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Abstract
Chirality is a characteristic of many synthetic and biological organic
compounds. This property is particularly true in the pharmaceutical industry where a
large number of drugs are marketed as racemates. One method used to monitor optical
purity is capillary electrophoresis (CE). Chiral separation using CE is achieved by use
of an immobilized chiral phase or through a chiral selector mobile phase additive. It is
demonstrated and determined that chiral polymeric surfactants are more suitable for
chiral separation in electrokinetic capillary chromatography (EKC) than conventional
micelles. Polymeric surfactants eliminate the dynamic equilibrium that occurs in
normal micelles, are more stable, rigid, have no critical micelle concentration (CMC),
and can tolerate higher organic modifier content.
The research presented in this dissertation generally embodies the synthesis,
characterization, and application of polymeric surfactants. Specifically, a nonionic
glucopyranoside and anionic Valine and Phenylalanine are examined as surfactant
headgroups. All headgroups are coupled to an undecylenyl hydrocarbon tail before
polymerization by y-irradiation.
After completion of synthesis, the surfactant and/or polymeric surfactant is
characterized using techniques such as elemental analysis, mass spectroscopy, nuclear
magnetic resonance (NMR),

optical rotation,

light scattering,

fluorescence

spectroscopy, and analytical ultracentrifugation. From the characterization techniques,
information including product identification, confirmation and purity, as well as
polymer properties, such as size and microenvironment, were obtained.

xvii

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

Applications involved using poly(undecyl-P-glucopyranoside) (PUG) as a
transient capillary coating to separate seven tricyclic antidepressant drugs in a
modified capillary zone electrophoretic (CZE) mode.

Poly(sodium-N-undecyl-L-

valinate) is examined as an approach for developing a universal laboratory technique
and procedure as well as for gaming insights into polymeric surfactant properties and
characteristics.

The latter is accomplished by conducting a polymerization

concentration study.

The use of EKC, fluorescence, and NMR revealed the

differences in polymer enantioselectivity, size, shape, and dispersity relative to
polymerization concentration.
Phenylalanine monomer and dipeptide polymeric surfactants are used in EKC
to examine their potential as pseudostationary phases.
possibility

of

enhanced

enantioselectivity

This study probes the

o f binaphthyl

atropisomers

benzodiazepines by increased hydrophobicity, steric, and n-n interactions.

xviii
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and

Chapter 1.
Introduction to Chirality, Capillary Electrophoresis, and Micelles
Many synthetic and most biological systems contain chiral compounds, which
are defined as molecules with nonsuperimposable mirror images. Chiral molecules
are often associated with precise control of biological processes, protein structure and
function, as well as enzyme activity (1).
Chiral molecules can rotate plane-polarized light.

Organic molecules that

rotate plane-polarized light are termed optically active. Such molecules are also chiral.
The extent and the direction of rotation of polarized light by optically active
molecules is typically measured by use of a polarimeter. Optically active molecules
that rotate light to the right are said to be dextrorotatory (D). If the light is rotated to
the left, the molecule is levorotatory (L) (2). In contrast, the Cahn-Ingold-Prelog
sequence rules describe the stereochemical configuration around the chiral carbons.
The atoms directly attached to the chiral center are prioritized in order of decreasing
atomic number. The group with the highest atomic number is ranked first, 1, and the
group with the lowest atomic number is ranked fourth, 4. The molecule is oriented so
that the group which has the lowest priority is positioned directly back (farthest away
from us). The remaining three substituents appear to face us. If the priority of the
substituents (1—»2—»3) is in a clockwise direction then the configuration is considered
to be “R”, meaning right or rectus in Latin.

If the priority of the substituents

(1—>2—>3) are in a counterclockwise rotation, the chiral center has the “S”
configuration, meaning left or sinister (2).
Separation of chiral molecules has long been regarded as a tedious and
difficult task. In 1848, Louis Pasteur was the first to physically separate crystals of
1
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racemic tartarate. Today, we call these nonsuperimposable mirror images, optical
isomers, or enantiomers. In an achiral environment, enantiomers are identical in all
their normal physical properties such as melting points, boiling points, solubility, and
spectroscopic properties (e. g. NMR) (2).
Enantiomers have opposite signs of optical rotation (2) that arise from an
asymmetric element, which may be a center, an axis, or a plane of asymmetry present
in the molecule (1).

Racemates (an equal mixture of D- and L- molecules) are

common in synthetic products such as pharmaceuticals, herbicides, pesticides, and
some natural products (1). Only one enantiomer is often biologically active, while the
others may be less active, inactive, or have deleterious side effects (toxic).

The

pharmacokinetic characteristics of individual enantiomers of a chiral drug may be
quite different (3) possibly causing physiological problems in the case of
pharmaceuticals (4-6). This phenomenon was noted with the racemic form of the drug
Thalidomide, which was prescribed for pregnant women during the 1950's. It was
later observed that the R form of the drug was medically beneficial while the S form
was responsible for the major birth defects observed in newborn infants (7, 8). In
other cases, e. g., the perception of pheromones by certain insects, the correct ratio of
enantiomers are necessary for maximum response (1, 4, 9, 10).
It is clear that administration of the wrong enantiomer may cause less than
desired responses as described above.

Therefore, methods for measuring and

separating enantiomers are important During the early years of research on chiral
separations, resolution of different chiral enantiomers was often achieved by forming
diastereomers. Diastereomers introduce an additional chiral center into the molecule
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o f interest (1, 11, 12). The difference between enantiomers and diastereomers is that
enantiomers have opposite configuration at all chiral centers, whereas diastereomers
have opposite configurations at some (one or more) chiral centers, but the same
configuration at the other chiral centers (2).

The problem with converting

enantiomers to diastereomers is that molecules with different physical and chemical
properties are produced. Therefore, the use of diastereomeric separation to achieve
chiral separation is not the preferred approach.
To avoid the use of diastereomers, other methods have been investigated to
separate enantiomers without altering the molecule.

Developments in chiral

separations were dominated by capillary gas chromatography (GC) in the 1950s 1960s (1, 13, 14). Approximately 20-30 years later, in the 1980s, the search for
optimum systems in enantiomeric separation included high-performance liquid
chromatography (HPLC) (11, 14-16) and supercritical fluid chromatography (SFC) (1,
4, 17).
Chromatographic chiral separations require manipulation of either the mobile
phase or stationary phase. Currently, a variety of HPLC and GC chiral stationary
phases are commercially available.

When separating racemates, selectivity of

solute/stationary interaction is crucial because of differences in the free energy,
-A(AG°) of interaction. The key to enantiomeric separation is the choice of a chiral
selector with sufficient selectivities (a values), since the interaction between D- and
L- solutes and the solvent/stationary phase environment are small.

It has been

established by use o f the thermodynamic relationship -A(AG°)=RTlna that the larger
the difference in -A(AG°) the better the separation.
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Although advances are being made in chiral analysis by capillary GC and SFC,
the temperature variable in the free energy equation is a major problem for capillary
GC and SFC methods; however, these approaches have a high number of theoretical
plates (kinetically favored) compared to HPLC (1). Currently, most chiral separations
are performed by HPLC (13) despite the fact that method development in HPLC can
be time consuming.

In addition, HPLC methods are often plagued with poor

efficiency, thus causing a decrease in sensitivity.
Recently, capillary electrophoresis (CE), which will be discussed in detail later
in the chapter, has shown great promise for enantiomeric separations (1, 18, 19). Its
attractive practical benefits include the use of minimal sample, small chiral selector
consumption, and inexpensive column replacement.

Furthermore, CE has a large

theoretical plate number as well as a choice of many chiral selectors that do not have
thermal stability limitations which are inherent to GC (1,4).
It should be noted that mechanisms of chiral separations are still not
completely understood. However, Dalgalish (20) determined that chiral recognition is
achieved based on the "three point" interaction rule (11, 21).

Chiral recognition

requires a minimum of three simultaneous interactions between the chiral phase and at
least one of the enantiomers to be separated. It is further stipulated that at least one of
these interactions must be stereochemically dependent. This concept is schematically
depicted in Figure 1.1. In this figure, we show the interactions of an enantiomer
analyte (A) with another chiral species. It should be noted that this latter species
(chiral discriminator) could be bound to the stationary phase or in the mobile phase.
Either case allows three points of interaction with the given enantiomer.
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Figure 1.1.

