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ABSTRACT 

Control of separation processes which occur at solid

liquid interfaces can be achieved by understanding the 

interactions which occur at these interfaces. Because of 

its many desirable bulk characteristics, silica is the solid 

support of choice for many separation applications. 

utilizing various differential migration techniques, control 

of the separation at silica surfaces was investigated in a 

number of ways including the irreversible chemical 

modification of the surface, the use of a dynamic modifier, 

and through physicochemical alteration of the silica 

surface. 

A new bonded phase was prepared by reacting y- (3,4 

methylene dioxyphenyl) propyldimethylchlorosilane 

synthesized from safrole and dimethylchlorosilane -- with 

porous silica yielding a non-traditional bonded phase which 

maintained some similarity with traditional alkyl bonded 

phases while also possessing distinct differences. Through 

the use of diagnostic chromatography this surface was shown 

to demonstrate unique selectivity towards polar analytes 

when compared with an octyl and phenyl surface under the 

same solvation conditions. A thermal study utilizing 

diagnostic chromatography was also used to demonstrate the 
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impact of orientation on retention at this surface. 

The large scale separation of C60 and C70 was 

accomplished using a batch process utilizing a traditional 

bonded phase under normal phase conditions. Both the 

kinetics and thermodynamics of the separation were improved 

through the addition of a dynamic modifier to the running 

sol vent. Macroscopic quanti ties of pure C60 and C70 are 

readily obtained using this approach. 

Control of electroosmotic flow in silica capillaries 

was demonstrated by chemically tailoring the surface with a 

series of novel silane modifiers. Although changes in 

electroosmotic flow velocity were observed, the ultimate 

goal of flow reversal was not achieved. 

Finally, a new ISRP surface was pr9pared by monoatomic 

oxygen treatment of large (63-90~m) irregularly shaped 

modified silica particles. This new ISRP was evaluated to 

determine if the more technically demanding but practically 

useful treatment of high efficiency particles for use in 

direct injection HPLC should be pursued. 
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Chapter 1 

Introduction 

One area of research which continues to enjoy active 

interest is the investigation of the solid-liquid 

interface. This is not surprising since the solid-liquid 

interface is a fundamental component of many chemical 

systems. Both the ubiquity of this interface and the 

breadth of areas impacted by the solid-liquid interface 

contribute to the continued interest in the elucidation of 

its role in chemical systems. Obviously, as our 

understanding of the interface grows, so does our ability 

to control chemical processes at these interfaces. This 

is beneficial both for the optimization of chemical 

processes which occur at a solid-liquid interface, and for 

improving our ability to model such systems. 

Some representative systems in which the solid-liquid 

interface plays a vital role include the study of 

biological membranes to model membrane transport,l,2.3 

investigation into catalatic systems to improve the speed 

and eff iciency of the catalyzed reactions, 4, 5, 6 and 

improvements in solid phase synthesis methods so popular 

in peptide synthesis and research. 7,8 Electrochemical 



systems are another example of a chemical system 
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which 

continues to enjoy extensive, active research because of 

the interest to model and understand the electrode

solution interface (i.e. the solid-liquid interface) and 

further our understanding of such systems. 9 ,lO,11 

separations is another area where the solid-liquid 

interface's role dominates the system's performance and 

chemistry. 12,13,14 Many separations encompassing a 

wide variety of separation methods -- either utilize or 

occur at such an interface. Thus, an understanding of the 

solid-liquid interface is fundamental to our understanding 

of separation systems as well as our ability to tailor 

separations to meet specific chemical needs. The focus of 

this dissertation is to investigation the impact changes 

at the solid-liquid interface -- either through chemical 

modification of the surface, dynamic modification of the 

surface, or physicochemical alteration of the surface 

impart to separation systems across a variety of 

separation methods which fall under the general category 

of differential migration techniques. 

Many separation phenomena can be grouped under the 

general category of differential migration techniques 

including popular separation techniques such as 

electrophoresis, solid phase extraction, field-flow 
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fractionation as well a multitude of traditional 

chromatographic methods. In differential migration 

techniques, analytes are carried through the system by 

some type of driving force, while a retarding force 

opposes their migration through this system. Depending 

upon the degree of interaction with the retarding force, 

an analyte' s progress through the system is slowed to 

differing degrees resulting in a different net rate of 

migration for each analyte thus effecting a separation. 

For example, in a technique like capillary zone 

electrophoresis charged particles in an aqueous solution 

are exposed to an externally applied electric field. The 

driving force for this separation is the electrostatic 

attraction between the electrodes and the charged 

analytes. The retarding force is the viscous drag an 

analyte experiences a function of its hydrodynamic 

volume, the solution's viscosity, and the analyte' s net 

charge. Over the course of a separation, analytes 

separate into discreet bands or zones. If the separation 

system can be coupled to some type of detector (typically 

an on-line UV-VIS spectrometer) a signal is generated as 

the bands pass by the detector resul ting in an 

electropherogram (see figure 1). 

In field-flow fractionation, analytes are carried 
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through the system by a flowing stream with a laminar flow 

profile while a retarding force is applied perpendicular 

to the flowing stream. Although in theory many possible 

retarding forces exist: an electric field (Electrical

FFF) , a magnetic field (Magnetic-FFF) , gravity or 

centripetal force (Sedimentation-FFF), thermal gradients 

(Thermal-FFF), or even a second flowing stream (Flow-FFF), 

in practice only sedimentation and flow field-flow 

fractionation have been realized to any significant extent 

experimentallY. In FFF, analytes interact with the 

perpendicular field to differing extents and are thus 

pushed into different regions of the parabolic flow 

profile. Those analytes close to the wall travel at a 

slower net velocity compared to the analytes traveling 

closer to the "horizontal" center of the laminar flow. It 

is this variation in average flow velocity which accounts 

for their differential migration, and resultant fractogram 

(see figure 2). 

In a chromatographic experiment, the driving force 

for the separation is again a flowing stream -- an inert 

gas in gas chromatography (GC) , or a pumped liquid in 

liquid chromatography (LC). The analytes are injected as 

a plug at the head of the column, and are carried by the 

flowing stream through the column. The column is either a 
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tube containing coated, packed particles (as in GC or LC) 

or a narrow bore capillary whose walls are coated with an 

organic phase (open tubular capillary GC). As the 

analytes travel through the column they partition between 

the mobile phase (flowing stream) and the stationary 

phase. The strength of interaction between an analyte and 

the stationary phase determines the average rate of 

migration for that analyte, and is the retarding force for 

the separation. Those analytes for which interaction with 

the stationary phase is energetically favored will spend 

more time in the stationary phase resulting in a reduced 

net rate of migration. Since, in theory, the strength of 

interaction between each analyte and the stationary phase 

is different, a separation is achieved. A block diagram 

for a typical LC experiment is presented in figure 3, 

reproduced from reference. IS 

Solid phase extraction is essentially an extension of 

traditional liquid chromatographic methods. Here, the 

desired separation is "digital" in nature. Under one 

solvent condition total retention occurs while under a 

second solvent condition total elution occurs. As before, 

the driving force for the separation is the flowing stream 

while the retarding force is the solvated bonded phase on 

the packed particles (figure 4). 
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Unfortunately, separation systems are not ideal. 

Band broadening, which adversely impacts a separation's 

sensitivity and efficiency, occurs because of undesirable 

bulk properties of the separation media. For example, in 

electrophoresis secondary interactions between analytes 

and the wall can cause significant tailing of the 

analyte's concentration profile as is often seen with 

protein separations in fused capillaries. Likewise, 

inhomogeneities in field-flow fractionation channel depths 

can alter the laminar flow profile adversely impacting 

uniform f low velocity for the analytes. This, too can 

resul t in a broadened peak. Broadening of the 

concentration profile, or peak, in liquid chromatography 

occurs because 

broadening) and 

limitations. 

of both 

chemical 

instrumental 

(intracolumn 

(extracolumn 

broadening) 

One common approach taken to eliminate undesirable 

bulk characteristics at a given solid-liquid interface is 

to chemically alter or tailor the surface to reduce or 

eliminate their impact. This can be accomplished in three 

ways. First one can physically alter the basic structure 

of the bulk materials to reduce an undesirable 

characteristic, or to enhance a desirable one. Second, 

one can dynamically modify the surface by reversibly 
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altering the surface-liquid interface with a physisorbed 

or chemisorbed surface active species. . This can impact 

both the selectivity and the efficiency of reactions in 

the interfacial region. Third, one can tailor the surface 

via chemically modification. Typically this is an 

irreversible process were moieties containing desirable 

chemical properties are attached to the surface through 

some type of chemical reaction. The resultant surface

liquid interface is (hopefully) more efficient and/or more 

selective. 

In separations, silica is the dominant bulk material. 

One major limitation of this surface is the surface 

silanol which adversely impacts the two most popular 

separation methods: chromatography and electrophoresis. 

Surface silanols are responsible for retention in normal 

phase chromatographic experiments where both the polar 

silanol groups and the physisorbed water at their surface 

contribute to the overall retention of analytes. 

Unfortunately, normal phase experiments are notoriously 

irreproducible. This is most likely because of the 

heterogeneous and dynamic nature of this surface. Neat 

silica surfaces posses a number of different and 

energetically distinct silanol sites (figure 5) whose 

solvation can literally change from day to day or even run 
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to run. Reversed-phase separations are also adversely 

impacted by the presence of silanols at the surface, most 

notably in the separation of basic amine compounds. 

In addition to their impact on chromatographic 

systems, silanols also have a deleterious effect on some 

electrophoretic systems. Since most capillary zone 

electrophoresis is performed in silica based capillaries, 

and the surface silanols are known to adversely impact 

protein separations a significant application of this 

technique -- because of adsorption to the capillary wall, 

surface silanols are often a significant limitation for 

this technique as well. 

Although attempts at altering silica's bulk 

characteristics through physical alteration of the 

surface, and through the use of dynamic modifiers have 

been investigated, by far the most common way researchers 

try to overcome these undesirable characteristics of 

silica is through chemical modification of the surface. 

Although many silica modification approaches are 

available, the most popular continues to be silane 

modification. This is possible because the surface 

silanols, which are weak acids (pKa = 4-6.5), are reactive 

and can form stable, silyl ether linkages between the 

surface silanol and a reactive silane (that is form an Si-
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O-Si bond). 

Two types of silane modifications schemes are used: 

monomeric modification16 and polymeric modification .17 A 

general monomeric modification scheme is shown in figure 

6. Monomeric modifiers have one reactive group (denoted 

X) which are hydrolyzable species, usually chloro groups 

(CI-) although methoxy groups (-OCH3 ) are also popular. R' 

and R" are typically methyl groups. Other groups have 

been used in specific applications 

constraints of the system are a 

Depending upon the application, an R I I I 

where steric 

consideration. 18 

group with the 

desired chemical characteristics is selected. The wide 

variety of 

incredible 

groups available 

flexibility. For 

affords 

example, 

an 

if 

experimenter 

a non-polar 

surface is desired, as is the 

chromatographic applications, an 

selected for R I I I • Octyl (C-8) 

groups are the most popular. 

case in reversed-phase 

alkyl group can be 

and octadecyl (C-18) 

Additionally, many 

monoreactive silanes are commercially available obviating 

the need for time consuming and oftentimes challenging 

synthesis of the desired modifiers. 

Monomeric modification has some significant 

advantages. It is extremely reproducible so a similar 

surface can be generated from batch to batch. Also, one 
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obtains "monolayer-like" coverage of the surface so any 

significant surface topography can be maintained. Also, 

when compared to polymeric modification it produces a 

relatively low polarity surface. 

Monomeric modification is not without its 

limitations, however. It suffers from slow reaction times 

-- oftentimes on the order of tens of hours or days for 

complete reaction. Also, compared to polymeric 

modification, a limited carbon coverage results which can 

negatively impact capacity considerations for these 

surfaces. 

Polymeric modification is illu~trated in figure 7. 

Unlike monomeric modifiers, here R' and R" are replaced 

by reactive groups. Because of residual moisture in the 

system, polymerization occurs in solution. A three 

dimensional structure is formed which in turn reacts with 

the surface. Since polymeric modifiers can anchor 

themselves to the surface at more than one site, they 

exhibit an increased stability over monomeric phases. 

Also, because of their three-dimensional polymeric 

structure, the resultant surface has a much higher carbon 

coverage increasing the capacity of these surfaces. 

Finally, the reaction times for polymeric modifiers is 

relatively fast -- on the order of hours -- much faster 
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than the corresponding monomeric modification process. 

Unfortunately, since it is nearly impossible to 

maintain absolute control over the level of trace water 

present in these reactions, it is difficult to control the 

degree of polymerization which occurs (a function of the 

amount of water present) and it is very difficult to 

prepare these surfaces in a reproducible fashion. 

Finally, since any terminal, unreacted hydrolyzable group 

will yield an additional silanol group upon exposure to 

moisture, the resulting surface is much more polar and 

potentially heterogeneous when compared to the 

corresponding monomeric phase. 

Despite the limitations of silane modification, 

because of their ease of preparation, ready availability, 

and breath of available functional groups, silane 

modification remains the method of choice for the chemical 

tailoring of silica surfaces. 

Specific Goals 

The specific goals of this dissertation are to 

investigate how the structure and orientation of 

chemically tailored surfaces impact the efficiency, 

efficacy and utility of these surfaces in differential 



migration techniques including liquid 

solid phase extraction and electrophoresis. 
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chromatography, 

Additionally, 

the impact of compositional changes on chemically modified 

silica particles will be evaluated to determine the 

feasibility of extending their use to a new application. 

For example, in chapter two a new, novel chlorosilane 

y-(3,4 methylene dioxyphenyl) propyldimethylchlorosilane 

was synthesized. Commercial grade 811m spherical silica 

particles were modified with this new chlorosilane, and 

its performance was evaluated relative to the more 

traditional alkyl and phenyl phases. Initial studies 

intended to underscore the unique selectivity of this 

phase indicated that, despite its unique structure, its 

orientation at the surface significantly impacted its 

retentive behavior. Since work in this lab15.19 and 

others20 has indicated that some liquid chromatographic 

phases exhibit a thermal transition, which most ascribe to 

a change in orientation at the surface as the temperature 

is raised, a temperature study on this phase was 

undertaken. Although this thermal transition has not been 

observed on small phases like the y-(3,4 methylene 

dioxyphenyl) propyldimethyl phase, previous work on 

immobilized propylbenzo-15-crown-5 ether21 indicated the 

possibility of a thermal transition being observed on the 
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y-(3,4 Methylene dioxyphenyl) propyldimethyl phase. 

Additionally, after the intriguing results from the 

initial selectivity study, a broader more comprehensive 

study on the y-(3,4 methylene dioxyphenyl) propyldimethyl 

phase was conducted to evaluate how this change in 

modifier structure impacted its selectivity under a 

variety of solvation environments. 

Chapter three demonstrates the effectiveness of 

another type of solid-liquid interface modification: 

namely dynamic modification. Although a separation of the 

two major fullerenes CGO and C70 was effected using a 

commercially available bonded phase, both the kinetics and 

the thermodynamics of the separation were improved with 

the addition of a dynamic modifier to the eluting solvent 

on this same phase. 

Chapter four demonstrates once again the impact of 

chemically tailored surfaces on the solid-liquid 

interface: namely how modification of the capillary wall 

with commercially available chlorosilanes impacts the zeta 

potential and hence electroosmosis in capillary zone 

electrophoresis. Interestingly, there is some evidence 

that once again orientation of the modifier plays as 

significant a role as does absolute structure in 

determining its impact on the interfacial region. 
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Chapter four is an example of how changing the bulk 

characteristics of a sample can extend its utility. In 

this case, silica particles treated with the popular 

dimethyloctadecyl modifier were exposed to atomic oxygen 

treatment. In theory, as long as the atomic oxygen's rate 

of penetration through the bed of particles exceeds the 

rate of diffusion into the pores, only the modifier on the 

external surface is removed leaving the modifier within 

the pores intact. If this is the case, a potentially new 

internal surface reversed-phase (ISRP) is prepared with 

the added advantage of having a well characterized, widely 

utilized stationary phase on the internal surfaces. 

This set of experiments was intended to evaluate 

large (63~m 90~m) dimethyloctadecyl modified atomic 

oxygen treated silica particles to determine if the more 

technically demanding but practically useful treatment of 

high efficiency (3~m-8~m) spherical silica particles for 

use in liquid chromatographic applications should be 

pursued. 

Taken as a whole, it is hoped these experiments 

demonstrate both the significant role structure, 

orientation and composition play in determining the 

efficiency and efficacy of the solid-liquid interface in a 

given application, and the unifying aspects of the solid-
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liquid interface's role over a range of differential 

migration techniques. 



Chapter 2 

Synthesis and Characterization of y - (3,4 Methylene 

Dioxyphenyl) Propyldimethylchlorosilane, and y - (3,4 

Methylene Dioxyphenyl) Propyldimethyl-Modified Silica: 

Investigation Into the Impact of Orientation and 

Composition on Retention and Selectivity 

2.1 Background 

38 

As mentioned in chapter 1, for most liquid 

chromatographic experiments, the sample is introduced as a 

plug at the column's head. The analytes travel though the 

system being carried along by a flowing stream termed the 

mobile phase. Depending on the strength of interaction 

between the analyte and the stationary phase relative to 

the mobile phase, the analytes are "held up" or retained 

to differing degrees. Thus, over time the sample plug 

separates into discreet bands effecting the analytical 

separation. However, as the bands pass through the 

column, each molecule within a band experiences a uniquely 
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different but random trip. Because of this, the bands are 

not infinitely narrow when they elute from the column but 

rather, in theory, elute as gaussian peaks. The peak 

maximum corresponds to an "average trip" while the peak 

width is an indication of how much "trip variation" is 

present. Band broadening has a negative impact on the 

separation. Extensive band broadening limits both 

detection and resolution in a chromatographic experiment. 

Many factors account for this broadening phenomenon. 

Instrumentally, increasing the system's total volume 

either through the use of unnecessarily long tubing, or 

wider bore tUbing than necessary -- between the injector 

and detector will impart band broadening as will a large 

detector cell volume. Poor connections between the tubing 

from the injection valve to the column, or from the column 

to the detector can result in the formation of unswept, 

stagnant pockets of mobile phase. If analytes enter these 

pockets via diffusion or some other mechanism, this, too, 

will impart significant tailing and broaden the resultant 

peak. Additionally, many chemical processes contribute to 

the overall broadening of the peak. Columns containing 

packed particles, as is the case in liquid chromatography, 

suffer from a limitation in that, because of packing 

irregularities or irregular flow profiles, the distance 
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actually traveled by each molecule as it passes through 

the same column is different. This effect is often termed 

Eddy diffusion. Another intracolumn, chemical process 

which contributes to overall band broadening is diffusion 

outward away from the concentrated band center. This 

effect is termed longitudinal diffusion, but is relatively 

insignificant in liquid chromatography. Another chemical 

process which contributes significantly to band broadening 

in liquid chromatography is mass transfer. This refers to 

the diffusion of analytes into and out of the stationary 

phase. 

bonded 

Because of both variations in the solvation of the 

phase and the mUltiplicity of available 

interactions, the rate of diffusion into and out of the 

stationary phase is not uniform for each molecule. Thus, 

al though in theory the energy of interaction for each 

molecule is the same, the rate at which this process 

occurs is not, and in some cases the mechanism responsible 

for retention might be a secondary (and energetically 

dissimilar) interaction. This effect can impart 

significant broadening and distortion to the 

chromatographic peak. 

Fortunately, chemical information can be extracted 

from the chromatographic peak shape in addition to its 

retention time. A representative chromatogram is 
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The time of injection is to' and 

all retention times (tr) are measured relative to this 

value. The retention time is a measure of the strength of 

interaction between the analyte and the solvated bonded 

phase relative to the mobile phase. The peak width -

most often measured at peak half-height (Wo.s ) or at a 

distance 10% above the baseline (WO• l ) -- is a measure of 

the efficiency of the transport into and out of the 

stationary phase. Finally, since most traditional bonded 

phases have multiple retention mechanisms available, each 

with a different energy of interaction, truly symmetric 

peaks are seldom observed, but rather skewed gaussian peak 

shapes result. However, an asymmetry factor can be 

calculated to measure a peak's skewedness. This asymmetry 

factor is calculated by dropping a perpendicular from the 

peak maximum to the baseline. Another line is then drawn 

parallel to the baseline at a· distance 10% above the 

baseline. The right side's length (B) is ratioed against 

the left side's length (A) to obtain the asymmetry factor 

(termed the B/A ratio) which is a measure of the surface's 

heterogeneous nature. 

Traditionally, chromatographic methods are used in a 

routine sense where the experimental uncertainty is 

provide by the injected sample. However, because so much 
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including both kinetic and 

thermodynamic information is available from easily 

obtained experimental parameters (namely the chromatogram) 

some researchers have used liquid chromatography to 

investigate the solid-liquid interface. In this 

technique, know as diagnostic chromatography, specific 

analytes which are well known, well characterized, and 

have specific chemical properties, are injected onto the 

column -- which in this case serves as the experimental 

unknown. Diagnostic chromatography offers many distinct 

advantages. First, it is extremely sensitive. Since any 

difference in energies of interaction between the probe 

molecules is amplified many times over as an analyte 

partitions into and out of the stationary phase as it 

travels through the column, energy differences as small as 

30 cal/mole can be readily measured. In this way probes 

with unique chemical properties can be selected to 

investigate specific regions of the solid-liquid 

interface. Also, diagnostic chromatography is quite 

versatile in that both kinetic and thermodynamic 

information can be obtained from a single chromatogram. 

Additionally, control of both the solid-liquid interface 

investigated as well as its solvation conditions are under 

direct control of the experimenter. The interface can be 
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changed at any time by simply using a different column 

with a new bonded phase. Likewise, study of solvation 

effects is straightforward since the solvent systems and 

compositions can be readily altered in a chromatographic 

system. Also, because the experimenter has absolute 

control over the analytes used to probe the interface, 

diagnostic chromatography can be extremely selective. 

Since solvation at any interface is seldom uniform or 

homogeneous, one can select probes with appropriate 

chemical character to selectively probe various regions of 

the interface. One final advantage of diagnostic 

chromatography is that it is a direct method. It probes 

the interface under conditions quite similar to those in 

which it is routinely used. 

Unfortunately, this technique is not without its 

limitations. Obviously not every solid-liquid interface 

can be investigated using this approach so it of limited 

utility considering the breadth and scope of available 

interfaces. However, it is a nearly ideal method to study 

chromatographic stationary phases. 

Figure 1 shows the experimentally measured parameters 

which are obtained in a chromatographic experiment: 

namely the retention time, the peak width and the peak 

asymmetry. From this information one can gain insight 



45 

into both the kinetics and the thermodynamics of the 

retention process specific to the selected analyte on the 

bonded phase of interest under the pre-determined solvent 

conditions. Martin and Synge were the first to show how 

one can relate an analyte' s retention volume VR to an 

instrumental parameter Vs ' the mobile phase volume VM, the 

stationary phase volume, Vs ' and the analyte's 

distribution coefficient between the mobile phase, and the 

stationary phase K. This relationship, shown in equation 

1, resulted in a Nobel Prize awarded in 1941. 

( 1 ) 

In Practice, the stationary phase volume, Vs ' is very 

difficult to measure or even estimate with any degree of 

accuracy. Therefore, an empirical parameter k' the 

capacity factor is most often used to measure the 

strength of interaction between analytes and the 

stationary phase relative to the mobile phase. The 

capacity factor is defined as the amount of analyte in the 

stationary phase over the amount of analyte in the mobile 

phase, and is calculated from the readily obtained 

experimental parameters VR and VM (see equation 2). As 

can be seen from equations 3 and 4, the capacity factor, 
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k', is proportional to the distribution coefficient 

through the proportionality constant VS/VM also known as 

the phase ratio, ~. 

k' = amount in stationary phase 
amount in mobile phase 

k' = K ( VS) = K$ 
VM 

( 2 ) 

( 3 ) 

(4 ) 

It is well know that one can relate the free energy 

of a system to the distribution coefficient (equation 5). 

