T^ peak, is evidence that there are highly 

crossl inked portions of the NH2 bonded phase. However, the bonded phase must be 

patchy because an extended three-dimensional network of bonded silanes cannot be 

formed with an excess of T^ type silicon atoms. Therefore it will be the distribution of 

these patches of bonded phase determines the uniformity of the sorbent. 
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Figure 4.11 Effect of charge on trifunctional modification 



Figure 4.12 29Si CP/MAS spectrum of propyl amine (NH2) modified silica 



I l l  

The differences between the two anion exchange sorbents is due to the silanes 

used to create them. Usually trichlorosilanes are used to synthesize silica sorbents, but 

sometimes trimethoxy- and triethoxysilanes are used to decrease reactivity. Propyl 

amine silanes must have alkoxide leaving groups to prevent reactions between silicon 

and nitrogen atoms. It is known that trialkoxysilanes are less reactive than 

trichlorosilanes [158], so their use also slows down the formation of siloxane bonds. 

This contains excess solution polymerization, allowing many silanes to diffuse to the 

silica surface where more water can be found for hydrolysis. If most silanes remjiin 

unreacted until they reach the surface region, then there is a greater chance of bond 

formation with the silica surface. In addition, individual silanes can react with the 

bonded phase to create a more homogeneous sorbent. 

4.3.1.2 Endcapped Sorbents 

To confirm the hypothesis that the anion exchange sorbents are not vertically 

polymerized, endcapped sorbents were obtained and examined. The endcapping peaks 

in the spectra of SAX EC and NH2 EC (Figures 4.13 & 4.14) found at 11.1 and 10.1 

ppm, respectively, show that only the silica surface is affected. Resolution 

enhancement was used to identify the M' peak in the NH2 EC spectrum. The 

intensities of these peaks suggest that the endcapping process was not very thorough, 

but the results are consistent with the spectra of the uncapped sorbents. Thus, it can be 

concluded that the bonded phases of both sorbents are highly crosslinked, without 

vertical polymerization. 
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Figure 4.13 ^^S'\ CP/MAS spectrum of endcapped strong anion exchange (SAX) sorbent 



Figure 4.14 CP/MAS spectrum of endcapped propyl amine (NH2) modified silica 
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43.2 ^Si CP/MAS NMR Characterization of Cation Exchange Precursor 

Sorbents 

4J.2.1 Uncapped Sorbents 

As stated earlier, cation exchange sorbents cannot be made using ionic silanes and must 

undergo a post-modification process. Cyano (CN), phenyl (PH), and thiol (SH) 

modified sorbents were studied because they are the precursor sorbents for carboxylic 

acid (CBA), phenyl sulfonic acid (SCX), and propyl sulfonic acid phases (PRS). The 

silanes used to make the precursor sorbents are similar to those used to make the alkyl 

phases, so the same type of bonded phase is expected for each. 

The spectrum of CN (Figure 4.15) has features similar to alkyl sorbents with the 

exception of the T' peak. In most of the alkyl sorbents the size of the T' peak is 

comparable to the T^ peak, indicating multiple locations of vertical polymerization. 

Significant vertical polymerization cannot be ruled out based on the size of this peak, 

because it is possible to have long, unattached siloxane chains with only a few terminal 

T^ type silicon atoms. Therefore, fiirther information must be analyzed to determine if 

the character of the CN bonded phase is closer to that of the alkyl sorbents or the NH2 

phase. 

In contrast to the CN phase, the spectrum of PH (Figure 4.16) looks like the 

spectrum of an alkyl bonded silica sorbent. All three T type peaks are present in the 

expected ratios, which probably describes a bonded phase that is similar to alkyl 

bonded sorbents. The only difference between PH and alkyl bonded sorbents is the 

chemical shift of the bonded phase peaks. Apparently the pi electrons of the phenyl 
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ring causes an upfleid shift of all T type peaks. Otherwise, one would expect that the 

subsequent data acquired using endcapped phenyl and phenyl sulfonic acid sorfoents 

would reflect this similarity. 

Of all of the cation exchange precursor sorbents, the SH sorbent contains the 

greatest amount of vertical polymerization. This conclusion can be reached after 

analyzing the SH spectrum, shown in Figiire 4.17. The unusually large T' peak 

indicates that the thiol bonded phase contains an above average amount of vertical 

polymerization. It is possible that when the SH sorbent was synthesized the reaction 

was not continued for a sufficient amount of time, resulting in a vertically polymerized 

bonded phase. This idea can be postulated because of the low surface coverage that 

can be deduced from the intensities of the Q peaks. Since they appeared relatively 

unchanged, relative to the spectrum of urmiodified silica, it is reasonable to assume that 

most of the silica surface remains unchanged. Based on this spectrum, one would 

expect that the SH bonded phase will be significantly affected by a post-modification 

oxidation. 

0.2.2 Endcapped Sorbents 

The appearance of the CN spectrum (Figure 4.18) changes noticeably upon 

treatment with an endcapping agent. Little can be deduced from the M' peaks, so more 

attention must be paid to the intensities of the T peaks. Since there were not many T' 

type silicon atoms in the original CN phase, the ehmination of this peak from the CN 

EC spectrum was expected. However, the change in the ratio of the T" and T^ peaks is 

drastic. After endcapping, many of the T^ type silanols were converted into T' type 
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Figure 4.17 ^ssi CP/MAS spectrum of thiol modified sorbent 
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Figure 4.18 ^^S'\ CP/MAS spectrum of endcapped cyano modified silica 
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silicon atoms. This indicates that the CN bonded phase is not as well bonded as was 

previously thought and much of the bonded phase is available to TMS compounds. 

Such a structure will definitely be affected by an oxidative process because of its 

accessibility. 

The spectrum of the endcapped phenyl sorbent (PH EC) in Figure 4.19 is much 

like its endcapped alkyl counterparts. Added TMS has eliminated the T' peak and 

there is a broadening of the endcapping peak, which is due to endcapping of the 

vertically polymerized portions of the bonded phase. However, it does not seem that 

the phenyl bonded phase suffered the affects of excessive solution polymerization 

because the T^ and T^ peaks remain relatively unchanged. These results suggest that 

the structure of the PH bonded phase is similar to the C2 and C8 phases. Unlike the 

CN phase, the PH sorbent should be a little more resistant to alteration by the 

sulfonation process. 

When the SH sorbent is treated with an endcapping reagent, a large amount of 

TMS is incorporated into the sorbent. Because there are many available silanols on the 

silica surface of SH, an intense M' peak appears in the spectrum of SH EC (Figure 

4.20). The intensity of this peak corresponds with the reduction of both the and 

peaks, indicating that a substantial fraction of the silica surface has been modified. In 

addition, the change in the intensities of the T peaks is evidence of the changes caused 

by endcapping. The elimination of the T' peak and the reduction of the T^ pjeak 

confirms the analysis, made previously, of the uncapped SH sorbent. In order for these 

changes to occur the precursor SH bonded phase must have contained many long 



Figure 4.19 ^asi CP/MAS spectrum of endcapped phenyl modified silica 
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Figure 4.20 CP/MAS spectrum of endcapped thiol modified silica 
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vertically polymerized chains. After TMS was added to the sorbent it found many 

bonded phase silanols that were available for modification. The presence of TMS 

attached to bonded phase silanols can be confirmed by viewing the resolution enhanced 

spectrum in Figure 4.21. Upon analysis of the endcapping region of the spectrum, 

three peaks resulting fi-om endcapping can be identified. The dominant peak has 

already been assigned to surface bound TMS, but the other two peaks represent TMS 

that has reacted with the bonded phase. The peak at 8 ppm is the M' peak, which 

confirms that TMS has indeed bonded to silanols in the polymer backbone. However, 

the peak at 10.9 ppm does not represent an attachment to the siloxane backbone, but 

rather to the propyl thiol stationary phase. Since thiol groups have active hydrogens 

that can form bonds with a monofimctional silane, a bond is formed between the silicon 

atom and the sulfiir atom of the bonded phase. In either case, the original SH bonded 

phase seems to be available to the endcapping process, so it would be expected that 

oxidation of this sorbent would also produce noticeable changes. 

43.3 ^Si CP/MAS NMR Characterization of Cation Exchange Sorbents 

4.33.1 Uncapped Sorbents 

Oxidation or sulfonation of a modified silica sorbent causes great changes in the 

structure of the affected bonded phases. Because aqueous solutions that contain acid 

are used in these reactions, siloxane bonds are vulnerable to attack. Parts of the bonded 

phase that are not highly crosslinked can be removed from the sorbent when the bonds 

attaching them to either the surface or the bonded phase are severed [131-133]. 

Obviously, those silanes that have formed two or three silyl ether bonds will have a 
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better chance surviving the post-modiflcation process. Normally, sulfonation is harsher 

than oxidation because sulfuric acid is a stronger acid than acetic acid, which is the acid 

commonly used in oxidation reactions. As a result the resulting surface coverages of 

the strong cation exchange sorbents (Table 4.4), SCX and PRS, are lower than the CBA 

phase. It can be seen that sulfonation breaks siloxane bonds and removes part of the 

bonded phase whereas oxidation of the CN phase does not alter the surface coverage. 

Although the surface coverage of the CBA phase is unchanged after oxidation, 

the spectrum of CBA (Figure 4.22) indicates that the process changes the structure of 

the bonded phase. It is apparent that the surface coverage has not been changed 

because the intensities of the T peaks are still comparable to the Q peaks. The 

oxidation has changed the relative intensities of the T^ and T^ peaks, which can only be 

possible if new bonds have been formed. The majority of T^ type silicon atoms must 

have been in the internal portions of the bonded phase. When the sorbent was treated 

with an aqueous solution to perfomi the oxidation, the T^ type silanols were reacted to 

form additional siloxane bonds. The most probable reaction would involve the bonded 

phase and the silica surface. 

Sulfonation of the PH sorbent has caused drastic changes in the sorbent 

structure and surface coverage. If Figure 4.23 is compared to Figure 4.16 a decrease in 

surface coverage can be inferred from the intensities of the Q type peaks. In the SCX 

phase the silanol peak is much larger than the bulk silica peak, which does not vary 

much among different sorbents. In addition, there is an emergence of the geminal (Q^) 

peak further indicating that silanes have been removed from the sorbent. Analysis of 



S o r b e n t  S u r f a c e  C o v e r a a e  ( u m o l / m ^ )  
C B A  3 . 2  
sex 1 
P R S  0 . 8  

Table 4.4 Surface covarages of cation exchange sorbents 
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the T region of the spectrum leads to the same conclusion. The absence of the T' peak 

and the significant reduction of the peak are also evidence that siloxane bonds are 

broken during oxidation of the sorbent Since the structure of the PH bonded phase is 

similar to that of an alkyl phase, and therefore not highly crosslinked, the T' type 

silanes and many of the type silanes are vulnerable to acid hydrolysis. This explains 

the appearance of the SCX phase, in which the intensities of the T^ and T^ peaks are 

roughly equal. 

Oxidation of the SH sorbent has caused the same changes in the spectrum of 

PRS (Figure 4.24) as was seen in the spectrum of SH EC. Again, the elimination of the 

T' peak and the near equality of the T^ and T^ peaks indicate that the available portions 

of the bonded phase, that were identified using the spectrum of SH EC, have been 

removed during the oxidation process. In comparison to the SCX bonded phase, only 

the highly crosslinked silanes within the bonded phase survive the post-modification 

process. 

43.3.2 Endcapped Sorbents 

The data in Figures 4.25 - 4.27 show that the cation exchange sorbents, like 

anion exchange sorbents, consist of crosslinked bonded phases that are not vertically 

polymerized. All of the endcapping peaks have chemical shifts that are greater than 10 

ppm corresponding to TMS that is bonded to the surface (M* peaks). In order to 

investigate the bonded phases one must focus on the T peaks of the various spectra. 

The T^ and T^ peaks in the CBA EC spectrum appear in the same ratio as they did in 

the spectrum of the uncapped sorbent which indicates that the bonded phase remaining 
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after oxidation is crossiinked and attached to the surface at multiple positions. In 

contrast, the spectra of both SCX EC and PRS EC show that some of the bonded phase 

silanols are accessible to endcapping molecules. Since the peak is reduced in each 

spectrum it can be concluded that these sorbents are not as highly crossiinked as the 

CBA bonded phase. 