Representation of the “three-point rule'’.

One can easily rationalize that the antipode (enantiomer B) of this enantiomer analyte
would not be able to achieve the same three interactions. Thus, this difference in
interactions would allow separation. It should be noted that the three interactions are
attractive and/or repulsive interactions that include hydrogen bonding, hydrophobic,
ionic, dipole-dipole, and steric forces.

The "three point rule" was successfully

employed in 1971 in the design o f a chiral stationary phase for the separation of the
antipodes o f (L-DOPA) L-dihydroxyphenylalanine (22).
Direct chiral separations in CE are achieved either through the use of an
immobilized chiral phase or through the addition of chiral selectors as mobile phase
additives. To be familiar with the topics of discussion in the chapters to follow, it is
necessary to introduce the fundamental principals and concepts o f CE. The use of
chiral selectors as mobile phase additives in CZE (capillary zone electrophoresis) and
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MEKC (micellar electrokinetic capillary chromatography) are briefly explored in the
following sections.

In addition, a condensed discussion of: 1) host-guest chiral

selectors, 2) chiral metal complexes, with particular emphasis on 3) chiral surfactants
and chiral micelle polymers has been included. Moreover, an overview of techniques
used to characterize chiral polymers will conclude this introductory overview and
background information in Chapter 1.

Part I.

Fundamentals of Capillary Electrophoresis, Micelles, and
Polymeric Micelles

One o f the main advantages of CE is the use of simple instrumentation. Figure
1.2 represents a schematic diagram of a basic CE system, which consists of a highvoltage power supply, two buffer reservoirs, a capillary, and detector. However, it

Detector

Capillary inlet

Buffer
Reservoir

Figure 1.2.

Electrodes

High voltage power supply

Capillary outlet

Buffer
Reservoir

Schematic of capillary electrophoresis instrument.

should be noted that the basic instrumentation for CE can be enhanced with the use of
autosamplers, multiple injection devices, sample and capillary temperature control,

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

7
programmable power supply, multiple detectors, fraction collection, and computer
interfacing (23).
Numerous instrumental variations that have different operative and separative
characteristics can be accomplished by use of the basic principles of CE (21). These
techniques are 1) Capillary Zone Electrophoresis (CZE), 2) Micellar Electroltinetic
Capillary Chromatography (MEKC or MECC), 3) Capillary Gel Electrophoresis
(CGE), and 4) Capillary Electrochromatography (CEC) to name a few.

In this
%

chapter, a brief overview of the fundamentals of CZE and MEKC is provided as
applied to chiral separations of charged and uncharged chiral solutes, respectively.
Emphasis will be placed on the utility of novel chiral polymeric surfactants for chiral
separations in EKC.
Electrophoresis is a term that connects or groups all separation techniques that
rely on the distribution of charged and neutral analytes (MEKC) in a slab gel or buffer
solution depending on the analytes electrophoretic mobilities (4).

Electrophoretic

separation may be conducted in continuous or discontinuous electrolyte systems. The
background electrolyte (BGE) is usually a buffer, which can selectively influence the
effective mobility of the analyte. In a continuous electrolyte system, the BGE forms a
continuum along the migration path. The continuum does not change with time and
provides an electrically conducting medium for flow of electric current and the
formation of an electric field across the migration path. Separation is achieved either
through a kinetic or steady-state process. (23).
In a continuous kinetic process, the composition of the BGE is constant along
the migration path; therefore, the electric potential and effective mobilities of the
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resolved analytes are constant. Consequently, different analytes migrate with constant
but different velocities when constant current is passed through the system. The CZE
and MEKC methods are examples of continuous kinetic processes. In the steady state
process, the composition o f the BGE is not constant. Therefore, the electric field and
effective mobilities may change along the migration path (23). In a discontinuous
electrolyte system, the sample migrates between two different electrolytes as a distinct
individual zone. There is a front zone formed by the leading electrolyte, whereas the
end electrolyte forms a rear zone (23).
CAPILLARY ZONE ELECTROPHORESIS
Capillary Zone Electrophoresis (CZE), also known as “free solution capillary
electrophoresis”, is the simplest form and most commonly used technique in CE.
Separation in CZE is based on differences in charge-to-mass ratio and electrophoretic
mobilities of ionic species at a given pH under the influence of an electric field (4,
23). When the fused silica capillary column is conditioned with 1 N NaOH, free

anode
injector

cathode
detector

h iln

W

static layer

^ p

^ p

jjggjg

^ p

V*''diffuse layer

positively cliarged
adsorbed
adsorbed ions
ions

9m.>•.mm.mmm. • mmmm
Figure 1.3.

C apillary Wall
Schematic of the electric double layer.
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silanol groups are ionized to the anionic form (SiO"). The inner wall of the capillary
carries an overall negative charge. Upon flushing with an aqueous buffer, negative
charges at the interface between the capillary wall and the solution are balanced by the
positive ions in solution. Some of these positive ions will be adsorbed to the wall,
forming an immobilized compact layer. The remaining counterions (positive,
negative, as well as neutrals) will be distributed into a diffuse layer. The arrangement
o f positive ions in a static and a diffuse layer give rise to an "electric double layer"
(Figure 1.3). When an electric field is applied across the capillary, positively charged
hydrated ions in the diffuse layer migrate towards the cathode or negative electrode.
Solvent molecules and neutrals as well as negative ions are pulled along with the
cations giving rise to a pumping mechanism called "Electroosmotic flow" (EOF)
(Figure 1.4). In contrast, positive ions, which are adsorbed on the compact layer of

Figure 1.4.

Representation of the electroosmotic flow.
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the capillary will not move towards the cathode. The corresponding potential across
the layers (i. e. between compact and diffuse layers) is called the zeta potential,
denoted by £, and given by the Helmholzt equation:
( 1.1)

%=■

where q is the viscosity, e is the dielectric constant of the solution, and jieo is the EOF
mobility. The double layer is typically a very thin layer (up to several hundred
nanometers) relative to the radius of the capillary. Therefore, as shown in Figure 1.5
the EOF is considered to flow from the walls of the capillary relative to the pumped
process mentioned earlier (4, 23).

The equations for EOF are similar to those

developed for electrophoretic migration since both phenomena are complementary.
The electroosmotic velocity (veo) or electrophoretic velocity (Vep) is given by
Pum ped Flow

Electroosmotic Flow
'.'■ronr.'.'i.-rvCT.TT-1-

Peak Forms

M igration T im e (m in.)
Figure 1.5.

Comparison of HPLC and CE flow profiles and peak forms.
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^

where

^ c p (e o ) ^

f^<5p(eo)

( 1.2 )

or jieo are the electrophoretic and electroosmotic mobility respectively; E is

the field strength (V/L); V is the voltage applied across the capillary, and L is the
length o f the capillary (23).

It is important to note that the ionization and

electrophoretic mobility changes in the charge-to-mass ratio of ions occur from
varying the pH o f the buffer.
The electroosmotic velocity Veo can also be expressed as
(1.3)
Equation 1.3 shows that Veo, can be adjusted by increasing the pH (zeta potential and
flow increase), viscosity (changes velocity), the ionic strength (affects the zeta
potential), the voltage (flow is proportional to voltage), and the dielectric constant of
the buffer.

This equation was derived by solving for the electrophoretic

(electroosmotic) mobility term in the form of v in equation 1.2 and substituting back
into equation 1.1, and rearranging to solve for ve0 (23).
One of the advantages of CZE and MEKC is that there is no need for a
pressure-driven flow (Figure 1.5). Thus, the flow profile is essentially flat; and high
peak efficiencies are achieved. As a result of this flat flow profile, the EOF does not
contribute significantly to band broadening in the manner that the parabolic flow
profile of liquid chromatography does. In addition, both anions and cations can be
separated in the same run. Cations are attracted toward the cathode and their speed is
augmented by the EOF. Since the magnitude of the EOF towards the cathode is very
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Figure 1.6.