Thus, through simple substitution one can relate the 

experimental parameter k' to the thermodynamic parameters 

of enthalpy (AHO) and entropy (ASO) as shown in equation 

6. If one conducts an experiment where retention is 

measured as a function of temperature, a van't Hoff plot 

can be constructed as illustrated in figure 2. The slope 

from a van't Hoff plot is -AHo/R while the intercept is 
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Unfortunately, in the chromatographic experiment 

the entropic term is convolved with the phase ratio, and 

since an accurate estimation for Vs is unavailable, an 

absolute measure of entropy is not possible. 

IlGO = -RTlnK 

lnk' 
1lJt> = --- + 
RT 

(5 ) 

Il s" + In<t> 
R 

(6 ) 

Kinetic information is also available from the 

chromatogram. The retention process kinetics are related 

to the system efficiency, N an easily obtained 

experimental value, and is a function of both the peak 

width and retention time, (retention times and 

retention volumes are essentially interchangeable if the 

volume flow rate is known). If the peak width is measured 

at half height the system efficiency can be calculated 

from equation 7. In theory, under the same experimental 

conditions system efficiency should not vary with 

retention time although this is seldom realized in 

practice. If a series of probe molecules is injected 

under the same experimental conditions, variations in 
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system efficiency values provides qualitative information 

regarding differences in the kinetics of interaction 

between the analytes and the solid-liquid interface. 

N = 5.54 (~) 2 

WO•5 (7) 

Most chromatographic systems still utilize silica as 

the stationary phase's base solid support. Although 

silica possesses some inherent limitations such as its 

heterogeneous and heteroenergetic surface, it also 

possesses many nearly ideal properties for utilization as 

a chromatographic support. First, it is chemically 

stable. Silica is quite inert and will not react with 

most organic solvents. Also, it is stable over a wide 

ranges of pH values, alkaline pH values being the 

exception. In addition to their chemical stability, 

silica materials posses a high degree of mechanical 

strength and can withstand the high pressures (c. 1000-

3000 p.s.i.) often encountered in a high pressure liquid 

chromatographic system. Also, spherical silica particles 

are available over a wide range of diameters from the very 

small (1~m-5~m) high efficiency particles to intermediate 

diameters (40~m) useful in solid phase extraction 

applications or even larger particle in excess of 200~m if 
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desired. Another significant characteristic of silica, in 

addition to the variety of available sizes, is that these 

different particle sizes can be grown within a tightly 

controlled size distribution a signif icant advantage 

for system efficiency considerations. Also, silica 

particles are extremely porous -- often on the order of 

200-500 m2/g significantly increasing their sample 

capacity compared to non-porous materials. As with 

particle size, pore size can be tightly controlled 

including both size and degree of porosity. Thus, 

depending on the specific application, silica particles 

are available in just about any size containing the 

desired pore size and porosity. Finally, although silica 

materials are chemically stable, they are chemically 

reactive, so they can be readily modified. 

As mentioned previously, although useful in some 

applications, neat silica surfaces -- which utilize polar, 

surface silanol activity to effect separations in normal 

phase experiments -- suffer from a few limitations, most 

notably their heterogenous nature. Because of the desire 

to achieve greater control over the separation process, 

experimenters worked on developing a non-polar surface 

which would maintain silica's desirable bulk features such 

as its mechanical strength and high surface area, while 
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permitting the separation of analytes more reproducibly. 

One solution was to chemically modify the silica surface -

- possible because of the presence of reactive surface 

silanols. 

The first report of a new stationary phase being 

prepared by permanent attachment of an organic group to 

the silica surface was that of Halasz and Sebestian who 

esterified porous glass with 3-hydroxypropionitrile to 

form a chemically modified silica surface which could be 

used in liquid chromatography. 1 Unfortunately, the ether 

linkages from the covalent attachment of alcohols are 

quite labile, so other more rugged modifiers were pursued. 

Silane modification is presently the most popular. 

Not only is the silyl ether linkage more rugged than most 

surface attachments, but reactive silanes (typically 

chloro- or methoxy-) are readily available with a breadth 

and variety of potential surface ligands. Any of these 

potential modifiers are readily attached to a silica 

substrate through well characterized, straightforward 

chemistry originally studied by Barry et ale in the late 

1940s. 2 Although many types of groups can be attached to 

the silica surface, by far the most popular are the 

straight-chained alkyl groups. In fact, as recently as 

1988 it was estimated that >80% of all liquid 
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chromatographic analyses were performed on either an octyl 

(C-S) or an octadecyl (C-lS) surface. 3 

Although the bonding chemistry required to prepare 

these new surfaces was fairly well understood, an 

understanding of the mechanisms responsible for retention 

at these new surfaces was limited, and an effort was made 

to elucidate their retentive behavior. Early attempts at 

describing these new chromatographic surfaces -- termed 

"reversed phases" because of their limited polarity 

compared with the polar, neat silica surfaces used in 

"normal phase" separations invoked static models to 

explain retention. Halasz et al. were the first, and 

proposed the "brush" model where the surface alkyl chains 

extend out away from the surface in a non-self associated 

fashion .1,4 Another static model was proposed by 

Hemetsberger 

model, the 

et al. 5 and Scott and Simpson. 6 

alkyl chains in an attempt to 

In this 

maximize 

hydrophobic interactions, self associate and are collapsed 

on the surface. This model has been termed the "blanket" 

or "grass" model. 

figure 3. 

Both static models are illustrated in 

It soon was obvious that static models alone couldn't 

adequately describe the observed retention behavior of 

analytes at these surfaces. Instead, it is now believed 
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DROPLET MODEL 

BRUSH MODEL 

Figure 3 Early Static Models of the Stationary Phase 
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that the modified silica surfaces are dynamic in nature, 

and retention at these surfaces is a function of many 

things including: the type of organic moiety attached to 

the surface, its concentration on the surface (also termed 

coverage), the extent and type of solvation of the 

modifier by its surrounding environment (i.e. the mobile 

phase and surface), and the orientation of the modifier at 

the surface. Each of these factors contribute to the 

overall form and function of the solid-liquid interface, 

and underscore the significant role the solid-liquid 

interface plays in controlling retention at these 

surfaces. 

For example, much of the early work in this area 

focused on investigating the impact of changes in surface 

modifier on retention and selectivity, 4,7 although this 

continues to be an area of active interest as evidenced by 

the recent works of Antle et al., who evaluated seven 

different reversed-phase modifiers for variation in 

retention selectivity,8 and Kirkland et al., who recently 

evaluated the performance of thirty different reversed

phase silane modifiers. 9 Many researchers have addressed 

the impact of surface coverage on retention. It is now 

known that the extent of surface coverage influences both 

surface solvation, and solvation of the bonded phase. 
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More recently it has been argued that, in addition to 

the more obvious parameters like modifier type and 

coverage, subtle differences in either solvation of the 

organic modifier or solvation of the surrounding 

environment (i.e the silica surface) may play an equally 

important role. In addition, not only does the extent and 

type of solvation impact retention, but influences such as 

the modifier's orientation at the surface can also impact 

the retention and selectivity of these surfaces. 

Discovery of these more subtle phenomenon resulted 

from a series of thermal studies which investigated the 

temperature sensitivity of the bonded phase. Schunk, for 

example, developed an extensive model to explain the 

retention behavior for a range of substituted benzene 

molecules on an octadecyl surface .10 He observed 

differences 

different 

in retention 

analytes in 

acetonitrile/water systems 

a thermally dependant 

behavior for a number of 

both methanol/water and 

differences he attributed to 

transition in the solvation 

environment of the bonded phase. The van' t Hoff plots 

from his study showed distinct breaks in linearity between 

25°C-35°C for most analytes. As a representative example, 

the van' t Hoff plot for benzene from the methanol/water 

system is reproduced in figure 4 from reference 10. Based 
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on changes in slope and transition temperatures he was 

able to construct a retention model which considered the 

impact of bonded phase sol vation on retention behavior. 

He hypothesized that the analytes essentially saw two 

distinctly different stationary phases differing 

significantly in the extent of solvation with the 

extent of solvation being temperature dependant. l1 

Thus, Schunk was able to show that these systems are 

not static. Rather, retention behavior for the 

substituted benzene probe molecules changed as a function 

of system temperature with two distinct thermal regions 

being observed. He hypothesized this resulted from a 

change in solvation of the bonded phase as the temperature 

is raised. 

In an attempt to test Schunk's hypothesis, Palmer 

synthesized a novel chlorosilane 

oleyldimethylchlorosilane. This modifier has a cis double 

bond at the chain center which forces a bent or kinked 

orientation on this modifier. This conformational change 

has a profound affect on chemical behavior in parallel 

systems. This is well demonstrated by the differences 

between octadecanoic acid and oleic acid. Oleic acid's 

melting point is 10 ° C while octadecanoic acid' s melting 

point is shifted 59°C to 69°C. Additionally, oleyl acid's 
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bent orientation cause it to occupy twice the space per 

molecule as octadecanoic acid in a Langmuir trough-type 

experiment .12 Because 

molecules exhibit such 

these two otherwise similar 

drastic differences in their 

Palmer hoped to reproduce 

the behavior of his surface 

physicochemical behavior, 

Schunk's work, and 

with the octadecyl 

compare 

surface essentially isolating the 

impact of the cis double bond. 13 

In support of Schunk's model, Palmer also observed 

similar thermal transitions on the oleyl surface. The 

benzene results from the water-methanol system are 

reproduced from reference 13 in figure 5. Additionally, 

Palmer observed a downward shift in transition temperature 

consistent with what was anticipated for the oleyl 

surface. 

demonstrate 

More 

the 

significantly, Palmer 

impact of modifier 

was able 

orientation 

to 

on 

retention behavior and efficiency. Palmer was able to 

correlate the two thermal regions with different modifier 

orientations at the surface as demonstrated pictorially in 

figure 6. At low temperatures, the phase is highly 

ordered and less mobile, with the modifier chains aligning 

themselves to maximize Van der Waal's interactions. This 

organization leads to the formation of defect sites which 

Palmer postulates are largely responsible for retention 
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Figure 5 van't Hoff Plot for Benzene from Palmer (Ref. 
13) 
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High Temperature and Good Solvation 

Figure 6 Orientation of Oleyl Surface in Both 
Temperature Regions 
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since the organized portion of the stationary phase 

imposes steric and enthalpic constraints on the retention 

of analytes in this region. However, at high temperatures 

the chains gain mobility and are better solvated by the 

mobile phase allowing for retention of hydrophobic 

molecules within the solvated, mobile chains. Thus, 

Palmer was not only able to reproduce Schunk's work, but 

also able to demonstrate the impact of a somewhat subtle 

effect, namely orientation, on retention. 

2.2 Synthesis and Characterization of y- (3,4 Methylene 

dioxyphenyl) Propyldimethylchlorosilane 

The last twenty years has seen much chromatography 

research attempting to elucidate the retention mechanism. 

Much has been learned regarding the role of the solid

liquid interface in retention, although most of this work 

and subsequent models has focused on a select group of 

modifiers -- namely the straight-chained alkyl modifiers. 

Table 1 lists the traditional reversed-phase modifiers. 

Also included is a qualitative estimation of research 

activity each has received in the literature. The 

extensive work on the alkyl chains can be justified since 

an overwhelming majority of all liquid chromatographic 



8 
III 
0" 
I--' 
m 
...... 

o 
< m 
t; 
< .... 
m 
~ 

o 
I-h 

::d 
m 
< m 
t; 
til 
m 
Q. 
I 

"tl 
::r
III 
til 
m 
~ 
o 
Q. .... 
I-h .... 
m 
t; 
til 

Overview of Reverse-Phase Modifiers 

Modifier Character Level of Study 

Long Alkyl Chains (C1S) Parafinic High 

Short Alkyl Chains (CS, C2) Parafinic High 

Aryl (Phenyl) n·electron cloud Some 

??????????? Very Little 

Dials Hydrogen Bonding Some 

~ 
r-J 



63 

separations occur on these surfaces. However, if a full 

understanding of the retention mechanism is sought, unique 

modifiers, or those having a mixed character should also 

be investigated. Unfortunately, although work has been 

done on either end of the polarity scale, a gap exist in 

the continuum. Very little work has been performed on 

modifiers in the intermediate region (i.e. those with 

modest polarity which retain some hydrophobic character), 

or on modifiers with mixed character. 

In an attempt to investigate this intermediate 

region, y-(3,4 methylene dioxyphenyl) 

propyldimethylchlorosilane was synthesized from safrole 

and chlorodimethylsilane by addition of the silane hydride 

across safrole's double bond at a chloroplatinic catalyst 

per the method of Speier et al. 14 as illustrated in 

figure 7. y-(3,4 methylene dioxyphenyl) 

propyldimethylchlorosilane is a nearly ideal modifier to 

probe the intermediate region. It is a "mixed" modifier 

possessing some alkyl character (the dimethylpropyl 

spacer), some aryl character, and some unique hydrogen 

bonding character (both oxygens retain their lone pairs 

and are exclusively hydrogen bond acceptors). 

Additionally, it is a useful study for comparison with the 

traditional alkyl modifiers since its length when extended 
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out away from the surface is identical to that of the well 

studied octyl modifier. Thus it is hoped that through the 

use of diagnostic chromatography we can investigate this 

unique modifier to gain insight into retention at the 

solid-liquid interface and compare its behavior with that 

of a well characterized interface (C-S) to understand how 

a change in modifier composition impacts retention at the 

interface. 

Experimental 

The 'Y - ( 3 , 4 methylene dioxyphenyl) 

propyldimethylchlorosilane modifier was prepared from 

safrole (Aldrich, Milwaukee, WI) and chlorodimethylsilane 

(Hills America, Piscataway, NJ -- formerly Petrarch) using 

a O.104M chloroplatinic acid (Aldrich, Milwaukee, WI) 

solution (in isopropyl alcohol (EM Science, Gibbstown, 

NJ)) as the catalyst. Prior to use, the sample integrity 

of safrole and chlorodimethylsilane was verified by GC/MS 

(Model HP 5990A, Hewlett-Packard, Palo Alto, CA). 

Preparation of y-(3,4 methylene dioxyphenyl) 

propyldimethylchlorosilane is quite straightforward. A 

three-necked 250ml round bottom flask was used to contain 

the reaction. A -10°C-150°C precision thermometer was 
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used to monitor reaction temperature, and was inserted in 

the first neck. A reflux tube was attached to the middle 

neck, and a drying tube containing calcium sulfate 

(Aldrich, Milwaukee, WI) attached at the top. An addition 

funnel was attached to the final neck. All joint were 

doubly wrapped. The inner joints were wrapped with teflon 

tape, and the outer joints wrapped with parafilm. The 

system was purged for twelve hours with dry (in-line 

molecular sieve column) argon prior to addition of any 

chemicals. The silane is very moisture sensitive, so 

maintaining a dry environment is critical for obtaining 

good yields. Thirty-two grams of safrole was added to the 

reaction flask followed by z.lSml of the catalyst. Twenty 

grams of chlorodimethylsilane was added to the addition 

funnel. This corresponds to an approximately equimolar 

solution of safrole and silane modifier, with the volatile 

silane modifier being in excess. 

attached to a model CF-B, 

The reflux condenser was 

Neslab Cryocool unit 

(Portsmouth, NH) to maintain a reflux temperature of -Soc. 

The chlorodimethylsilane was added dropwise, trying 

to maintain a reaction temperature between 90°C-lOO°C. 

with the addition of silane, the reaction mixture turned a 

brown-orange color. The total addition time was 40 

minutes, after which the solution had turned dark brown in 
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color. The reaction was then heated at 90°C for 15 hours 

using an oil bath. 

Afterwards, the solution was transferred to a 100ml 

round bottom flask for storage. An aliquot was taken and 

diluted in dichloromethane (Fisher Scientific, Fair Lawn, 

NJ) for GC/MS analysis. The reaction solution's gas 

chromatogram showed three peaks. The mass spectrum for 

the first peak showed it to be unreacted safrole, while 

the second peak was consistent with what would be expected 

for y-(3,4 methylene dioxyphenyl) 

propyldimethylchlorosilane, and the third peak was a 

"dimer" formed by reaction of y-(3,4 methylene 

dioxyphenyl) propyldimethylchlorosilane with water (either 

from ambient moisture or the dichloromethane) followed by 

reaction with another molecule of y-(3,4 methylene 

dioxyphenyl) propyldimethylchlorosilane, to form the 

dimer. 

Al though no other reactive silanes were present in 

the reaction solution, an attempt was made to obtain 

"pure" y- (3,4 methylene dioxyphenyl) 

propyldimethylchlorosilane for further spectroscopic 

characterization. This proved to be challenging since y

(3,4 methylene dioxyphenyl) propyldimethylchlorosilane' s 

boiling point is in excess of 240°C, and the solution 
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cannot be exposed to moisture so purification methods are 

limited to those done in an inert atmosphere. A 

successful method was found where the solution was heated 

under a constant vacuum with rapid stirring of the 

solution. Four distillate fractions were collected and 

submitted for GC/MS analysis. The last three distillate 

fractions showed only two peaks in the gas chromatogram 

(see figure 8) , corresponding to y- (3,4 methylene 

dioxyphenyl) propyldimethylchlorosilane (see figure 9), 

and its dimer. 

These "pure" samples were submitted for IH-NMR and 

13C-NMR, and APT- 13C-NMR analysis. The results are shown 

in figures 10-12. An IR spectrum was also obtained 

(reproduced in figure 13) showing no alkene functionality 

in this sample. Based on the spectroscopic data it was 

concluded we had successfully synthesized y-(3,4 methylene 

dioxyphenyl) propyldimethylchlorosilane. 

2.3 Chromatographic Characterization of y-(3,4 Methylene 

dioxyphenyl) Propyldimethyl-modified Silica: Effect of 

Orientation on Retention 

Having successfully synthesized y-(3,4 methylene 

dioxyphenyl) propyldimethylchlorosilane, the next step was 
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lH-NMR of the "Safrole-silane" 
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1 H-NMR Integration Summary 
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Anticipated 6 2 2 2 \1 1 1, 2 
Integration \ I 

Experimental 6 2 2 2 \ 31 2 
Integration 

Figure 12 APT-1JC-NMR of y-(3,4 Methylene dioxyphenyl) 
Propyldimethylchlorosilane 
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Figure 13 IR Spectrum of y-(3,4 Methylene dioxyphenyl) 
Propyldimethylchlorosilane 
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to modify silica with this modifier for chromatographic 

investigation. For purposes of comparison, silica was 

also modified with octyldimethylchlorosilane. 

Experimental 

All silica used in these experiments was from the 

same lot, provided by Analytichem International (Harbor 

Ci ty , CA) wi th the following physical parameters: the 

nominal particle diameter was 811m with an average pore 

diameter of 60A and a surface area of 433m2jg. Since 

previous experiments had demonstrated no significant 

improvement in bonding efficiency with pre-dried silica, 

the silica was used neat with no prior drying. The silica 

modification apparatus is shown in figure 14. Prior to 

reaction, the entire apparatus was purged with dry argon 

for a minimum of 4 hours. A finely drawn capillary was 

used to introduce the argon which gently stirred the 

reaction mixture ensuring contact between the silica and 

modifier, and also served to eliminate HCl which is 

produced in the reaction. 

Although many different reactions were carried out, a 

typical modification scheme would be as follows. 

Approximately O. 7g silica is added to the pear shaped 



Figure 14 Reaction Apparatus for the Modification of 
Silica 
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flask followed by =2.5g y-(3,4 methylene dioxyphenyl) 

propyldimethylchlorosilane and 50ml dry, distilled toluene 

(EM Science, Gibbstown, NJ). The solution is refluxed 

gently (70°C) with constant stirring for 48 hours. The 

solution is allowed to cool then vacuum filtered using a 

3pm Flouropore filter (Millipore, Bedford, MA). The 

silica is then washed with 5 X 10ml portions of toluene, 

isopropyl alcohol, and methanol (EM Science, Gibbstown, 

NJ). All organic solvents were previously filtered 

through a .45pm PTFE filter (Micro Filtration Systems, 

Dublin, CA). After washing, the silica was transferred to 

an ehrlynmeyer flask and dried in a vacuum oven at 105°C 

and 1mmHg for at least 24 hours. 

The actual amount of reactants isn't critical but the 

above amounts reflect specific ratios. Modifier is 

typically added in a 5-10 fold excess (some water will 

inevitably be present and consume modifier. This excess 

helps ensure the modifier isn't the limiting reagent) 

assuming a surface silanol coverage of 6-8pmoles/m2 • 

Toluene is added to facilitate intimate contact and is 

added in a ten-fold excess, although it can be eliminated 

if maximum coverage is desired. The octyldimethyl 

surfaces were prepared in like fashion. 

After drying, coverages were determined by combustion 
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1X10 6 X 
( (12.01)n) 

( 8 ) 
[1 - ( (12 ~ 1 ) n) (MW - 1. 008)] S. A . 

analysis on a Perkin-Elmer model 240C Elemental Analyzer 

(Perkin-Elmer, Norwalk, CT) using equation 8 where X is 

the mass fraction of carbon from combustion analysis, n is 

the total number of carbons on the modifier, MW is the 

molecular weight of the alkyl silyl radical, and S.A. is 

the silica's surface area. The combustion analysis 

results for the first set of modifiers used were 11% 

carbon for the octyldimethyl surface, and 11% for the y-

(3,4 Methylene dioxyphenyl) propyldimethyl surface. This 

corresponds to a surface coverage of 2.5~moles/m2 for the 

octyldimethyl 

2 . 2~moles /m2 

surface 

for the 

propyl dimethyl surface. 

and 

y-(3,4 

a surface coverage of 

Methylene dioxyphenyl) 

The preliminary experiments were intended to compare 

the performance of these two surfaces in a methanol/water 

(distilled, de-ionized water (distilled over basic 



potassium permanganate 

house) solvent system. 
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(EM Science, Cherry Hill, NJ) in 

Columns (100 X 2.1rnrn) were packed 

using a downward density-matched slurry packing procedure 

in house. The density of the modified silicas was 

determined by volume displacement of methanol by a known 

mass of silica. 

solution of 

Milwaukee, WI). 

The slurry solvent was a density-matched 

methanol and dibromomethane (Aldrich, 

About 0.4g silica is suspended in 4ml of 

the density matched solvent to form a slurry which is then 

transferred to a 250 X 4.6 rnrn stainless steel packing 

bomb. The columns were attached to the bomb through a few 

centimeters of wide bore 1/16" stainless steel tubing. 

The column outlet was fitted with a 2pm frit to trap the 

modified silica. The modifier/slurry solution was driven 

through the system by a pneumatically driven high-pressure 

pump (Haskel Products) pumping methanol at 6000psi for 3-4 

pump cycles. 

For these studies, the columns were attached to an 

IBM LC9533 Ternary gradient liquid chromatograph (IBM 

Instruments, Valhalla, NY) and an IBM LC9522 fixed UV 

detector (254nm). Columns were conditioned for 12 hours 

by pumping methanol through the column at 0.5ml/min. Two 

solvent systems were investigated: 

acetonitrile/water. The retention 

methanol/water and 

of five analytes: 
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benzyl alcohol, ethyl benzene, toluene, acetophenone, and 

aniline was determined experimentally in triplicate at 

five different solvent compositions for each system. A 

broad range of volume % solutions were studied: 80/20, 

60/40, 50/50, 40/60, and 20/80 v/v organic/water 

solutions. 