When these cation exchange sorbents are compared to the NH2 and SAX 

phases, it can be concluded that both methods of creating ion exchange sorbents result 

in similar bonded phase structures. The inherent nature of anion exchange silanes 

results in more ordered bonded phases, whereas disordered parts of cation exchange 

precursor sorbents are removed during post-modification oxidation or sulfonation. In 

either case, the bonded phases of these sorbents are highly crossiinked and sufficiently 

anchored to the silica surface. 

43.4 ^'Si CP/MAS NMR Characterization of Octyl Thioacetate and Octyl 

Sulfonic Acid Sorbents 

The differences between the sulfonated and oxidized cation exchange sorbents 

raise the question of how bonded phases are affected by reaction conditions. It has 

been postulated that the bonded phase structures of CBA and SCX or PRS are different 

because a stronger acid was used to create the latter sorbents, but this explanation may 

not be entirely correct. Since the structures of the precursor sorbents are not exactly the 

same, it may be the structure of the initial bonded phase that affects the resulting 

sorbent. Analysis of a long chain ion exchange sorbent (that will be more fully 
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discussed in the following chapter) provided evidence supporting this hypothesis, so 

further experiments were performed. 

An octyl thioacetate (OT) silane was synthesized and used to create precursor 

sorbents for an octyl sulfonic acid (OCS) bonded phase. This silane was bonded to 

silica samples with various characteristics (Table 4.5). Since it has been shown in 

Chapter 2 that the porosity of the base silica affects the structure of bonded phases, the 

silica samples were chosen to make sorbents with different bonded phase structures. 

Sorbents made using silica with larger average pore sizes will be more accessible to 

both silanes and the post-modification oxidation. Therefore, by studying a series of 

sorbents, one can discover the relationship between accessibility of the bonded phase 

and the resulting structure of the ion exchange sorbent. The oxidation of a thioacetate 

to a sulfonic acid is accomplished using a mixture of hydrogen peroxide and acetic 

acid, so the conditions are not as harsh as sulfonation would be. 

4.3.4.1 Uncapped Octyl Thioacetate Sorbents 

The spectrum of OT-60 A (Figure 4.28) looks like the spectrum of any of the 

alkyl sorbents. The chain length of the octyl thioacetate silane is approximately the 

length of a undecyl chain, so the bonded phase should assume a structure that is most 

similar to a C8 sorbent. The T' peak identifies vertical polymerization, but its extent 

cannot be determined without more information. The large T^ peak could be 

representative of long, unattached siloxane chains or a uniform, crosslinked bonded 

phase. In either case the intensities of the Q peaks indicate the surface coverage of the 

sorbent is comparable to that of alkyl sorbents. The additional signals centered at ~ -85 



Silica Sample Nominal Average Pore Diameter (A) Surface Area (m'^/g) 
1 60 550 
2 100 300 
3 300 110 

Table 4.5 Dimensions of silica samples used to 
synthesize long chain ion exchange precursor sorbents 
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ppm should be ignored and are due to excess trichlorosilane. The other signals at -20 

ppm are caused by contamination. 

When a sorbent with a larger average pore size is used, only minor changes can 

be identified in the spectrum of OT-100 A (Figure 4.29). First, the T' peak is larger, 

relative to the T^ and T^ peaks, which means that there are more terminal silanes that 

are not attached to the silica surface. The decrease in intensity of the T peaks is not due 

to a significant decrease in surface coverage, but rather a decrease in the surface area of 

the base silica. This is supported by the relative sizes of the Q peaks, which are almost 

the same as those in the previous spectrum. Again, this spectnun does not provide 

enough information to make a definitive description of the bonded phase structure. 

The spectrum of OT-300 A (Figure 4.30) is more difficult to analyze because of 

the contamination of the sorbent by trichlorosilane. Because excess trichlorosilane was 

present during sorbent modification with the OT silane, it bonded to the silica surface 

in the same maimer creating a hydro portion of the boned phase. Therefore the 

presence of additional components in the spectrum must be taken into consideration. 

For example, the number of surface silanols has been significantly reduced by the 

excess trichlorosilane, as evidenced by the reduction of the peak. As for the bonded 

phase (T) peaks, they appear in reasonable ratios and do not appear to be much 

different than those in sorbents made with the other silica samples. Vertical 

polymerization is present in this phase, but there is a fair amount of silicon atoms that 

have formed three siloxane bonds. The relative size of the T^ peak suggests that this 
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phase might be more resistant to acid attack, but only if the peak represents silicon 

atoms that are part of a crosslinked bonded phase. 

4.3.4.2 Endcapped Octyl Thioacetate Sorbents 

Endcapping of the OT-60 A sorbent (Figure 4.31) provides information that is 

very useful when an attempt to describe the sorbent is made. At first glance, it can be 

seen that the endcapping process is very effective because of the drastic changes of the 

Q^, T^, and T' peaks. The argument can be made that the bonded phase of the OT-60 A 

sorbent was vertically polymerized and open to TMS compounds. The addition of the 

endcapping agent not only reacted with a large number of surface silanols, but it also 

eliminated the T' peak and greatly diminished the intensity of the T^ peak. The extent 

to which the surface and polymer silanols were endcapped can be estimated by 

investigating the M region of the spectrum. In Figure 4.31, it appears that the 

intensities of the M' and M' peaks are roughly equivalent, but the M' peak is broader 

and, if deconvolved, would have the larger area. Resolution enhancement can be used 

to separate these peaks to determine which peak is more intense. Figure 4.32 shows 

that the M' peak is indeed the larger peak. This result is consistent with the changes in 

the T' and T^ peaks, confirming that the bonded phase consists of a significant amount 

of vertical polymerization. This means that much of the bonded phase is not anchored 

to the silica surface and is accessible. 

The spectrum of the endcapped OT-100 A sorbent in Figure 4.33 presents the 

same basic appearance as did the OT-60 A spectrum. The intensities of all of the Q and 

T peaks are found in the same ratios, but the ratio of the M' and M' peaks is different. 



Figure 4.31 CP/MAS spectrum of endcapped OT-60 A 
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It can easily be seen that the area of the M' peak is much larger than that of the M' 

peak, which is only a shoulder of the main peak at 11.7 ppm. The resolution-enhanced 

spectrum of OT-100 A (Figure 4.34) clearly shows the discrepancy between the two 

peaks. The dominance of the M' peak indicates that more surface silanols are 

accessible to TMS than are bonded phase silanols. The difference between the 

uncapped and endcapped sorbents is not as pronounced for OT-100 A as it is for OT-60 

A, so it can be concluded that the increased pore diameter accommodates larger 

siloxane oligomers and polymers. Since the pores are larger, the bonded phase is better 

able to find more points of attachment, limiting access to polymer silanols. 

After endcapping, the spectrum of OT-300 A (Figure 4.35) changes in a 

predictable fashion. The T' peak is again removed from the spectrum and tlie ratio of 

the T* and T^ peaks favors those silicon atoms with three silyl ether bonds. The hydro 

portion of the bonded phase is also affected by endcapping, which causes an analogous 

reduction in the peak at ~ -75 ppm. Endcapping of both regions of the bonded phase 

contributes to the M' peak. Also the additional bonded phase created by the excess 

trichlorosilane reduces access to the silica surface as well as decreasing the absolute 

amount of surface silanols. The combination of these effects explains the relative 

intensities of the M' and M' peaks in the resolution enhanced spectrum in Figure 4.36. 

It cannot be determined what the surface coverage of the sorbent would have been had 

the excess trichlorosilane been removed from the initial reaction mixture, but the 

appearance of the spectrum in Figure 4.36 is consistent with other wider pore alkyl 

sorbents. 



Figure 4.34 Resolution enhanced CP/MAS spectrum of endcapped OT-100 A 



Figure 4.35 ^ssi CP/MAS spectrum of endcapped OT-300 A 



Figure 4.36 Resolution enhanced CP/MAS spectrunn of endcapped OT-300 A 
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43.4J Uncapped Octyl Sulfonic Acid Sorbents 

As expected, oxidation of the octyl thioacetate sorbent, in order to create an 

octyl sulfonic acid (OCS) phase, alters the structure of the bonded phase. This can be 

deduced from the spectrum presented in Figure 4.37, in which there is a reduction of 

the T' and peaks. The near elimination of the T' peak is expected, but the difference 

between the T^ peaks of the OCS-60 A and OT-60 A spectra indicate that the precursor 

sorbent was not ideally bonded. However, the fact that there is a signal at -47 ppm 

confirms that not all of the unattached portions of the bonded phase have been removed 

by the oxidation process, and that vertical polymerization still exists. 

The spectrum of OCS-100 A in Figure 4.38 also provides evidence that the 

oxidation process has removed some of the bonded phase. The T peaks that remain are 

present in roughly the same ratio as that of the OCS-60 A spectrum, but the T' pjeak has 

been eliminated. Since the average pore size of this sorbent is larger, the octyl 

thioacetate chains cannot are not as restrictive as they would be in the 60 A sorbent and 

must allow more access to the silyl ether bonds of the bonded phase. Aside from this 

difference, the bonded phases remaining for both sorbents are probably similar because 

only the crosslinked portions of each sorbent could survive the oxidation. 

Oxidation has the greatest effect on the OCS-300 A sorbent as seen in the 

spectrum in Figure 4.39. All of the T' and T" type silanes have been removed from the 

sorbent as well as a significant amount of the hydro portion of the bonded phase. 

These results imply that the bonded phase of this sorbent consists of trichlorosilane that 

has formed a copolymer with the octyl thioacetate silanes. Otherwise a peak at the 
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Figure 4.39 ^asj CP/MAS spectrum of OCS-300 A 



269 

chemical shift of type silicon atoms would be present in the spectrum. In addition, 

the removal of bound species is made easier by the porosity of the base silica. In 

contrast to the other OCS sorbents, the 300 A sorbent is the only one in which all but 

the type OT silanes are severed from the sorbent. Because the average pore size is 

larger, the aqueous oxidation mixture is able to diffuse throughout most of the porous 

sorbent. The only part of the sorbent that minimizes this effect is the octyl thioacetate 

portion of the bonded phase. Since the hydro part of the bonded phase does not have 

this ability there is a large reduction of even the highly crosslinked regions of the hydro 

fraction of the bonded phase. This is confirmed by the reduction of the peak at ~ -85 

ppm. It seems reasonable to assume that the remaining copolymer is very stable 

because of the perceived effectiveness of the oxidation of wide pore sorbents. 

4.3.4.4 Endcapped Octyl Sulfonic Acid Sorbents 

The hypothesis has been put forth that the bonded phase that remains after 

oxidation is highly crosslinked and stable because it prevents access to the backbone of 

the polymer network. The spectra of the endcapped OCS sorbents can either support or 

contradict this notion. One example is the spectrum of endcapped OCS-60 A in Figure 

4.40. Beside the addition of the endcapping peaks, the only noticeable difference 

between this spectrum and it uncapped predecessor is the elimination of the T' shoulder 

and the peak at -85.8 ppm. Otherwise the pjeaks representing the bonded phase, T" and 

T\ remained unchanged. When the spectrum is resolution enhanced (Figure 4.41), the 

two resonances representing surface bound and polymer bound TMS are clearly 

viewed. The presence of the M' peak contradicts the theory that only crosslinked 



Figure 4.40 CP/MAS spectrum of endcapped OCS-60 A 
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portions of a bonded phase remain after oxidation. Thus, it can be concluded that the R 

groups of the polymer can protect a small, vulnerable fraction of the bonded phase if 

the pores of the sorbent are sufficiently small. However, it should be noted that the 

imperfections of this bonded phase comprise a small fraction of the sorbent. 

The spectra of OCS-100 A EC and C)CS-300 A EC (Figures 4.42 & 4.43) will 

be discussed together because they have the same general appearance. The endcapping 

(M') peaks of both spectra indicate that the vertically polymerized portions of the 

precursor sorbent have been removed by the oxidation process. However the slight 

decrease of the T" peak in the OCS-lOO A EC spectrum indicates that some bonded 

phase silanols have been modified by TMS. This is not evidence of vertical 

polymerization, only of accessibility, because there is no accompanying T' peak. Also 

there is not a distinct peak representing this in the endcapping region of spectrum 

because the number of polymer silanols affected is small. In contrast, the peaks in the 

spectrum of OCS-300 A EC remains largely unaffected by the endcapping process. In 

either spectrum there is evidence that the bonded phase that remains after oxidation is 

indeed highly crosslinked and resistant to acid hydrolysis. 