Migration order of ions in CE.

large, anions are swept towards the cathode with the bulk flow of the electrophoretic
medium or EOF. Cations with the highest charge-to-mass ratio migrate first, followed
by cations with the smallest ratios. All unresolved neutral components migrate at the
rate of EOF because their charge-to-mass ratio is zero. Lastly, anions with smaller
charge-to-mass ratio migrate earlier than anions with large charge-to-mass ratios
(smaller, more highly charged) (Figure 1.6) (23).
Because the analytes should not be retained on a stationary phase or capillary
in conventional CZE, then the analytes are moving in solution or migrating. The time
required for a solute to migrate to the point of detection is called the migration time
(tm). The tm is measured from the electropherogram and is related to the apparent
mobility o f the analyte by the following equation:
0-4)
where pa is the apparent mobility (actual mobility measured in the presence o f EOF);
Ld and Lt are the effective capillary length (cm) from the injection to the center of the
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detector window and the total capillary length (cm), respectively; tm is the migration
time (minutes); and V is the applied voltage (volts). The effective electrophoretic
mobility (jie) can be obtained from pa and by independently measuring the EOF, (e. g.
Me = Pa - Meo)> Note that pe values will be positive for cations and negative for anions
(23). The EOF is usually measured rising a neutral species such as methyl alcohol,
dimethyl sulfoxide or mesitylene oxide, which move at the velocity of the EOF.
CHIRAL SEPARATION USING CZE
Now that the reader is equipped with a brief overview of the theory and
parameters that affect CZE, we can examine some examples where chiral mobile
phase additives such as host-guest and metal complexes may be used to enhance
enantiomeric separation.
Host-guest Complexations. Host-guest complexes are complexes in which an
analyte (typically the guest molecule) is spatially enclosed by a ligand (host
molecule). In CE, the two groups that are most commonly used to form inclusion
complexes with enantiomers are cyclodextrins and their derivatives (24-33) and chiral
crown ethers (24).
Over the past five years, there has been an explosive increase in the use of
cyclodextrins (CDs) for enantiomeric separation. The CDs were introduced to CE in
1988 by Snopek, et al. (25).
Cyclodextrins (CD) are cyclic oligossaccharides, consisting of six, seven, or
eight glucopyranose units bonded through nonreducing a-(l,4)-linkages (Figure 1.7a).
These CD units are named a-, (5-, or y- CD depending on the number of
glucopyranose units present. A truncated cone can represent the structure of a CD
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with hydrophilic edges and a hydrophobic cavity. Host-guest complexations of CDs
are size and geometry related, depending on the guest molecule. Derivatives of CDs
are used to increase the solubilities of analytes in buffer solutions and to improve the
selectivities o f some drugs.

The CDs are typically not charged.

Thus, these

molecules move with the EOF. Consequently, the migration time of the solute is
typically controlled by electrophoretic mobilities and the interaction of enantiomers
with the host (24). CDs as well as derivatives of CDs can separate small chiral
molecules, amino acids, and mixtures of chiral drugs (24-29, 34). Numerous other
examples o f separation of chiral compounds using CDs are available (30-32). The
optimum separation depends on the CD type, concentration, pH of the buffer, and
temperature.
Chiral crown ethers are another class of host-guest molecules for chiral
separations. These molecules were first developed in 1967 by Pedersen (35). Kuhn
(27, 33) reported the use of the macrocyclic polyether ring system of 18-crown-6
tetracarboxylic acid (18C6) consisting of six oxygens joined by ethylene bridges
(Figure 1.7b) for CE separations of enantiomers. The four substituents in 18C6 are
arranged perpendicularly in a plane formed by oxygens. The cavity is able to form
inclusion complexes with potassium, ammonium, and primary alkylamine cations
(24). It is believed that a tripod arrangement is formed with the three hydrogens on the
quartemary ammonium analyte. The primary interactions occur by hydrogen bonding
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o f the analyte to the dipoles o f the oxygen atoms in the crown ether (36) (+NH*»«0)
(Figure 1.7b) (37). To minimize electrophoretic dispersion it is important for the ionic
buffer species to match the analyte mobility as closely as possible. Running buffers
containing sodium, potassium, and ammonium ions should be avoided in order to
prevent competition between the cations and the sample (primary amines) for
complexation with crown ether (37). As with CDs, the concentration of the crown
ether and the pH of buffer are found to play a major role in the separation (24).
Ligand Exchange Complexation.

The second category of chiral mobile

phase additives used in CZE is ligand exchange complexation (23, 24, 28). In ligand
exchange electrophoresis (LEE) a multicomponent complex consists of a central ion
(e. g. Cu2 +, Ni2+) and at least two chiral bifunctional ligands. Within LEE, two modes
are possible. In the first mode, one chelator (e. g. an optically pure amino acid) is
added to the buffer electrolyte with the central ion to form a hemi-complex. The
different stabilities of the bidentate analyte enantiomers with the hemi-complex
determines the extent of electrophoretic separation.

Second, the chelator

concentration can be chosen such that all coordination positions of the central ion are
saturated.

The analyte enantiomers replace one chelator by forming a ternary

complex:
[CL]n • [M] + [C A ]-----------> [CL]n-i • [M] • [CA] +[CL] where CL is the chiral

ligand, M is the central ion, and CA is the chiral analyte (24).
The use of host-guest complexes and ligand exchange complexation were at
the forefront of mobile phase additives and have proven through time to be very
successful applications of CZE. The latter have also been used in conjunction with
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chiral surfactants and micelles. However, the use o f macrocyclic antibiotics (4, 3841), peptides and proteins (4, 42), and calixarenes (43, 44) are a few chiral selectors
that are the new frontier o f mobile phase additives in CE.
CONCEPTS IMPORTANT TO MEKC
In 1984, Terabe and co-workers (45-47) introduced a novel technique in CE
known as Micellar Electrokinetic Capillary Chromatography (MEKC or MECC). The
MEKC approach provides another dimension to the selectivity of CZE separations by
enabling neutral and charged (anions and cations) molecules to be separated
simultaneously in a single run. The primary separation mechanism of MEKC is based
on solute partitioning between a micellar phase and the solution phase. It should be
noted that neutral and/or ionic compounds may also be used to form micelles.
Separation o f the analyte is dependent on a combination of charge-to-mass ratios,
hydrophobicity, and charge interaction at the surface o f the micelle (23).
Surfactants and Micelles. In the last 20 years, the unique properties and
structures of surfactants have triggered a spectacular movement in various fields of
science and technology. This upsurge has occurred due to the recognition of the
numerous applications of surfactants. Surfactants and the molecular aggregates of
surfactants can mimic biological structures (cells), mechanisms of membrane and
protein function, drug delivery, as well as be used as water-based ointments and gels
in the cosmetic and food industries (48).
Surfactants (also known as amphiphiles or detergents) have a general formula
of RX and are classified on the basis of the charge of the polar head group (49). For
example,

anionic

(R-X"-M+),

cationic

(R-iyr(CH3)3X‘),

zwitterionic
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(R-(CH3)2N+CH2X->, or nonionic (R(OCH2CH2 ))nOH where R is a long aliphatic
chain; M* is typically a metal ion; X" is typically a halogen, CO32', SO3', or SO42", and
n is an integer (48, 50). The aggregation process depends on the surfactant species
and the conditions o f the system in which the surfactants are dissolved (49).
Surfactants form molecular aggregates in solution above a narrow
concentration range (49).

This aggregation is due to the presence of a polar

headgroup (ionic and nonionic) attached to a hydrocarbon tail. At low concentrations
and at temperatures above the critical micelle concentration (Krafft temperature
point), the surfactant is dispersed in the aqueous medium.

As the surfactant

concentration surpasses a minimum value, the molecules aggregate to form micelles
(Figure 1.8). The average number of molecules per micelle is termed the aggregation
number. Each micelle is typically composed o f 40 - 140 molecules (50). The

Figure 1.8.

Schematic of micelle formation.

concentration range above which aggregation occurs is called the critical micelle
concentration (CMC) (49, 50). The CMC can be determined by surface tension,
osmotic pressure, turbidity, conductivity, (48) and fluorescence experiments [52.].
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Variations are detected in CMCs when the hydrophobic character, counter ion, or
electrolyte concentration is varied (48).
Concept of Surfactant/Micelle Equilibria. The aggregation of surfactants to
form micelles may be explained as a balance between short range attractive forces
among hydrocarbon chains and ionic (hydrophilic headgroups) repulsion.