Discussion 

Both solvent systems yielded similar results, and because 

of the preliminary nature of the work, only the methanol 

system is discussed in detail. Figures 15 and 16 show the 

retention of these analytes at the "safrole surface" (y

(3,4 Methylene dioxyphenyl) propyldimethyl surface) and 

the octyl surface respectively. Interestingly, and quite 

unexpectedly, the retention trends are very similar with 

one significant difference. Originally it was thought 

that "safrole surface" might show unique retention 

behavior towards some analytes. Instead, the observed 

trends are similar, but the retention on the safrole 

surface is significantly reduced relative to the octyl 

surface. This trend was also observed with the 

acetonitrile/water system. 

This was somewhat puzzling. Rather than exhibiting 
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Orientation of Safrole at the Surface 
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any unique retention behavior, the trends for both 

surfaces were quite similar. Additionally, it appeared 

from the retention values that safrole was not only 

behaving like an alkyl surface, but a short alkyl 

surface -- at least shorter than the octyl surface. This 

was unexpected since the length of the extended safrole 

surface is nearly identical to that of the extended octyl 

surface. Some insight into this puzzle was provided by 

computer modelling of the safrole surface. An attempt was 

being made in our lab to computer model the silica surface 

after attachment of organic modifiers. When the safrole 

modifier was placed on a silica substrate and energy 

minimized, its orientation at the surface was a surprise. 

Rather than having an extended orientation out away from 

the surface, because of its length, it had folded back 

towards the surface maximizing the hydrogen bonding 

interactions between the surface silanols and the hydrogen 

bond acceptor sites on the safrole modifier. The 

anticipated orientations of the modifiers from this study 

at the surface is demonstrated in figure 17. Under 

conditions of good solvation they would be expected to 

extend out away from the surface with retention occurring 

as the analytes partition between the mobile phase and the 

organically enriched, solvated chains of the stationary 
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However, based both on the computer modeling and 

the retention values for the analytes at this surface we 

suspected the orientation was more like that shown in 

figure 18. In this orientation, only the hydrophobic 

backbone of the safrole modifier is exposed to the mobile 

phase. Additionally, this exposed backbone would appear 

to an analyte as a relatively short alkyl surface 

consistent with the unexpected retention behavior 

observed. 

To investigate this hypothesis, a fresh batch of 

"safrole-modified" silica was prepared, split into two 

portions and end-capping half the batch with 

trimethylchlorosilane (TMCS). End-capping is a common 

approach to further deactivate modified surfaces. TMCS is 

relatively small, and it thought to have greater access to 

some of the residual silanols than the sterically 

hindered, larger modifiers. Thus, TMCS can access and 

react with these silanols further deactivating the 

surface. In this experiment, it was hoped that by end

capping the surface, access to the residual silanols by 

the hydrogen bond acceptor sites on the safrole modifier 

would be diminished. Then, if a thermal study was 

undertaken similar to those of Schunk and Palmer, one 

would expect to see thermal transitions at lower 
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temperatures for the end-capped surface relative to the 

non-end-capped surface. In theory, it should require less 

thermal energy to get the end-capped surface to change 

orientation than the non-end-capped surface since the 

energetically favorable interactions with the surface 

silanols are reduced (see figure 19). 

It should be noted that previously the thermal 

transi tions observed by Schunk and Palmer have not been 

observed on smaller modifiers. However, previous work by 

propylbenzo-15-crown-5 was Elhassan on immobilized 

encouraging. He observed transitions both 

spectroscopically and chromatographically on his surface 

(figure 20) 15 which he attributed to a change in 

orientation of the crown ether at the surface (figure 21). 

Both the safrole surface and Elhassan's surface have 

hydrogen 

because 

bond 

of the 

acceptor 

strength 

sites, and it was hoped that 

of this interaction a thermal 

transition would be observed for this surface. Likewise, 

if a thermal transition can be detected, it would suggest 

that safrole posses two distinct orientations at the 

silica surface, and that modifier orientation plays a key 

role in retention of analytes at this interface. 

To pursue this question, a Waters 600E Multisolvent 

Delivery System (Waters, Milford, f-1A) was used in 
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conjunction with an IBM LC9522 fixed UV detector (254nm). 

Both methanol/water and acetonitrile/water solvent systems 

were investigated at three different solvent compositions: 

10/90, 20/80 and 30/70 v/v organic/water. Analytes 

included benzene (EM Science, Gibbstown, NJ), acetophenone 

(EM Science, Gibbstown, NJ), aniline (Aldrich, Milwaukee, 

WI), phenol (Aldrich, Milwaukee, WI), 4-nitrotoluene 

(Aldrich, Milwaukee, WI), and 2-phenoxyethanol (Aldrich, 

Milwaukee, WI), and were 1-80 ppm prepared in the mobile 

phase. Injection volumes were 2pl and the reported 

results are averages based on at least five replicate 

injections. The capacity factor (k') values were 

calculated from the retained specie's retention time (the 

probe molecule) and an the retention time of an unretained 

species. For these experiments, potassium nitrate (J. T. 

Baker, Phillipsburg, NJ) was used as the unretained 

solute. A more precise measurement of k' can be obtained 

by correcting for peak asymmetry using an exponentially 

modified gaussian model 16 or by considering extracolumn 

volumes, however, the goal here is to obtain relative 

measurements of k', not absolute values. 

A controlled thermal environment 

jacketing the column within a metal 

was provide by 

cylinder which 

permitted the flow of various solutions around the column. 
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At temperatures above 25°C, a pumping heating bath (model 

FE, Haake, Saddlebrook, NJ) circulating water was used. 

At temperature below 25°C a model CF-B Neslab Cryocool 

unit was used circulating isopropyl alcohol. 

After endcapping, the safrole phase was again 

analyzed by combustion analysis, showing a slight decrease 

in %C. This is not unexpected since TMCS is known to 

displace some of the surface bound, larger modifiers 

during the end-capping experiment. Since a relatively 

carbon rich modifier (e.g. y-(3,4 Methylene dioxyphenyl) 

propyldimethyl with 12 carbons) is displaced by a more 

carbon poor modifier (TMCS with 3 carbons) a slight 

decrease in %C is often observed. An estimate of each 

modifier type can be obtained by HF digestion of the 

silica followed by derivitization and GC analysis by the 

method of Fazio et al. 17 After HF digestion, the samples 

were submitted for GC/MS analysis. Evidence of the end-

capping agent was found, but was present at a level below 

the standards. Thus, the additional coverage provided by 

the end-capping reagent was less than an additional 

O. 511mole/m2. 

Conditioning of the column is critical in this 

experiment. 

organically 

There is some evidence that when 

enriched solvated chains expel the 

heated, 

organic 
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solvent in an irreversible fashion under aqueous 

conditions .18 To avoid any potential hysteresis effects, 

columns were conditioned with the appropriate mobile phase 

for at least 100 column volumes at room temperature. The 

system was then cooled and the temperature study 

commenced. Care was taken, once the system was cooled, to 

avoid system heating to maintain system integrity. Also, 

when the system was changed over from methanol to 

acetonitrile, tetahydrofuran (Fisher Chemical, Fairlawn, 

NJ) was used as a crossover solvent to displace any 

residual organic solvent from the previous system to 

provide a fresh surface. 

No transitions were observed with the more 

organically enriched solvent systems of 20% and 30% 

organic solvent This was true for both the methanol/water 

solvent system, and the acetonitrile/water solvent system. 

Thus, only the 10% data are presented and are found in 

figures 22-33. 

For the most part, these data are uninteresting for 

the purpose of this study. The van' t Hoff plots were 

linear over the range of temperatures studied indicating 

no apparent change in orientation of the modifier on 

either surface. Although the phenol data on the end

capped surface appears to roll-off at low temperatures, 
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upon closer inspection, this is more likely scatter in the 

plot at 3°e. It should be noted that error estimates at 

the 90% confidence interval are significantly smaller than 

the points on the graph. This type of scatter is observed 

throughout the data, but appears to be most significant in 

aniline's case. This indicates that the scatter probably 

results from a lack of thermal equilibrium in the system. 

If, as the temperature is raised, the system is not given 

enough time to equilibrate to the new temperature, the 

observed retention would be higher than that expected for 

the supposed temperature. The aniline data is most 

illustrative of this phenomena. As can be seen from 

Schunk and Palmer's data, those molecules retained in the 

upper reaches of the chains, like phenol, or benzyl 

alcohol, are the first analytes impacted by a change in 

orientation of the modifier (as evidenced by the lowest 

transition temperature), but the observed break is very 

subtle. Those molecules retained in the center portions 

of the chain, like benzene, have an observed transition at 

a higher temperature than the alcohols, but the break is 

very distinct, implying a significant change in solvation 

upon change in orientation. However, for an analyte like 

aniline, which is though to be retained in the near 

surface region, this change is often nearly imperceptible, 
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and occurs at very high temperatures indicating a 

significant change in orientation and/or solvation must be 

effected to impact the retention of this analyte. 

Furthermore, the kinetics of interaction for aniline, 

compared to those analytes retained mostly within the 

solvated chains, are very poor. Thus, in a cold system, 

the kinetic efficiency is reduced even further, and one 

would expect aniline to be extremely sensitive to system 

temperature, and equilibration times would be critical. 

This is consistent with the observed data. It is very 

likely that some experiments were conducted a bit 

prematurely, before the system had time to equilibrate 

fully resulting in the extreme scatter in these plots. 

Finally, as mentioned previously, the analyte which 

appears to be most sensitive to changes in orientation, as 

evidenced by significant breaks in the van't Hoff plots, 

is benzene. Although significant scatter exists in the 

data, there does appear to be a roll-off in the data with 

the end-capped surface. This may be an indication of an 

orientation change as the temperature is raised. 

This data is supported by the results from the 

methanol/water system. The benzene results in this system 

are quite conclusive. On the safrole surface, an obvious 

plateau region is observed in the low temperature region, 
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while on the end-capped surface the transition is 

distinct. However, all other modifiers gave similar 

results to those observed with the acetonitrile/water 

system. The plots are linear indicating no observable 

change in orientation over the temperature range studied, 

while the aniline results demonstrated the greatest amount 

of scatter indicating a high degree of temperature 

sensitivity. 

Conclusions 

In summary, we can conclude the following: 1 ) The 

two phases behave similarly. That was expected since they 

are essentially the same chromatographic surface, with one 

being slightly less surface active. 2) For the first 

time, distinct transitions were observed on a "short" 

modifier. This is evidence of a change in orientation at 

the surface. We attribute this change in orientation to 

be from a head-down to a head-up orientation at the 

surface. This could explain the results observed in the 

preliminary study since, in the head-down orientation, the 

surface exposed to the mobile phase would appear to be a 

short, hydrophobic backbone with a length shorter than C-

8, consistent with the observed results. 
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Unfortunately, significant breaks were not observed 

on analytes other than benzene. However, if a transition 

was to be observed, benzene was the most probable analyte, 

based on the results of Palmer and Schunk. Since it is 

thought to be retained in the center regions of the 

modifier it would be significantly impacted by changes in 

orientation and solvation of the modifier. But, since the 

transition was only observed with benzene, no comparison 

of the safrole surface and the end-capped surface could be 

made to determine if the change in orientation occurs at a 

lower temperature on the end-capped surface. This could 

be a function of the relatively high coverage of this 

surface. with a highly loaded surface, the impact of 

surface deactivation by end-capping is diminished, and the 

two columns might be too similar. Additionally, a high 

surface coverage reduces the number of high energy sites 

available for hydrogen bonding with the safrole modifier -

the interaction though responsible for the head-down 

orientation. Finally, the lack of obvious breaks at the 

higher organic concentrations was not totally unexpected. 

This is consistent with the observations of Palmer and 

Schunk who observed less distinct breaks in their curves 

as the concentration of organic solvent is increased. 

This was attributed to more efficient solvation of the 
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bonded phase resulting in a less distinct observed 

transition. 

2.4 Chromatographic Characterization of 1-(3,4 Methylene 

dioxyphenyl) Propyldimethyl-Modified Silica: A Comparison 

of Four Modifiers to Evaluate the Impact of Structure on 

Selectivity 

As mentioned in section 2.2, y-(3,4 methylene 

dioxyphenyl) propyldimethylchlorosilane was originally 

synthesized to investigate the solid-liquid interface on a 

non-traditional bonded phase using diagnostic 

chromatography. This modifier is relatively unique in 

that it can be considered a "composite" of different types 

of interactions, some of which have been studied 

extensively -- like the propyldimethyl and aryl portions, 

and others which have not -- such as the novel hydrogen 

bonding character of the ether-like oxygens. By probing 

this surface with a variety of analytes, it was hoped that 

this mixed modifier, if it demonstrated unique selectivity 

towards some analytes, would contribute to our 

understanding of separations at the solid-liquid 

interface. 
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Figure 24 Retention of 4-Nitrotoluene as a Function of 
Temperature at Both Surfaces, 10% Acetonitrile 
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Figure 25 Retention of 2-Phenoxyethanol as a Function 
of Temperature at Both Surfaces, 10% Acetonitrile 



~ 
.s 

Safrole 
10/90 Acetonitrile/Water 

2.2....--------------------.;;-.--1 

2.15-

2.1 
2.05 ....................... . 

2······ .. 

1.95- ...... . 

1.9 .. 

1.85 

1.8 . 

1.75 . 

. ....................... . 

• 

• 

. ..•...... 

1 100 3.10 3.20 3.30 3.40 3.50 
1fT (K)*1000 

• 

...... (0). 

3.60 3.70 3.80 

End-Capped Safrole 
10/90 Acetonitrile/Water 

2.7.,---------------------, 

• 2.6- ..... 
• • 

• 
2.5 ....................................................................... 

~ 2.4 ..... 
.s 

. ...... . 

2.3 . . .................•... ................. (0) ... 
2.2 • 

• 2.1-t------,---..----,--r---,-----,---,---
3.00 3.10 3.20 3.30 3.40 3.50 3.60 3.70 3.80 

1fT (K)*1000 

Figure 26 Retention of Benzene as a Function of 
Temperature at Both Surfaces, 10% Acetonitrile 

103 



Safrole 
10/90 Acetonitrile/Water 

2.4,------------------------, .. 
2.2 ..................................................................... . 

2 
.. .. 

1.8 ·.·· .... ·.··......u ........... u ........................ . • . .................................. . 

~ 
oS 1.6 

~ 
oS 

1.4 •• uu ...................... u ... u ............ . 

···········6 1.2- ....... .. 
0.8+----r---r----..--..----,---.---.----1 

3.00 3.10 3.20 3.30 3.40 3.50 3.60 3.70 3.80 

2.4 

2.3 

2.2 I ..... 

2.1 

2-

1.9 

1.8 .. 
1.7 

3.00 3.10 

.. 

1 rr (I<) *1000 

End-Capped Safrole 
10/90 Acetonitrile/Water 

u ••• u •• u .... 

a .. 
a 

................. "iII' 

I I I I I 

• 

3.20 3.30 3.40 3.50 3.60 3.70 3.80 
1 rr (I<) * 1000 

Figure 27 Retention of Aniline as a Function of 
Temperature at Both Surfaces, 10% Acetonitrile 

104 



Safrole 
10/90 Methanol/Water 

3.8-.---------------------

3.6 .. 

• 
• 

3.2·········· • 
3···· .............. ... 

• 
2.8 ...............................•............................... 

2.6 • 
• 

2.4+---,-----r----,-----,----,---,------1 
3.10 3.20 3.30 3.40 3.50 3.60 3.70 3.80 

1 fT (K) * 1000 

End-capped Safrole 
10/90 Methanol/Water 

4.-------------------~---

3.8 .... • 
• 

3.6 I········ 

• 
:!.: 
.s 3.4 • 

3.2· ........... . . .......•................................ 

• 3-

• 
2.8-!----,----,----.---,-----,-------,---,----1 

3.00 3.10 3.20 3.30 3.40 3.50 3.60 3.70 3.80 
1fT (K)*1000 

Figure 28 Retention of Acetophenone as a Function of 
Temperature at Both Surfaces, 10% Methanol 

105 



Safrole 
10/90 Methanol/Water 

2.5-,---------------------;;;.=-----

2.4 ........................................................................................................... . 
• 

2.3 .. ········ ....... ........... ..................................... . .................................. . 
• 

2.2 ............................................................................. . 

• 
..!<: 2.1 
oS 2 

1.9 ...............................•..... ~ .................................. ~OCHlHl0H 
1.8 

• 1.7 .......................... . 

• 1.6-t-----r---.-----.----r----,----.------I 
3.10 3.20 3.30 3.40 3.50 

1fT (K)*1000 
3.60 3.70 

End-capped Safrole 
10/90 Methanol/Water 

3.80 

2.8,-------------------. __ -_ 

2.7 . . ..............................................................................•... •.. 
2.6 .............................................................................. . 

2.5 .......................................................................................... l1li . 

..!<: .f: 2.4 ...................................................... . 
• 

2.3 

2.2 . 

2.1 
• 

• 
• 

2+----,---~-~--~--,--~--r----
3.00 3.10 3.20 3.30 3.40 3.50 3.60 3.70 3.80 

1fT (K)*1000 

106 

Figure 29 Retention of 2-Phenoxyethanol as a Function 
of Temperature at Both Surfaces, 10% Methanol 
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Figure 30 Retention of 4-Nitrotoluene as a Function of 
Temperature at Both Surfaces, 10% Methanol 
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Experimental 

Retention data was acquired using a Waters 600E 

Multisolvent Delivery System in conjunction with an IBM 

LC9522 fixed UV detector (254nm). Both methanol/water and 

acetonitrile/water solvent systems were investigated at 

three different solvent compositions: 10/90, 20/80 and 

30/70 v/v organic/water. The modifiers used in this study 

are illustrated in figure 34. The modifiers selected for 

evaluation were intended to facilitate comparison between 

phases and isolate any unique retention behavior. Silica 

(Analytichem International) was modified as described 

earlier. Coverages based on combustion analysis were all 

in the 2. 3-3. Opmoles/m2 range. The C-3 modifier was 

selected to account for the propyl dimethyl "spacer" arm 

on the safrole surface, while the propyl-phenyl phase was 

selected to isolate the unique hydrogen-bonding character 

of the safrole phase. Finally, the C-8 surface was 

selected for comparison of the safrole surface with a 

heavily studied, and better understood surface. Again it 

should be noted that C-8 is a valuable "standard" since 

it's length is nearly identical to that of the safrole 

surface thus minimizing potential retention differences 

based solely on differences in stationary phase volume 



Safrole 
10/90 Methanol/Water 

2.1.---------------------------------------~ 

2.05 ........................ . . ..... . ... .. 
2 ............•.... .... 

1.95 .. .. 
• 

1.85-··· 

1.8···· ............................ ..... ............................................... . 

1.75 .. , ........................ . .. 
1.7+-----~----~--~----~----~----~-----

3.10 3.20 3.30 3.40 3.50 3.60 3.70 3.80 
1 fT (K) *1000 

End-capped Safrole 
10/90 Methanol/Water 

2.45 
• 

• 2.4 ..................................... 
• .. 

2.35- .... . .............. , .... 

• 
~ 2.3 
.E 

2.25 .. ................ © 
• 

2.2 

2.15- .. 
I I -,---

I I I I 

3.00 3.10 3.20 3.30 3.40 3.50 3.60 3.70 3.80 

1fT (K)*1000 

Figure 33 Retention of Benzene as a Function of 
Temperature at Both Surfaces, 10% Methanol 

111 



CH3 

O_~i~CII3 
I 
CII3 

CH3 
I 

O-Si~CH3 

I 
CH3 

112 

c-·~ 

Phenyl 

C-B 

Safrolc 

Figure 34 Modifiers Evaluated in the Selectivity Study 



113 

which is a function of modifier size. 

The probes selected for this study are illustrated in 

figure 35. The value of the study is dependent upon 

careful selection of probes with specific functionalities 

designed to investigate specific properties of the 

modified surfaces. In this study, benzene was studied to 

probe the hydrophobic character of these phases. To study 

hydrogen bonding character a weak acid -- phenol and a 

weak base -- aniline--were selected. Additionally, since 

basic amines like aniline are thought to be retained in 

the near surface region, it was hoped this probe would be 

sensitive to any potential differences in interactions 

between the modifiers and the silica surface. A wide 

variety of analytes with different polarity were also 

selected to evaluate these surfaces. These include 

acetophenone, 4-nitrotoluene, 2-phenoxyethanol, and 1,4 

naphthoquinone. 

Discussion 

To evaluate this data, the capacity factor (k') was 

plotted as a function of solvent composition for each 

probe molecule. Both the methanol/water system and the 

acetonitrile/water system are included on a common plot 
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for each analyte. These plots are reproduced in figures 

36-42. A change in selectivity is indicated when an 

inversion of retention order occurs. In theory, analytes 

which are primarily retained through hydrophobic 

interactions would exhibit maximum retention on the 

aliphatic, octyl phase, followed by the safrole surface, 

the phenyl surface, and finally, the relatively short 

propyl surface. Since each probe molecule contains a 

phenyl ring, which served as a chromophore to facilitate 

detection, some level of hydrophobic interaction is 

anticipated for every analyte. As expected, all analytes 

exhibited the lowest retention on the propyl surface, and 

since it contributed no new information, the propyl data 

was not included on the plots. 

In the methanol/water solvent system, benzene gives 

consistent results. Highest retention is observed on the 

octyl (C-S) surface, followed by the safrole surface, then 

the phenyl surface. Phenol also exhibits a similar, 

consistent trend. Aniline, however, shows an inversion in 

retention order between the octyl and safrole surfaces at 

higher organic concentrations. Initially, at 10% methanol 

the highest retention for aniline is observed on the octyl 

surface (error bars for these points are significantly 

smaller than the points themselves, so even at a 90% 
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confidence interval, the difference in retention is 

"real") while at 20% and 30% methanol, the highest 

retention is observed on the safrole surface. This trend 

is also observed with 2-phenoxyethanol and acetophenone. 

Finally, a complete reversal in retention order between 

the octyl and safrole surfaces is observed with both 4-

nitrotoluene and 1,4 naphthoquinone. In this case, 

retention is highest on the safrole surface at all 

methanol concentrations. The benzene and phenol behavior 

indicates that the predominant retention mechanism is 

hydrophobic in nature. Although hydrophobic interactions 

appear to play a significant role in the retention of 

aniline, 2-phenoxyethanol and acetophenone, the reversal 

in retention order indicates it is not the only active 

mechanism of retention. In these cases, a reversal occurs 

as the organic content of the modifier is increased. 

Previously, using 13C-NMR Zwier showed that the liquid

like mobility of the bonded phase increases wi th 

increasing solvation of the bonded phase. 19 Thus, the 

present data indicates a change in solvation, and hence 

mobility, of the safrole surface as the organic 

concentration is increased. For example, if initially the 

safrole modifier is oriented towards the surface 

maximizing interaction between the ether-like oxygens and 
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the surface silanols, the exposed backbone would appear to 

be a short, aliphatic chains. In this case, one would 

expect to see higher retention on the octyl surface 

compared to the safrole surface. As the organic 

concentration of the mobile phase is increased, the chains 

are more effectively solvated, gain mobility and extend 

away from the surface. In this orientation, the analytes 

would have more access to ether-like oxygens the 

secondary retention mechanism, and because the surface 

now has a dual nature providing both a hydrophobic 

surface and a moderately polar surface the likelihood 

of an analyte finding a favorable orientation for 

retention is increased resulting in an overall increase in 

retention for the safrole surface compared to the octyl 

surface. 

Finally, 

nitrotoluene 

for 

and 

high polarity analytes like 4-

1,4 naphthoquinone, the hydrophobic 

retention mechanism does not appear to predominate. In 

this case, even under the relatively poor solvation 

conditions of 10% methanol, the energy of interaction 

between these molecules and the safrole surface are so 

favorable that this mechanism predominates. 