4^.4.5 Comparison of Surface Coverages of Octyl Thioacetate and Octyl Sulfonic 

Acid Sorbents 

The surface coverages of the uncapped OT and OCS sorbents were calculated to 

determine the impact of oxidation on each of the OT sorbents. Elemental analysis 

results provided both the carbon and sulfur content of the sorbents, but the sulfur values 

were used because they are not affected by the presence of excess organic solvent. 



Figure 4.42 CP/MAS spectrum of endcapped OCS-100 A 



Figure 4.43 CP/MAS spectrum of endcapped OCS-300 A 
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Therefore, the equation commonly used to calculate surface coverage [159] was 

modified to allow the substitution of percent sulfur values instead of percent carbon 

data. The following equation was used to calculate the surface coverages (Table 4.6) of 

the uncapped OT and OCS sorbents: 

2 10*^ * f 
Surface coverage (^anolnn) = ' (4.1) 

(32OO/I5 - - l ) )As 

where Ps is the percent sulfur contained in the sorbent by weight, 

Hs is the number of sulfur atoms in the silane used for modification, 

MW is the molecular weight of the silane, and 

As is the surface area of the base silica. 

4.4 CONCLUSION 

The data presented in this chapter has shown that the structure of an ion 

exchange sorbent depends on the method employed to create it. Either ionic silanes 

can be used to synthesize these sorbents or precursor sorbents can be made, then 

modified to create a desired sorbent. Often the results of both reaction schemes yield 

sorbents with similar bonded phase structures, but there can be differences depending 

on the characteristics of the silane and silica used. 

Although the structures of the anion exchange sorbents are uniform because of 

the interactions between the silanes used to create them, the bonded phases of various 

cation exchange sorbents are not all equivalent. If the bonded phase of a cation 

exchange precursor sorbent is highly crosslinked then the oxidation process will not 

have a significant effect on the backbone of the polymer network. Other precursor 



Sorbent % Sulfur Surface Coveraae 
^umol/m) 

% Decrease In 
Surface Coveraae 

OT-60A 3.07 2.12 NA 
OCS-60A 2.56 1.72 19 
or-100 A 1.62 1.86 NA 

OCS-IOOA 1.33 1.51 19 
OT-300A 0.45 1.30 NA 

OCS-300A 0.33 0.94 27 

Table 4.6 Surface coverages of octyl thioacetate and octyl sulfonic acid sorbents 
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sorbents, that are not ideally bonded, will be changed upon modification with an 

oxidative solution. In addition to creating the desired ion exchange flmctionality, these 

solutions can break siloxane bonds, which reduces the volume of the stationary phase 

as well as the surface coverage of the sorbent. When the size of the R group is small, 

the bonded phase cannot prevent the corrosive mixture from interacting with all parts 

of the sorbent. A larger R group can block access to some of the bonded phase when 

the average pore size of the base silica is relatively small. 

The long chain ion exchange experiments have shown the differences between 

sorbents consisting of various R groups and made using different types of silica. Since 

the commercially available sorbents are synthesized using the same silica that was used 

to make OT-60 A and OCS 60 A, an accurate comparison can be made between the 

two types of sorbents. The data show that the longer chain of the OT sorbent is able to 

prevent the cleavage of all vertically polymerized portions of the bonded phase, 

whereas the shorter R groups, i.e. propyl thiol and phenyl, caimot do the same. In 

addition, investigation of the CXTS sorbents created using silica gel with different 

average pore sizes indicated that the porosity of the base silica also affects the bonded 

phase structure of an ion exchange sorbent. Since the spectra of OCS-100 A and OCS-

300 A have been modified to an extent that is similar to that of the shorter cation 

exchange sorbents, it can be concluded that it is the combination of bonded phase chain 

length and average porosity of the silica that determines the outcome of the post-

modification oxidation or sulfonation. 
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CHAPTERS 

SYNTHESIS AND CHARACTERIZATION OF A 

LONG CHAIN ION EXCHANGE SORBENT 

5.1 INTRODUCTION 

Solid phase extraction is used for the analysis of biological samples because of its 

ability to provide clean, concentrated extracts [160-167], Analytes are often found in 

complex matrices such as urine and plasma [168-172], which contain a variety of 

species that can interfere with the analytical technique of choice. However, judicious 

choice of sorbent and solvents/buffers along with a proper method can eliminate many 

of the interferences while increasing the concentration of the desired analyte. To 

achieve this goal, most manufacturers produce solid phase extraction columns packed 

with either a mixture of hydrophobic and ion exchange sorbents or a co-polymer 

modified sorbent consisting of the same moieties. Although methods using these 

sorbent blends work well [173-180], they are not extremely selective because they 

utilize sequential interactions to isolate analytes. A more desirable situation would 

involve using simultaneous multiple interactions to achieve optimum selectivity. In an 

attempt to attain such performance a new long chain ion exchange sorbent has been 

synthesized. 

The long chain ion exchange sorbent was investigated to determine its ability to 

retain compounds by hydrophobic, ionic, and simultaneous hydrophobic-ionic forces 
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using appropriate probe molecules. These studies were carried out using different 

combinations of organic solvents and buffers to determine how longer chains affect the 

availability of ion exchange sites, as well as the effect that ionic head groups have on 

the hydrophobic portion of the bonded phase. The information gained from these 

experiments was then applied to develop methods for the extraction of biologically 

active compounds from complex matrices. 

5^ EXPERIMENTAL 

5.2.1 Synthetic Procedures 

The following procedure is similar to synthetic preparations reported in 

reference 181. 

The starting material for the initial reaction, 8-bromo-l-octene was analyzed by 

NMR to assure its purity. The spectrum is shown in Figure 5.1 with assignments of the 

various signals. 

5.2.1.1 Synthesis of 8-thioacetyI-l-octene 

In order to replace the bromo group with a thioacetyl group, a slight molar 

excess of potassium thioacetate (10.7606 g, 0.094 mol) was added to 8-bromo-l-octene 

(15 g, 0.078 mol) in 150 mL of 200 proof ethanol (Quantum) in a three neck flask. The 

apparatus was fitted with a condenser and this mixtxare was heated at reflux overnight. 

When the reaction was completed 200 mL of water was added to the flask, then the 

entire mixture was transferred to a separatory fimnel. The 8-thioacetyl-l-octene 

compound was extracted from the ethanol/water solution using several portions of 

diethyl ether (J. T. Baker). The diethyl ether was removed using a rotary evaporator. 
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Figure 5.1 NMR spectrum of 8-bromo-1-octene with assignments 
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leaving 14.0749 g (yield; 96%) of the desired compound. The identity of this 

compound was verified using the NMR spectrum presented in Figure 5.2. In 

comparison to the spectrum of 8-bromo-l-octene, it can be seen that a substitution has 

occurred. First, the singlet at 2.3 ppm, which is not present in the Figure 5.1, is due to 

the methyl group of the thioacetyl group. Also the upfield shift of the signals 

previously found at 1.75 and 3.4 ppm indicates that bromo group has been replaced 

with the thioacetyl group. Since sulfur is less electronegative than bromine it is better 

able to shield the protons attached to carbons at positions seven and eight. Therefore 

the chemical shifts of these protons at 1.55 and 2.75 ppm, respectively, are found at 

lower ppm values. 

5.2.1.2 Synthesis of octyl thioacetate trichlorosilane 

The hydrosilylation reaction was performed by placing approximately 5 g of 8-

thioacetyl-l-octene, 30 mL of trichlorosilane, and 0.5 mL solution of chloroplatinic 

acid in ethanol in a pressure tube, which was capped with a teflon stopper. This 

procedure was carried out under nitrogen in a glove box. The sealed pressure tube was 

0 

placed in an oil bath at 70 C and stirred for 2 days. When the reaction was complete, 

the excess trichlorosilane was rotovapped from the silane, then the compound was 

analyzed by NMR spectroscopy. The spectrum in Figure 5.3 confirms that the double 

bond of 8-thioacetyI-l-octene was successfiilly added to the silicon atom of 

trichlorosilane. This conclusion can be reached by noting the disappeanmce of the 

signals at 4.95 and 5.8 ppm that represented those protons that were attached to the 

carbons on either end of the double bond. It has been reported elsewhere [156] that 
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during this reaction the proton of trichlorosilane is added to the double bond, creating a 

saturated compound. For this reason the majority of protons is represented by the 

multiplet at -1.3 ppm and the protons alpha to silicon and beta to sulfur are found at 

1.55 ppm. The assignments of the signals at 2.3 and 2.75 ppm remain unchanged 

because the thioacetyl portion of the compound is unaffected by the process. The 

additional peak at 2.15 ppm can be assigned to hydrochloric acid, which is produced 

when trichlorosilane reacts with trace amounts of water. 

5.2.1.3 Synthesis of Octyl Thioacetate and Octyl Sulfonic Acid Modified Silica 

The octyl thioacetate sorbent was synthesized by refluxing, with stirring, a 

mixture consisting of 1.8479 g of octyl thioacetate silane and 4 g of silica gel 

suspended in toluene. The toluene was removed from the resulting sorbent by filtration 

then the sorbents were stirred with a mixture of hydrogen peroxide in glacial acetic acid 

O 
(1:5) at 50 C for thirty minutes [181] to oxidize the thioacetate groups. Endcapping 

reactions were performed using either chlorotrimethylsilane or trimethylsilylimidazole. 

The chlorotrimethylsilane reaction was performed by stirring a mixture of the sorbent 

of interest and a solution of 30 % chlorotrimethylsilane in toluene for several hours. 

Another endcapping reaction was performed by suspending sorbent in a solution of 33 

O 
% trimethylsilylimidazole in toluene, with stirring at 50 C for several hours. The 

O 
solvent was then removed using a glass frit and dried for 15 minutes at 160 C. Both 

the octyl thioacetate and octyl sulfonic acid phases were sent to Desert Analytics 

(Tucson, AZ) for elemental analysis. 
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5.2.2 ^Si CP/MAS NMR Spectroscopy 

"^Si CP/MAS NMR spectra were acquired using a Bruker MSL-200 

spectrometer (Karlsruhe, Germany) using a 9 lasec proton 90 degree pulse, a 2.5 msec 

contact time, and a delay of 2 sec. Approximately 200-350 mg samples were loaded 

into zirconia rotors and spun at rates of 2.7-3.5 kHz. Trimethylsilyl pentane sulfonic 

acid (Aldrich) was used as an external reference 

5.2.3 Liquid Chromatography 

Chromatographic experiments were performed on a Thermo Separation 

Products liquid chromatograph using a Spectra Physics autosampler and a UV3000 

ultraviolet detector. The spectroscopic data was processed using PC 1000 software. 

A 20 mL sample loop was used for all experiments, which were performed at 

room temperature. Reversed phase experiments were run at 1 mL/min using a mobile 

phase consisting of 60% isopropanol (Burdick & Jackson) and 40% MilliQ water 

(Millipore). Normal phase experiments were performed using a mixture of 

93.75/5/1.25 hexane/ethyl acetate/isopropanol (Burdick & Jackson) pumped at flow 

rates of 0.5, 1, and 2 mL/min. A 5 cm column was diy-packed with the OCS sorbent 

described in the synthesis section above. 

5.2.4 Solid Phase Extraction 

PCP standards were obtained from Sigma Chemical Company in concentrations 

of 1000 ppm (PCP) and 100 ppm (PCP-d5). These standards were diluted with 

methanol (J. T. Baker) to produce 10 and 2 ppm solutions, respectively. Samples were 

extracted from columns containing the OCS sorbent and 1ST ISOLD I t HCX (Jones 
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Chromatography, Ltd.) with the aid of a VacMaster (International Sorbent Technology) 

vacuum box. After the elution, the samples were evaporated with a Turbo Vap (Zymark 

Inc.). The deuterated internal standard was added, then the samples were analyzed by 

GC/MS. The separation was performed one a DB-5ms fused silica capillary column (J 

& W Scientific) using a Hewlett-Packard (HP) model 5890 gas chromatograph, which 

was equipped with an HP model 7673 autosampler and an HP model 5970 mass 

spectrometer. Standards corresponding to 10, 20, 50, and 100% recovery were injected 

and analyzed using HP Chemstation software in order to create a calibration curve. 