For

nonionic surfactants, the hydrocarbon chain attraction is opposed by the requirements
o f the hydrophilic groups for hydration and space (48, 49). Two models, which have
been used to describe the formation of micelles, are the mass action law and the phase
equilibrium model (48, 51). In the mass action law, micelle formation is viewed as a
series of chemical equilibria,
25 <-> S 2 + 5 <-> 5*3 < s >...Sn

(1.5)

where S is the surfactant. The process of micelle formation occurs at a very rapid rate
and micelles exist in a state of dynamic equilibrium, as demonstrated in kinetic studies
(48, 52). Anisson and Wall proposed a kinetic model for micelle formation, which is
now generally accepted and has been adopted as the basis for the relaxation process of
micelles (53, 54).

As postulated by equation 1.5, a continuous distribution of

monomers, dimers, trimers, etc. exist. Data from the literature (48, 49) suggests that it
is conceivable for micelles to be present in the isotropic regime (below the CMC) at
small concentrations. However, as the concentration of surfactant is increased above
the CMC, the concentration of individual micellar units should increase in solution
(48, 49). From this stepwise formation process, it can be deduced that a micellar
solution will contain aggregates with values of n from 2 to far above the average n
value. Thus normal micelles are polydispersed aggregates (53, 54). In contrast to the
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mass action model, the competing phase equilibrium model suggests that no micelles
are present below the CMC and that once the CMC is reached, any excess surfactant
in solution incorporates into the existing micelles keeping the monomer concentration
constant (48, 49).
Structure of Micelles. It is well established that the chemical structure of a
surfactant determines the size and shape of the micelle (48). For example, McBain
suggested that lamella and spherical micelles may coexist (55). Hartley suggested that
micelles are spherical with charged groups situated at the micellar surface (48, 56).
Debye and Anacker proposed that micelles are rod-shaped rather than spherical or
disklike (57). Lastly, there is also the Menger model, which considers many features
absent in the Hartley model. Menger's nuclear magnetic resonance (NMR) and kinetic
studies (58, 59) showed that micelles are more disorganized than believed in the past.
Menger's model has a rough surface, water-filled pockets, chain looping, nonradial
distribution of chains, and contact of terminal methyl groups with water (58, 59).
However, the spherical form has been generally accepted as a representation o f the
actual structure (Figure 1.9a) (49). In addition, the envisioned structure of a micelle
as the protruding of some surfactant molecules to alleviate crowding at the micelle
center and flexible chains to allow twisting and bending (Figure 1.9b) for
displacement of water molecules in the core (48) is becoming more recognized.
As the surfactant concentration is increased, the shape of the ionic micelle
changes in sequence to spherical-cylindrical-hexagonal-lamella (Figure 1.10) (49).
The optimal headgroup area, volume of the tail, and chain length of the tail are
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additional factors that affect micelle shape (48). The area of the headgroup can
increase or decrease depending on the attractive and repulsive forces. Attractive

Lamellar
(McBain)

Rod-like
(Debye)

Spherical
(Hartley)

Disorganized
(Menger)

(b)
surfactant
water

Figure 1.9.

Representation of (a) the accepted micelle structures and
(b) “actual” micelle representation.
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forces are caused by the hydrophobic affinity of the hydrocarbon chain at the
hydrocarbon-water interface. Repulsive forces such as hydrophilic, ionic, steric, and
electrostatic interactions occur between adjacent headgroups (48). The change in
headgroup directly effects the packing of surfactants thus varying the aggregate shape
(48). For nonionic micelles, the shape changes from spherical directly to lamella with
increasing concentration.

Spherical

Rod-like

Hexagonal

Figure 1.10. Changes in micelle shape as a function of surfactant
concentration.
The micelle core predominately consists of hydrocarbon tails shielded from a
polar medium. The core of the micelle has often been compared to, or viewed as, a
drop of liquid hydrocarbon. This analogy has afforded equations that can be used to
estimate the radius, volume, and surface area o f the core. The maximum radius of the
core o f a micelle is approximately equal to the length of the fully extended
hydrocarbon chain (tail). As shown by equation 1.6,
a = (b2 +c2 —2bccos&y^.

(1-6)
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The law of cosines is used to calculate the distance between every other carbon as if
the hydrocarbon chain were fully extended. In equation 1.6, a, b, and c are the sides
of a triangle and 6 is the tetrahedral angle opposite the base of the triangle. The radius
(r) o f the micelle core is half of a (determined in 1.6) multiplied by the number of
carbons.

In addition, the van der Waals radius of the terminal end and the

contribution of the bond adjacent to the polar head group are added to obtain the
radius.

Once r is calculated, the volume (V) and surface area (A) are given by

equations 1.7 and 1.8, respectively (7i = 3.14) (48):
V =fy )z r 3

(1.7)

A = 4nr2.

(1.8)

In ionic micelles, the hydrocarbon core is encased by what resembles a
concentrated electrolyte solution (48). The net charge of an ionic micelle is less than
the degree of micelle aggregation, indicating that large fractions of counter ions
remain associated with the micelle. These counter ions form the so-called Stem-layer
at the micelle surface. It is important to note that the Stem layer helps overcome
electrostatic repulsion between the charge headgroups (48).
As shown in Figure 1.9b, portions of the hydrocarbon core are found in the
Stem layer. This suggests that there are two clear regions of the micelle core. One is
an inner core which is mostly water free, and the second is a hydrated shell between
the inner core and the polar headgroup. This region is called the palisade layer (48).
MEKC Theory with Chiral Surfactants. In recent years, increasing interest
has been shown in the MEKC approach to chiral separation by use of chiral
surfactants. This technique involves the introduction of a chiral surfactant into the
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running buffer o f CZE at a concentration above the CMC. The chiral micellar run
buffer serves as a pseudostationary phase or separation carrier in chromatographic
separation (60). Since the surface of the chiral micelle is usually charged, this gives
the chiral micelle an electrophoretic mobility in CZE, at a velocity different from the
surrounding aqueous phase (60).
If there are no capillary wall interactions, then negatively charged chiral
micelles migrate electrophoreticly towards the anode and positively charged chiral
micelles migrate electrophoreticly towards the cathode.

Thus, the electrophoretic

migration of a negatively charged micelle is normally opposed by the EOF. Since the
electroosmotic velocity is towards the cathode (e. g. detector end in normal polarity
CE) and is higher than the electrophoretic velocity, the net migration of negatively
charged chiral micelles will also be towards the cathode (60).

On the contrary,

positively charged chiral micelles interact with the capillary surface and may reverse
the direction o f EOF towards the anode (e. g. injection end in normal polarity CE).
Therefore, for faster separations, the polarity should be switched when cationic
surfactants are used. With reverse polarity, both EOF and the net velocity of cationic
chiral surfactants will again be in the same direction, i. e. towards the anode (e. g.
detector end in reverse polarity CE). A neutral chiral solute which is not separated by
CZE migrates at the velocity of the electroosmotic flow where it does not interact
(solubilize) with the pseudostationary phase. When a chiral solute is influenced by the
chiral pseudostationary phase, three types of interactions may take place (Figure 1.11).
The first type occurs on the surface of the micelle by electrostatic hydrogen bonding
and/or dipole interactions.

With the second interaction, the solute acts as a co-
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surfactant by being a part of micelle formation; and with the third, the solute is
incorporated into the core of the micelle by hydrophobic interactions (4, 50, 61, 62).
However, highly polar solutes will adsorb on the surface of the micelle. In most
cases, the hydrophilic polar group of the surfactant

Figure 1.11. Possible solute and micelle interactions.
is responsible for chiral discrimination.

Solutes that contain both polar and

hydrophobic groups may behave as co-surfactants and highly hydrophobic molecules
possibly incorporate into the core of the micelle (4). Consequently, separation and
retention time is based on differential solubilization (interaction) as well as chiral
recognition in the micellar phase.
Since chiral MEKC is considered similar to micellar liquid chromatography
(MLC), equations used in MLC or MEKC (e. g. tR = (l+k')to ) can be used as models
in chiral MEKC with few modifications. Neutral solutes will have a retention time
between the retention time of a solute that has no interaction with the micelles (that
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moves with the electroosmotic velocity) and the retention time of a solute (i. e.
solubilized (interacting) with the micelle) (4, 49). To solve for the migration time of
the neutral solute, x, we must determine the capacity factor, k', which is defined by the
equation:
(1.9)
where r)mc and r)aq are the total number o f solute molecules incorporated into the
micelle and the total number dissolved in the surrounding aqueous phase, respectively.
The neutral solute migration time, tRx, is related to the capacity factor by equation 1.10
( 1.10)

where to is the migration time of the bulk solution and tmc is the migration time of the
micelle.