The acetonitrile/water data is less straightforward. 

Acetonitrile was selected as an organic modifier to 
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investigate the potential differences between a hydrogen 

bonding solvent like methanol, and a non-hydrogen bonding 

solvent like acetonitrile on retention at these surfaces. 

Some similarities exist. For example, with benzene and 

phenol, retention is greatest on the octyl surface, 

followed by the safrole surface, and finally, the phenyl 

surface with one major exception. At high (i.e. 30%) 

concentrations of acetonitrile an inversion of retention 

order occurs between the safrole surface and the phenyl 

surface. Here, in antithesis to the methanol/water 

results, the safrole surface demonstrates the LOWEST 

retention of the three surfaces. Additionally, this 

phenomenon is observed for every analyte but aniline. 

Interestingly, the inversion of retention order between 

the octyl surface and the safrole phase observed with the 

methanol/water system is also observed in the 

acetonitrile/water system in some instances. For example, 

just as with methanol, retention of 2-phenoxyethanol and 

acetophenone is greatest on the octyl surface at 10% 

acetonitrile, but inverts at 20% acetonitrile. However, 

unlike the methanol/water system, here as the organic 

concentration is raised to 30%, another inversion occurs 

as mentioned earlier such that the retention of these 

analytes on the safrole surface is lower than the other 
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two phases. The greatest variation in retention behavior 

between the methanol/water system and the 

acetonitrile/water system occurs with 4-nitrotoluene. 

Unlike the methanol data, inversion of the retention order 

for 4-nitrotoluene does not occur at 10% acetonitrile. 

However, it does occur at 20% acetonitrile as was 

observed at 20% methanol. Then, at 30% acetonitrile, 

retention at the safrole surface is, again, lowest of the 

three phases. 1,4 naphthoquinone, however, still shows 

the retention order inversion at 10% and 20% acetonitrile, 

as with methanol, but again, at 30% acetonitrile retention 

of this analyte is lowest on the safrole surface. 

Unlike the methanol data, inversion of the retention 

order for 4-nitrotoluene does not occur at 10% 

acetonitrile. However, it does occur at 20% acetonitrile 

as was observed at 20% methanol. Then, at 30% 

acetonitrile, retention at the safrole surface is, again, 

lowest of the three phases. 1,4 naphthoquinone, however, 

still shows the retention order inversion at 10% and 20% 

acetonitrile, as with methanol, but again, at 30% 

acetonitrile retention of this analyte is lowest on the 

safrole surface. 

The acetonitrile data demonstrates, again, the 

significant impact of orientation and solvation on the 
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retention of analytes at the solid-liquid interface, but 

also underscores how differences in solvation between a 

hydrogen bonding solvent like methanol, and a non-hydrogen 

bonding solvent like acetonitrile impact retention at the 

interface. 

Previous work by Zwier on octadecyl surfaces 

illustrates this point. zwier investigated how the 

octadecyl surface was solvated by both methanol/water and 

acetonitrile/water solvent systems and found significant 

differences between the two. For example, below 30% 

organic solvent, with acetonitrile the stationary phase is 

solvated almost exclusively by the organic modifier 

incorporating little or no water into the stationary 

phase, while methanol incorporates nearly and equal volume 

of water as it sol vates the stationary phase at these 

levels. 19 In the case of acetonitrile, solvation is 

primarily a function of low energy dispersive forces, 

while with methanol, solvation is a function of higher 

energy interactions like hydrogen bonding or dipole-dipole 

interactions. 

Based on Zwier' s work, in the present study at low 

concentrations of acetonitrile one would expect the chains 

to be poorly solvated, most likely in a "head down" 

orientation maximizing the more favorable interactions 



with residual silanols at the surface. 
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Under these 

conditions one would expect hydrophobic interactions to be 

the dominate retention mechanism. The experimental data 

supports this hypothesis. For every analyte but the 

highly polar 1,4 naphthoquinone, at 10% acetonitrile C-8 

demonstrates higher retention than the safrole surface -

evidence that hydrophobic interactions do dominate 

retention under these conditions. However, at 20% 

acetonitrile, 2-phenoxyethanol, acetophenone, and 4-

nitrotoluene -- all polar analytes -- show an inversion in 

retention order when compared to 10% acetonitrile with the 

highest retention being observed on the safrole surface. 

This is attributed to a change in orientation of the 

safrole modifier at the surface. As the concentration of 

acetonitrile is increased, more water is brought to the 

surface improving solvation of the safrole surface. This 

improved solvation results in an orientational change as 

the modifier begins to change from a head down to a head 

up orientation. As before, in this orientation analytes 

have greater access to the safrole surface's ether-like 

oxygens. The dual nature of this surface increases the 

likelihood of an analyte finding a favorable orientation 

for retention resulting in an increase in retention values 

at this surface under these conditions. 
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Finally, an interesting, consistent trend was 

observed with the acetonitrile data that was not observed 

with the methanol data. At 30% acetonitrile, with every 

analyte but aniline, the safrole surface demonstrates the 

LOWEST retention of the three surfaces. Interestingly, 

although this trend was not observed in any of the 

previous methanol or acetonitrile data, at 30% 

acetonitrile, the trend is almost universal, and 

represents another reversal in retention order for 2-

phenoxyethanol, acetophenone, 4-nitrotoluene, and 1,4 

naphthoquinone. 

It is known from Zwier's work that at or above 30% 

acetonitrile, water is effectively incorporated into the 

solvated chains. At first glance, as with the methanol 

data, one would expect this "improved" solvation to result 

in a favorable orientation of the safrole modifier and 

increased retention time for polar analytes. Better 

solvation implies greater mobility, and hence, improved 

analyte access to the secondary interactions on the 

safrole phase, enhancing the dual nature of the safrole 

surface and increasing the likelihood of an analyte 

finding a region of favorable interaction. Apparently 

this is not the case at 30% acetonitrile. Obviously, 

incorporation of water into the bonded phase with 
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acetonitrile does not enhance retention at the safrole 

surface as it does with methanol. However, since surface 

solvation of the residual silanols is different with 

acetonitrile and methanol, this might account for the 

observed differences. Methanol is a protic solvent, so it 

can hydrogen bond with residual silanols at the silica 

surface in competition with water. Acetonitrile cannot. 

Thus, at 30% acetonitrile it is likely that a "well 

solvated" safrole surface 

relatively high polarity: 

would have two regions of 

at the bottom in the near 

surface region where water solvates the residual silanols, 

and at the "top" since the chains are thought to be well 

solvated under these conditions. Since each of our probes 

have a hydrophobic backbone (chromophores to facilitate 

detection), this reduction in hydrophobic retention 

volume, compared to the octyl or phenyl phases, might 

account for the observed reduction in retention. 

Conclusions 

The selectivity study also yielded some interesting 

information. First, the unique structure of this modifier 

changes the retentive characteristics of the surface, and 

in fact the safrole surface demonstrates unique 
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Additionally, this 

unique selectivity is most notable with "high polarity" 

analytes like 1,4 naphthoquinone and 4-nitrotoluene, 

although the unique selectivity is also observed to a 

lesser extent with analytes of modest polarity such as 

acetophenone, and 2-phenoxyethanol. This difference was 

attributed to a change in orientation of the modifier as 

the mobile phase became more enriched in organic solvent. 

This behavior was also strongly solvent dependant. The 

behavior of most analytes was similar in the 

acetonitrile/water system when compared to the 

methanol/water solvent system, but a few significant 

differences were noted. This argues that the bonded phase 

is solvated differently by acetonitrile than methanol, and 

that the solvation of the bonded phase directly impacts 

retention of analytes at the interface. Finally, a unique 

but consistent trend was noted in the acetonitrile data. 

At 30% acetonitrile, an inversion of retention order was 

observed where retention of 

surface was lower than that 

analytes at the safrole 

for the phenyl or octyl 

surface. This trend does not follow what was anticipated 

assuming improved solvation of the safrole modifier under 

these conditions. However, because acetonitrile/water and 

methanol/water solvent systems differ in the way they 
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incorporate water into the solvation of the silica 

surface, it is thought that at 30% acetonitrile, the well 

solvated safrole phase has two regions of high polarity 

reducing its retentive ability for the universal 

hydrophobic backbone of our probe molecules. 

Interestingly, the only analyte which does not demonstrate 

this trend is aniline. Since aniline is thought to be 

retained in the near-surface region, it is consistent that 

retention of this analyte is not adversely impacted by a 

change in solvation of the near surface region. 
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Chapter 3 

Chromatography of the Fullerenes 

3.1 Background 

In September of 1990 the scientific community was 

astonished by a published report of the reproducible, 

macroscopic scale synthesis of carbon's third pure, (and 

first finite) solid form dubbed Buckminsterfullerene or 

C60 .! Although the existence of C60 had been previously 

postulated2 its production and detection required expensive, 

specialized and sophisticated laser-vaporization and 

cluster-beam analysis instrumentation. Prior to Kratschmer 

et al. fullerene production was limited to a few tens of 

thousands of molecules at a time -- enough to detect, but 

not much else. 3 However, with the published report of 

Kratschmer et al. Buckminsterfullerene moved out of the 

highly specialized laboratories and into any laboratory with 

access to a thin rod of carbon, a cheap power supply and a 

belljar vacuum apparatus: that is virtually everyone. 

The scientific community responded with an "explosion" 
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of research on Buckminsterfullere and related fullerenes. 

Because the discovery of Buckminsterfullerene was so unique 

and fundamental in nature, nearly every chemical discipline 

could make a significant, direct and immediate contribution. 

From the theoretical quantum chemist to the synthetic 

organic chemist, everyone had something to contribute. And 

in the year following its announcement, papers on the 

chemistry of Buckminsterfullerene were published at the rate 

of 100 publications per month. 

3.2 Initial Analytical Separation of the Fullerenes 

Although many of Buckminsterfullerene's unique 

properties have been discovered and investigated, much of 

the literature now published was unavailable at the time of 

this work. In fact, the liquid chromatographic separation 

reported below was achieved in November/December 1990 -- a 

mere two months following Kratschmer et al.'s paper. 

In their paper it was noted that the soluble C60 

fraction's most significant contaminant had an apparent mass 

of 70 carbons. This molecule was called C70 and was thought 

to be a second stable fullerene structure slightly larger in 

size, but much different in shape than C60 • Al though present 

in "small" quantities «10% in Kratschmer et al., <5% in 
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Kroto et al.) a signal corresponding to C70 had appeared as 

an impurity in every C60 sample. 

Obviously, for purification purposes, there was much 

interest in the separation of C60 from its impurities. 

Additionally, if a second dominant peak could be obtained in 

the chromatographic analysis, it was hoped we could isolate 

this fraction and have it analyzed by Mass Spectrometry to 

further substantiate C70 ' s existence. Furthermore, if a 

separation was achieved, and the second component proved to 

be C70 , it was hoped that we could then obtain macroscopic 

quantities of C70 utilizing this separation to facilitate the 

initial fundamental spectrochemical characterization of this 

new molecule. 

The initial separation was attempted on an old, stock 

octyl (C-S) column (25cm X 4.6mm, 10~, origin unknown). 

Although it was known that C60 and C70 were soluble in 

benzene!, we had hoped to use UV/VIS detection so an attempt 

was made to find an appropriate reversed-phase organic 

solvent in which the fullerenes were soluble. A few grains 

of fullerene solid (courtesy of Don Huffman) were added to 

neat solutions of methanol (EM Scientific, Gibbstown, NJ), 

isopropyl alcohol (EM Scientific, Gibbstown, NJ) and 

tetrahydrofuran (THF) (Fisher Chemical, Fairlawn, NJ). Only 

the THF solution appeared to facilitate dissolution of the 
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fullerene sample, thus a THF/water [twice distilled over 

basic potassium permanganate (EM Science, Cherry Hill, NJ) 

then filtered through a .4511 type HA Millipore filter 

(Bedford, MA)] system was selected for the separation. A 

Spectra-Physics SP8100 ternary liquid chromatograph (San 

Jose, CA) was used as the solvent delivery system in 

conjunction with a Spectra-Physics SP4100 variable 

wavelength detector. An initial wavelength of 264nm was 

selected based on a spectrum of the lightly colored 

THF/fullerene solution obtained with a Perkin-Elmer model 

552 scanning UV /VIS spectrophotometer (Norwalk, CT). A 

gradient was programmed from 80% water to 100% THF over 30 

minutes. Injections of 5111 were made of the supernate from 

a saturated fullerene/THF solution. 

The results are shown in figure 1. Indeed two major 

peaks were observed, and both had eluted by 75% THF. 

Because fraction collection was a consideration, an 

isocratic separation was desirable so a few pre-mixed 

solvent systems between 60%-70% THF were considered. Based 

on trial and error the most optimal solvent composition for 

this separation was found to be a 66/34 v/v THF/H20 

solution. 

Under these conditions, the first peak eluted at circa 

10 minutes and the second at circa 11.5 minutes. After the 
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Figure 1 Gradient Separation of the Fullerenes 
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reproducibility of this separation was confirmed, the 

concentration 

qualitatively 

dependance 

by drawing 

of 

off 

these peaks was tested 

= 1ml of the saturated 

solution, diluting it with 1ml neat THF and injecting the 

resultant solution. The peak areas observed decreased by 

approximately a factor of two. More solid fullerene was 

added to this solution and the solution was injected again 

after 24 hours with a resultant increase in the peak areas. 

The wavelength sensitivity of the peaks was also 

investigated, briefly, and it was found that both peaks were 

sensitive to changes in detector wavelength. A typical 

isocratic separation is reproduced in figure 2. 

Because the observed trends were consistent with a 

separation 

initiated. 

of the fullerenes, fraction collection was 

The volume from detector to outlet was 

calculated, and an approximate lag time based on this value 

used to determine cut points for each fraction. About 80 

runs were performed resulting in approximately 80 fractions 

for each peak. 

While the fractions were being collected, some drift in 

the retention times was observed. Additionally, over time 

a decrease in resolution was observed. These trends can be 

seen in figure 3 which shows an early and a late 

chromatogram of the isocratic fullerene separation. The 
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Figure 3 Retention Time Shifts and Resolution Loss in 
Fullerene Separation 
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fractions for each peak were collected in Teflon-lined, 

capped glass bottles. Each fraction was extracted against 

dichloromethane (Fisher Scientific, Fair Lawn, NJ) with 5 X 

10ml washes. The solvent was removed using a rotary 

evaporator and the residues submi tted to our Mass Spec 

facility for analysis using Dip-EI as the ionization 

mechanism. The resulting mass spectrum is shown in figure 

4. A peak corresponding to C60 's parent peak is observed at 

m/e- = 720. Another peak is observed at m/e- = 840. This 

might indicate the presence of ClO ' but considering the 

system's limitations, this seems unlikely. 

Although the spectrum's quality is marginal, based on 

this evidence the first peak was identified as C60 • The poor 

spectrum was a result of our probe's limited temperature 

capabilities. Unfortunately, because of a limited sample 

size and the probe's limited temperature capabilities, no 

useful spectrum was obtained for what we hoped was ClO • 

To try and investigate the impact of column selectivity 

on the separation of the fullerenes, an attempt was made to 

perform this separation on a commercial octadecyl column 

(Varian, Harbor City, CA) and a self-packed phenyl column 

(phenyl phase was unpacked from a "dead," commercial IBM 

column (Valhalla, NY)) using the THF/H20 solvent system. In 

both cases, no separation was ever achieved. This was most 
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disappointing in the phenyl case since it was hoped that the 

distinct differences in the polarizability of the two 

fullerenes would be accentuated with the use of a phenyl 

phase to provide an improved separation. 

Subsequently, an attempt was made to collect additional 

C70 using the original octyl separation protocol. However, 

the performance of this column had degraded so significantly 

that no perceptible separation of the fullerenes was 

achieved. Because of our inability to reproduce the initial 

separation coupled with our inability to achieve a 

separation using the octadecyl or phenyl columns, the study 

was terminated. 

As a note of interest, since by this time the octyl 

column was exhibiting extremely high back pressures which 

couldn't be reduced using routine column washing procedures, 

we decided to unpack the column and evaluate the packing 

material. The silica had taken on a rust-brown cast, while 

the first few centimeters had turned a dark brown. When the 

silica was soaked in THF it appeared that C60 was liberated 

into the solution based on its color. with regards to the 

silica discoloration it should be noted that the column's 

pre-history was unknown, and it is not clear that the 

fullerenes were responsible for this discoloration. 
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3.3 Macroscopic Scale Separation of the Fullerenes 

Although much attention has been given to the 

elucidation of fullerene chemistry since Kratschmer et ale ' s 

report of the macroscopic synthesis of Buckminsterfullerene, 

comparatively little research has been devoted to the 

separation of the various fullerenes, with almost no work 

reported on the "large scale" production of pure C60 and C70 • 

This is a significant analytical challenge since the 

fullerene source is graphitic soot -- produced by vaporizing 

graphite rods via resistive heating, arcing, or a plasma in 

an environment of low pressure inert gas but the 

fullerene content is relatively small. To obtain 

fullerenes, the soot is scraped from the walls of the 

generator and extracted into toluene or benzene -- solvents 

in which they are slightly soluble (==3-5mg/ml) 1. The 

solvent is either removed using a rotary evaporator (most 

common) ,4 or by evaporation in a teflon-lined pan. 5 In 

most reports, no mention is made of the difficulties 

encountered in the recovery of fullerenes froITI solution. In 

the first approach, fullerene solid adheres to the glass 

walls of the rotary evaporator vessel leading to significant 

loss of product, while in the second approach the fullerenes 

can become contaminated both in the drying process and the 
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scraping of the teflon pans. Additionally, the fullerenes 

adsorb solvent strongly so the last traces of solvent can 

only be removed by heating in a vacuum oven. 5 Also, it is 

important to realize that the fullerene product from these 

approaches include all extractable material present in the 

heterogeneous soot from which the fullerenes were extracted. 

Thus, the large scale production of pure C60 and C70 is 

seriously hampered by both by the highly adsorptive 

properties of the surface-active fullerenes, and by the 

presence of unwanted materials in the fullerene product. 

Although C60 and C70 do posses some unique chemical 

differences, overall they have very similar chemical 

properties which makes them very difficult to separate. 

Small quantities of the pure materials have been produced by 

a variety of chromatographic approaches. For example, 

Hawkins et ale used a phenylglycine-base "Pirkle" column and 

a hexane mobile phase to obtain a complete separation of C60 

and C70 • 6 A number of researchers have reported a 

separation scheme based on alumina columns. EttIe et ale 

used an alumina column with an unspecified combination of 

hexane and toluene as the mobile phase,7 while Taylor et ale 

achieved a separation on alumina using just hexane as the 

eluant. 8 Ajie et ale reported a significant improvement in 

the separation of the fullerenes on neutral alumina using 
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hexanes as the eluant when compared to the same separation 

on a bare silica column also using hexanes as the eluant. 9 

A novel approach was reported by Cox et al. who used a 

dinitroanilinopropyl (DNAP) column to achieve a separation 

of the fullerenes, but, unfortunately, they failed to report 

the mobile phase used. 10 

Others have reported the separation of C60 and C70 on an 

octadecyl (C-18) column. Haddon et al. reported a 

separation of the fullerenes on a C-18 column using a 60/40 

v /v solution of toluene and isopropyl alcohol, 11,12 while 

Howard et al. reported success using a C-18 column and a 

Methanol/Dichloromethane mobile phase. 13 Finally, 

Diederich et al. reported the separation of fullerenes on 

neat silica using an n-hexane mobile phase. 14 

Although many separation methods have been reported, 

none of them separate over 10mg of material in a single run, 

so many injections must be made to recover a weighable 

quantity of purified product. Some attempts have been made 

at the large scale production of C~ and C70 • Hare et al. 

attempted the separation on a bed of neutral alumina by 

first dissolving the fullerenes in chloroform then drying 

the fullerenes onto silica. The fullerene impregnated 

silica was then applied to the top of the alumina column, 

and the fullerenes were eluted with hexanes. 15 Bethune et 
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al. also applied doped silica onto an active alumina bed, 

but unlike Hare et al., they used a series of elution 

solvents: 500ml hexane, followed by 500ml 5/95 v/v 

benzene/hexane, and finally 500ml 20/80 v/v benzene/hexane 

to try and improve the separation on the alumina surface. 16 

Khemani et al. attempted to overcome this limitation and 

have reported a method which utilizes Soxhlet extraction to 

run a chromatographic separation of large fullerene 

quantities. 17 Unfortunately, this approach requires the 

undesirable use of large, unrecoverable quantities of 

alumina, long separation times, and products which are 

mixtures of the two fullerenes due to the inability to 

analytically separate the two aliquots of hexane used to 

elute the fullerenes. 

This section of chapter 3 describes a method which has 

been developed in association with Tim Lowe18 which avoids 

the problems involved with the recovery of fullerenes from 

the soot extract, and permits the separation of pure 

fullerenes in large quantities. The approach taken has 

three steps: 1) Recovery of fullerenes from a benzene 

extract of graphitic soot, 2) Freeze-thaw selective 

precipitation of Cw' and 3) Solid-phase extraction 

separation of Cw and Crn • 
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3.3.1 Recovery of Fullerenes From a Benzene Extract of 

Graphitic Soot 

Removal of solvent from fullerene solutions presents 

special problems, including the tendency of the solute to 

coat the walls of containers in which the concentration is 

carried out, difficulty in removal of the last traces of 

solvent, and contamination from scraping the product from 

vessel walls. It was recently discovered in Tim's 

experiments that all the above obstacles can be avoided if 

the solvent is sublimed from the extract. 

The extract is degassed by several freeze-thaw cycles, 

then the solvent is removed by sublimation and condensation 

into a collection vessel. The frozen extract pulls away 

from the walls of the sublimation vessel because of 

preferential sublimation of solvent closest to the vessel 

wall where heat transfer is greatest. The product collects 

as a dark red-brown, friable powder in small clumps at the 

bottom of the sublimation vessel and is easily recovered. 

The low density of the product produced by the sublimation 

method makes for easier handling of small quantities. 

However, the time involved in sublimation of large volumes 

of solvent can be lengthy and preconcentration of the 

extract is often desirable. 
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3.3.2 Freeze-Thaw Selective Precipitation of C60 

In a separation scheme discovered serendipitously while 

degassing the fullerene extract in benzene, fractional 

precipitation of C60 is achieved by slowly freezing a benzene 

solution of fullerenes, resulting in crystallization of pure 

solvent first, followed by crystallization of nearly pure 

C60 • Thawing the solid mixture allows separation of 

crystalline C60 , leaving the supernate solution enriched in 

C70 • The separation by this "freeze-thaw" method is 

incomplete, but repetitive freeze-thaw cycles results in 

crystals of C60 with purity levels in excess of 95%. The 

resulting C70 enriched solution is ideal for separation by 

chromatographic methods, if a suitable method is found. 

3.3.3 Solid Phase Extraction Separation of C~ and C70 

Fullerene mixtures can be rapidly and effectively 

separated on a packed bed of derivitized silica. The 

functional group used is a traditional strong cation 

exchange (SCX) ligand -- dimethylethyl p-phenylsulphonic 

acid but worked well in this application using a 

THF/hexanes solution as the eluant. 
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3.3.4 Experimental 

Materials 

Benzene (EM Science, Gibbstown, NJ) was GR grade, 

Heptane, Dichloromethane, Hexanes and Tetrahydrofuran (THF) 

were all GR grade (Fisher Scientific, Fair Lawn, NJ). The 

SCX derivitized silica was obtained from Varian (Harbor 

City, CA) and had a nominal average particle diameter of 

40pm. Graphitic Soot was provided by MER Corporation of 

Tucson, AZ. 