The Chemstation program collected data for each sample and calculated the percent 

recovery based on the calibration curve. 

5.2.5 Ion Chromatography 

The apparatus used was the same as that described above for the liquid 

chromatographic experiments. The columns used were the 5 cm OCS column and 15 

cm columns packed with 1ST ISOLUTE C8, PH, and SCX solid phase extraction 

sorbents (Jones Chromatography). Mobile phases consisting of 55% methanol (J. T. 

Baker) and 45% sodium formate (Fisher Scientific) buffer were prepared and pumped 

through the columns at a flow rate of 2 mL/min. 
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5.3 Results and Discussion 

5.3.1 ^Si CP/MAS NMR Spectroscopic Characterization of a Long Chain Ion 

Exchange Sorbent 

5.3.1.1 Uncapped Octyl Thioacetate Precursor Sorbent 

Figure 5.4 contains a representation of the octyl thioacetate (OT) bonded phase 

described above. To reiterate, the length of this silane is comparable to an undecyl 

silane, so it is not surprising that the ^^Si CP/MAS NMR spectrum of the OT phase 

(Figure 5.5) is similar to the spectra of the alkyl modified sorbents. The major 

difference is the sparse surface coverage of the OT sorbent, which can be determined 

by the relative intensities of the Q peaks. In most of the commercially available 

sorbents the geminal silanol peak is almost nonexistent and the and Q"^ peaks are of 

comparable size. Also, the intensities of the T peaks are fairly low. Aside from the 

difference in surface coverage deduced from the Q region, the appearance of the T 

region is not unusual. The ratios of the three peaks most closely resembles the same 

region of the spectrum of the octyl sorbent, which should be expected since the length 

of the octyl silane is the closest of any of the alkyl silanes to the OT silane. Whether or 

not the bonded phase represented by this spectnmi is like the bonded phase of C8 

cannot be asserted from this spectrum alone. 

5.3.1.2 Octyl Thioacetate Precursor Sorbent Endcapped with TMS-Cl 

The spectrum in Figure 5.6 was acquired using the octyl thioacetate sorbent 

after it had been treated with chlorotrimethylsilane. Unfortunately the endcapping 

region of the spectrum does not provide much information because it is dominated by 
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the M' peak. Any TMS that has been attached to the bonded phase cannot be 

distinguished from this peak because there are far more surface silanols than polymeric 

silanols. This is a consequence of the low surface coverage of the OT sorbent and is 

further confirmed by the significant reduction of the and peaks, which both 

represent surface silanols. However, the reduction of the T' peak implies that some of 

the TMS molecules did react with bonded phase silanols. In addition, the intensity of 

the T^ peak, relative to the T^ peak, has been reduced, indicating that the bonded phase 

is somewhat accessible to endcapping. It can also be determined from this spectrum 

that the endcapping process was incomplete since the T' peak has not been eliminated. 

5J. 1.3 Octyi Thioacetate Precursor Sorbent Endcapped with TMS-Imidazole 

In order to rule out the possibility that the inability to thoroughly endcap the OT 

sorbent was due to the reaction conditions, the endcapped OT sorbent was endcapped 

again using the trimethylsilylimidazole protocol. An imidazole endcapping agent was 

chosen because it is known that silanes with secondary amines are more reactive than 

chlorosilanes [158], and that the presence of an acid scavenger also improves surface 

coverage [50,51], After this more aggressive reaction, there is a noticeable change in 

the spectrum (Figure 5.7) of the endcapped sorbent. First, the T' peak has been largely 

removed from the spectrum, supporting the notion that the initial reactions conditions 

were inadequate. Also the intensities of the T^ and T^ peaks are now almost equal. 

Both of these pieces of information indicate that the OT sorbent is accessible to 

modification and can be interpreted to describe a bonded phase that is not highly 

crosslinked. Since the OT sorbent is a precursor for the octyl sulfonic acid (OCS) 
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sorbent (Figure 5.8) this lack of crosslinking makes the bonded phase vulnerable to the 

oxidation process used to create sulfonic acid groups. 

53.1.4 Uncapped Octyl Sulfonic Acid Sorbent 

The results of the oxidation of the OT sorbent can be deduced from the 

spectrum of the octyl sulfonic acid phase (OCS) in Figure 5.9. The only major 

difference between the spectra of the OCS and OT sorbents is the intensity of the T' 

peak. Since it is the only T' peak that has been reduced, it can be concluded that only 

the singly bound silanes were affected by the oxidation process. It appears that the 

other portions of the bonded phase were unaffected because the intensities of the T^ and 

T^ peaks are relatively unchanged. The fact that some of the vertically polymerized 

portion of the bonded phase remains after the oxidation may indicate that the hydrogen 

peroxide / acetic acid mixture was not given enough time to hydrolyze all of the 

accessible siloxane bonds. Otherwise, the T' peak would not appear in the spectrum 

and the intensity of the T^ peak would have been reduced (because it has been 

determined that the OT phase is not highly crosslinked). 

5.3.1.5 Octyl Sulfonic Acid Sorbent Endcapped with TMS-CI 

The spectrum of OCS EC (Figure 5.10) provides more information supporting 

the conclusions made about the OT precursor sorbent. Because the oxidation of the OT 

bonded phase removed some of the vertically polymerized siloxane chains, the 

endcapping reagent was better able to reaction with the bonded phase silanols. Almost 

all of the T' type silanols were affected, thus greatly reducing the signal at -48 ppm, as 

well as a larger fraction of the T^ type silanols, relative to the OT sorbent. However, 



Figure 6.8 Representation of an octyl sulfonic acid (OCS) bonded phase 
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the presence of the peak suggests that the sorbent was not completely endcapped, so 

the OCS EC sorbent was also subjected to the TMS-imidazole procedure. 

53.1.6 Octyl Sulfonic Acid Sorbent Endcapped with TMS-Imidazoie 

As was seen earlier, the additional endcapping of the OCS sorbent produces 

further changes in the resulting spectrum (Figure 5.11). The difference between the 

spectra of this endcapped OCS sorbent and the previous one is the relative intensities of 

the T" and peaks. Unlike the spectra of the OT bonded phases, the ratio of these 

peaks favors the triply bonded portion of the bonded phase. Therefore, it seems that 

the si lanes that were removed during the oxidation reaction, left the remainder of the 

bonded phase exposed. Perhaps, if the oxidation had been performed for a longer 

period of time then it is not inconceivable that the structure of this OCS bonded phase 

would be similar to those studied in Chapter 4. In either case, the data suggest that 

only those silanes that are either crosslinked or sterically inaccessible survive harsh 

post-modification reactions. 

5.3.2 Liquid Chromatographic Characterization of the Octyl Sulfonic Acid 

Sorbent 

To further investigate the structxire of the OCS bonded phase, chromatographic 

experiments were performed. The format of this study was similar to that used to 

characterize the alkyi modified sorbents, although the basic compounds could not be 

used. Because aniline and naphthyl amine can be protonated and therefore interact 

strongly with the sulfonic acid groups of the bonded phase, their use was prohibited. 

Also, the organic fraction of the reversed mobile phase and the polar fraction of the 



Figure 5.11 CP/MAS spectrum of octyl sulfonic 
acid (OCS) sorbent endcapped with TMS-imidazole 
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normal mobile phase were reduced in order to increase retention. This was especially 

needed to enhance the retention of phenol under reversed phase conditions because of 

the low surface coverage of the OCS sorbent 

5.3.2.1 Reversed Phase Chromatography 

Ethylbenzene and phenol were used as probe molecules so that the different 

retentive forces, van der Waals and dipole-dipole forces, could be studied. Since 

aniline could not be used, the retention of phenol had to be increased so that it could 

more accurately probe surface silanols. To accomplish this, the organic content of the 

mobile phase was reduced from 60 to 10% isopropanol. The results of this change are 

that the capacity factors of ethylbenzene and phenol were increased to 25.5 and 3.5, 

respectively. When these values are compared to those obtained using the analogous 

alkyl sorbent, C8, it can be seen that the composition of the mobile phase has a 

significant effect on retention. However, the increased amount of water in the mobile 

phase larger eliminates hydrogen bonding between phenol and surface silanols, so 

retention is based mostly on the interactions between the analytes and the alkyl portion 

of the bonded phase. 

The peak asymmetry values mostly reflect the distribution of the octyl sulfonic 

acid groups because the interactions between the analytes and the sorbent do not 

include a large contribution from silanols. The values shown in Table 5.1 are much 

larger than expected, based on the data obtained using similar alkyl sorbents. The 

severe reduction of dipole-dipole forces between silanols and phenol molecules, caused 

by the increased polarity of the mobile phase, causes both analytes tail to almost the 



Sorbent Peak Asvmmetrv 
Ethvlbenzene 

Peak Asvmmetrv 
Phenol 

OCS 1.37 ± 0.04 1.43 ±0.01 

Table 5.1 Peak asymmetry values for analytes 
chromatographed under reversed phase conditions 

u> o o 
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same extent. In contrast, the peak asymmetry values for ethylbenzene pumped through 

C8 and CI 8 coluirms showed the arrangement of those bonded phases to be uniform, 

from the perspective of a non-polar analyte. It was initially assumed that the difference 

between the OCS sorbent and these alkyl sorbents was caused by non-uniform packing 

of the OCS column. Unfortunately, normal phase data could not be used to normalize 

the peak asymmetry values (for reasons that will be discussed), so the value recorded 

for ethylbenzene was used as a standard for comparison. The rationale for using this 

value to normalize other data is based on the similarity between OCS and the longer 

alkyl chain sorbents. Because the length of the octyl thioacetate silane is between that 

of an octyl and an octadecyl silane, it is reasonable to assume that the resulting bonded 

phase would also be similar. If the bonded phase structures are similar then the extent 

to which ethylbenzene tails on each sorbent should also be comparable. Since almost 

no tailing was observed for ethylbenzene run on C8 and CI8 columns, the OCS peak 

asymmetry of ethylbenzene was assigned a value of one. When the peak asymmetry 

value of phenol is normalized, it too indicates that the octyl sulfonic acid groups are 

arranged homogeneously. 

5.3.2.2 Normal Phase Chromatography 

The limitations of the reversed phase experiment required that a normal phase 

experiment be performed in order to study the distribution of surface silanols. 

Naphthalene was again intended to measure the void volume of the colunm and the 

quality with which the column was packed. After the data had been collected, it was 

apparent that the peak asymmetry value for naphthalene could not be used to normalize 
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the chromatographic data. Since naphthalene tails more than either ethylbenzene or 

phenol did in the previous experiment, it could not be assumed that it does not interact 

with the sorbent As a consequence, it could not be accepted as a measure of how well 

the column was packed. Thus, the normalization factor discussed above was used to 

treat the normal phase data. Both the raw and normalized data can be found in Table 

5.2. The capacity factors recorded for naphthol have been included to confirm that the 

sorbent contains a sufficient number of accessible silanols to p)romote retention. 

The peak asymmetry data for both naphthalene and naphthol indicate that 

surface silanols are not evenly distributed throughout the OCS sorbent As was seen 

for some of the alkyi sorbents, naphthalene can interact with silanols, which cause 

tailing. However, when the peak asynmietry values for naphthalene are compared to 

those of naphthol, it can be concluded that the interaction between the pi cloud of 

naphthalene and a silanol is not as strong as a hydrogen bond. This conclusion can be 

made when it is realized that these two analytes are almost identical in size and would 

have the same access to the surface of the porous sorbent. Therefore, the increased 

tailing of naphthol can only be due to an increase in the strength of the interaction 

between analyte and silanol. 