The migration times to and tmc can be measured by using methanol or

formamide as aqueous phase tracers and Sudan HI or IV as the micelle tracers,
respectively. The selectivity, a , for two solutes (enantiomers) x and y can therefore
be written as

(1I1)

The resolution, Rxy, equation of chiral MEKC for neutral solutes is then
written as

( 1. 12)
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where N is the theoretical plate number and a is the selectivity factor (separation
factor) defined as kyk'x (> 1) and k'x and k'y are the capacity factors for solute x and
solute y, respectively.
As discussed earlier, another factor that affects resolution is the effect of the
EOF in CZE. The net migration of the micelle is usually in the same direction as the
EOF but at a slower velocity, because the EOF is much stronger than the
electrophoretic mobility o f the micelle.

However, Otsuka and Terabe (63) have

shown that pH affects the Veo and electrophoretic velocity of the micelle (vmc). In the
pH range 5.5 to 9.0, a slight increase of Veo is observed for anionic surfactants (i. e. 0.2
M sodium dodecyl sulfate solution). At pH values below 7.0, the electrokinetic
velocity is constant. However, in the pH range 3.0 to 7.0, the Veo decreases with a
decrease in pH below 5.5, while the electrophoretic velocity of the anionic surfactant
is essentially constant throughout the range 3.0 to 7.0. Therefore, the vmc of the
anionic micelle decreases with a decrease in pH, and its direction changes towards the
cathode at pH 5.0, suggesting that the direction is the same as the v^ above pH 5.0
and opposite for a pH below 5.0 (23). If the conditions are such that one is working at
a low pH (acidic conditions), we may assume that the ratio to/tmc is negative.
Consequently, it is possible to obtain an extremely high resolution when the EOF can
be controlled at the expense of a longer separation time. Therefore, the ratio to/tmc is
expressed as
me _

t,me

V eo

(1.13)
Veo
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where vmc is the migration velocity of the micelle, which is equal to Veo + Vq,(mc);
Vep(mc) is the electrophoretic velocity of the micelle, and |iep(mc) is the
electrophoretic mobility o f the micelle. The mobility, pep(mc), is almost constant for a
given micelle, whereas Peo is dependent on conditions such as pH change, addition of
an organic solvent, or the use of a coated capillary (60).
Monomeric Chiral Surfactants for MEKC Separation of Enantiomers.
Cohen, et al. (64) were the first to use the chiral surfactant N,N-dodecyl-L-alinate with
sodium dodecyl sulfate in MEKC to obtain the separation of racemic dansylated
amino acids. Over the last 10 years a number of chiral MEKC methods have been
developed to provide separation of various enantiomers. Thus, a brief listing of this
technology is appropriate. A variety of monomeric chiral surfactants such as: 1) Ndodecanoyl-L-valinate (63, 65-68), 2) Bile salts (69-74), 3) Digitonin (75, 76), 4)
Saponins (77), and 5) Glucopyranoside based phosphate and sulfate surfactants (78)
have been employed as chiral pseudostationary phases in MEKC.
Although several examples of successful enantiomeric separations using CZE
and MEKC have been presented, there are problems with using conventional micelles
in electrokinetic chromatography. Many of these problems will be identified later and
may be improved by use of polymeric surfactants in EKC. Wang and Warner (79, 80)
suggested that using polymeric surfactants in EKC instead of conventional micelles
would eliminate the dynamic equilibrium that normally exists, m in im ize the effects of
organic modifiers, eliminate concentration dependence, reduce peak broadening, and
decrease joule heating.
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Thermodynamics of Micellization.

If we assume a simple association

equilibrium between surfactant monomers and the micelles with aggregation number
n, we can derive (81)
(1.14)

AG° = RTlnCMC

where R is the gas constant and T is temperature on the Kelvin Scale. The numerical
value AG° depends on the units of concentration used. Similarly, the free energy of
micellization for the ionic surfactant can be derived as:
In CMC

(1.15)

where q is the effective charge on the micelle (81).
Micelle/Substrate

Interaction.

thermodynamics of micellization.

The

above

section

defines

the

As discussed previously, a process of primary

importance to this research is the interaction of analytes with micelles.

For the

purpose o f discussion here, we will define the partition coefficient for association of
an arbitrary analyte with a micelle. This is measured using the partition coefficient,
K, which is defined as
(1.16)
where Cm represents the concentration of the substrate, which has partitioned into the
micelle and Cw represents the concentration of the substrate dissolved in the aqueous
phase. Therefore, under standard state-conditions, the free energy of association is
given by
AG° = -R T h x K

(1.17)
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O f course, partitioning into, and interacting with, the micelle must also depend upon
the micellization process since interaction with micelles cannot occur if micelles are
not present. Thus, the entire process of analyte interaction with the micelle is less
complicated if the micellization process is eliminated.
POLYMERIC SURFACTANTS
The observations and hypotheses cited above suggest that control of dynamic
equilibria may yield improved discrimination of molecules with small differences in
AG of interaction, e. g. racemic mixtures. This hypothesis served as an initial focus of
research in this dissertation.
As mentioned earlier, as the concentration o f surfactant changes, the micellar
shape also changes (Figure 1.10). In 1972, Kammer and Elias (82) decided to fix the
micellar structure by polymerizing micelles from amphiphiles with polymerizable
groups in the hydrophobic part (51).
Polymerization o f a micelle is most often achieved by one of two methods.
With the first method, surfactants containing a vinyl group are put into solution above
the CMC, forming micelles. The solution containing the vinyl group surfactants is
then polymerized.

In the second method the micelle is formed by surfactant

monomers which contain polymerizable groups other than vinyl groups (51, 83-92).
Factors Affecting Polymerization Rate and Polymer Structure.

In

principle, three main factors influence the polymerization kinetics and polymeric
structure of polymerized micelles. These are 1) concentration effect, 2) medium
effect, and 3) topochemical effect (85). The concentration effect is a measure of
polymerizable groups inside the micelles. This concentration could have values one
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hundred times larger than the values of the analytical concentration of the surfactant in
the solutions.

Furthermore, concentration influences the reaction rate (85).

For

example, polymerization barely proceeds below the CMC because of low micelle
concentration.
The rate of dissociation of a single amphiphile depends on its solubility and
CMC. The dynamics of micellization falls into two general categories. One is the
millisecond region where whole micelles dissolve and reform. The second is the
microsecond region and below where an amphiphile molecule exchanges between the
micelle and solution (51).

The question of whether the lifetime of a micelle is

sufficiently long compared to the lifetime of the active polymer chain in the micelle
had to be answered to determine if polymerization could occur before micellar
dissociation. Two rate processes were found to be important for the formation and
dissociation o f micelles (82, 93). The relaxation times were between 10"2 and 10"6
seconds. The kinetic processes (fast and slow) are similar to the average residence
time of the surfactant in the micelle and the average lifetime of a micelle (51).
Chain radicals of one thousand monomeric units in an isotropic medium have
an average lifetime ranging from 0.1 to 10 seconds (88). The lifetime of polymer
radicals with an association number between ten and one hundred should range
between 10'1 and 10"4 seconds.

Fortunately, these times are compatible with the

relaxation times of micelles (10‘2 and 10"6 seconds). Therefore, for some micelle
forming amphiphiles with polymerizable groups, polymerization of monomeric
micelles with aggregation number, N, should be possible where the degree of
polymerization is equal to N (51).
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Topochemical polymerization involves the linking of monomer (micelle)
species in a fixed geometric orientation or arrangement such that the polymer
geometry closely resembles that of the original monomer geometry (51). The medium
effect is important since the polymerizable groups experience different environments
in the micellar and singly dispersed state. Physiochemical properties tell us that
different environments affect the rate of polymerization and the structure and
properties of the polymeric micelle (85).
Two main types of polymeric surfactants are possible. They are termed Htype, for head and T-type, for tail polymers. If the polymerizable double bond is
located on the ionic head of the surfactant, then that polymer is characterized as type
H. However, T-type polymers are produced if the double bond is at the end of the
aliphatic hydrocarbon chain (Figure 1.12) (85). T-type polymers have a hydrophobic
backbone whereas H-type polymers have hydrophilic backbones. Their behavior in
aqueous solutions are quite different from the behavior of monomeric micelles. It has
been found that only polymers of the T-type geometry are soluble in water. Hence,
the H-type, mid-tail and main chain type (not discussed) are not water soluble but
dissolve in less polar solvents than the T-type (94, 95).
It is preferable to have some separation between the charge head and the
double bond since this facilitates polymerization. As the separation increases, the
packing constraints are relaxed.