Extraction of Fullerenes from Graphitic Soot 

Fullerene-rich graphitic soot was obtained by 

maintaining a DC arc with 170-180 amps between two 10cm 

graphite rods with diameters of 6mm which were kept 2mm 

apart in an inert atmosphere of helium at a pressure of 150-

200 torr. The soot formed in the inert atmosphere was 

deposited on the surface of a water cooled copper cylinder 

which enveloped the arc. The graphitic soot was scraped off 

the copper cylinder's surface with a teflon coated scraper. 

When a sufficient quantity of soot was collected, the 

fullerenes were separated from the soot by extraction with 

benzene in a large Soxhlet extractor equipped with an 80 X 
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flask. 

Approximately 2500ml of benzene was placed in the boiling 

flask with a few carborundum boiling chips. The soot was 

extracted for 24 hours, and the rate of solvent turnover was 

approximately once every 20 minutes. Depending on the 

amount of fullerenes present in the soot, another 100g batch 

of soot was extracted into the same volume of solvent. The 

benzene extract was vacuum filtered through a 7cm glass 

micro fiber filter (GF/A Whatman Ltd, England) in a buchner 

funnel. The extract contained about 80% C60 while the 

remaining 20% was predominantly C70 although a few higher 

fullerenes were also present at trace levels. Yields of 

fullerene solids from the graphitic soot were 2-8%, 

depending on the condition under which the soot was formed. 

separation of Solid Fullerenes from Benzene Extract 

To recover all extracted solids from the soot extract, 

the fullerene-saturated benzene extract was completely freed 

from dissolved gasses by several rapid freeze-thaw cycles, 

and finally frozen in an acetone-dry ice bath. The benzene 

was then removed by sublimation under reduced pressure (=2 

torr) and recovered by condensation in an acetone/dry-ice 

cooled trap. During the sublimation process, the solidified 

benzene extract which was in contact with the container 
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Figure 5 Apparatus for Sublimation of Benzene from 
Graphitic Soot Extract 



walls sublimed first. 
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This caused the solid fullerene 

mixture to collapse into small clumps and collect at the 

container bottom as a dark brown powder. This powdery 

material did not adhere to the container walls so it was not 

necessary to scrape the fullerenes from the walls, reducing 

potential contamination. This simple yet efficient approach 

of freezing the extract followed by sublimation of the 

benzene at reduced pressure facilitated the recovery of 

fullerenes from solution, and overcomes the limitation 

encountered in recovering fullerenes by evaporation of the 

solvent. Figure 5 is a schematic representation of the 

system used in the de-gassing and sublimation process. The 

fullerene saturated benzene extract was introduced into the 

round bottom sublimation flask A which was connected to a 

second round bottom receiver flask, B, which in turn was 

connected to two guard tubes immersed in liquid nitrogen to 

trap any uncondensed benzene. The pressure in the system 

was maintained by a vacuum pump and measured with a 

thermocouple based manometer. 

Precipitation of Purified C60 From the Soot Extract 

To precipitate C60 selectively, the benzene soot extract 

was placed in lL separatory funnels. The extract was slowly 

frozen in a freezer at 2 ± 1 °C which took about 16 hours. 
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The frozen extract was thawed at room temperature for 

approximately 4 hours and the crystalline fullerene solids 

removed to a small beaker by opening the stopcock at the 

bottom of the separatory funnel briefly. The excess 

solution was removed from the slurry by decantation. The 

precipitate was air dried. Purity of the first precipitate 

(IX) was approximately 87% C60 • The extract was subjected 

to two more freeze-thaw cycles, with each cycle yielding 

less solid fullerene, thereby precipitating the bulk of C
60 

present in the extract. The remaining supernate is enriched 

in C70 and was reserved for the chromatographic separation 

of C60 and C70 • 

The precipitated fullerenes were redissolved in boiling 

benzene, and the optimal concentration was found to be O.5g 

fullerenes/L of benzene. It was found that less 

concentrated solutions did not produce higher purity 

product, and higher fullerene/benzene ratios did not allow 

all the solids to re-dissolve. Two freeze-thaw cycles 

produced twice precipitated (2X) fullerene crystals which 

were approximately 94% C60 ' with a recovery of 75%. A third 

freeze-thaw cycle was not included because of the small 

yield, and presence of higher amounts of C70 in the resultant 

product. Instead of the third freeze-thaw cycle, the 

supernate was reduced in volume and subjected to two freeze-
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thaw cycles. The product contained substantial amounts of 

C70 , and was treated as a first (IX) precipitate. The 

supernate was reserved for the chromatographic separation 

process. 

The production of 98%+ pure C60 required three or four 

precipitations. The final precipitate was washed with 

petroleum ether (EM Science, Gibbstown, NJ) and dried 

overnight at 80 DC. Figure 6 diagrams the steps of the 

process. 

Solid Phase Extraction Separation of C60 and C70 

The C70 enriched benzene solution produced by the 

freeze-thaw production of purified C60 contained a solid 

brown material which was thought to be higher fullerenes 

and/or tars from the soot production process. These 

materials were found to contaminate the solid phase during 

the separation so a pretreatment step was initiated. In the 

pretreatment, 100ml of the concentrated C
7o

-enriched solution 

was mixed with 109 of the SCX silica, and the solution air 

dried in a fume hood to drive off the benzene. The powdered 

mixture was placed in a small column and 1.5L of a 20/80 v/v 

dichloromethane/heptane solution was used to elute (non

preferentially) the fullerenes. The brownish material 

remained on the column reducing potential contamination of 
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the solid phase extraction system. The solvent was removed 

from the fullerene solution using a rotary evaporator to 

dryness, and the solids re-dissolved in heptane for use in 

the separation scheme. 

For the separation, a 400g bed of the Varian sex silica 

was prepared in a 600mm X 65mm diameter column (made in 

house) which contained a medium porosity glass frit at the 

bottom, and a teflon stopcock to control the flow of eluant. 

The final bed height was 13.5cm with a single displacement 

volume of 280ml. The bed was conditioned with 1L of the 

running solvent which was hexanes containing 2.5% THF by 

volume. While the column was being conditioned, the top 20% 

of the bed was stirred gently and allowed to re-settle to 

form a flat bed profile. The conditioning solution was 

allowed to drain until 1cm of solution remained above the 

packed bed. This volume was maintained to dampen the 

effects of sample addition. A 300ml aliquot of the 

saturated heptane/fullerene solution (0. 32g/L of solids) was 

slowly added through a 15cm diameter # 1 Whatman filter paper 

to remove particulate matter. Special care was taken to 

limit the disruption of the flat bed profile. After the 

fullerene solution had been added to the column, the 

solution was allowed to drain depositing the sample at the 

column's head. When a minimal volume of fullerene solution 
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remained, the flow was halted, and 100ml of the running 

solvent was added and allowed to drain. The flow was 

stopped again when the volume of running solvent just barely 

covered the top of the bed, and the process was repeated 

with another 100ml of running solvent. Once the sample was 

so applied, isocratic elution of the fullerenes was 

accomplished with the running solvent. Two well separated 

bands, first purple, then brown, were observed travelling 

down the column. 

The progress of the separation was monitored by UV/VIS 

spectroscopy on a Hewlett-Packard HP 8452A Diode Array 

Spectrophotometer (Palo Al to, CA). The C60 band is visible, 

and collection can begin when the band front reaches the 

bottom of the column. The eluant will have a faint purple 

hue which grows in intensity as the more concentrated 

portion of the band is collected. When the eluant is no 

longer visibly colored, collection of the C60 fraction is 

halted. Collection of the C70 fraction is a little more 

challenging. Figure 7 shows a plot of molar absorptivity 

versus wavelength for both C60 and C70 • Three wavelengths 

were of particular importance to us. At 254nm and 328nm 

both C60 and C70 exhibit some absorbance. At 254nm the 

contribution from either would be significant, while at 

328nm C60 ' s absorbance is about twice that of C70 ' s. At 
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378nm C70 has an absorbance maximum while C60 has almost no 

absorbance at this wavelength. Empirically it was 

determined that when a scan of the eluant showed the peak 

maximum at 378nm exceeded the peak maximum at 328nm, and a 

barely discernable shoulder was present at 254nm, we could 

begin collection of C70 • When these conditions are met, C70 

elutes with >95% purity. One can see this transition in 

figures 8-10. The top scan in figure 8 was taken just 

before the visible portion of the C70 band was to elute. As 

one might expect, C60 (essentially the band's "tail" ) 

dominates the spectrum at this point, although a slight peak 

can be seen at 378nm indicating the presence of C70 • The 

bottom plot in figure 8 was taken three minutes later. One 

can see the major C60 band at 254nm is decreasing in 

intensity while the C70 band at 278nm is growing in 

intensity. The top plot in figure 9 was taken two minutes 

later. Again, the band at 254nm is decreasing in intensity 

while the 378nm peak's intensity is growing. The composite 

peak intensity at 328nm also continues to decrease. The 

bottom plot in figure 9, taken 5 minutes later, shows a 

similar trend. In figure 10's top scan taken two minutes 

later, one can see that the peak at 254nm is now just a 

shoulder. The peak intensity at 378nm continues to increase 

until, in the bottom plot, taken three minutes later -- only 
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15 minutes after the first plot -- the condition is met for 

collection of the C70 fraction. The peak at 254nm is a 

barely discernable shoulder while the peak maximum at 378nm 

(0.488 A.U.) exceeds that of the composite peak at 328nm 

(0.479 A.U.). 

Each run requires approximately 3L of eluant, and 

requires = 2 hours to elute both separated fractions. The 

two fractions containing the separated fullerenes were 

collected, and the solvent was removed using a rotary 

evaporator. The solids were re-dissolved in a minimal 

amount of benzene, and the solutions poured into a large 

excess of petroleum ether to precipitate the fullerenes. 

Ageing the precipitate by gentle heating in a water bath for 

several minutes coagulated the solids, and the solvent was 

decanted. The products were dried overnight at 80°C 

yielding a black or dark brown powder. Alternatively, the 

fullerenes were dissolved in benzene to remove them from the 

evaporation vessel, then the benzene was sublimated as 

described above yielding a similar, although less dense, 

product. 

3.3.5 Discussion 

The solvent employed in the separation of the 



165 

fullerenes from graphitic soot, and in the subsequent 

separation of C60 and C70 must satisfy several requirements. 

The fullerenes must have a high solubility in the solvent to 

minimize the large volumes in the processing steps. The 

solvent must have a low boiling point and a high freezing 

point to minimize the energy requirements in the large scale 

production of C60 and C70 • Benzene is the ideal solvent: 

the fullerenes have a relatively high solubility in benzene, 

while benzene has a boiling point of 80.1°C and a freezing 

point of 5.5 ° C which makes it an ideal solvent for the 

sublimation and freeze-thaw C60 production process. Its 

toxicity, however, it its greatest disadvantage. 

The fullerenes have high solubilities in aromatic 

solvents such as benzene or toluene because these solvents 

form strong solvation spheres around the fullerene 

molecules. An unexpected difficulty, caused by this high 

degree of solvation, is encountered in the recovery of the 

fullerenes from benzene or toluene solutions. Particles of 

the solid fullerenes with adsorbed solvent adhere strongly 

to any surface with which they are in contact, and must be 

scraped from these surfaces. The adsorbed solvent molecules 

can only be removed by heating in a vacuum oven. Freezing 

the benzene (or toluene) solutions containing the fullerenes 

disrupts the solvation spheres and frees the solvent, making 
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the removal of the solvent by sublimation more complete than 

by simply evaporating away the solvent. 

Freezing the solution slowly causes separation of the 

solvent and solution, and the solvent freezes in a pure 

crystalline form. A similar process for desalinization of 

brines by freezing has been employed extensively.19 In the 

selective precipitation of e60 , crystals of the solvent are 

first formed on the walls of the separatory funnel. This 

matrix of intertwined crystals which form on the walls 

confines the concentrated fullerene solution to the center 

of the vessel, allowing crystals of nearly pure e60 to form. 

It is important to emphasize that these freeze-thaw cycles 

yield a precipitated product, containing little solvent or 

contaminants present in the initial soot extract. 

The freeze-thaw process for purification of e60 is a 

high throughput technique. In Tim's experiments, he was 

able to produce over 2g of high purity e60 weekly. Over 80% 

of the benzene used was recovered by distillation. It is 

important to use relatively pure benzene since the freeze

thaw technique requires separation of the solvent in a pure, 

solid form. As the purity of the e60 increases with each re

precipitation step, the crystals formed are progressively 

larger and display better facets, al though X-ray 

crystallographic analysis showed them to lack long-range 
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order, possibly due to inclusion of small quantities of 

solvent in the crystal lattice which evaporates on drying 

the crystals. The finished product was shiny black needles, 

about 2mm long, sometimes with a brownish tint. 

Although it has been shown that the solubility of 

fullerenes in benzene is around 5 g/L,9 it was found that no 

more than O.5g of fullerenes would dissolve in 1L of boiling 

benzene, unless more than 1L was used, and then the volume 

reduced. The material which would not readily re-dissolve 

was brown-yellow and was found to contain a much higher 

C60 /C 70 ration than did the supernate. Dissolution in 

benzene, and freeze thawing of this brown-yellow material 

invariably produced 95-98% pure C60 after only one freeze

thaw cycle, even if the original solids contained a high 

amount of C70 • These observations indicate that either C70 

is more soluble in benzene than C60 ' or that some sparingly 

soluble C60 compound, such as C600, which decomposes to C60 in 

an excess of boiling benzene is formed in the freeze-thaw 

process (the brown-yellow material was absent in the 

original soot extract) • If a C60 compound is not formed, 

then the solubility behavior of the fullerenes in benzene 

appears to exhibit a hysteresis allowing higher 

concentrations of fullerenes to be solubilized without 

precipitation only if the solution is evaporated from a 
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The selective solubility 

phenomenon may form the basis for a new separation scheme, 

or for the production of C600. 

The solid phase extraction separation of fullerenes 

produces pure products in well separated fractions. Any 

mixed fractions collected can be re-run to eliminate sample 

loss. The fullerenes, which are both polarizable species, 

are thought to be retained by interaction with the water 

associated with the surface, and the immobilized sulfonic 

acid groups. The retention surface of the modified 

adsorbent provides a unique combination of polar and non

polar interactions with the fullerenes. Attempts to 

separate these species on the more polar surface of 

unmodified silica were not successful. The silica surface 

was ineffective at retaining the fullerenes, but did allow 

the partial separation of the individual species. Long 

columns of silica might enable the separation of the two 

fullerenes, but expenditures of large quantities of time and 

materials would result. 

This separation scheme appears to be quite rugged. We 

have been able to reproduce the separation on a daily basis. 

Preparation of the running solvent is not overly critical. 

We prepare it in 2L batches and batch to batch variations 

have not compromised our separation or its reproducibility. 



However, the THF concentration, itself, is critical. 

THF/hexanes ratios result in a faster elution 
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Higher 

of the 

fullerenes, but without complete resolution of the two. 

Lower ratios result in increased analysis time, and band 

distortion -- which results in loss of collectable fractions 

is enhanced. However, the use of relatively small 

amounts of THF was found to critical in retaining the 

characteristics of the solid phase. Additionally, the THF 

was found to enhance the fullerene-solid phase interaction. 

Al though this separation protocol is quite rugged, 

preliminary experiments indicated this separation was 

sensitive to a number of parameters. Initially, solutions 

of water-saturated dichloromethane in heptane were used as 

the eluant. Al though good separations were achieved for the 

first few runs, the separation became progressively worse 

with each run as the C60 's band tailing became more 

significant. The separation could be rejuvenated by 

passing SOOml of tetrahydrofuran through the column, re

conditioning with the running solvent, and re-running the 

separation. 

What this appears to indicate is the significant role 

physisorbed and chemisorbed water plays in the retention of 

the polarizable fullerene structures. Also, nearly every 

analytical separation mentioned introduction achieves the 
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Effect of pH on the Fullurene Separation 
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Figure 11 Effect of pH on the Fullerene Separation 



171 

separation utilizing a "normal-phase" mechanism a 

mechanism in which water plays a fundamental role. The 

degradation of our separation is consistent with this 

hypothesis. Even though water-saturated solvents were used, 

we had little control over the physisorbed water. In fact, 

over time, we might have actually been removing water from 

our surface resulting in a more heteroenergetic, 

irreproducible surface which could account for the 

degradation of the separation. Additionally, we were able 

to rejuvenate the surface with THF, a relatively "wet" 

solvent. It has been shown that THF is one of the most 

effective organic solvents for bringing water to a reversed

phase modified surface. 2o Thus, it is quite possible the 

THF essentially re-hydrated the surface allowing the 

separation to be repeated. Further evidence for the impact 

of water on the separation of the fullerenes was provided by 

some interesting results obtained on an octadecyl column 

using a THF /water mobile phase. At one point, we were 

attempting to assess sample purity using a liquid 

chromatographic approach. Using a Spectra-Physics SP4200 

ternary pump (San Jose, CA) and an Econosphere (5pm, 100mm 

X 4.6mm) octadecyl column (Alltech, Deerfield, IL) a 

separation of the fullerenes was achieved. 

optimize the separation, the water was 

In an attempt to 

buffered (50mM 
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phosphate -- phosphoric acid (Fisher Scientific, Fair Lawn, 

NJ), potassium phosphate, monobasic (EM Science, Cherry 

Hill, NJ), or potassium phosphate, dibasic (JT Baker, 

Phillipsburg, NJ)) at different pH values. The results are 

reproduced in figure 11. Note the improved resolution and 

increased retention with the pH=2 water/THF solvent system 

compared to the pH=7 water/THF solvent system. Obviously, 

the fullerenes themselves are not pH sensitive. However, 

the heterogeneous, modified silica surface is quite pH 

sensitive. Apparently, at low pH values the residual 

silanols are protonated (pKa = 4-6) creating a more 

homoenergetic surface which effects a more efficient 

separation. Based on this evidence, it appears that the 

separation of the fullerenes on modified silica surfaces is 

dominated by the surface-associated water. 

In addition to running solvents, we found the column 

geometry also impacted the separation. Our initial column 

had a tapered bottom, and the resultant bands suffered from 

a higher degree of band distortion. This was attributed to 

an inhomogeneous flow profile within the column which could 

cause this distortion. The column presently used has a flat 

bottom, and band distortion is less severe. Finally, sample 

application also plays a critical role. When introduced as 

a liquid sample, the sample throughput is limited. The 
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fullerenes have a relatively low, finite solubility in most 

solvents, so an increase in sample size requires a larger 

volume, and the sample band width at the column top, after 

sample application, becomes wider. Eventually a condition 

is reached where the sample band is too wide, initially, to 

achieve resolution of the C60 and C70 bands. Thus, sample 

application volume will limit sample size. We tried to 

overcome this obstacle by drying fullerene onto SCX silica 

which was then applied at the column head. We found this 

approach gave significant problems with band broadening. 

Additionally, it was very difficult to reach a condition 

where C60 was present at low concentrations. We suspect that 

some fullerenes were tightly bound to the silica, and we 

essentially continuously extracted them into the running 

solvent resulting in, after a time, a steady-state 

concentration of C60 • 

Overall, loadings of 4mg fullerenes/ 109 SCX silica 

with a solvent composition of = 2.5% THF in hexanes were 

found to yield optimum separation of the fullerenes, and 

nearly 100mg of fullerenes were separated in one run under 

these conditions. 
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3.4 Conclusions 

The methods of selective precipitation of C60 by freeze

thaw cycles, and solid phase separation of C60 and C70 

constitutes a stepwise approach to the large-scale 

separation of the fullerenes C60 and C70 • The freeze-thaw 

technique yields crystals of nearly pure C60 and a solution 

enriched in C70 from which macroscopic quantities of C
70 

are 

obtained by the solid phase extraction method. 

Removal of solvent is greatly facilitated by subliming 

the solvent from a benzene solution of the fullerenes. 

Problems with solvent recovery and fullerene product 

handling are overcome by the sublimation method. The use of 

selective crystallization of Coo to produce a benzene 

solution enriched in C70 offers a route to both production 

of large amounts of 95-98% pure C60 as well as providing a 

facile starting material for the solid phase extraction 

separation of the fullerenes. Macroscopic quantities of 

pure C60 and C70 are easily obtainable in the solid phase 

extraction process. The addition of THF to the running 

solvent proved to be instrumental. It is thought the 

retention of the fullerenes on the SCX surface is a function 

of multiple mechanisms, with the surface water playing a 

dominant role. with the addition of THF to the running 
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solvent, THF can act as a "dynamic modifier" much as 

additives like triethylamine are used in reversed phase 

experiments. Since THF is known to be effective at bringing 

water to a modified silica surface, it is thought this 

surface water creates both a more homoenergetic and 

reproducible surface which facilitates the separation. 

Additionally it should be noted that this separation scheme 

offers a significant improvement in analysis time. Not only 

is the separation time reduced, but the need for 

conditioning and re-conditioning of columns is obviated. 
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Chapter 4 

Effect of Surface Composition on Electroosmotic Flow in 

Chemically Tailored Capillaries for Use in Capillary Zone 

Electrophoresis 

4.1 Background 

In this volume's introduction it was noted that many 

separation techniques can be classified as differential 

migration separations. Capillary Zone Electrophoresis 

(CZE) is a differential migration technique which is 

complementary to chromatographic methods, and presently 

finds its greatest utility in bioanalytical applications. 

Chromatographic separations of proteins suffer from two 

primary limitations. First, because of the heterogeneous 

nature of the chromatographic packing material and the 

mUltiplicity of interactions available with most proteins, 

these separations are inherently inefficient, and 

resolution of adjacent peaks can suffer when many analytes 

are present in a single sample as is often the case in 

biological samples. Second, chromatographic separations 

of proteins are often destructive in nature, denaturing 
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proteins during the separation process, and thus are of 

limited utility if the protein's biological integrity is 

to be maintained following the separation. 

CZE directly addresses the chromatographic 

It is a "high 

authors reporting 

limitations of protein separations. 

resolution" technique, with some 

efficiency values as high as one million plates,l and 

thus can more readily resolve the potentially large number 

of analytes found in a biological sample. In an 

electrophoretic separation, charged particles migrate in 

an externally applied electric field. Separation occurs 

because of differences in the particles' net charge with 

cations migrating towards the cathode, and anions towards 

the anode so at time tl analytes will be separated into 

discreet bands or "zones" (figure 1). Since 

electrophoresis utilizes an externally applied field, the 

technique can be used non-destructively since it does not 

compete with structural forces to achieve separation as do 

most chromatographic methods. 

Early electrophoretic theory was developed using 

aqueous solution, or what was termed "free solution." 

Since current is passed through the solution during an 

electrophoretic separation, joule heating results. The 

heat produced can only be dissipated at system boundaries 
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so thermal gradients are established. This result in 

convection currents, and mixing of analyte bands which 

significantly reduces resolution. 

In 1974 Virtanen reported the separation of analytes 

in glass tubes with relatively large diameters (220-500 pm 

i.d.).2 The use of glass tubes was a significant 

contribution and initiated the push towards capillary 

systems. Since narrow bore tubing is more efficient at 

dissipating joule heat significantly reducing its 

deleterious effects, they are more desirable. 