To further study the tailing behavior of the analytes, the same experiments were 

performed at different flow rates. The results, shown graphically in Figure 5.12, 

indicate that there is a significant relationship between flow rate and peak asymmetry 

for this sorbent. The increase in peak asymmetry when the flow rate is changed from 

0.5 to 1.0 mL/min is similar to some of the results discussed in Chapter 3. As has been 



OCS Raw Peak Asymmetry Data OCS Nomialized Peak Asymmetry Data 
Flow Rate ^ml_/mln) Naohthalene Naohthol Naohthalene Naohthol 

0.5 1.60 ±0.04 1.63 ±0.02 1.17 ±0.06 1.19 ±0.04 
1 1.68 ±0.01 1.75 ±0.01 1.23 ±0.04 1.28 ±0.04 
2 1.48 ±0.01 1.48 ±0.03 1.08 ±0.04 1.08 ±0.05 

Table 5.2 Raw and normalized peak asymmetry values for analytes 
chromatographed under reversed phase conditions - OCS sorbent 
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explained earlier, the length of the OCS chain limits access to silanois located in 

smaller micropores. Because few analytes are able to diffuse into regions with these 

isolated silanois, the silanois contribute to the peak asyirmietry of analytes with which 

they can interact. When the flow rate is raised from 0.5 to 1.0 mL/min the analytes in 

these micropores have less time to diffuse out of the pores, causing them to lag behind 

the majority of the analytes. This disparity among a population of analytes contributes 

to tailing and would be expected to be dependent on flow rate. However, when the 

flow rate was further increased to 2 mL/min a corresponding peak asynunetry increase 

was not observed. In this case the flow rate is fast enough to deny analytes the time 

necessary to diffuse past the bonded phase and into smaller pores. Therefore the 

silanois in these pores are effectively inaccessible to both analytes, as evidenced by the 

peak asymmetry values for naphthalene and naphthol. The elimination of these sites 

results in similar behavior for naphthalene and naphthol and greatly diminishes the 

tailing of both analytes. It should be noted that the increase in flow rate does not 

significantly affect the retention of naphthol, which confirms that the silanois that cause 

tailing are indeed unique sites. 

If all of the chromatographic data is considered, it appears that the structure of 

the OCS bonded phase is similar to the longer chain alkyl sorbents. When a reversed 

phase experiment is performed, analytes probe a bonded phase is evenly distributed and 

equally accessible resulting in minimal tailing. Under normal phase conditions it is 

apparent that the bonded phase hmits access to a portion of the unmodified silica 

surface. This can be confirmed by comparing the void volumes recorded for the 
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different experiments. The reversed and normal phase void volumes are 0.44 and 0.63 

minutes, respectively, which is an increase of 30%. For OCS, the fraction of the silica 

surface that is blocked by the bonded phase is less than was recorded for almost all of 

the alkyl sorbents. More of the unmodified siUca of the OCS sorbent is accessible 

because of the low surface coverage, which is consistent with previous results. It has 

been seen for the CI 8 sorbent that as the surface coverage of the sorbent decreases, the 

bonded phase is less able to exclude the mobile phase from the smaller pores. 

Therefore, the OCS bonded phase creates two regions of the unmodified surface; one 

that is accessible and another that is not. Because these two regions of silanols are not 

equally accessible to all analytes in a given population, the resulting peaks are 

asymmetric. The asymmetric peaks obtained for naphthalene and naphthol, using the 

OCS column, suggest that the structure of the OCS bonded phase is more like that of 

the CI 8 sorbent, even though the size of the precursor silane is closer to an octyl silane. 

However, the lack of tailing at the highest flow rate indicates that the silanols between 

the OCS chains are accessible; behavior that is most similar to that observed for the C8 

sorbent. The length of the octyl thioacetate silane is intermediate between the octyl and 

octadecyl silanes so it should be expected that the octyl thioacetate bonded phase has 

characteristics of both sorbents. 

533 Solid Phase Extraction Experiments 

5.33.1 Background and Rationale 

The long chain ion exchange sorbent (OCS) was synthesized in order to create a 

bonded phase that would provided increased selectivity, relative to commercially 
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available sorbent Figure 5.13 contains examples of the different types of strong cation 

exchange sorbents. Sulfonic acid groups are commonly used because the low pKa 

value of a sulfonic acid group assures that it will be ionized under most conditions. 

The only difference between these sorbents is the type of spacer used to attach the 

sulfonic acid group to the bonded phase. As can be seen in the figure, phenyl, propyl, 

and ethylbenzyl groups have been used to accomplish this. In addition to the ion 

exchange portion of a sorbent, alkyl groups are also incorporated to provide a source of 

hydrophobic interactions. Sorbents of this type can be created in one of two ways. 

Either ion exchange and alkyl silanes can be co-polymerized on the same silica particle 

or separate sorbents can be physically mixed in a solid phase extraction column. In 

terms of performance, both approaches can be used to obtain high recoveries of given 

analytes [173-180], provided the correct extraction method is used. 

To successfully extract an analyte that has both ionic and hydrophobic character 

from a complex biological matrix, it is necessary that the chosen SPE colunm can 

provide different types of retentive forces. A common mixed mode SPE colunm is 

shown in Figure 5.14, which illustrates the purpose of each type of sorbent. The PRS 

sorbent is used to provide a strong retention mechanism for cationic analytes, whereas 

the C8 sorbent can retain analytes through less selective, low energy van der Waals 

forces. If the analyte of interest is present in a biological matrix that has a high salt 

content then both types of interactions are required to obtain a clean extract. 

Extractions j)erformed using only an ion exchange sorbent or an alkyl sorbent have 

shown that multiple interactions are essential to an effective SPE method [182]. The 
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utility of a combination of retentive forces is best understood by analyzing a typical 

extraction using a mixed mode sorbent. 

A general protocol for the extraction of a basic compound from a complex 

matrix is given in Figure 5.15. First, after the column has been properly conditioned, 

an aqueous sample is applied. Because most biological samples have a high ionic 

strength, most of the ionic sites will not be available and the compound of interest will 

be retained by the C8 sorbent, as well as any hydrophobic interferences. Next, the 

column is rinsed with an acidic aqueous solution to remove any excess salts and to 

protonate the basic compound and the silica surface. It is important to protonate 

surface silanols because if ionized they can retain unwanted compounds or salts. An 

organic rinse is then used to remove the hydrophobic interferences. During this rinse 

the compound of interest is also removed from the C8 chains, so it must locate an ion 

exchange site in order to be retained on the column. It is for this reason that it is 

important to ensure that the basic compound is protonated prior to this step of the 

procedure. At this point, ideally, the only analyte left on the colunm would be the 

compound of interest. To remove the compound from its ionic attachment, the pH of 

an organic elution solvent is raised so that the basic compound will no longer be 

ionized. Since hydrophobic interactions are minimized by the organic solvent, the high 

pH eliminates the ionic retention mechanism and allows the compound to be eluted 

from the column. 
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5^3.2 Solid Phase Extraction Experiments Using Long Chain Ion Exchange and 

Mixed-Mode Sorbents 

A similar procedure was used to compare and contrast the behavior of a 

commercially available mixed mode sorbent and the long chain ion exchange sorbent. 

Phencyclidine (Figure 5.16) was chosen as an analyte because it is a basic compound 

that has hydrophobic character and is compatible with the chosen analytical technique, 

GC/MS. The sorbents used for the extractions are illustrated in Figure 5.17. The OCS 

sorbent was designed to provide the same retention mechanisms as the mixed mode 

HCX column, but to enhance selectivity by combining the ionic and hydrophobic 

moieties. The typical extraction protocol was modified so as to better study the 

differences between the two sorbents. 

The extraction of PCP from a high ionic strength matrix was performed using 

the procedure shown in Figure 5.18. The measured amount of the PCP solution was 

mixed with 1 mL of a 0.1 M, pH 4 sodium acetate buffer. A high ionic strength was 

used to mimic the matrix of a biological fluid such as urine or plasma, while the pH 

was adjusted to 4 to protonate the analyte and reduce the ionization of the silica 

surface. After conditioning the columns with methanol, the indicated amount of an 

ammonium ion solution (see Figure 5.18) was passed through the column and the 

excess was removed with 1 mL of a 0.01 M HCl solution. Then the sample was 

applied and again washed with the HCI solution to remove excess salts. The column 

was rinsed with methanol and collected for analysis. Finally the column was dried for 

five minutes and eluted with 1 mL of a 98/2 methanol/ammonia solution. 



Figure 5.16 Structure of Phencyclidine (PCP) 
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The main difference between this procedure and the general one is the 

application of the ammonium ion solutions prior to sample application. Each solution 

was passed through its corresponding column in order to occupy all of the ion exchange 

sites with a counter ion that is stronger than those found in the buffer. Since the 

analytes must find an ion exchange site during the methanol rinse to be retained, each 

PCP molecule must displace an anunonium ion to accomplish this. The effectiveness 

of this displacement for a series of ammonium ions will allow the selectivity of the 

HCX and OCS sorbents to be estimated. 

5333 Solid Phase Extractions of PCP 

53.33.1 Recoveries From Final Elation 

The final recoveries of PCP recorded using the various ammonium ions are 

shown in Table 5.3. It can clearly be seen that there is a difference in selectivity 

between the two columns. When the counter ion is fairly hydrophilic and does not 

have a permanent charge, it is easily displaced by PCP, resulting in high recovery. 

However, when the ammonium ion becomes more hydrophobic and maintains a 

permanent charge, it is more difficult to displace. The point at which recovery declines 

is different for the two sorbents because of the arrangement of the hydrophobic and ion 

exchange portions of the sorbent. It appears that the combination of the two 

functionalities on the OCS sorbent helps PCP displace the more strongly held tetraethyl 

and tetrabutyl anmionium ions. In contrast, recoveries obtained using HCX are lower 

for all but the most strongly held ion, because the octyl chains and propyl sulfonic acid 

groups are located on separate silica particles. 



% Recovery of PCP % Recovery of PCP 
Counter Ion HCX OCS 

^NH4 78  ±1  98  ±4  
'NH(CH3)3 82  ±3  99  ±2  

^N(Et)4 60  ±4  98  ±1  
'N(BU)4 47  ±4  63  ±6  

'N(Et)3(Hex) 42  ±4  40  ±2  

Table 5.3 Absolute recovery of PCP extracted from 
HCX and OCS sorbents vs. ammonium counter ion 

ui 
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5333.2 Explanation of Retention Behavior - HCX 

These results can be better understood after the activity during the methanol 

wash is further analyzed. For the HCX sorbent, when the methanol wash removes the 

PCP molecules from the C8 chains it must find a propyl sulfonic acid group, as seen in 

Figure 5.19 (a). At this point it must effectively compete for the ion exchange site with 

the ammonium ion that is already present. If it is able to displace the ammonium ion 

then it will be retained, as in Figure 5.19 (b), otherwise it will be eluted (Figure 5.19 

(c)). Because PCP must compete directly with the bound ammonium ions, it is better 

retained on the sorbents that are conditioned with the two ionizable compounds, 

ammonia and triethylamine. In contrast, the quaternary ammonium ions are more 

difficult to displace because of the permanent charge, but the effect is not the same for 

all of these ions. As the hydrophobic character of the ammonium ion increases, it is 

less likely that it will be displaced by a PCP molecule. This occurs because the alkyl 

groups of the ammonium ions can also be retained by the propyl spacer arm. The 

interaction between the ammonium ion and the PRS group becomes stronger as the 

ammonium alkyl chains lengthen, which explains the decrease in recovery. 

5.3.333 Explanation of Retention Behavior - OCS 

When the OCS sorbent is used to perform the extraction, the PCP molecules are 

in a different environment during the methanol rinse. As the sample is passed through 

the OCS sorbent it is first retained by the octyl spacer arm. Because of its close 

proximity to the sulfonic acid group, the analyte can maintain its interaction with the 

hydrophobic portion of the bonded phase while it attempts to displace an ammonium 
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ion (Figure 5.20 (a)). The simultaneous multiple interactions provided by the OCS 

bonded phase allows the PCP molecules to quantitatively displace one ammonium ion 

with a permanent charge. However, as the hydrophobic nature of an immobilized 

anmionium ion increases it is better held by an OCS group, which prevents the 

retention of all of the analytes. It should be noted that the combination of interactions 

provided by the OCS bonded phase does produce better recoveries for PCP on the 

columns conditioned with tetraethyl and tetrabutyl ammonium ions. Since the recovery 

of PCP is equal for both HCX and OCS when the hexyltriethyl ammonium ion is used 

to condition the columns, it can be concluded that the hexyl chain significantly 

contributes to retention and not even the multiple interactions of the OCS phase are 

sufficient to promote strong retention of PCP. This result is not surprising because the 

hexyltriethyl ammonium ion can also be retained by both retention mechanisms. 

Therefore a PCP molecule would not have any advantage when it competes with this 

ion for an ion exchange site. To confirm that the ammonium ions were responsible for 

the low recoveries, the methanol rinses were analyze in an attempt to locate the 

analytes missing from the final elution. 