In T-type polymers, the constraints should be

minimal. However, in H-type polymerized micelles the constraints are not totally
removed due to the closeness of the ionic headgroup and vinyl group (85).
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Figure 1.12. Illustration of T- and H-type polymeric surfactants.
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Three models have been proposed for polymeric surfactants (Figure 1.13) (94,
95) which vary in structure and characteristics depending on the model adopted (94,
95). The first model was proposed from the work of Straus (96-98) and is described
as a “local micelle” (Figure 1.13a).

In this structure, it is presumed that

intramolecular aggregation of a limited number of surfactants occurs. This model is
not dependent on the degree of polymerization, which allows for aggregation of the
macromolecules.

Efficient aggregation of the macromolecules depends on the

flexibility o f the polymer backbone.
hydrophobic character.

Lastly, this model tends to possess more

The “molecular micelle” model (Figure 1.13b) (99, 100)

evolved from the studies o f Elias, et. al. Intramolecular aggregation of polymerized
surfactant chains into one macromolecule describes the molecular micelle model.
There is no dynamic equilibrium between micelle-bound surfactant and monomer and
the degree of polymerization is the equivalent to the aggregation number. Molecular
micelles have less flexible backbones and the hydrophobic tails are shielded a bit
more from water (94, 95). The final model is an intermediate between the previous
two models. It is known as the “regional micelle” model (Figure 1.13c) (94, 95, 101).
Aggregations of surfactant monomer are affected by the aggregation of individual
segments o f the polymer. This model is flexible and accounts for a gradual transition
from intra- to intermolecular aggregation (95).
Applications of Polymeric Surfactants.

From this brief synopsis, we

conclude that polymeric surfactants have enhanced stabilities, controllable sizes,
enhanced rigidities, and permeability. Ideally, polymeric surfactants combine the
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Figure 1.13. Illustration of polymeric surfactants models (a) local micelle,
(b) molecular micelle, (c) regional micelle.
beneficial properties of stable uniform polymers to the fluidities of micelles (102).
Due to the attractive properties of the latter, micelle polymers have potential
applications as protective colloids, emulsifiers, surfactants, wetting agents, lubricants,
viscosity modifiers, antifoaming agents, and pharmaceutical and cosmetic formulation
ingredients (95).

In the chapters to follow, micelle polymers are used as chiral

pseudostationary phases in EKC for the separation of racemic mixtures and/or
molecularly similar compounds. Polymeric surfactants were used over conventional
micelles to minimize and/or eliminate dynamic equilibria and polydispersity found in
normal micelles. Moreover, the dependence of conventional micelle formation on the
surfactant CMC, which varies with temperature, salt concentration, and pH (103), and
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the necessity o f working at concentrations above the CMC, could be considered
additional disadvantages when using MEKC. Also, when ionic surfactants are used at
relatively high concentrations, joule heating may occur resulting in peak broadening
and changes in the current (102, 104). Therefore, the negation of these additional
obstacles in MEKC by utilizing polymeric surfactants is very enticing.

Part U .

Background and Principals of Applied Characterization
Techniques

It has been stated that the debate about the structure of standard micelles has
now been mostly settled (105); however, the structure of polymeric surfactants is still
a matter of discussion (95).

Structure determination has been such a challenge

because the experimental studies available provide diverse results without a unified
picture (95). The same has been found to be true for the polymeric surfactants used in
the research to follow. In an attempt to gain as much information about the polymer
systems used as possible, several techniques have been utilized.

The techniques

include light scattering (LS), analytical ultracentrifugation (AUC), fluorescence
spectroscopy, and nuclear magnetic resonance (NMR).
LIGHT SCATTERING
The technique of light scattering can be used to investigate the structure and
dynamics of particles and macromolecules (48). The results received are dependent
on the intensity of light that can be measured at any angle. The variables that can
affect and determine the measurable intensity of light include the wavelength of
incident light, the size and shape of the scattering particle, the optical properties of the
scatterer, and the angle of detection (48). There are several light scattering methods
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and theories. This overview will emphasize static and dynamic light scattering in
terms of the Rayleigh and Debye theories.
Static Light Scattering. Static light scattering is also known as total intensity
light scattering, or just light scattering. This method relies on the intensity of scattered
light and its variation with concentration of the macromolecule as a function of
scattering angle (48, 106, 107). When the scattering particle is small compared to the
wavelength of the radiation, then Rayleigh scattering occurs (48, 106). Rayleigh
scattering is the result of a beam of light striking a molecule. A fraction of the light
will be emitted by the molecule’s dipoles. During this process the molecule’s nuclei
and electrons begin to vibrate in phase with the incident light waves. The vibration of
the nuclei and electrons act as a source of light that is propagated. The undeviated or
transmitted light is the remaining fraction and will continue along its original path (48,
106). In addition the undeviated light will be reduced and/or weakened compared to
the incident light, which is due to scattering of some of the original beam of light
In 1871, Lord Rayleigh derived equation 1.18, which is called the Rayleigh
equation:
(1.18)
where is is the intensity of the light scattered per unit volume by a gas of molecular
weight (M), density (p), and refractive index (n) measured at an angle (4>x) between
the line of sight along some distance (r) and the x-axis. Lastly, I0,u is the intensity of
unpolarized incident light. The Rayleigh equation has been used to explain why the
sky is blue and in the determination of Avagadro’s number (N a)

(48).
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When a particle or macromolecule is in solution, there are two possible
sources of scattering. These sources are fluctuations in solvent density or fluctuations
in solute concentration (48). Debye was able to calculate the effect o f these variations
by relating them to an experimentally measurable factor of change in concentration
(c), associated with osmotic pressure (n) per mole of solute as shown in equation 1.19
(106):

327t3 RTc I
Ax = ----—• ----- --(
3A,
Na

(1.19)

where x is the turbidity; Ax is the excess turbidity of the solution over the pure solvent;
A. is the wavelength and n is the refractive index. The turbidity, which is the total
scatter integrated over all angles, is often replaced by the Rayleigh ratio Re. The
Rayleigh ratio relates the scattered intensity at angle 0 to the incident beam intensity
and is defined as
Kc

( 1.20)

where K is the light scattering calibration constant; M is the molecular weight; and A 2
is the second virial coefficient, which reveals shape information. For particles that are
small compared to A., the turbidity reduces to:
( 1.21)

Once the relationship between molecular weight and osmotic pressure are
interchanged, the Debye equation can e written as:
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( 1.22 )
where
_

"

2n 2n2 ( d r X
N X [d c )

2

(1.23)

Using the relationships in the Debye equation, a plot of (Kc/R$) versus c should be
linear; therefore, the intercept would be 1/M and the slope is 2 A 2 .
The Rayleigh approximation is reserved for particles with dimensions that are
small compared to the incident light However, if the particle is comparable to the
wavelength o f light, different regions of the same particle will scatter light. As shown
in Figure 1.14, scattering arises when incident light encounters dark spots within the
particle. When this transpires, most of the light passes through the particle

Detector

Figure 1.14. Representation of large particle scattering.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

unscattered. In addition, the light that is scattered is much weaker and the phase of
light gets inverted upon scattering. The light scattered by one dark spot may be out of
phase with that scattered by another when the light reaches the detector at angle 6.
This out of phase behavior is due to the difference in distance the light must travel to
reach the detector. If the dark spots are in the same vicinity, their scatter signals
would arrive at the detector in phase. To correct for the interference effects discussed
above, the Rayleigh ratio must be multiplied by a correction factor P(0), referred to as
the form factor.