One of the most significant advances in CZE occurred 

with the work of Jorgenson and Lukacs. Their initial work 

discussed factors which impacted resolution and efficiency 

in CZE, and argued for the use of very small diameter 

capillaries. 3 They noted that as the tube diameter 

decreases, the difference in temperatures between the 

center and the wall also decreases, although a small 

temperature gradient will inevitably exist and some band 

broadening will occur. However, as the tube diameter 

decreases, a situation eventually exists where an analyte 

traveling the length of the capillary can diffuse across 

the tube diameter many times. Here, any radially 

dependent velocity differences are averaged out, and the 

impact of the temperature gradient in small capillaries is 
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greatly minimized thereby realizing a major advantage of 

small bore columns. It was soon apparent that CZE would 

make its most significant contribution in the area of 

bioanalytical chemistry and related technologies, although 

over time it has also proved useful in ultra-small volume 

analysis. In a recent review of capillary 

electrophoresis, Ewing et ale noted some distinct 

advantages CZE offers. 4 One already discussed previously 

is that small capillaries have an enhanced capacity to 

dissipate heat at their boundaries. Thus high potentials 

(tens of thousands of volts) can be used to effect a good 

separation while still limiting the effect of joule 

heating. Equation one defines an analyte's 

electrophoretic mobility, llem' which is essentially the 

distance, d, an analyte moves in time t, under the 

influence of an applied field of strength E. This 

equation underscores the relationship between applied 

potential and the resulting separation time. 

lJ. eiTl = d 
tE 

(1) 

A second advantage they noted was the extraordinarily 

small volume flow rate when compared to liquid 

chromatography. This ultra-small volume flow allows for 



181 

small volume sampling -- sometimes analyses can be carried 

out utilizing volumes as small as picoliters. This is 

significant in that it is now possible to sample, for 

example, the cytoplasm of a single cell. One final 

advantage of CZE Ewing et ale cited was electroosmotic 

flow. Electroosmotic flow is the net bulk movement of 

buffer typically towards the cathode. This occurs because 

a double layer is formed at the capillary surface due to 

the presence of negatively charged, deprotonated silanols. 

A result of this negatively charged surface is the 

formation of a "sheath" of positive charge around the bulk 

solution. The sheath of positive charge migrates toward 

the cathode pulling the bulk solution with it. 

Actually, electroosmotic flow is both bliss and boon 

for CZE. In one sense electroosmotic flow accounts for 

part of CZE's explosive growth and versatility. Because 

of electroosmotic flow, cations, anions and neutral 

analytes can all be analyzed in a single run as long as 

the electroosmotic flow velocity exceeds the 

electrophoretic mobility of the fastest moving anion (that 

is lleo > llem). When this condition is met , it ensures 

every analyte will eventually be swept past the detector 

and detected. However, since CZE continues to show the 

most promise in the area of bioanalysis , it is somewhat 
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ironic that the mechanism responsible for electroosmotic 

flow -- namely silanol activity at the capillary surface -

is also the factor which makes CZE analysis of 

biomolecules so challenging. 

Electroosmosis is often described using the Stern

Gouy Chapman model of the electric double layer at a 

charged surface. 5,6 In this model, when a silica surface 

is exposed to an aqueous environment, the silanols at the 

surface which are weak acids are partially ionized (see 

Chapter 2) which results in a net negatively charged 

surface. since charge carriers are required for an 

electrophoretic separation, mobile cations are available 

in solution to form an electrostatically, tightly bound 

layer at the capillary surface. This region is termed the 

"compact" region. 7 Over time, thermal motion allows some 

ions in this region to diffuse away from the surface 

forming a "diffuse region." In this region the ions have 

some mobility. Therefore, upon application of an external 

electric field, the more mobile ions in the diffuse region 

will migrate towards the cathode. Since a solvation 

sphere surrounds each ion, water 

and bulk flow of the solution 

results. 

is transported as well 

within the capillary 

Figure 2 is a pictorial representation of the double 
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layer reproduced from reference 7. Here, Wo represents 

the potential at the solid-liquid interface. As one can 

see, the potential decreases linearly across the "compact 

region" and then falls off exponentially across the 

"diffuse region." The potential at the interface between 

the tightly bound "compact region" and the mobile "diffuse 

region" is defined as W
d

• From this value, the double 

layer thickness, 0, can be estimated. It is defined as 

the point at which the potential is 37% of the 

compact/diffuse interface potential (i.e. where W = 

.37wd).5 When the electric field is established, the ions 

in the compact region cannot migrate since their solvation 

sphere includes immobilized species, but at some point out 

away from the surface a "plane of shear" develops where 

electroosmotic flow occurs. The potential at this point 

(the shear plane) is termed the zeta potential, C. 

The Helmholtz-von Smoluchowski equation (equation 2) 

fleo = ~EC 
41t11 

(2 ) 

relates the electroosmotic flow to the zeta potential. 

Here, ~ represents the dielectric constant of the medium, 
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1] represents the buffer's viscosity, E is the electric 

field strength, and C is the zeta potential. Attempts at 

controlling or eliminating electroosmotic flow are in fact 

attempts at manipulating the zeta potential. 

Much work has been performed where the 

electroosmotic flow in glass capillaries has been 

modified. Sometimes this was the main theoretical 

consideration, while in other experiments it was a 

secondary result of the experiment. For example, Hjerten 

was attempting to perform "ideal" free solution 

electrophoresis and measure the absolute electrophoretic 

mobility of various analytes. 8 To accomplish this the 

electrophoretic mobility must be significantly larger than 

the electroosmotic flow (fleo < fl em ) so Hjerten tried 

coating the capillary to achieve this end. Some workers 

such as Tsuda hoped to control the electroosmotic flow 

without necessarily eliminating it. 

hoped to get constant elution times 

In this way it was 

so they could be used 

diagnostically in CZE much as k' values are used in liquid 

chromatography. 9 Oftentimes, however, changes in 

electroosmotic flow are the secondary result of an 

attempt to reduce or eliminate protein adsorption to 

capillary walls. As mentioned previously, CZE' s main 

utility is in bioanalysis having found widespread use in 
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the separation of amino acids, peptides, proteins and 

nucleic acids .10 Adsorption at the capillary surface is 

thought to be an ion exchange process, 11 thus, 

macromolecular structures like proteins exhibit a greater 

tendency towards adsorption because of the mUltiplicity of 

available interactions. 

From a theoretical standpoint, adsorption at the 

surface causes inhomogeneities in the zeta potential, and 

the reproducibility of the separation is diminished. 

Therefore, any review or discussion of previous attempts 

at controlling electroosmotic flow are inevitably 

intertwined with efforts to eliminate protein adsorption 

from capillary surfaces. Approaches to eliminate 

electroosmotic flow and/or protein adsorption fall into 

two general categories: non-bonding approaches and 

bonding approaches both of which will be discussed. 

First it should be noted that a few ways of measuring 

electroosmotic flow have been reported. By far the most 

common method employs the use of a neutral marker. Since, 

in theory, the molecule is uncharged it experiences no 

so any movement through the electrophoretic 

system occurs 

migration 

because of electroosmotic 

,B-Napthol,12 

flow. Common 

neutral markers 

(Mr=2,OOO,OOO) ,13 

include: 

acetophenone, 14 benzyl 

dextran blue 

alcohol,15 
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phenol, 16 acetone, 17 ,18 dimethyl sulfoxide (DMSO) ,19,20 

and 4-methyl-3-penten-2-one (mesityl oxide) .1,21,22,23 A 

more novel approach has been proposed by Altria and 

Simpson, and van de Goor et ale where the electroosmotic 

flow is calculated from the mass of buffer transferred 

during the course of an experiment which is measured with 

a microbalance. 24,25,26 Huang et ale have also reported 

the use of an on-column conductivity detector to measure 

electroosmotic flow. 27 

Although measurement of electroosmotic flow is fairly 

straightforward, its manipulation and control is 

considerably more complicated. However, much work had 

been done in this area. Most of the early work, as well 

as some promising recent work, has focused on developing 

ways to control or modify the electroosmotic flow without 

altering the capillary. These non-bonding approaches are 

quite varied. For example, in some of their later work, 

Lukacs and Jorgenson demonstrated the pH dependence of the 

electroosmotic flow in pyrex, teflon, and silica based 

capillaries. 10 Although the electroosmotic flow showed a 

trend towards increased flow velocity at higher pH values 

in all three mediums, this pH sensitivity was most 

pronounced in fused silica because of the ubiquity of 

silanol sites. They hypothesized that pH influences the 
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zeta potential since the presence or absence of protons 

directly affects the surface charge, and hence the zeta 

potential. Atamna et al. investigated how changing the 

counter-ion used in the preparation of the buffers 

affected the electroosmotic flow. 21 They found that under 

both a constant load and a constant ionic strength, the 

current produced by the different anions was quite 

different. Citrate buffers produced the highest current 

while carbonate buffers produced the lowest current flow. 

In fact, the carbonate buffer's current was actually 26% 

that of the citrate buffer. The most popular buffers are 

phosphate buffers, and they showed intermediate values in 

this study. This was a noteworthy study since previous 

work by Green and Jorgenson, 28 and Van Orman et al. 29 had 

concluded that the choice of counter-ion was of little 

importance. However, because resolution in CZE is a 

function of applied voltage, the buffer which produces the 

lowest current (i.e. exhibits the least joule heating) is 

most advantageous since higher voltages can be used. As 

it became obvious that electroosmotic flow was sensitive 

to differences in pH or buffer composition Vindevogel and 

Sandra investigated the effect of ionic strength on 

electroosmotic flow. 23 They demonstrated how the zeta 

potential could be modified by changing the buffer's ionic 
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They observed lower electroosmotic flow 

velocities at higher ionic strengths. They hypothesized 

that by increasing the ionic strength the "tightly bound" 

region of the solid-liquid interface is enriched resulting 

in a more rapid potential decay across this layer 

resulting in a lower potential at the shear plane and a 

diminished electroosmotic flow. 

Lauer and McManigil1 conducted a set of experiments 

where they tried to reduce protein adsorption to the 

capillary walls, also resulting in the modification of the 

electroosmotic flow. l Their first approach was to adjust 

the buffer pH to a value above the proteins' isoelectric 

values. Under these conditions both the analytes and the 

capillary wall were negatively charged so the proteins are 

coulombically repelled from the surface, and an efficient 

separation was achieved. They made an equally significant 

contribution to the prevention of protein adsorption and 

the modification of electroosmotic flow in the second half 

of their study where they attempted to dynamically modify 

the capillary surface by the addition of organic cations 

to the running buffer. They found monovalent cations like 

ammonium hydroxide and trimethyl ammonia had no effect on 

the electroosmotic flow velocity while the additive 1,4 

diaminobutane, although quite effective at reducing 
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protein adsorption, gave rise to large, non-linear changes 

in the electroosmotic flow velocity with the addition of 

small (O-SmM) amounts of modifier. Tsuda quickly built on 

the concept of dynamic modification by adding a cationic 

detergent, cetyl trimethyl ammonium bromide (CTAB) to the 

running buffer in an attempt to modify the capillary 

surface of fluoroethylenepropylene (FEP) tubing. 9 As the 

concentration of detergent in the running buffer was 

increased, Tsuda was able to demonstrate an actual 

reversal of charge at the surface resulting in a reversal 

of electroosmotic flow direction. Reports soon followed 

reporting the reversal of charge and flow direction in 

glass capillaries: Huang et ale accomplished this with 

tetradecyltrimethylammonium bromide,27 while Kaneta et ale 

accomplished this with dodecyltrimethylammonium bromide 

(DoTAB), and tetradecyltrimethylammonium bromide (TTAB) at 

pH values above 9, but were not able to achieve charge and 

flow reversal with Decyltrimethylammonium bromide (DeTAB) 

under similar conditions. A pictorial representation of 

what is though to occur is shown in figure 3 as postulated 

by Emmer et ale who also were able to achieve a reversal 

in electroosmotic flow direction with the addition of a 

cationic fluorosurfactant.~ 

In addition, Schwer and Kenndler investigated the 
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impact both protic and aprotic organic solvents had on 

electroosmotic flow. 31 with organic solvents present, 

the dielectric constant of the medium is reduced, and the 

viscosity is generally increased resulting in a decrease 

of electroosmotic flow velocity (equation 2). The pH 

dependance of the electroosmotic flow velocity is also 

altered in the presence of organic solvents, but the data 

and trends follow those expected from the literature on 

the influence of organic solvents on weak acid pKa values 

(the silanols responsible for electroosmotic flow are weak 

acids) • 

Perhaps the most promising non-bonding approach for 

control of electroosmotic flow is that proposed by Lee et 

ale ,32,33,34 and Ghowski and Gale. 33 By imposing a second 

electric field perpendicular to the first they were able 

to demonstrate absolute control of both the magnitude and 

polarity of the zeta potential by vectorially coupling the 

externally applied field with the potential at the 

capillary surface. They were able to demonstrate, 

experimentally, control of the zeta potential's magnitude 

and polarity as well as the ability to change it during 

the course of a separation. Additionally, they 

demonstrated this method's utility at various pH values, 

electrolyte concentrations and capillary dimensions. 
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The other major approach towards controlling the 

electroosmotic flow and/or eliminating protein adsorption 

is to chemically alter its surface. The groundwork for 

this approach was laid by Vanderhoff et ale in 1977. 35 

They were trying to develop a coating which would reduce 

the zeta potential to near zero and thus eliminate 

electroosmotic flow in large bore glass tubes (1 mm i.d.). 

Two different bonding approaches were undertaken. First 

they tried modifying the surface using traditional silane 

chemistry where the silica surface is exposed to a 

reactive 

attached 

siloxane 

silane and the 

to the surface 

(Si-O-Si) bond. 

hexamethyldisilazane, and 

desired chemical moiety is 

through the formation of a 

Their attempts included both 

with the hexamethyldisilazane 

found a reduction in surface 

electroosmotic flow velocity, 

aminopropyltriethoxysilane. 

derivitizing agent they 

charge, and a diminished 

however their results were 

very irreproducible. 

aminopropyltriethoxysilane 

Likewise, 

surfaces demonstrated 

the 

a 

reduction in the electroosmotic flow velocity, although 

these values were also quite erratic. Interestingly, the 

electroosmotic flow velocity also showed a strong pH 

dependance with these surfaces. 

Because of this pH sensitivity and the irreproducible 
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nature of these surfaces, Vanderhoff et ale abandoned 

silane derivitization and instead tried coating the glass 

surface with different polymeric coatings. This initially 

included attaching polyvinyl acetate to the surface 

followed by hydrolysis to yield polyvinyl alcohol at the 

surface, but they finally settled with a physisorbed 

methyl cellulose coating. Unfortunately, this surface 

decomposed over the course of an experiment, and they were 

forced to try a two step coating procedure. In this 

approach, they first reacted y

glycidoxypropyltrimethoxysilane (GOPS) with the surface 

followed by a reaction of methyl cellulose with the GOPS 

to form a more stable polymeric coating. Unfortunately, 

three days were required to flush out what they termed the 

"physically adsorbed" species from the "strongly bound" 

materials. Upon completion of the coating procedure and 

flushing step they found this surface to be satisfactory. 

Although other approaches have been investigated 

including the use of an amphotere, a-lactalbumin,2° or 

deactivating the surface using a Grignard reagent, 36 the 

two approaches investigated by Vanderhoff et ale -- silane 

modification and polymeric coating -- are the two most 

popular approaches taken to control or eliminate 

electroosmotic flow and/or protein adsorption in 
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capillaries. In fact, Jorgenson and Lukacs in their 

seminal work on CZE37 reported an attempt at eliminating 

protein adsorption by deactivating the surface with 

trimethylchlorosilane, dimethyloctadecylchlorosilane 

aminopropylsilane, and cross-linked methylcellulose. They 

finally decided on a y-glycidoxypropylsilane, that is, a 

diol surface which they found to be effective. 

A major step forward in polymeric coating occurred 

when Hjerten reported the successful modification of 

capillaries with dimensions similar to those used in CZE. 8 

He was able to coat his capillaries with a mono-molecular 

layer of non-cross-linked polyacrylamide (y-

methacryloxypropyltrimethoxysilane). These tubes were 

successful at eliminating electroosmotic flow and protein 

adsorption, but their pH sensitivity was not discussed. 

McCormick reported the use of a capillary coated with 

polyvinylpyrrolidinone which showed good stability at low 

pH values and was used to separate 15 different proteins 

(molecular weights ranged from 12K to 77K, and pI values 

from 4.5-11) in under 25 minutes. 38 

One of the more exciting papers published in this 

area was that of Towns and Regnier who adsorbed 

polyethylene imine (PEl) to the capillary surface and then 

cross-linked it with a multifunctional oxirane, 
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Ethyleneglycol diglycidyl ether (EDGE), into a continuous 

film. 13 Three sizes of polyethylene imine were 

investigated with Mr=600 (PEl 6), Mr=1800 (PEl 18), and 

Mr=20,000 (PEl 200). The coatings appeared to be stable 

over the pH range from 2 to 12. The electroosmotic flow 

velocity was relatively insensitive to pH yielding a 

somewhat constant flow velocity over the entire pH range 

with the PEl 200 phase, and to a lesser degree the PEl 18 

phase, while the PEl 6 coating was extremely pH sensitive 

and in fact would reverted to a "normal" electroosmotic 

flow direction at high pH values. It was speculated that 

the larger Polyethyleneimines (PEl 18 and PEl 200) were 

more successful at masking the residual silanols at the 

surface thus reducing their pH sensitivity. 

Zhu et ale also reported the successful use of coated 

capillaries with reduced electroosmotic flow for the 

separation of proteins in CZE, although their coating was 

proprietary and not reported. 39 Likewise, Bolger et ale 

reported the use of capillaries coated with a linear, 

hydrophilic polymer similar to Hjerten's surface 

covalently attached to the capillary wall. Under basic 

conditions, and with the use of proprietary buffer, she 

was able to demonstrate superior performance of the coated 

capillaries as compared to uncoated fused capillary 
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columns. 4o 

Finally, Bentrop et ale reported the preparation and 

use of a Poly (methylglutamate) coated capillary for the 

separation of proteins at "moderate and high" pH 

values. 41 However, this coating did not successful 

shield the entire surface, and was still quite pH 

sensitive. 

Al though much work has been done in the area of 

polymeric coatings, the use of silanizing agents -- the 

other bonding approach has seen relatively little 

activity. McCormick reported the use of (3-

glycidoxypropyl)diisopropylethoxysilane which was attached 

to the surface followed by the subsequent opening of the 

epoxy functionality resulting in a monomeric, hydrophilic 

bonded phase. 38 He observed a reduction in the 

electroosmotic flow velocity at moderate and high pH 

values, and elimination of electroosmotic flow at low pH 

values. Additionally, because he used bulky diisopropyl 

protecting group, his phases showed superior stability 

over those phases prepared using methyl groups. Bruin et 

ale reported the modification of capillaries with 

polyethylene glycol 600 via a y

glycidoxypropyltrimethoxysilane intermediate. 12 with this 

paper they were unable to completely deactivate the 
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surface silanols, thus elimination of electroosmotic flow 

did occur but only at acidic pH values. 

Swedberg 

with an aryl 

aminopropyl 

reported the modification of capillaries 

pentafluoro compound attached through an 

silane intermediate. 19 This surface 

significantly reduced protein adsorption at neutral pH 

values although electroosmotic flow was not significantly 

reduced. Finally, Nashabeh and EI Rassi coated capillary 

surfaces with surface-bound hydroxylated polyether 

functionalities attached through a glyceropropylpolysilane 

intermediate. 42 These coatings were quite effective at 

eliminating protein adsorption although the residual 

silanols still caused some electroosmotic flow. 

4.2 Introduction 

In the background section it was noted just how many 

ways are available for trying to reduce or eliminate 

electroosmotic flow and/or protein adsorption. In 

untreated capillaries, the solution was to work at the pH 

extremes. Unfortunately, at high pH values, the 

capillaries themselves are not stable,43 and at low pH 

values the high proton concentration contributes to 

excessive joule heating. Additionally, at pH extremes 
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proteins can denature or precipitate, voiding CZE's claim 

of being a "non-destructive" separation technique. 

Finally, because of the limited pH range available, this 

approach is by no means universal. As mentioned earlier, 

the use of high ionic strength buffers is another way to 

reduce both protein adsorption and electroosmotic flow. 

Unfortunately, the use of high ionic strength buffers 

severely limits the voltage which can be applied thus 

increasing analysis time, decreasing resolution, and 

limiting the size of capillaries which can be used which 

in turn impacts detection considerations. The use of 

additives such as detergents or zwitterions have proven to 

be quite successful since they are much more universal and 

offer both significant and direct control of the zeta 

potential including the ability to alter the 

electroosmotic flow direction. However, this system is 

only useful as long as the additives don't negatively 

impact the intended separation, or interact with the 

analytes themselves. Also, although zwitterions are quite 

effective at competing with the proteins for residual 

silanols at the capillary surface, and have the added 

advantage of not contributing to the buffer's overall 

conductivity (thus higher potentials can be used reducing 

analysis time compared to standard additives) they have 
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the disadvantage of increasing the background signal 

adversely impacts detection sensitivity -- already a major 

limitation of this technique. 

Bonding approaches have also been criticized. They 

are usually considered technically demanding, and require 

a time consuming preparation step before they can be used. 

Additionally, treated capillaries have been criticized for 

their lack of stability, especially under alkaline 

conditions. This problem is most significant with silane 

treated capillaries, although Hjerten's methyl cellulose 

coatings have been shown to desorb over time -- even under 

static storage conditions. Modified capillaries have also 

been criticized for having poor inter-column 

reproducibility, most likely a consequence of non-uniform 

bonding. In addition, as modifier is lost from the 

surface, column efficiency deteriorates rapidly. Finally, 

the Grignard approach of Cobb et ale has been criticized 

because it fully eliminates electroosmotic flow, limiting 

the types of analytes which can be analyzed in a single 

analysis since, potentially, not all analytes will be 

swept past the detector. 

The present investigation sought to change the 

composition at the silica surface by chemically tailoring 

it with a series of monoreactive chlorosilanes. The goal 
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of these experiments was to determine the feasibility of 

controlling the zeta potential (and hence the 

electroosmotic flow) in a direct way using traditional 

bonding chemistries. Reactive silanes, specifically 

chlorosilanes, were selected for a few reasons. First 

their chemistry is well defined and well understood. The 

reactions are relatively simple and the procedures are 

straightforward. Second, many chlorosilanes are readily 

available commercially obviating the need for time 

consuming synthesis of potential modifiers. Finally, the 

chlorosilanes are relatively inexpensive so this approach 

is accessible to most laboratories. Bruin et ale listed 

some characteristics of an "ideal" capillary for use in 

the electrophoretic separation of proteins. They include: 

1) an effective suppression of protein adsorption 2) 

reproducibility in the preparation of the capillaries 3) 

long capillary lifetimes 4) preservation of system 

efficiency over capillary lifetime 5) applicability over 

a wide pH range. 12 

The modifiers, N,N-Dimethylaminodimethylchlorosilane, 

Bis(Dimethylamino)methylchlorosilane, and 

Tris(dimethylamino)chlorosilane were selected to provide a 

series of increasing number of amine functionalities 

which, once attached to the surface, would be essentially 
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fully protonated at physiological pH values thus providing 

a positively charged surface whose surface charge could be 

varied by changing the selected modifier, or by adjusting 

the running buffer's pH. 

the problem of protein 

By reversing the surface charge 

adsorption can be diminished 

without resorting to restrictive pH ranges or destructive 

pH extremes. Likewise, a charge-reversed surface similar 

to those resulting from the dynamic modification schemes 

would be established without precluding their use. 

Additionally, this system would be more universal since, 

with the exception of pH extremes, any standard or non

standard buffer system -- including the use of organic 

solvent additives -- can be employed. 

Also, although bonding chemistries are often 

criticized for their lack of inter-column reproducibility, 

it is hoped with the use of monoreactive silanes this 

limitation can be addressed since these phases are 

inherently more reproducibly prepared and uniform in 

nature than the more frequently employed polyreactive 

silanes. Finally, these surfaces have many of the 

characteristics Bruin et ale described for an "ideal" 

capillary. First, because of the anticipated charge 

reversal at the surface, it is hoped these surfaces would 

effectively suppress protein adsorption. Second, as 
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mentioned above, because these phases are prepared from 

monoreactive silanes, it is anticipated that they could be 

more reproducibly prepared. Finally, over 75% of all 

reported proteins have isoelectric points above four. 1 

Since these phases have pKa values in excess of nine, it 

should be possible to find a pH region where electrostatic 

repulsion reduces protein adsorption without resorting to 

pH extremes. This is advantageous for two reasons. 