S.3JJ.4 Recoveries of PCP From Methanol Rinse 

Table 5.4 contains the percentage of PCP recovered during the methanol rinse 

for the various ammonium ions. The data are fixrther evidence that OCS is a more 

selective sorbent for basic compounds with hydrophobic character. Whereas high 

recoveries were obtained on OCS when the counter ions were triethylamine and 

tetraethyl ammonium ion, PCP was found in the methanol wash for the analogous HCX 
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% Recovery of PCP in MeOH Rinse % Recovery of PCP in MeOH Rinse 
Counter Ion HCX OCS 

'NH4 No recovery No recovery 
'NH(CH3)3 11  ±2  No recovery 

'N(Et)4 16±1  No recovery 
'N(BU)4 No result 28  ±4  

'N(Et)3(Hex) 57  ±6  28  ±3  

Table 6.4 Recovery of PCP in methanol rinse of 
HCX and OCS sorbents vs. ammonium counter ion 
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columns. This confirms that on the HCX columns, PCP molecules caimot compete 

with the ammonium ions and are retained only by the C8 sorbent During the methanol 

rinse they are eluted from the column because they cannot find an available ion 

exchange site. For the OCS sorbent, the multiple interactions between the analyte and 

the bonded phase aid in the retention of PCP during the methanol rinse. It is for this 

reason that no PCP was found in the methanol wash for all but the tetrabutyl and 

hexyltriethyl ammonium counter ions. The same forces that promote the retention of 

PCP also strongly retain these ammonium ions because they can interact with both the 

sulfonic acid and octyl groups of the bonded phase. Therefore, when counter ions are 

present that can also be retained by simultaneous multiple interactions, a higher 

percentage of PCP molecules are retained by the octyl portion of the OCS phase and 

removed when methanol is passed through the column. 

533.4 Conclusion 

In comparison to the commercially available sorbent, OCS exhibits enhanced 

selectivity for cationic species with hydrophobic character. This is especially true for 

those compounds that have a permanent charge, like quaternary amines. It has been 

shown that the octyl portion of OCS increases the selectivity for PCP by providing 

multiple interactions to aid in the displacement of inrmtobilized counter ions. The 

possibility of hydrophobic interactions does exist for the PRS portion of the HCX 

sorbent, but it appears that the displacement of ions from propyl sulfonic acid groups is 

based mainly on the relative strengths of the ionic bonds that can be formed. This 

explains the poor performance of the HCX sorbent, relative to the long chain ion 
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exchange sorbent. Although it has been determined that OCS is a more selective 

sorbent, a more comprehensive experiment was performed to more quantitatively 

determine its selectivity. 

53.4 Ion Chromatography Study 

53.4.1 Experimental Design and Rationale 

To make a more accurate comparison between the OCS sorbent and similar 

sorbents, a series of tricyclic antidepressants (TCAs) were studied in an ion 

chromatography format. The analytes shown in Figure 5.21 were chosen because they 

are all basic compounds that have large hydrophobic fused-ring structures. Therefore, 

they all have the ability to interact with bonded phases through both van der Waals and 

electrostatic forces. The sorbents used for these experiments are illustrated in Figure 

5.22 and were chosen so that comparisons could be made between long and short chain 

ion exchange sorbents as well as between ion exchange sorbents and their hydrophobic 

counterparts. Any differences noted between the ion exchange sorbents can be used to 

explain variations in selectivity whereas the phenyl and octyl columns can be used to 

determine how alkyl or aryl spacer arms contribute to the retention of compounds by 

ion exchange sorbents. 

All of the TCAs were pumped through each of the columns at a flow rate of 2 

mL/min using a mobile phase consisting of 55% methanol and 45% of a pH 3.5 sodium 

formate buffer. The concentration of the buffer was varied and the concentrations 

reported have been adjusted to reflect the increase in volume when mixed with 



NH 

Desipramine Imipramine 

NH 

Nortriptyline Protriptyline 

Figure 5.21 Tricylclic antidepressants (TCAs) used for ion chromatography 
study 
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methanol. The capacity factors (k') for all runs were calculated, then normalized using 

a method that will be discussed later. 

53.4^ Retention Behavior and Selectivity of Ion Exchange and Hydrocarbon 

Sorbents 

The capacity factors calculated for the TCAs using a mobile phase with a 0.1 M 

concentration of formate buffer are presented in Table 5.5. Again, it can clearly be 

seen that the OCS sorbent more strongly retains basic hydrophobic compounds than do 

other sorbents. The availability of simultaneous hydrophobic and electrostatic forces 

provides a much more energetic interaction between the TCAs and the OCS bonded 

phase (Figure 5.23) than that which can be achieved through only ionic (SCX) or 

hydrophobic (PH, C8) forces. It is interesting to note, however, that the selectivity of 

the sorbents among the different TCAs is not consistent. 

When alpha (a) values are calculated for imipramine (Table 5.6) it is obvious 

that the retention behavior of the octyl-based sorbents is not the same as that of the 

phenyi-based sorbents. The only difference between imipramine and the other TCAs is 

the addition of an extra methyl group to the terminal amine. One would not have 

suspected that imipramine would be better retained on the PH and SCX sorbents than 

desipramine, nortriptyline, or protriptyline, before the expjeriment had been p)erformed, 

but, apparently, the additional methyl group does significantly aid in the retention of 

imipramine. This indicates that both ends of the TCAs interact with the stationary 

phase (Figure 5.24) and that the SCX sorbent retains analytes by both types of retentive 

forces. Such selectivity would not be possible if the analytes were being retained by 



Capacity Factor (k') Capacity Factor (k') Capacity Factor (k') Capacity Factor (k') 
Sorbent Desioramine ImlDramine Nortriotvline ProtriDtvline 
Phenyl 4.139 ±0.004 8.19 ±0.01 4.59 ±0.02 4.06 ± 0.09 
Octyl 6.234 ± 0.008 7.03 ± 0.02 7.81 ± 0.06 6.00 ± 0.02 
SOX 3.23 ± 0.03 6.09 ± 0.02 3.04 ±0.01 2.922 ± 0.003 
COS 13.9 ±0.2 16.0 ±0.3 15.3 ±0.2 13.6 ±0.1 

Table 5.6 Capacity factors (k') calculated for TCAs chromatographed 
using various columns with a 0.1 M mobile phase 
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Figure 5.23 Example of retention of TCA by multiple interactions with OCS bonded 
phase 

Ul to 
VO 



Sorbent ^Imipramine, Desipramine ttimiDramine, Nortriptvline ttimipramine. ProtriDtyline 

Phenyl 1.98 1.78 2.02 
Octyl 1.13 0.90 1.17 
sex 1.91 2.03 2.10 
OCS 1.15 1.05 1.18 

Table 5.6 a values calculated for TCAs chromatographed 
using various columns with a 0.1 M mobile phase 
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strictly ionic forces. There are two possibilities that can explain the behavior of the 

sex sorbent; either the hydrophobic portions of the analytes can interact with the 

phenyl part of the phenyl sulfonic acid groups or there are unmodified phenyl groups 

that still exist as part of the bonded phase. The former possibility seems more 

reasonable because it is unlikely that the sulfonation process used to create the sorbent 

would be able to modify all of the phenyl groups. 

Regardless of the specific situation, the phenyl-based sorbents have a greater 

selectivity for imipramine that is not observed for the octyl-based sorbents. The longer 

octyl chains of C8 and OCS probably allow equal access for all parts of each TCA 

molecule, so the hydrophobic retention mechanism for these sorbents is less selective. 

Evidence of this absence of selectivity is the increased retention of nortriptyline, 

relative to imipramine. Although nortriptyline only has one methyl group attached to 

its terminal amine, it is better retained by the C8 sorbent Because it does not have a 

nitrogen atom within its fused ring structure, its overall polarity is probably less than 

that of imipramine, causing it to more strongly associate with the octyl chains. 

The variations in retention among the sorbents can be seen graphically in Figure 

5.25. The increased selectivity for imipramine run on PH and SCX that was discussed 

earlier can be seen, as well as the less selective retention exhibited by C8 and OCS. 

Upon an initial examination of this graph, it could be concluded that the hydrophobic 

retention mechanism of PH is superior to the ionic interactions promoted by SCX. The 

results are misleading because the columns used have different lengths and, as 
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discussed in previous chapters, the surface coverages of ion exchange sorbents are 

generally lower than the corresponding alkyl or aryl sorbents. 

Table 5.7 contains the lengths of the columns used, as well as the surface 

coverages of the sorbents. Both the relative lengths of the columns and the surface 

coverages were used to normalize the capacity factors, so that a more accurate 

comparison among the sorbents could be made. The normalized capacity factors 

presented in Table 5.8 emphasize the differences among the sorbents. The values for 

the OCS sorbent are relatively unchanged because OCS was packed into the shortest 

column and it has the lowest surface coverage, but the other capacity factors are 

significantly altered. When compared on a molar basis, it can be seen that the OCS 

bonded phase interacts much more strongly with the TCAs than do any of the other 

sorbents. To reiterate, the disparity is due to the simultaneous multiple interactions 

available on the OCS sorbent that retain the analytes. Also, the TCAs are better 

retained by the other ion exchange sorbent, SCX, than by either C8 or PH. This result 

is consistent with the relative energies of ionic and hydrophobic interactions, even 

though the magnitude of the difference is not as large as would be expected based on 

the relative strengths of ionic and van der Waals forces. The TCAs are not retained 

longer on the SCX sorbent because of the high ionic strength of the mobile phase. The 

ions in the mobile phase compete for ion exchange sites, inhibiting the interactions 

between the analytes and the phenyl sulfonic acid groups. A similar effect was not 

observed for the OCS sorbent because high ionic strength does not have a tremendous 

impact on hydrophobic interactions. To study the dependence of each of these 



Sorbent Surface Coveraae Column Lenath (cm) Relative column 
fumd/m^) Lenath 

Phenyl 2.3 15 3 
Octyl 2.5 25 5 
SOX 1.0 15 3 
OCS 0.8 5 1 

Table 5.7 Characteristics of the columns 
used for the ion chromatography study 
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Capacity Factor (k") Capacity Factor (k') Capacity Factor (k') Capacity Factor (k') 
Sorbent Desioramine ImiDramine Nortriotvline ProtriDtvline 
Phenyl 0.594 ± 0.004 1.19 ±0.01 0.67 ± 0.02 0.59 ± 0.09 
Octyi 0.496 ± 0.008 0.56 ± 0.02 0.62 ± 0.06 0.48 ±0.02 
SOX 1.07 ±0.03 2.03 ± 0.02 1.00 ±0.01 0.967 ± 0.003 
008 17.4 ±0.2 20.0 ± 0.3 19.1 ±0.2 17.0 ±0.1 

Table 5.8 Normalized capacity factors (k') calculated for TCAs 
chromatographed using various columns with a 0.1 M mobile phase 
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interactions on the ionic strength of the mobile phase, chromatographic experiments 

were performed with mobile phases consisting of more concentrated buffers. 

53.4 J EfTect of Ionic Strength on Retention 

In addition to the data collected using the 0.1 M buffer, capacity factors were 

calculated using data recorded using mobile phases with 0.2 and 0.5 M buffers. The 

raw and normalized k' values for these mobile phases are found in Tables 5.9 and 5.10. 

The effect of the increased ionic strength on ion exchange retention can be seen in both 

tables. As the number of ions in solution increases the probability that a given TCA 

will interact with a sulfonic acid group decreases, which explains the reduced capacity 

factors recorded for the SCX and OCS sorbents. The decrease in capacity factor with 

increasing buffer concentration can most easily be seen in Figures 5.26 and 5.27. 

These graphs confirm that all of the TCAs are retained, in part, by electrostatic forces. 

However, the hydrophobic contributions to the retention mechanisms of these sorbents 

can still be inferred from the data. For OCS, the large normalized capacity factors 

suggest that hydrophobic forces are partially responsible for retention, otherwise the k' 

values would be closer to those of SCX. Although the capacity factors for the SCX 

sorbent are fairly low, they still show that the sorbent has the same increased selectivity 

for imipramine. As was stated earlier, this can only occur if some hydrophobic 

interactions contribute to the retention of TCA molecules. 