For example, a system of randomly coiled polymers that are

monodispersed has an intensity o f scattering given by
(1.24)
where
(1.25)

and s 2 is the mean-square radius of gyration of the molecule. For large particles,
P(0) is inserted in equation 1.22 to give
(1.26)
Zimm developed a method to evaluate particle size by taking this correction
factor into consideration. If Kc/Re is plotted against (sin2(0/2) + kc), where k is an
arbitrary constant, a quadrilateral shape (parallelogram) grid is produced. To obtain
size and shape information for large particles, 0 and c are extrapolated to zero. The
slope at 0 = 0 is 2 A2 and the intercept is 1/M. The Zimm plot provides a second

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

41
variable to extrapolate, which corresponds to concentration.

By use of the

concentration lines o f the graph, we obtain the square of the radius of gyration which
is defined as
^

_ 3A.2 I slope
*
16re 2 \^int ercept
2

(1.27)

where X is the wavelength. The Rg2 measures a particle’s extension in space, not
rotational or gyration in the usual sense (107).
Dynamic Light Scattering. Dynamic light scattering has also been called
quasielastic light scattering, photon correlation spectroscopy, and intensity fluctuation
spectroscopy. With DLS transport properties, diffusion coefficients, size and size
distribution can be measured. The range of size that can be detected with this method
is < 1 nm to > 500 nm. In addition, the size can be converted to a hydrodynamic
radius, Rh (48).
In contrast to SLS, DLS provides information on the random motion o f a
particle. Variation of the scattered radiation intensity over time (t„) is measured in
steps (At) as shown in Figure 1.15. Due to the random motion of the scatter, the
fluctuations in intensity (i(s,t)) are an average value ((i (s)) over time identified as
(1.28)
where t n—ko shows that the measurement should be taken over a large period of time
(48). For convenience in gathering fluctuations as a function of time, autocorrelation
functions are used.

The autocorrelation function is a measure of the correlation

between the intensity at any time and the intensity after a time delay. When the time
delay is equal to zero, the autocorrelation function has measured its highest value.
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Figure 1.15. Representation o f autocorrelation function in DLS.

As the time delay approaches infinity, the intensity at any time and the intensity after a
delay become uncorrelated (48, 107). After some time, the signal in the correlator is
approximated by
S zfc.frfM + SkiCMrf)!2’

(1-29)

where § is an instrumental constant approximately equal to unity, and the gi(s,td) is the
intensity autocorrelation function. For many cases, such as spherical particles that are
the same size, gi(s,td) is an exponential, i. e.
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(1.30)

g ,{s,td)= e T‘

where T is the decay rate ( inverse of the correlation time) (106, 107). The decay rate
( F = q 2D ) introduces the diffusion coefficient, D, and the scattering vector
magnitude.

At this point, the Stokes-Einstein equation is used to determine a

particle’s diffusion coefficient and hydrodynamic radius as shown below:
(1.31)
where rj is the viscosity o f the solution, k® is the Boltzmann constant, and T is the
temperature in degree Kelvin. Hence, D and Rj, are two of the common variables
sought for the particle being studied when DLS experiments are conducted.
ANALYTICAL ULTRACENTRIFUGE
The analytical ultracentrifuge (AUC) was developed in the 1920s by Svedberg
(130, 131). Initially, the AUC was invented to study polydispersity of colloidal gold
suspensions and the molecular weight of hemoglobin, but early studies led to the
conclusion that proteins were molecules and organic polymer molecular weights were
independent o f solvents. After the 1920s, it appeared that the AUC achieved new
developments over ten year increments of time. Some highlights included: 19301940, molecular weights o f proteins were determined, subunit discoveries in proteins,
and analysis o f serum.

During the years of 1940-1950, tables of sedimentation,

diffusion, and frictional coefficients for proteins and viruses were compiled, and
analyses of mixtures were available.
improvements were developed.

Between 1940-1990 several instrumental

Some improvements include going from an air

turbine ultracentrifuge to an electrically driven one, as well as the use of a
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magnetically driven rotor over an air-supported rotor. Moreover, numerous changes
were made in the detection o f samples. In the 1930-1940s a Schlieren optical system
was used.

However, in the 1970-1980s laser and Rayleigh interference optics

emerged, with the eventual use of absorption optics in the 1990s (130.131).
Continuous instrumental improvements led to the advancement of applications
for the AUC. It has been stated that the AUC is the most versatile, rigorous, and
accurate means for determining the molecular weight, the hydrodynamic and
thermodynamic properties o f proteins and other macromolecules (130, 131). Other
applications of the AUC are 1) examination o f sample purity, 2) analysis of
associating systems, and 3) determination of sedimentation and diffusion coefficients.
The range of information provided by the AUC is available because of the
process o f sedimentation. There are three main experimental methods used with the
AUC. These methods are density gradient sedimentation, sedimentation velocity and
sedimentation equilibrium. In sedimentation velocity experiments, a uniform solution
is placed in the cell and a high angular velocity is used to cause rapid sedimentation of
the solute towards the bottom of the cell.

In contrast to sedimentation velocity,

sedimentation equilibrium requires that the process of sedimentation and diffusion be
balanced. The processes are considered balanced when the concentration distribution
in the cell does not change with time.
Sedimentation. These experiments are dependent on the sedimentation of a
particle in a gravitational field. Sedimentation occurs when a particle in solution
balances the three forces acting on it while being spun (Figure 1.16). The three forces
are centrifugal (Fc), buoyant (Fb), and frictional (Ff) (130).
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Figure 1.16. Schematic diagram of the forces that act on a particle during
sedimentation experiments.
Centrifugal force is proportional to the mass and acceleration of the particle.
In a spinning rotor, the acceleration is determined by the particle’s distance from the
axis of rotation (r). The rotor also turns with an angular velocity, co. Therefore, Fc is
defined as
Fc - r(a2m ,

(1.32)

where m is the mass, which is also represented by M/N, (to give units of moles or
molecules). As the particle accelerates through solution, some solution is displaced.
This displacement is known as a buoyant force and is equal to
Fb = -r(om0

(1.33)
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where nio is the mass of fluid displaced by the particle.

The mass of the fluid

displaced is (M/N)u p, where u is the partial specific volume (ml/g) and p is the
density o f the solvent. If the density of the particle is greater than the density of the
solvent, then the particle will sediment (130).
As the particle moves toward the bottom of the cell along a radial path, an
increase in the particle’s velocity (p) occurs. The increase in p is due to an increase in
radial distance. Therefore, a frictional force, denoted by
Ff = ~f\x

(1.34)

where / is the frictional coefficient, is experienced. This is due to the particle moving
through a viscous fluid, which has a frictional drag that is proportional to the particle
velocity. It is worth mentioning that / depends on shape and size of the particle. In
addition, bulky and elongated particles experience more frictional drag than compact
particles. After a short period of time, the three forces are balance or equal to zero.
Rearranging equations 1.32-1.34 gives the velocity of the particle per unit of
gravitational acceleration, which defines the sedimentation coefficient (s) below:

N

f

r<o

(1.35)

where M/N, (1-u p) and / are terms related to the particle and p and reo2 are related to
experimental conditions (130).
Sedimentation Velocity. The sedimentation coefficient, s, is dependent on
the properties o f the particle. As a result, molecules that have different molecular
weights or different shapes and sizes move with different velocities. Therefore, they
will have different sedimentation coefficients.

The units of s is seconds.
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substances have a value of s between lxlO"13 sec. and lxlO'11 sec.

Using

sedimentation velocity experimentation allows s to be determined, which in turn can
be used to solve for molecular weight with the equation below:
(1.36)
where R is the gas law constant, T is the temperature, and D is the diffusion
coefficient (130).
Sedimentation Equilibrium. As sedimentation o f the particle continues, the
solute builds up at the bottom of the cell. An increase in concentration of solutes at
the bottom of the cell causes diffusion to oppose sedimentation. After a period of
time, the opposing forces o f diffusion and sedimentation reach an equilibrium in the
solution.

For an ideal solute component, the solute concentration increases

exponentially toward the bottom of the cell. As the concentration gradient increases
toward the bottom of the cell, it can be shown that for a single, ideal, nonassociating
sample that the molecular weight is given by
(1.37)
A plot of Inc versus r2 gives a slope proportional to the molecular weight.