First, the bonded phase is only stable from z pH=2 to z 

pH=8, which is essentially the range over which these 

phases are most useful so they should exhibit increased 

lifetimes and greater long-term stability. Second, the pH 

range under which these columns find their greatest 

utility is quite close to physiological pH values thus 

increasing the likelihood that a given separation could be 

effected while maintaining the proteins' native 

conformation. 

4.3 Experimental 

4.3.1 Synthesis 

The reaction of each modifier and the resulting 

surface is shown in figure 4. The N,N

Dimethylaminodimethyl and Bis(Dimethylamino)methyl columns 
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were prepared as follows. A fused silica capillary (SO~m 

i.d., 200~m o.d.) with pre-burned optical window (Beckman, 

Palo Alto, CA) was cut to 27cm (20cm to detector). The 

capillary was then coupled to a Tuberculin glass syringe 

with standard connectors. The capillary was first flushed 

with o. Sml distilled, de-ionized water (distilled over 

basic potassium permanganate (EM Science, Cherry Hill, NJ) 

in house) using positive pressure, followed by O.Sml 

methanol (EM Science, Gibbstown, NJ), O.Sml 

tetrahydrofuran (Fisher Scientific, Fair Lawn, NJ), O.Sml 

acidified (HCI (J. T. Baker Inc., Phillipsburg, NJ)) 

toluene (EM Science, Gibbstown, NJ), and O.Sml toluene. 

The capillary/syringe apparatus was then submerged in a 

toluene bath and O.Sml neat N,N

Dimethylaminodimethylchlorosilane (Hiils America Inc. , 

Piscataway, NJ) or Bis(dimethylamino)methylchlorosilane 

(Hiils America Inc., Piscataway, NJ) was pushed through the 

capillary. The system was kept submerged to prevent 

clogging of the capillary by precipitation of the modifier 

when exposed to ambient moisture. A fresh o. Sml of 

modifier was pushed through the capillary every four hours 

except for a twelve hour period overnight. The reaction 

was allowed to proceed for 24 hours. The capillary was 

then flushed with 1ml toluene, O.Sml tetrahydrofuran, 
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0.5ml methanol, and 0.5ml water. The optical window was 

rinsed with methanol and the capillary installed in a 

Beckman cooling cartridge. 

The Tris(dimethylamino) column was prepared as above 

except a 20% v/v Tris(dimethylamino)chlorosilane (Hills 

America Inc., Piscataway, NJ) /toluene solution was used 

instead of neat modifier because of precipitation problems 

with the neat modifier. 

4.3.2 Characterization 

All electrophoretic work was performed on an 

automated Beckman plACE system 2100 (Beckman Instruments, 

Inc., Palo Alto, CA) controlled by an IBM PS/2 Model 50 Z 

386 computer. System Gold, Version 6.01 (Digital 

Research, Monterey, CA) was used to acquire and analyze 

the data in conjunction with the plACE UV variable 

wavelength detector at 254nm. Prior to initial use, each 

modified capillary was rinsed for twenty minutes with 

distilled, de-ionized water using the system's high 

pressure rinse cycle, followed by a fifteen minute rinse 

cycle with the pH 7 buffer. 

Since capacity considerations were not significant, 

all buffer systems were prepared using phosphoric acid 

(Fisher Scientific, Fair Lawn, NJ), potassium phosphate, 
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Buffer pH Values before and After the Experiment 

unit pH: pH=3 pH=4 pH=5 pH=6 pH=7 

Before 

After 

3.22 

3.22 

3.80 

3.90 

Table 1 Buffer pH Variation 

4.91 

4.99 

6.25 

6.37 

7.08 

7.12 
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monobasic (EM Science, Cherry Hill, NJ), or potassium 

phosphate, dibasic (JT Baker, Phillipsburg, NJ). Constant 

ionic strength buffers (0.025M buffer, 0.025M KCI (J. T. 

Baker Inc., Phillipsburg, NJ)) were prepared to ensure a 

constant current production (and thus heat production) for 

each buffer system employed. Buffers were prepared to 

cover the pH range from three to seven in unit increments. 

The pH of each buffer was measured with a calibrated 

Sargent Welch pH8000 pH meter (Sargent Welch, Skokie, IL) 

using an Orion Combination pH electrode (Orien, Boston, 

MA) at the beginning and end of the experiment. The 

resul ts are summarized in table I. Each solution was 

divided into two equal parts, and one portion spiked with 

acetophenone (Aldrich, Milwaukee, WI) at approximately 

0.25% v/v for use as the neutral electroosmotic flow 

marker. 

Prior to modification, each capillary was evaluated 

to establish a "baseline" electroosmotic flow velocity at 

each pH, against which the modified results were compared. 

The protocol used for each experiment treated and 

untreated capillaries alike is as follows: the 

capillary was flushed for one minute using the system's 

high pressure rinse cycle with neat buffer of the 

appropriate pH. Then an 8kV potential was applied. The 
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anodic reservoir contained acetophenone spiked buffer 

solution while the cathodic reservoir was filled with neat 

buffer solution. The experimental parameter of interest 

is the time taken for the neutral marker -- acetophenone -

carried by electroosmotic flow to reach the optical 

window thus effecting a step change in the absorbance. A 

representative experimental run is shown in figure 5. To 

initiate another run, the capillary is simply flushed with 

neat buffer of the desired pH (shunted to waste) as above, 

placed into the appropriate buffer reservoirs, and voltage 

is re-applied. In an attempt to avoid potential 

hysteresis effects which have been reported in the 

literature,14 consecutive runs at the same pH were avoided 

whenever possible. 

The results from the N,N-Dimethylaminodimethyl column 

are shown in table 2, and demonstrated graphically in 

figure 6 • A general trend of increased electroosmotic 

f low velocity (decreased breakthrough time) is observed 

for the modified column versus the untreated capillary at 

low pH, while at high pH values, the anticipated result of 

longer breakthrough times are observed. The pH at which 

this crossover appears to occur is between pH=4 to pH=5. 

Likewise, the Bis(dimethylamino)methyl column results are 

shown in table 3 and demonstrated graphically in figure 7. 
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Finally, the Tris(dimethylamino) column results are 

presented in table 4 and demonstrated graphically in 

figure 8. They, too, show a general trend of increased 

electroosmotic flow velocity for the modified columns when 

compared with the unmodified columns at low pH values, 

with an inversion occurring at higher pH values. For both 

the Bis and Tris columns the pH at which this apparent 

crossover occurs is around pH=6 

To see how the three modifiers compare, their 

breakthrough times were plotted as a function of pH and 

are reproduced in figure 9. 

from this plot. 

No general trend is obvious 

To investigate what kind of variability exist from 

column to column, the pre-modified column results (table 

5) were also plotted and are shown in figure 10. A degree 

of variability is observed, and is most pronounced with 

the "pre-Bis" column. 

Finally, to check for bias in the data which might 

result from unanticipated column conditioning or some type 

of systematic loss of modifier, scatter plots were 

generated for each run and are reproduced in figures 11-

16. Overall, with the possible exception of the "pre

Tris" column, no evidence of a systematic change in 

electroosmotic flow velocity occurred over ·the course of 
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the experiments. 

4.4 Discussion 

The results from this set of experiments were quite 

surprising. Much of the initial CZE work contributed to 

our understanding of the zeta potential's pH sensitivity. 

In untreated capillaries, increasingly higher 

electroosmotic flow velocities are expected as the pH is 

raised since the residual silanols at the surface, which 

are responsible for this flow, are subsequently 

deprotonated providing a surface rich in negative charge. 

Likewise, as the 

become protonated, 

pH is lowered, the surface silanols 

reducing the surface charge resulting 

in a decreased electroosmotic flow velocity. The present 

data follows this same trend. The plots of breakthrough 

time versus pH (figures 6-8) show a rapid increase in 

electroosmotic flow velocity between pH=3 and pH=5 

followed by a more gradual increase in flow velocity 

between pH=5 and pH=7. As the capillaries were modified, 

it was expected that a shift towards longer breakthrough 

times would occur, relative to the unmodified capillary, 

at the same system pH. This behavior was anticipated 

since, by modifying the capillary with an amine 
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the 

a positively charged 

modifier. The net result is a reduced surface charge and 

a decrease in electroosmotic flow velocity. Furthermore, 

it was anticipated that this shift would be largest for 

the Tris modified column since, for each modifier molecule 

which reacts with the surface, three amine functionalities 

are attached to the surface. Likewise, the Bis modified 

column should show intermediate results providing two 

amine groups per modifier molecule, while the Mono 

modified column which has a single amine group per 

modifier molecule should demonstrate the smallest shift in 

electroosmotic flow velocity. 

Figure six shows graphically the results from the 

N,N-dimethylaminodimethylchlorosilane (Mono) experiment. 

Both curves are similar in form indicating both the 

modified and unmodified capillary are extremely sensitive 

to pH in this region, with the most significant change 

occurring at low to intermediate pH values. Although this 

was anticipated for the unmodified capillary, the range 

over which this pH sensitivity was observed for the 

modified capillary was somewhat of a surprise. 

Additionally, it was mentioned earlier that one would 

expect the modified capillary to demonstrate a lower 
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unmodified 

capillary, but this is not universally true. At low pH 

values, the breakthrough times for the unmodified 

capillary are longer than for the modified capillary 

indicating a slower flow velocity. However, somewhere 

between approximately pH=3.5 and pH=4.5 a crossover occurs 

above which the modified capillary has the lower 

electroosmotic flow velocity as expected. 

The results from the Bis experiment are reproduced in 

figure seven. Again, at low pH values, the unmodified 

capillary has the lower electroosmotic flow velocity while 

at higher pH values a crossover occurs and the modified 

capillary exhibits the anticipated lower flow velocity. 

In this case, the crossover appears to occur between 

pH=5.5 and pH=6. 5. However, unlike the Mono modified 

surface, the Bis surface appears to have a perceptible, 

but reduced pH sensitivity in this region. 

Finally, Figure eight shows the results from the Tris 

experiment. Just as before, at low pH values the 

unmodified capillary has a lower electroosmotic flow 

velocity than the modified capillary, but the situation 

reverses itself at intermediate and high pH values. 

Again, as with the Bis surface, this crossover appears to 

occur between pH=5. 5 and pH=6. 5 • Also , it appears that 
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the Tris surface, much like the Bis surface, appears 

relatively insensitive to pH over this range. 

In general, it appears that each surface does show a 

diminished electroosmotic flow velocity compared to the 

unmodified surface, but not universally so. At low pH 

value in each case, the unmodified capillary has the lower 

electroosmotic flow velocity. Although a crossover occurs 

with every modifier, it appears to occur at a lower pH 

with the Mono surface than with the Bis and Tris surface. 

This entire phenomenon is somewhat puzzling considering 

the two pH sensitive moieties at the surface. The surface 

silanols are weak acids with a pKa value on the order of 

4-6 42 while the dimethylamine functionalities should be 

protonated under the conditions of this experiment. Thus, 

one would not expect to see this crossover phenomenon 

since, as the pH is lowered, the surface charge 

contributed by the amine functionalities will remain 

constant while in theory the surface silanols are 

responding to the change in pH becoming increasingly more 

protonated as the pH is lowered. This should result in a 

reduced electroosmotic flow velocity rather than the 

observed higher electroosmotic flow velocity. Perhaps 

this is an indication of some type of shielding of the 

surface silanols resulting in a downward shift in the pH 
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In this 

case, as the pH is raised, at some pH (the crossover pH) 

this effect is negated and the anticipated pH behavior is 

observed where the surface charge contribution from the 

dimethylamine functionalities results in a net lower 

negatively charged surface as manifested by a lower 

electroosmotic flow velocity. Also note that the pH at 

which this crossover occurred was lower in the Mono case 

when compared to the Bis or Tris case. This would be 

consistent with the shielding hypothesis since the Bis and 

Tris modifiers are much bulkier than the Mono modifier and 

thus could more effectively shield the surface and the 

anomalous reversal in electroosmotic flow velocity would 

occur at a higher pH value. Alternatively, this might 

suggest the formation of a ring structure at the surface 

through an electrostatic interaction between deprotonated 

surface silanols and the positively charged amine 

functionalities (see figure 16). The formation of such a 

surface structure would effectively reduce the surface 

charge, and the resulting modified surface would exhibit a 

higher electroosmotic flow velocity than anticipated. 

Furthermore, the impact from this charge reduction would 

be most significant at low pH values. Since the 

population of deprotonated silanols is significantly lower 
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at low pH values, the relative impact from altering the 

surface charge in this fashion is larger at low pH values. 

Finally, this ring structure would have an insulating 

effect on the surface, with the bulky Bis and Tris 

modifiers being the more effective insulators. This could 

explain why the crossover occurs at higher pH values with 

these two modifiers compared to the Mono modifier. 

Another interesting effect observed was the reduced 

pH sensitivity of the Bis and Tris surfaces. This is 

consistent with the model since, under the pH conditions 

of this experiment, the positive charge on the amine 

groups is fixed and unchanging. Thus, if in the linear 

combination of surface charge, the positively charged 

amine groups compete numerically with the available 

silanol sites the impact of silanol protonation is 

diminished resulting in a surface less sensitive to 

changes in pH. Furthermore, this effect is more readily 

observed with the modifiers which numerically contribute a 

larger number of charged groups per modifier to the 

surface. 

Figure nine summarizes the results from the three 

modification experiments. Ideally, one would expect the 

order of electroosmotic flow velocity at the same system 

pH to be Tris < Bis < Mono, although the data does not 
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bare this out. This could be a direct result of surface 

coverage since the listed order presumes equivalent 

coverage. It is quite likely that the surface coverage of 

the bulky (and thus kinetically slower reacting) Tris 

modifier is lower than that of the Bis or Tris. Likewise, 

it is possible that the Mono phase enjoyed the highest 

surface coverage. An attempt was made to quantitate the 

coverage by stripping the modifier from the surface after 

the experiment, and sUbmitting the sample for GC-MS 

analysis, but the amount of modifier was below the 

detection limit. 

In the measurement of electroosmotic flow a wide 

variation in RSD was observed. Generally, higher RSD 

values were observed in the low pH regions, usually on the 

order of 10-20%, but fell sharply in the intermediate and 

high pH region to typically below 10%. This is consistent 

with other researchers who also routinely found variations 

in electroosmotic flow velocity of 5-15%.34 

Finally, since there is some evidence that prior 

column conditions can impact the measurement of 

electroosmotic flow velocity 14 consecutive runs using the 

same buffer system was avoided whenever possible to 

prevent any potential conditioning of the surface. Also, 

one criticism of bonded phase capillaries is sudden, 



234 

significant change in electroosmotic flow velocity when 

modifier is lost from the surface. One way to check for 

either of these limitations is to construct a "scatter 

plot" to see if a trend is apparent in the data. These 

are reproduced in figures 10-15. For the most part, a 

certain randomness is evident in the plots. The possible 

exceptions are the pH 4 Mono experiments, the pH 3 Pre

Tris experiments, the pH 3 Tris experiments, and perhaps 

the pH 4 Pre-Tris experiments. It is interesting to note 

that the possible exceptions are all at the low pH values. 

4.5 Conclusions 

It is obvious from these results that a change in 

electroosmotic flow velocity was effected with the use of 

these modifiers. Furthermore, the observed change was in 

the anticipated direction at high pH values, although an 

unanticipated reversal occurs in flow velocity magnitude 

in the modified capillaries when compared to the 

unmodified capillaries. Also, these surfaces appear to be 

relatively insensitive to changes in the system pH 

especially when compared to the unmodified capillaries. 

This effect was most pronounced with the Bis and Tris 

modified surfaces. It is thought this is a function of 
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the dimethylamine groups which remain charged over the 

range of pH values investigated and hence can moderate the 

influence of the surface silanols as the system pH is 

changed. Finally, it does not appear that modifier was 

lost over the course of these experiments, or that 

problems with column conditioning were present since the 

scatter plots seem to indicate a degree of randomness in 

the results. 

It should be noted, however, that the goal of surface 

charge reversal was not achieved. This is most likely an 

indication of incomplete coverage, and could addressed by 

lengthening the reaction times. 
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Chapter 5 

Evaluation of Monoatomic Oxygen Treated Chemically 

Modified Silica for Use as a Potential Internal Surface 

Reversed Phase 

5.1 Background 

Analysis of small molecular weight drug substances and 

their metabolites is an area of separations where liquid 

chromatography al though widely utilized is still 

somewhat limited in practical applications. The need for 

improvement in the analytical analysis of drugs and drug 

metabolites is driven by many areas. The pharmaceutical 

industry is one example. 

reaches the market, an 

By the time a new pharmaceutical 

incredible number of liquid 

chromatographic analysis have been performed. 

Chromatographic analyses are required all the way from the 

initial formulation stage through product evaluation, 

efficacy testing and FDA approval. The sample throughput 

required is truly enormous. Likewise, evaluation of the 

toxological impact of drugs on humans often requires an 
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extensive amount of chromatographic analysis. In addition 

to the obvious need to improve sample throughput, areas like 

medicine and forensics constantly find a need to push for 

better accuracy and lower limits of detection for diagnostic 

evaluation. 

For both practical and theoretical reasons, HPLC 

remains the method of choice for the analysis of drugs and 

drug metabolites -- especially when high sample throughput 

is required. From a practical standpoint, liquid 

chromatographic methods are easily automated and ideally 

suited for high sample throughput. Also, since most drugs 

and drug metabolites have some hydrophobic character, 

reversed phase chromatography, utilizing the ubiquitous 

alkyl stationary phase, is an obvious choice. 

Unfortunately, because of the matrices in which drug 

samples are most often found -- blood, serum, plasma or 

urine -- direct injection of the sample is often precluded. 

These biological matrices cannot be directly injected onto 

an alkyl stationary phase without irreversibly damaging the 

analytical column. 1,2 When direct injection of plasma 

samples was attempted, column lifetimes were significantly 

reduced. In fact, even using atypically small (3111) 

injection volumes, column lifetimes varied from 200 

injections to, at best, 1000 injections. After this time, 
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irreversible denaturation of proteins at the surface clogs 

the pores and column back pressure increases to an untenable 

level. 

Despite these limitations, direct sample injection is 

still desirable. Direct injection obviates the need for 

costly or time consuming sample preparation -- typically 

solid phase extraction or the addition of organic solvents 

to the solution which precipitate the indigenous proteins -

prior to analysis saving both time and money and increasing 

sample throughput already a demonstrated need. 

Additionally, direct injection addresses the medicinal and 

forensic areas' need for improved accuracy in quantitation 

since, by limiting the number of sample preparation steps, 

one reduces both potential loss of sample, and potential 

destruction or alteration of the sample through chemical 

means. Also, by reducing the number of steps in an 

analytical procedure, an improvement in precision would 

result as well. 

One approach taken to overcome the short column 

lifetimes while utilizing direct injection si to use a pre

column or a valve switching technique. 3,4 Unfortunately, 

these approaches are too instrumentally complex for most 

routine analyses. However, in 1985 Hagestam and Pinkerton 

introduced a new approach which facilitated direct injection 
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Figure 1 Selective Cleavage of Phenylalanine by 
Carboxypeptidase A 
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Figure 2 Pictorial Representation of an ISRP Surface 
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analysis of drugs and drug metabolites on traditional 

chromatographic systems. 5 They introduced a new type of 

packing material which they termed an internal surface 

reversed phase (ISRP). Their ISRP particle is a modified 

silica particle with a hydrophilic outer surface and a 

hydrophobic internal surface. This new material was 

prepared by first derivitizing the silica surface with a 

glycerylpropyl bonded phase forming a diol-rich surface. 

Then, a glycylphenylalylphenylalanine phase is attached to 

the diol surface via a carbonyldiimidazole coupling 

reaction. 6 The two phenylalanine groups can be selectively 

removed by enzymatic cleavage with carboxypeptidase A which 

preferentially cleaves hydrophobic amino acids at their 

carboxyl terminus (see figure 1 from reference 7). The 

critical factor primary to successful preparation of useful 

ISRP surfaces using this approach is that the pore diameters 

of the silica particle must be small enough to size exclude 

the large (35,000 daltons) enzyme. Pinkerton estimates that 

14% of the phenylalanine groups are removed using this 

approach. 7 Once prepared, these particles can be slurry 

packed into standard chromatographic columns for use. Since 

the external surface is now hydrophilic in nature, proteins 

from the sample matrix are neither adsorbed nor denatured by 

the ISRP external surface • Additionally, they are size 
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excluded from the hydrophobic bonded phase inside the pores 

so they pass directly through the column while the smaller, 

hydrophobic analytes are retained by the hydrophobic bonded 

phase inside the pores (see figure 2 from reference 7). 

This approach has met with some success in the 

literature for the analysis of drugs, as well as non-drugs 

like toxins or peptides. One review included the retention 

times of thirty different drugs from six drug classes 

successfully evaluated (from direct serum injection) on an 

ISRP column. 8 However, some of the reported retention times 

are so low (k' = 0.47 for acetaminophen, k' = 0.43 for 

theophylline, k'= 0.23 for ethosuximide) it seems unlikely 

these analytes could be routinely analyzed in a clinical 

setting. Others have reported the successful analysis of 

cyanobacterial peptide toxins,9 anticonvulsant drugs,10 

methyl xanthine derivatives,lO indoxyl sulphate, 11,12 

furosemide, phenylbutazone and oxyphenbutazone, 13 

cefpiramide,14 antihormonal agents, 15 and propofol. 16 

In addition to the relatively straightforward drug 

analysis applications, the Pinkerton ISRP surface has also 

been used to determine ratios of bound and free 

drugs .17,18,19 This is important from a therapeutic 

standpoint since only the free drug can diffuse into the 

extravascular site where the drug demonstrates 
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pharmacological activity. More recently, Pompon et ale have 

used the Pinkerton ISRP surface for sample preparation. 

Here, the ISRP column is used as a pre-column to retain 

analytes of interest from a biological matrix. After the 

proteins have washed through the column, the analytes are 

eluted, concentrated and analyzed on a conventional reversed 

phase surface. 2o Finally, George and stewart have reported 

the use of ISRP surfaces as a solid phase extraction packing 

and found these surfaces reduced matrix interferences 

compared to conventional C-2 or C-18 surfaces. 21 

The Pinkerton ISRP surface is not without its 

limitations, however. Because the critical enzymatic 

cleavage step is highly selective, the types of surfaces 

which can be produced are limited. When the retention 

behavior of 21 drug substances on the Diol-Gly-Phe-Phe phase 

was compared with a C-18 surface, only a weak correlation 

was observed. 22 Additionally, because of the limitations 

imposed on modifier type by the synthetic route (i.e. the 

need for phenylalanine moieties), the ISRP surface is 

selective towards the retention of aromatic drugs. 23 

In an attempt to overcome these limitations, new ISRP 

surfaces are presently being pursued. Perry describes a 

"monomeric" Gly-Phe-Phe surface which has two methyl groups 

attached to the base silica atom. 8 This slight addition of 
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alkyl character was reported to enhance both the retention 

and efficiency at these surfaces. Kimata et ale have 

developed a new, simple approach for the preparation of an 

ISRP column. By exposing alkyl silated silica to aqueous 

acid (200ml concentrated HCl at 100°C with rapid mechanical 

stirring (1000 r.p.m.) for 5 hours) they partially removed 

the bonded phase by acid hydrolysis (the Si-O-Si bond is 

labile under acidic conditions). Subsequently, they treated 

the surface with glycidoxypropyltrimethoxysilane to populate 

the surface silanols with hydrophilic diol groups~ 

resulting in an ISRP phase possessing greater hydrophobic 

character than any other reported restricted access packing 

material. In the acid hydrolysis stp, they observed 

continual loss of modifier over the first five hours, but 

after five hours, the carbon content of the materials 

plateaued. The total reduction in carbon coverage was 

estimated to ne 40%, however, the particles were now water 

wettable so they hypothesized the alkylsilyl groups on the 

external surfaces are more labile, and the first to be 

cleaved, while those in the smaller internal pores remain. 