Studying the retention data of the hydrocarbon sorbents leads to the conclusion 

that the hydrophobic retention mechanism of PH and C8 is relatively unaffected by the 

change in mobile phase composition. In fact, there is a slight increase in retention 



Capacity Factor (k') Capacity Factor (k') Capacity Factor (k') Capadty Factor (k') 
Sorbent DesiDramine Imioramine NortriDtvline ProtriDtvline 
Phenyl 4.19 ±0.01 8.21 ± 0.02 4.650 ± 0.008 4.12610.002 
Octyl 6.57 ± 0.03 7.36 ± 0.07 8.332 ± 0.005 6.407 10.007 
sex 1.45310.003 2.677 ± 0.006 1.37510.006 1.36710.007 
ocs 5.75 ± 0.02 7.21 ± 0.02 6.854 1 0.004 6.25310.005 

Table 5.9 Capacity factors (k') calculated for TCAs chromatographed 
using various columns with a 0.2 M mobile phase 
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Capacity Factor (k') Capacity Factor (k') Capacity Factor (k') Capacity Factor (k") 
Sorbent Desioramine Imioramine Nortriptyline Protriptvllne 
Phenyl 4.33 ± 0.03 8.44 ± 0.05 4.721 ± 0.008 4.208 ± 0.004 
Octyl 6.80 ± 0.05 7.77 ± 0.02 8.68 ± 0.01 6.680 ± 0.005 
sex 0.763 ± 0.002 1.503 ±0.005 0.71510.009 0.72 ± 0.01 
DCS 3.47 ± 0.05 4.41 ± 0.01 4.09 ± 0.04 3.82 ± 0.04 

Table 5.10 Capacity factors (k') calculated for TCAs 
chromatographed using various columns with a 0.5 M mobile phase 

U) u> vO 



3 

2 
1 

0.1 

Concentration vs .Capacity Factor 
SCX 

0.2 0.3 
mol/L 

0.4 0.6 

k' - Desipramine 

k' - Imipramine 

k' - Nortriptyline 

k' - Protriptyline 
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caused by the increased ionic strength of the mobile phase. This probably occurs 

because in a solution with high salt content the TCAs are less soluble and are "salted 

out" in favor of the stationary phase. The trend continues when a more concentrated 

buffer is used. Table 5.11 contains the results of the same experiment performed using 

a mobile phase containing 1 M buffer. For the PH and C8 sorbents the capacity factors 

have increased, while the k' values for nortriptyline and protriptyline run on the ion 

exchange columns have decreased. However, even in an extremely high ionic matrix, 

the ability of OCS to retain the TCAs is still far superior to any other sorbent. 

Since the hydrophobic retention mechanism is not changed by the composition 

of the mobile phase, OCS has an advantage over SCX in terms of retention. Regardless 

of the ionic strength of its surroundings, OCS can still initially retain analytes via van 

der Waals forces. Once a TCA has associated with the octyl portion of OCS, it can 

then displace the nearby counter ion and be retained both ionically and 

hydrophobically. There is no evidence that the SCX sorbent acts similarly, but there is 

data that suggests that unmodified phenyl groups are present in the SCX bonded phase. 

The alpha values shown in Tables 5.12 and 5.13 show that SCX exhibits the same 

consistent selectivity for imipramine that the PH sorbent does. Because it has been 

explained that the extra methyl group, which is located on the terminal amine, is 

responsible for the increased retention of imipramine, this selectivity cannot be possible 

if imipramine is retained only ionically. In order for the extra methyl groups to make 

any difference in retention, the ionizable amine must dissociate from any electrostatic 

attachments to be retained hydrophobically. A hydrophobic interaction between this 



Capacitv Factor (k') Capacity Factor (k') Capacitv Factor (k') Capacity Factor (k') 
Sorbent Desioramine Imioramine Nortriptyline Protriptviine 
Phenyl 5.03 ± 0.01 9.0 ±0.1 5.32 ± 0.09 4.602 ± 0.008 
Octyl 7.67 ± 0.03 8.33 ± 0.05 8.96 ± 0.03 6.89 ± 0.01 
sex No result No result 0.40 ± 0.02 0.441 ± 0.004 
CCS No result No result 2.68 ± 0.05 3.00 ± 0.09 

Table 5.11 Capacity factors (k') calculated for TCAs 
chromatographed using various columns with a 1 M mobile phase 
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Sorbent ^iripfBrnine. Desioranriine ^miDrBmine. Nortriotvline ^miofanriine, Prutriptvline 

Phenyl 1.95 1.78 1.99 
Octyl 1.12 0.89 1.16 
sex 1.84 1.93 1.93 
OCS 1.26 1.14 1.14 

Table 5.12 a values calculated for TCAs chromatographed 
using various columns with a 0.2 M mobile phase 
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Sorbent 0(4mipramlne. Oeslpramine OClnnipramlne, Nortriptyline Otinipramlne. Protriptvline 

Phenyl 1.95 1.78 2.01 
Octyl 1.15 0.90 1.16 
sex 1.88 2.14 2.14 
OCS 1.26 1.07 1.16 

Table 5.13 a values calculated for TCAs chromatographed 
using various columns with a 0.5 M mobile phase 

U) 
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protonated amine and the phenyl portion of a phenyl sulfonic acid group is unlikely in 

the close proximity of the ion exchange site. Therefore, it is reasonable to conclude 

that hydrophobic forces are at least partially responsible for the retention of the TCAs 

by SCX. 

5^.4.4 Conclusion 

These experiments have demonstrated that the retention of basic compounds 

with non-polar character is based on both hydrophobic and ionic interactions. When 

these interactions can occur simultaneously, the retention of a particular compound is 

much greater than if they experience different retention mechanisms sequentially. This 

can be concluded because the addition of the capacity factors for the TCAs run on 

either C8 or PH and SCX does not approach that calculated for OCS. The OCS sorbent 

shows increased selectivity for this class of compounds, relative to the other sorbents, 

although it is less selective than PH or SCX among the TCAs. The increased retention 

of imipramine recorded for PH and SCX indicates that the nature and geometry of the 

bonded phase also contribute to selectivity. Therefore, many factors must be 

considered when designing a method for the separation or extraction of desired 

analytes. 

5.4 CONCLUSION 

The synthesis of a long chain ion exchange sorbent has allowed several 

different studies to be performed. The structure of the bonded phase was analyzed 

using CP/MAS NMR specuoscopy as well as liquid chromatography. Extractions were 

also performed that demonstrated the additional selectivity that can be gained by 



347 

creating a sorbent using silanes that have multiple functionalities. The enhanced 

selectivity was further studied by recording the retention of ionizable hydrophobic 

compounds in an ion chromatographic format 

The results of the spectroscopic and chromatographic experiments provided a 

better understanding of the structure of the bonded phase. Analysis of the NMR 

spectra indicates that the length of the precursor sorbent does contribute to the structure 

of the resulting ion exchange sorbent. The octyl thioacetate silane is long enough to 

inhibit the oxidation of the bonded phase by limiting access to portions of the sorbent. 

Also, when the sorbent is stirred in the acid/peroxide mixture for a shorter amount of 

time, the oxidation process cannot remove all of the vertically polymerized chains by 

breaking siloxane bonds. These conclusions were reached by studying the spectra of 

the endcapped OT and OCS sorbents, which further illustrates the usefulness of 

endcapping as a diagnostic probe. The inability of the oxidation process to remove all 

of the vertically polymerized portions of the bonded phase, like other cation exchange 

sorbents, leaves a bonded phase that is not as homogeneously distributed as either an 

octyl or a short chain ion exchange sorbent. 

When liquid chromatography was used to study the homogeneity of the OCS 

sorbent, it was found that silanols were not evenly distributed on the surface, but that 

the sorbent provided a relatively homogeneous bonded phase from the perspective of 

hydrophobic analytes. The peak asymmetry of the analytes that could hydrogen bond 

with silanols, and the behavior of non-polar molecules, describes a bonded phase that 

would be similar to an alkyl sorbent with a length between eight and eighteen carbons. 
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This seems reasonable since the length of the octyl thioacetate is comparable to that of 

an undecyl chain. In addition, the chromatographic data confirm the spectroscopic 

conclusions because if ±e OCS sorbent had the homogeneous distribution of shorter 

chain ion exchange sorbents then it would not exhibit peak asymmetry. Thus, the 

combination of spectroscopic and chromatographic can be used to complement each 

other and to more accurately describe bonded phase structure. 

It has been proven that the OCS sorbent performs quite well as a solid phase 

extraction sorbent. In addition to providing the same recoveries as mixed-mode and 

blended sorbents, the combination of ionic and hydrophobic forces allows the OCS 

sorbent to more strongly retain analytes. This may be especially important when 

extracting compounds from complex matrices, because the strength of retention might 

allow the use of stronger solvents to produce cleaner extracts. The SPE experiments 

have showTi that OCS is well suited to retain cationic molecules that have significant 

hydrophobic character. The ability of the sorbent to employ two retention mechanisms 

simultaneously aids in the retention of desired analytes that may not be retained in the 

presence of excess ions if a mixed-mode or blended sorbent is used. The advantage of 

using the OCS sorbent is the fact that retention is based on a combination of forces 

whereas retention by a sorbent such as PRS depends on the relative strength of the 

ionic bond that can be formed. 

The ion chromatographic study further confirmed that the ability of the OCS 

sorbent to retain analytes is due to multiple interactions. Because retention is not solely 

dependent on ionic forces, the retention of basic drugs by OCS is still very strong in the 
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presence of an extremely high ionic matrix. This type of performance could be very 

beneficial when designing methods to extract compounds from complex, biological 

matrices. In addition, because OCS is not selective within a given class of basic 

compounds this sorbent is best suited to extract a specific class of compounds rather 

than specific individual compounds. As long as the compounds within a class can be 

separated and quantitated by the analytical technique of choice, OCS can be a very 

effective solid phase extraction sorbent. 
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CHAPTERS 

SUMMARY AND FUTURE DIRECTIONS 

6.1 SUMMARY 

6.1.1 NMR Spectroscopic Characterization of Alkyl Sorbents 

CP/MAS NMR spectroscopy can be effectively used to probe bonded phase 

structure and how it is affected by the geometry of the base silica. The data recorded 

for alkyl modified sorbents indicate that the size of the silanes used to modify silica, 

relative to the average pore diameter, determines the surface coverage and the 

arrangement of the bonded phase. Much information can be obtained from the spectra 

of uncapfjed alkyl sorbents, but the addition of an endcapping reagent allows for a more 

complete analysis of a sorbent. 

Endcapping is a valuable diagnostic tool due to the fact that the chemical shifts 

of TMS bonded to the surface and to the bonded phase have slightly different chemical 

shifts. Therefore the ratio of these peaks corresponds to the amounts of polymer and 

surface silanols that are accessible. When a small silane, e.g. ethyltrichlorosilane, is 

used to modify silica, it can diffiise into many micropores that cannot be reached by 

larger silanes. The result is a bonded phase that covers a fairly high percentage of the 

silica surface, which reduces the number of surface silanols. If such a sorbent is 

endcapped, the resulting spectrum indicates that more TMS molecules are attached to 
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the bonded phase then to the surface. Under normal reaction conditions, this ratio 

changes in a predictable fashion with the length of the alkyl silane increases. As the 

alkyl silane becomes larger, it is physically excluded from an increasingly higher 

fraction of the porous silica, which leaves more surface silanols unmodified. This 

effect is pronounced for silica that has a distribution of narrow pores, while wider pore 

silica is better able to accommodate larger silanes. The size of silanes used for 

modification also influences the distribution of bonded phase groups, which is more 

effectively studied by chromatographic experiments. 

6.1.2 Chromatographic Characterization of Alkyl Sorbents 

Chromatographic experiments were performed to determine the homogeneity of 

uncapped and endcapped alkyl modified sorbents. Reversed phase chromatography 

data led to the conclusion that both the alkyl chains of the bonded phase and 

unmodified silanols contribute to the retention of an analyte. For a hydrophobic 

molecule, retention increases with the amount of carbon present in a given sorbent, 

whereas the retention of analytes capable of forming hydrogen-bonds varied as the 

accessibility of silanol sites changed. In addition to retention behavior, the asymmetry 

of eluted peaks proved usefiil for the elucidation of sorbent homogeneity. When 

hydrophobic interactions between analyte and alkyl chain are the only retentive force, 

peak asymmetry is a measure of how uniformly the alkyl chains are distributed about 

the sorbent. It wa.« discovered that longer alkyl chains are more homogeneously 

arranged than shorter chains. If a collection of alkyl silanes is not excluded from 

micropores then it is better able to modify the entirety of the silica surface. Since the 
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silica surface is heterogeneous, the resulting bonded phase is also heterogeneous. 