Although this approach comes close to the "ideal" ISRP 

material one with alkylsilyl groups on the internal 

surface, and hydrophilic groups on the external surface -

the use of mechanical stirring may result in fragmentation 
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of the microparticulates producing a less efficient packing 

material. Also, other than exposure time, there is little 

or no control over the hydrolysis conditions, which cleaves 

the alkylsilyl chains non-selectively. Thus, it becomes 

difficult to prepare these surfaces reproducible 

especially if more heavily loaded surfaces are desired or 

if new lots or types of silica are used. 

Selective cleavage of the external modifier can be 

accomplished by treatment with an oxygen plasma. Koontz et 

ale at NASA, while testing for materials degradation 

resulting from exposure to atomic oxygen, observed surface 

stability conditions which led them to hypothesize that this 

approach could be used to prepare fully alkylsilated ISRP 

surfaces with the alkyl modifier selectively removed from 

the external surface. 25,26,27 This approach has many 

advantages, and comes closest to the "ideal" ISRP surface. 

First, this approach is transparent to bonding chemistry. 

Thus, any surface modifier attached through traditional 

silane chemistry can be utilized as an ISRP surface. 

Second, as long as the atomic oxygen's rate of migration 

through the bed of particulates exceeds the rate of 

diffusion into the pores, only modifier on the external 

surface is removed. Since, for highly porous materials, 

this represents about 1% of the total surface area, 
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materials produced by atomic oxygen treatment have a high 

carbon content. Additionally, the external surface can be 

re-modified with a hydrophilic modifier such as GOPS to 

yield a hydrophilic external surface. Finally, since 

traditional modifiers can be utilized, methods previously 

developed for an analyte can be used once the proteins have 

been voided from the 

loading should have 

column. A 1% 

no significant 

decrease in carbon 

impact on analyte 

retention. Another approach using plasma treated silica has 

been reported by Sudo et al. m 

Specific Goals 

In association with S. Koontz at NASA, ISRP particles 

produced by atomic oxygen treatment of alkyl modified silica 

in a flowing afterglow were evaluated for potential use as 

a stationary phase in direct injection chromatography. 

5.2 Initial Experiments 

Initially, two silica materials with different physical 

parameters were modified with three different chlorosilanes 

to evaluate the impact of nominal pore size and particle 

diameter on the atomic oxygen process. The first silica 
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material had a nominal diameter of 8pm with a nominal pore 

size of 60A. The second silica material had a 10pm nominal 

diameter, and a 300A nominal pore size. Both silicas were 

received from Analytichem International, Harbor City, CA and 

modified with trimethylchlorosilane, 

octyldimethylchlorosilane, and octadecyldimethylchlorosilane 

(all silanes were from Hills America Inc., Piscataway, NJ, 

formerly Petrarch) using the procedure outlined in chapter 

2. 

These particles were characterized both by combustion 

analysis (Perkin-Elmer model 240C Elemental Analyzer, 

Norwalk, CT) and chromatographic evaluation. The combustion 

analysis results from before and after oxygen treatment are 

reproduced in table 1. The columns were also evaluated 

chromatographically at 10/90, 20/80 and 30/70 v/v 

organic/water {distilled, de-ionized water {distilled over 

basic potassium permanganate (EM Science, Cherry Hill, NJ) 

in house) with both methanol (EM Science, Gibbstown, NJ) and 

acetonitrile (Baxter Healthcare Corp., Muskegon, MI) using 

benzene (EM Science, Gibbstown, NJ), aniline (Aldrich, 

Milwaukee, WI), acetophenone (Aldrich, Milwaukee, WI) and 

phenol (Aldrich, Milwaukee, WI) to see what changes, if any, 

occurred in the retention of these analytes before and after 

oxygen treatment on an IBM LC9S33 Ternary gradient liquid 
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MODIFIER SILICA COVERAGE PRIOR COVERAGE AFTER 

TMCS 811m/ 6OA 3.1211mole/m2 2.0011mole/m2 
TMCS 1011m/300A 3.9711mole/m2 O.6911mole/m2 

C-8 811m/ 6OA 2.2111mole/m2 2.0511mole/m2 
C-8 1011m/300A 2.4311mole/m2 1.0911mole/m2 

C-18 811m/ 6OA 2.7311mole/m2 2.4511mole/m2 
C-18 1011m/300A 2.8011mole/m2 1.5111mole/m2 

Table 1 Surface Coverage Before and After Atomic Oxygen 
Treatment 
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chromatograph (IBM Instruments, Valhalla, NY) and an IBM 

LC9522 fixed UV detector (254nm). The columns were packed 

and conditioned as explained in chapter 2. 

Al though in theory the chromatographic retention of 

these analytes should not change significantly, this was not 

the case. All solvent compositions gave similar results, 

and a representative data set is shown in table 2 from the 

20/80 methanol/water injection series. All values are 

averages based on triplicate injections. Potassium nitrate 

(J. T. Baker, Phillipsburg, NJ) was used as the unretained 

species for measurement of Vm• 

Discussion 

As can be seen from table one, significant stripping of 

the modifier occurred in each case. As expected, a higher 

decrease in coverage was observed on the larger pore silica, 

but the "small" pore silica also showed significant loss. 

This significant loss of modifier accounts for the observed 

trend of decreasing retention times for most analytes after 

treatment. Note, however, that this is more apparent with 

the 10pm/300A silica than the 8pm/60A silica. Since, even 

though significantly more than 1% of the modifier was lost 

with the 8pm/60A silica, the residual coverage was still 
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high enough to serve as a reversed phase surface. However, 

it appears that the 10~m/300A silica was stripped so 

thoroughly that its retentive capabilities were adversely 

impacted. Thus, in this experiment, the chromatographic 

properties of the particles were altered by atomic oxygen 

treatment and their utility as an ISRP was not pursued. 

5.3 Follow-up Experiments 

In speaking with Dr. Koontz, it was discovered that his 

treatment procedure was not optimized for microparticulates. 

By placing a full bed of silica in the chamber for 

treatment, he speculated that the rate of diffusion through 

the bed was too slow, and that significant penetrating of 

the pores by atomic oxygen was occurring resulting in the 

high loss of modifier observed. In fact, when a float test 

was performed on these particle to check for their 

wettability, it was found that some were readily wetted, 

while others were not indicating a possible 

stratification of layers where particles at the bed bottom 

are fully stripped of modifier while those at the top remain 

unaltered. 

At this point a decision was made to try the experiment 

on larger particles, and treating a smaller quantity of 
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particles with each treatment, both of which facilitate 

diffusion of the atomic oxygen through the bed, reducing the 

likelihood of penetration into the pores. 

Experimental 

For this experiment, irregularly shaped silicas with 

average pore diameters of IOOA and 200A were sifted through 

standard sieve screens with mesh sizes of 15011m, 12511m, 

9011m, and 6311m (VWR Scientific, Cerritos, CA). The 

fractions which penetrated the 9011m screen but were held up 

on the 6311m screen were collected for use. 

Both of these silicas were modified with 

octadecyldimethylchlorosilaneandoctyldimethylchlorosilane 

and sent to NASA for atomic oxygen treatment. Combustion 

analysis (Desert Analytics, Tucson, AZ) results for the 

particles before and after treatment are shown in table 3. 

An attempt was made to correlate these results with a 

qualitative float test. For the float test, a few 

milligrams of material were placed in a two dram vial to 

which 1.5ml distilled, de-ionized water was added. The 

sample was then shaken vigorously a few times. Easily 

wetted materials sink to the bottom while some materials 

were wetted, but eventually floated to the surface after 
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MODIFIER SILICA % CARBON PRIOR % CARBON AFTER 

C-8 100A 10.32 10.31 
C-8 200A 7.14 6.59 

C-18 100A 23.02 22.52 
C-18 200A 11.42 10.98 

Table 3 Combustion Analysis for the Irregularly Shaped 
Modified Silicas Before and After Treatment 
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Finally, some materials were not wetted and 

remained atop the water. In the float test, only the atomic 

oxygen treated 1001 C-18 modified particles sank to the 

bottom so they were used for the remaining experiments. 

The present silica particles were too large for use in 

analytical columns, but of nearly ideal size for use in a 

solid phase extraction format, so an attempt was made to 

evaluate their utility in this format following the method 

of George and Stewart. 21 

One hundred milligrams of the treated and untreated 

1001 C-18 modified silica was packed into polypropylene 1ml 

SPE reservoirs with frits fitted at either end (Jones 

Chromatography Ltd., Hengoed, Mid Glamorgan, Whales). These 

materials were compared to a standard SPE C-18 column 

(Analytichem International) and a new Regis, dual zone 

column in the SPE of carbamazepine (Aldrich, Milwaukee, WI) 

-- a model drug compound. The Regis dual zone particle 

(SemiPermeable Surface (SPS)) , is a new type of ISRP 

material where a hydrophobic core is wrapped in a 

hydrophilic polyoxyethylene polymer covalently attached to 

the silica surface. 

Liquid chromatography was used to monitor for the drug 

using a Spectra-Physics model 8100 ternary liquid 

chromatograph (Spectra-Physics, San Jose, CA) connected to 
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Figure 3 Peak Shape of Carbamazepine Before Addition of 
TCE 
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Peak Shape of Carbamazepine After Addition of 
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a Spectra-Physics model 8780 autosampler and a Chromatronix 

model 770 (Chromatronix, Inc., Mountain View, CA) variable 

wavelength detector (l = 28Snm). Data was acquired by a 

Spectra-Physics model 4290 integrator. A methanol/water 

mobile phase with a commercial octadecyl column (Jones 

Chromatography USA, Inc., Littleton, CO) with dimensions of 

100mm X 4.6mm was found to elute the drug in =4.S minutes at 

60/40 v/v containing 2.S% triethylamine While 

establishing optimal solvent conditions, it was discovered 

that the addition of TCE was required to obtain adequate 

peak shape (see figures 3 and 4) and 1. SL of pre-mixed 

solvent was prepared for use. 

Solid phase extraction was performed on a Vac Elute SPS 

24 (Analytichem International) connected to a Gast vacuum 

pump (Gast Manufacturing Inc., Benton Harbor, MI). 

A solid phase extraction protocol for carbamazepine was 

found and used without alteration. 29 The procedure is as 

follows: 1) Pretreat columns with 2ml methanol 2) Pretreat 

columns with 2ml water 3) Add 1ml carbamazepine standard 

solution (12pg/ml) or 2ml serum doped to same level 4) Wash 

with 3ml water and 4) Elute with 1ml SO/SO v/v 

methanol/water. 

This procedure was attempted on the oxygen treated C-18 

modified silica to test its efficacy as a solid phase 
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Figure 6 Chromatogram From the Application and Wash steps 
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extraction packing material. Chromatograms from the 

standard (figure 5), the sample application and wash steps 

(figure 6), and the elution step (figure 7) are included. 

Finally, after the encouraging initial SPE results, the 

untreated and oxygen treated C-18 modified silica was 

evaluated and compared with the Analytichem C-18 column and 

the Regis Column for the extraction of carbamazepine from 

human serum. Because the self-packed column demonstrated 

very little resistance to flow, a new SPE column was packed 

prior to the serum experiment. These results are reproduced 

in figures 8-11, and the recovery data summarized in table 

4 based on duplicate injections. 

Discussion 

These results were very encouraging. The published 

protocol for commercial C-18 SPE columns worked equally well 

with the treated silica without modification. In the 

extraction of carbamazepine from human serum, at first 

glance the treated surface appears to give the lowest 

recovery, but since the uncertainty in this data is at least 

±10%, all recovery data is essentially the same indicating 

that the treated particle was as equally effective as the 

commercial C-18 column, and the new Regis materials. 
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Figure 8 SPE Analysis of Carbamazepine From Human Serum, 
Regis Column 



.. 
If) 
1.1'') 

l-
t) 

W 

" :z 
....... 

CC 

.....J 
W 
:z 
:z: 
IJ: 
I 
1:-" 

~I 
C(I 

. 
.,-I 

263 

(',J 
r' ... 

:#: 
~I 
1,,(1 :z: 
~ ....... 

LJ'W CO 
U'') 
LJ',) CI 

l-. 
~ -) 

W 
::-
CC 
(,0') 

a: 
l-
IJ: 
t=l 

Figure 9 SPE Analysis of Carbamazepine From Human Serum, 
Analytichem Column 



264 

z 

1I-) 
r·,· 

I--
u v I:::;:' ::f:I: 
lLJ ...-i 
t-:o (e, . z 1I":1 (\J 
1-1 

,=, 
I--

~ 
(C W :: .. 
--' 'T-
lLJ (I) 

Z 
Z ·····1 'I: 
'I: .,(, I--
::c 'T-
':"':' I=l 

Figure 10 SPE Analysis of Carbamazepine From Human Serum, 
Untreated C-18 Column 



":' 
1"'1 

r .... 
~ I..() 

IJ1 
....-I 
• 

VI 

....-I 
Ll":I . 
V 

265 

1:1:' 
r',-

# 

:z 
~ 

LLJ 

CI 

lSI I-

~~ 
::-
1:C 
(I') 

1:C 
I-
1:C 
1-'=1 

Figure 11 SPE Analysis of Carbamazepine From Human Serum, 
Treated C-18 Column 



266 

Area Count (Arbitrary Units) 

COLUMN RUN 1 RUN 2 AVERAGE % RECOVERY 

Regis 121K 112K 117K 130% 
Analytichem 119K 120K 120K 133% 

C-18t 89K 129K 109K 121% 
C-18u 124K 101K 113K 126% 

Table 4 Carbamazepine Recovery From Human Serum 
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Although recovery on the untreated C-18 particles is similar 

to the other surfaces, the chromatogram shows an additional 

peak indicating this surface does not perform equally well. 

5.4 Conclusions 

The purpose of these experiments was to evaluate the 

oxygen treated materials for potential use as a new ISRP 

surface. Based on the preliminary results, the more 

technically demanding job of treating modified high 

efficiency microparticulates should be pursued. with the 

large particles we were able to demonstrate only slight 

reductions in carbon coverage while forming particles which 

were easily wetted. This argues that much of the modifier 

remains, but on the internal surface. Additionally, when 

used in a solid phase extraction mode, the treated particles 

worked as well as two commercial columns, while the 

performance of the untreated particles was demonstrably 

poorer. Unfortunately, we were not able to quantitatively 

demonstrate that retention was occurring on the internal 

surface. An attempt was made to do this by solid phase 

extraction analysis of red dye #40 on this surface. In 

theory, without any ionizable groups, retention of this dye 

should only occur at the hydrophobic, internal surface. 
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Thus, when the dye is applied, no color should be observed, 

while after elution, a lightly colored solution should 

result. However, when the dye experiment was attempted, a 

band of color was visible throughout the course of the 

experiment. However, when the dye experiment was repeated 

on the Regis particles, similar results were observed. 

Thus, it appears this is not an effective way to test for 

surface activity. 
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Chapter 6 

Conclusions and Future Directions 

The specific goals of this dissertation were to 

investigate how the structure and orientation of chemically 

tailored surfaces impact the efficiency, efficacy and utility 

of these surfaces in differential migration techniques. 

Additionally, the impact of compositional changes on 

chemically modified silica particles was evaluated to 

determine the feasibility of extending their use to a new 

application. 

In chapter two a 

methylene dioxyphenyl) 

synthesized. Commercial 

new, novel chlorosilane y-(3,4 

propyldimethylchlorosilane was 

grade 8pm spherical silica was 

modified with this new chlorosilane, and its performance 

evaluated relative to the more traditional alkyl and phenyl 

phases. Initial studies intended to underscore the unique 

selectivity of this phase indicated that, despite its unique 

structure, its orientation at the surface significantly 

impacted its retentive behavior. To investigate this 
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hypothesis, a temperature study was undertaken on this 

surface. Although this thermal transition had not been 

observed on small phases like the y-(3,4 methylene 

dioxyphenyl) propyldimethyl phase previously, work on 

immobilized propylbenzo-15-crown-5 ether indicated the 

possibility of a thermal transition being observed on the y

(3,4 Methylene dioxyphenyl) propyldimethyl phase. We were 

able to demonstrate distinct thermal transitions on a "short" 

modifier for the first time evidence of a change in 

orientation at the surface. We attributed this change in 

orientation to be from a head-down to a head-up orientation 

at the surface. 

Unfortunately, significant breaks were not observed on 

analytes other than benzene so no comparison of the safrole 

surface and the end-capped surface could be made to determine 

if the change in orientation occurs at a lower temperature on 

the end-capped surface. 

The selectivity study also yielded some interesting 

information. The unique structure of this modifier changes 

the retentive characteristics of the surface, and in fact the 

safrole surface demonstrates unique selectivity towards "high 

polarity" analytes like 1,4 naphthoquinone and 4-

nitrotoluene, although the unique selectivity is also 

observed to a lesser extent with analytes of modest polarity 
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This behavior 

was strongly solvent dependant indicating the bonded phase is 

solvated differently by acetonitrile and methanol, and that 

the solvation of the bonded phase directly impacts retention 

of analytes at the interface. 

Chapter three demonstrated the effectiveness of dynamic 

modification as a way to control chemistry at a solid-liquid 

interface. Although a separation of the two major fullerenes 

C60 and C70 was effected using a commercially available bonded 

phase, both the kinetics and the thermodynamics of the 

separation were improved with the addition of THF to the 

eluting solvent on this same phase. The methods of selective 

precipitation of C60 by freeze-thaw cycles, and solid phase 

separation of C60 and C70 constitutes a stepwise approach to 

the large-scale separation of the fullerenes C60 and C70 • The 

use of selective crystallization of C60 to produce a benzene 

solution enriched in C70 offers a route to the production of 

large amounts of pure C60 and provides a facile starting 

material for the solid phase extraction separation of the 

fullerenes. Macroscopic quantities of pure C60 and C70 are 

easily obtained in the solid phase extraction process. The 

addition of THF to the running solvent proved to be 

instrumental to this separation's efficiency. It is thought 

the retention of the fullerenes on the SCX surface is a 



272 

function of mUltiple mechanisms, with the surface water 

playing a dominant role. with the addition of THF to the 

running solvent, THF can act as a "dynamic modifier" and 

since THF is known to be effective at bringing water to a 

modified silica surface, it is thought this surface water 

creates both a more homoenergetic and reproducible surface 

which facilitates the separation. This separation scheme 

offered a significant improvement in analysis time. Not only 

was the separation time reduced, but the need for 

conditioning and re-conditioning of columns was obviated. 

Chapter four demonstrated once again the impact of 

chemically tailored surfaces on the solid-liquid interface. 

By modifying the capillary wall with commercially available 

chlorosilanes the zeta potential and hence electroosmosis in 

capillary zone electrophoresis was altered in a controlled 

fashion. Interestingly, there was some evidence that 

orientation of the modifier played as significant a role as 

did absolute structure in determining the impact of the 

surface modifier on the interfacial region. 

It was obvious from these results that a change in 

electroosmotic flow velocity was effected with the use of 

these modifiers. Furthermore, the observed change was in the 

anticipated direction at high pH values, although an 

unanticipated reversal occurred in flow velocity magnitude in 
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the modified capillaries when compared to the unmodified 

capillaries at low pH values. These surfaces also appeared 

to be relatively insensitive to changes in system pH. This 

effect was most pronounced with the Bis and Tris modified 

surfaces. 

Chapter five was an example of how changing the bulk 

characteristics of a sample can extend its utility. In this 

case, irregularly shaped, sieved silica particles treated 

with the popular dimethyloctadecyl modifier were exposed to 

atomic oxygen treatment producing a new internal surface 

reversed-phase (ISRP) having a well characterized, widely 

utilized stationary phase on the internal surface. 

The large (63J.lm 90J.lm) dimethyloctadecyl modified 

atomic oxygen treated silica particles were evaluated for 

efficacy to determine if the more technically demanding but 

practically useful treatment of high efficiency (3J.lm-8J.lm) 

spherical silica particles for use in direct injection liquid 

chromatographic applications should be pursued, and based on 

the preliminary results, treating modified high efficiency 

microparticulates is recommended. with the large particles 

we were able to demonstrate only slight reductions in carbon 

coverage while forming particles which were easily wetted. 

This argues that much of the modifier remains, but only on 

the internal surface. Additionally, when used in a solid 
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phase extraction mode, the treated particles gave equivalent 

results with two commercial SPE columns. Unfortunately, we 

were not able to quantitatively demonstrate that retention 

was occurring on the internal surface. 

Taken as a whole, it is hoped these experiments 

demonstrated both the significant role structure, orientation 

and composition play in determining the efficiency and 

efficacy of the solid-liquid interface, and the unifying 

aspects of the solid-liquid interface's role over a range of 

differential migration techniques. 

Work such as this inevi tabili ty points to new and 

additional areas of research. The safrole work is an 

indication of where chromatography is headed in the future. 

Ideally, in some applications highly selective stationary 

phases are desirable (e.g. affinity chromatography). Over 

time, as our understanding of the retention mechanism ( s ) 

increases, highly specific and selective chromatographic 

surfaces can be designed and tailored for a specific 

application. In fact, a surface similar to the safrole 

surface synthesized here has been used in the separation of 

highly polar explosives. l Additionally, one could repeat the 

thermal study with a more lightly loaded safrole surface. 

Then, the end-capped surface would differ significantly from 

the neat surface, and the observed thermal transitions would 
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hopefully be more pronounced and ubiquitous. 

Work on the fullerenes continues at an incredible rate. 

Since our first separation on a C-18 column in November

December 1990, many people have reported the separation of 

the fullerenes on a C-18 phase, but none on a phenyl phase. 

Although we were unsuccessful, it should be noted that 

although the phenyl packing material was of commercial grade, 

the column was packed in house and may not have had the 

efficiency necessary for resolution of the two fullerenes. 

Because of the potential enhancement in selectivity, it might 

be interesting to try this separation on an extended phenyl 

column that is, a terminal phenyl group with a 

substantially longer spacer than the traditional ethyl or 

propyl groups. Another separation approach which might have 

improved selectivity towards the fullerenes is the work of 

Christie who ran a silver nitrate solution through an SCX 

column and then used the column to separate a series of -

enes. His surface demonstrated improved selectivity even for 

the higher heptenes and octenes. 2 This approach was tried, 

but the fullerenes seemed to form a strong complex with the 

silver and stopped at the head of the column. This complex 

was so strong that even 100% benzene did not cause the 

fullerenes to migrate. If this same idea could be instituted 

with a less energetically favorable metal, this might prove 
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to be a useful way to separate C60 from C70 and possibly even 

the higher fullerenes. 

The CZE work still leaves many questions unanswered. 

First, to decrease the electroosmotic flow further, or even 

reverse it, the reaction times must be extended. Also, 

mUltiple capillaries must be modified and evaluated to get an 

idea of how reproducible this modification procedure is. If 

this surface appears to be viable, work on challenging 

proteins could be initiated as well as long-term stability 

studies. Finally, to check if the ring formation hypothesis 

is correct, one could either add a dynamic modifier like 

triethylamine to the buffer which would compete more 

effectively for the same sites than the sterically 

constrained, bound modifier, or by changing the system 

dielectric using an organic modifier. 

Finally, preliminary work on the oxygen treated modified 

silica particles indicates that an attempt should be made to 

treat high efficiency, microparticulates for evaluation as a 

liquid chromatographic ISRP for use with direct injection. 
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