Larger silanes are unable to modify smaller pores, so they are restricted to the larger, 

more homogeneous portions of the silica surface. Consequently, the alkyl chains of 

bonded phases created using larger silanes tend to be more evenly distributed. The 

heterogeneity of the shorter-chain alkyl sorbents is confirmed when hydrogen-bonding 

analytes are used as probes, as well as the octadecyl sorbent. The addition of dipole-

dipole interactions as a retention mechanism, identifies the non-uniformity of the 

octadecyl sorbent. Spectroscopic data have shown that octadecyl silanes occupy a 

relatively small fraction of the silica surface leaving the remainder of the sorbent 

unmodified. This arrangement could be described as two separate, homogeneous 

regions, but this would not be consistent with the chromatographic data. Because the 

uimiodified silica is available to all molecules, the peak asymmetry recorded for the 

octadecyl sorbent must be caused by silanols within the bonded phase. The length of 

the octadecyl chains allows them to interact with each other, which results in a 

homogenous envirormient for hydrophobic molecules limiting access to the underlying 

silanols. However, these silanols can be reached by some molecules, which are more 

strongly retained therefore. The increased retention of a few analytes causes increased 

peak asymmetry. To further study the importance of uimiodified silanols, normal phase 

experiments were performed. 

The non-polar solvents used to complete the normal phase experiments virtually 

eliminate hydrophobic interactions between a bonded phase and analytes. This leaves 

hydrogen-bonding as the only retention mechanism, so the impact of uimiodified 
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silanols can be more accurately studied. A comparison of the capacity factors 

calculated for naphthol and naphthyl amine indicate that significant retention was only 

achieved for the ethyl modified sorbent Since hydrogen-bonding is the only retention 

mechanism, it was concluded that a greater portion of the unmodified silica surface is 

accessible when a short-chain alkyl groups is used. When a bonded phase is vertically 

polymerized, or contains longer alkyl chains, access to a significant number of smaller 

pores is restricted. This effect severely reduces retention and increases the peak 

asymmetry of the eluted analytes. 

It was shown that peak asymmetry is caused by the heterogeneous arrangement 

of bonded phase species, but it can also be influenced by the rate at which the mobile 

phase is pumped through a column. The rise in peak asymmetry with increasing flow 

rate, for some sorbents, suggests that the accessibility of silanol sites depends on the 

length of the attached alkyl. If the alkyl chain is sufficient in length, it can obstruct the 

diffusion of analytes within pores. When the flow rate is increased, molecules that 

have diffused far into pores cannot exit quickly enough to join the majority of analytes. 

Therefore, flow dependence for tailing is observed for those sorbents that contain long 

alkyl chains or vertically polymerized siloxane chains. 

6.1.3 NMR Spectroscopic Characterization of Ion Exchange Sorbents 

Spectroscopic studies show that the bonded phases of ion exchange sorbents do 

not exhibit vertical polymerization. Although the data obtained from analyzing 

cationic and anionic sorbents are consistent with this conclusion, these sorbents are not 

synthesized using the same method. Anion exchange sorbents are created by 
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modifying silica with charged, trifunctional silanes. The electrostatic repulsion 

between silanes minimizes siloxane bond formation, which controls vertical 

polymerization and limits the surface coverage of the sorbent. In contrast, cation 

exchange sorbents are made from precursor sorbents that are oxidized or sulfonated to 

produce ionic groups. ^^Si CP/MAS NMR spectroscopy has shown that the bonded 

phases of uncharged, precursor sorbents have characteristics that are similar to short-

chain alkyl sorbents. Post-modification oxidation or sulfonation breaks siloxane 

bounds and significantly alters the structure of the bonded phase. Since vertically 

polymerized portions of the bonded phase are most vulnerable to attack, they are 

removed during this process. The result is a bonded phase almost free of vertical 

polymerization. 

6.1.4 Characterization of a Long Chain Ion Exchange Sorbent 

The alteration of a cation exchange sorbent by oxidation was further studied 

using a long chain ion exchange sorbents. An octyl sulfonic acid (OCS) sorbent was 

made by bonding a long chain precursor silane to three different silica samples, each 

with a different average pore diameter, then oxidized with an acidic solution. The 

results of this experiment showed that the ability of post-modification oxidation to 

break siloxane bonds depends on the geometry of the base silica. When the silica is 

similar to that used to create the SPE ion exchange sorbents mentioned above, the long 

chains of the precursor sorbent block access to some vulnerable portions of the bonded 

phase and oxidation fails to remove all vertically polymerized siloxane chains. 
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However, wider pore silica provides more access to the siloxane backbone of the 

bonded phase, which is efifectiveiy attacked during oxidation. 

The spectroscopic evaluation of the octyl sulfonic acid sorbent was 

complemented with chromatographic data. The chromatographic results indicated that 

the bonded phase appears to be homogeneous when probed with a hydrophobic 

molecule, but slight heterogeneous when a hydrogen-bonding analyte is used. The 

arrangement of the OCS bonded phase is similar to that of a longer chain alkyl sorbent, 

but is different from the homogeneous distribution of a short chain ion exchange 

sorbent. The inabiUty of the post-modification oxidation to remove portions of the 

bonded phase that are not highly crosslinked and bonded to the silica surface maintains 

the heterogeneity inherent in the precursor sorbent. 

The OCS sorbent was originally intended to be a solid phase extraction sorbent 

that could retain analytes by simultaneous multiple interactions. An experiment was 

designed and implemented to determine if the sorbent provides increased selectivity 

relative to mixed-mode SPE sorbents that use sequential multiple interactions to 

achieve retention. High recoveries, of analytes extracted from a complex matrix, were 

obtained using both sorbents, but the OCS sorbent was able to retain analytes under 

conditions that limited similar retention on a mixed-mode sorbent. The results 

demonstrated the enhanced selectivity that can be achieved when different retention 

mechanisms are used simultaneously to retain analytes. 

An ion chromatographic study further confirmed that the multiple interactions 

offered by the OCS sorbent increase selectivity. Even when an extremely high ionic 
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matrix was pumped through a column packed with the CXTS sorbent, the retention of 

basic compounds was still very strong. Retention is maintained because the OCS 

sorbent does not rely solely on ionic interactions to immobilize analytes. When 

compared to other SPE sorbents, the OCS sorbent was proven to be much more 

selective for compounds that have both ionic and hydrophobic character. 

6.2 FUTURE DIRECTIONS 

6.2.1 NMR Spectroscopic Characterization of Alkyl Sorbents 

The spectroscopic studies of alkyl sorbents have provided valuable information 

about how porosity affects the modification process. This study can be extended to 

non-porous silica and to silica with well defined, uniform pores, in order to determine 

the extent to which geometry influences reactions among trifxmctional silanes. When 

the heterogeneity of the suppwrt medium is removed, more definitive conclusions about 

these reactions can be made. In addition, trifimctional alkyl silanes, with various 

leaving groups, can be used to modify porous silica samples. Since it is known that the 

reactivity of trifimctional silanes is not equivalent for all types of leaving groups [158], 

such an experiment would determine the contribution of reactivity to the structure of a 

bonded phase. To obtain meaningful results, a series of silanes that are similar, with 

the exception of the leaving groups, should be bonded to silica samples that have been 

obtained from the same source. This will eliminate variations that are caused by the 

physical and chemical heterogeneity of the base silica, as well as the size of the alkyl 

silane. This experiment can be repeated using silicas with varying porosity, including 

the types of silica mentioned above. The results can be compared to the data presented 
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herein and used to ascertain which factor is dominant Chromatographic experiments 

would then be performed to probe the surface region of these sorbents and the 

arrangement of bonded phase moieties. 

6.2.2 Long Chain Cation Exchange Sorbents 

The further investigation of long chain ion exchange sorbents could yield 

important information about the conformation of bonded phases. Preliminary work has 

shown that length of an attached precursor group can limit the interaction of an aqueous 

solution with the portions of the bonded phase. To determine if the conditions of the 

oxidation were not sufficient to break accessible siloxane bonds, the octyl thioacetate 

sorbent could be subjected to a harsher post-modification process. In addition, Raman 

spectroscopy could be employed to study the interactions between the OCS chains. 

When compared to data obtained for an octyl and the precursor octyl thioacetate 

sorbents, this information could be used to study the effect that an ionic group has on 

the arrangement of a stationary phase. Practical uses of OCS would include the 

extraction of basic compound firom complex, biological matrices and the use of 

stronger rinse solvents. Because of its increased selectivity for hydrophobic, basic 

compounds, OCS should still be able to retain these analytes in the presence of a 

several different organic solvents. These solvents could be applied sequentially to 

remove interferences, providing a clean extract for analysis. 

Similar experiments could be performed if an octadecyl sulfonic acid sorbent 

were created. The oxidation of an octadecyl thioacetate sorbent should have a lesser 

effect on the existing bonded phase if the conclusions made above are valid. Since 
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covalently bound octadecyl chains are long eiK>ugh to interact with each other, the 

ordering caused by the ionic head groups should be apparent in a Raman spectrum. 

The repulsion between the sulfonic acid groups could serve to "electrostatically 

solvate" the bonded phase, allowing greater access to the interchain region of the 

stationary phase. Solid phase extraction methods could be developed to test this 

hypothesis and to investigate the selectivity of this sorbent, relative to the OCS sorbent. 

6.23 Long Chain Anion Exchange Sorbents 

The effect of ionic groups during the bonding process would be better 

understood by using long chain, e.g. octyl and octadecyl, quaternary ammonium silanes 

to create bonded phases. Because such a silane would contain both hydrophobic and 

ionic functionality, the contribution of the alkyl portion of the silane could be studied in 

comparison to a commercially available sorbent. Reactions could be performed using 

different types of porous silica to ascertain how the accessibility of the silica surface 

affects the resulting bonded phase. The study could be used to confirm or disprove the 

assumption that an ionic head group dominates interactions between individual silanes. 

If this hypothesis is true then the bonded phase would not exhibit vertical 

polymerization and the surface coverage of the sorbent would be fairly low. However, 

the surface coverage might vary with the porosity of the base silica. Silica particles 

that have wider pores could provide easier access to bound silanes, thus increasing the 

surface coverage, but the electrostatic interaction might limit siloxane bond formation 

even for wider pore silica. 
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Chromatographic studies of these sorbents would be used to evaluate the 

heterogeneity of these sorbents. Peak asymmetry and retention behavior could be used 

to investigate how ionic and size constraints affect the arrangement of the covalently 

bound species. Perhaps the data would indicate that both factors play a significant role 

in bond formation; the result being a homogeneous bonded phase that is excluded firom 

a large percentage of the silica surface. As was suggested for the long chain cation 

exchange sorbents, Raman spectroscopy could be used to study interchain interactions, 

especially for octadecyl-based sorbents. The differences between octadecyl and 

octadecyl quaternary ammonium sorbents should be significant if the surface coverage 

of the latter is sufficient. 

6.2.4 Solid Phase Extraction Experiments 

The long chain anion exchange sorbents would be used to perform SPE 

experiments analogous to those designed for OCS. The primary difference is that they 

would be used to extract acidic compounds, which are often difficult to isolate. These 

sorbents would be subjected to the same conditions to determine if they also exhibited 

the same selectivity observed for the OCS sorbent. If so, specific methods could be 

developed to address practical problems. 

6.3 CONCLUSION 

Endcapping would be an integral part of the characterization of all of these 

sorbents. It would aid in the NMR spectroscopic experiments by providing information 

about surface coverage and the accessibility of bonded phase silanols. It would be 

especially important when assessing the ability of an oxidation process to remove 
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vertically polymerization from long chain cation exchange sorbents, as well as the 

ability of a charged, long chain anion exchange silane to produce a homogeneous 

sorbent Changes in chromatographic peak shape and retention behavior would be used 

to further describe the structure and arrangement of bonded phases. Normal phase 

experiments would be particularly useful for the investigation of the surface region of 

these sorbents. 

The data gained from these proposed experiments would provide infonnation 

that is relevant to several topics. The information could certainly be used to design 

chromatographic and SPE sorbents and methodology, but it is not limited to separation 

science. The influence of pxjrosity on the different processes mentioned above can be 

applied to other systems that employ porous media. 
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