In

addition, data can be fitted to c versus r 2to find the least squares best estimate of M (lu p), which is corrected for buoyancy ((1-u p)) (130).
LUMINESCENCE
Luminescence is the result of the emission of photons (radiative transition)
from an electronically excited state of a molecule, atom, or ion into a lower energy
level (108, 109). There are three major categories of luminescence which are defined
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by the allowed radiative transitions between energy levels.

The categories are

fluorescence, phosphorescence, and chemiluminescence. Jablonski (110) suggested a
diagram (Figure 1.17) that illustrates the possible transitions between energy levels.
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Figure 1.17. Jablonski Diagram.

In this dissertation organic molecules were examined using fluorescence.
Typically, for organic molecules the absorption or excitation transition begins at the
singlet ground state (So) and launches the species to an excited singlet state (Si,
S2,...Sn). The process of exciting a species occurs at a very rapid rate, on the order of
10‘15 sec. This time (10'15 sec) is too fast to allow significant displacement of nuclei
in the excited state, hence the Franck-Condon principle.

The Franck-Condon

principle states that electronic transitions do not experience change in nuclei position.
Therefore, if a particular transition probability (Franck-Condon factor) between
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vibrational levels such as the 0* and 2nd levels is largest in absorption, then the
reciprocal transition is also largest in emission. The Franck-Condon principle is
illustrated in Figure 1.18.
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Figure 1.18. Schematic of the Franck-Condon Principle.

Fluorescence Emission. Generally, fluorescence spectral data are presented
as an emission spectra. A fluorescence emission spectrum is represented by a plot of
fluorescence intensity versus wavelength (nm) or wavenumbers (cm-1). The emission
spectrum is dependent upon the chemical structure of the molecule and the solvent the
molecule is dissolved in. However, the emission spectrum of a particular molecule is
often independent of the wavelength of the excitation due to rapid relaxation of the
excited molecules from S„ to So.
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A loss of energy due to emission, relative to the absorbance, results in an
emission spectrum at longer wavelengths than the absorption spectrum. Stokes first
observed the longer wavelength spectrum in 1852 (108). The shift in wavelength
phenomenon is known as the Stokes’ shift (Figure 1.19). Other causes of Stokes’ shift
are rapid decay to the lowest vibrational level of Si, further loss of vibrational energy
(excited vibrational level of So), solvent effects, and excited state reactions.
Stake's Shift

Abs

Mirror Image Rule
0-2

0-2

0-1

Absorption

0-0

0-1
0-0

Fluorescence

Figure 1.19. Absorbance and fluorescence spectra illustrating the Stokes’ Shift
and Mirror Image Rule.
As shown in Figure 1.19 the fluorescence emission spectrum and absorption
spectrum appear to be mirror images, exhibiting spectral symmetry. This symmetric
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nature is a result of the absorption and emission processes having the same transitions,
with the heights o f the bands representing the probability of individual transitions,
which is supported by the Franck-Condon principle discussed earlier.
Energy level transitions. Excitation to an excited state above Si results in
internal conversion (IC) to the first excited singlet state via a fast (10‘12 sec.)
radiationless transition (108, 109). Because the species vibrationally relaxes to the
lowest vibrational level within the Si energy level, IC is a nonradiative process (does
not produce a fluorescent photon).

Another radiationless transition is called

intersystem crossing (ISC). With ISC an excited state species in S2 enters the triplet
state, Ti.

Going from singlet state to triplet state, the electrons are not paired;

however, going from So to Si the electrons spin is preserved. When an excited species
returns to the ground state (Si—»So) through the emission o f a photon, this transition is
fluorescence (108, 109, 111).
phosphorescence.

The emission of a photon from Ti is called

The rate of phosphorescence is very slow (10 psec-1 msec)

compared to the rate of fluorescence (10'12-10‘8 sec).

The energy of the photon

coming from Ti is generally less than from Si; therefore, phosphorescence is shifted to
longer wavelengths (red shift). Lastly, chemiluminescence occurs when the excited
species is the product o f a chemical reaction (109).
The work presented in this dissertation uses fluorescence spectroscopy to
characterize organized media (112-114). Examples o f the information that can be
obtained using

fluorescence

include the determination

of critical

concentrations, micropolarity, microviscosity, micellar size and

micelle

shape, and
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aggregation numbers. The latter information is revealed by fluorescence intensities,
intensity ratios, polarization, lifetimes, and quenching (109).
Polarity Measurements. It has been reported that pyrene is the most widely
used fluorescence probe for organized media (109).

Pyrene was used in this

dissertation to measure polarity o f the micelle polymer environment. The solvation of
pyrene into the polymer is indicated by changes in the pyrene emission spectrum.
Pyrene’s vibronic band intensities dependence on solvent polarity was first
reported by Nakajimia (115-118). Pyrene has very distinctive vibronic band structure.
O f the five predominant vibronic bands, an enhancement in the 0-0 band (peak I, 372
nm) occurs as the other peaks degrade in a more polar solvent or environment.
Vibronic band HI (383 nm) varies the most in intensity relative to the 0-0 band;
therefore, the ratio of the intensity of peak I and peak III will often be used to assess
changes in a given environment (119, 120).
The pyrene I/IE vibronic band ratios have been used to evaluate numerous
solvents (119). These solvents have been classified into three groups. The first group
is considered to be simple polar solvents with a I/HI ratio in the range of 2.00-1.25.
Aromatic solvents are the second group which have a ratio range of 1.25-1.00. The
last group is hydrocarbon solvents such as methylcyclohexane. They have a lower
polarity than the other two groups; therefore, lower I/ffl ratios (» 0.61-0.57) (119).
Steady-State

and

Dynamic

Anisotropy.

Fluorescence

anisotropy

measurements were also used as a characterization technique. Anisotropy is defined
as
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where I|| and I_l are the fluorescence emission intensities measured with polarization
parallel and perpendicular to the polarization of the excitation radiation. When a
fluorophore is excited with plane polarized light, the resulting emission will also be
polarized.

Intrinsic and/or extrinsic factors can cause depolarization (108, 121).

Intrinsic molecular depolarization results from angular displacement o f the
fluorophore’s absorption and emission dipoles and photoselection. When complete
depolarization occurs, anisotropy is equal to zero. On the other hand, a solution that is
glass like (vitreous) has an anisotropy equal to one. On the contrary, the latter is not
the norm due to photoselection that occurs during the excitation process.

This

photoselection leads to a fundamental anisotropy (r0) given by

where 0 is the angle between the excitation and emission oscillators o f the
fluorophore. The highest value r can reach is 0.4 when 0 = 0 meaning the oscillators
are collinear (108, 109). Rotational diffusion is the dominant cause of extrinsic
environmental depolarization. Molecular properties that affect these diffusive motions
include changes in size, shape, and segmental flexibility of a macromolecule (110).
Properties that can affect the above mentioned properties include pH, temperature,
viscosity, and association reactions (108, 121). The effects of rotational diffusion on
the fluorescence anisotropy can be represented by the Perrin equation, i. e.:

r-

To

(1.40)
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where r0 is the anisotropy observed in the absence o f rotational motion; r is the
measured anisotropy;

t

is the fluorescence lifetime, and <|>is the rotational correlation

time.
Rotation o f the probe within the macromolecule is reflected in the dependence
o f the measured (steady-state) anisotropy on the rotational correlation time. If < | > « t ,
the observed anisotropy is equal to zero. On the other hand, if <J>> x, the rotation of
the entire body does not affect the observed steady-state anisotropy (121). These
scenarios describe the anisotropy observed for motion of the probe within the micelle,
as well as motion o f the entire micellar aggregate. Therefore, steady-state anisotropy
measurements can be used to study size, shape, and dynamic properties of
macromolecules (108). This effect (changes in <|>) is a result of the microviscosity of
the interior o f the micelle (108, 121). The organized nature of the micelle interior
(hydrocarbon/hydrophobic) is usually more viscous than the macrophase.

An

example of this behavior was found when dodecane and sodium dodecyl sulfate (SDS)
micelles were compared. The viscosity of dodecane was 1.35 cp versus 12 cp for SDS
(122). This phenomenon is attributed to restraint of motion in the palisade region of
the micelle (109).
Typical probes used for microviscosity studies include perylene, 9vinylanthracene, 2-methylanthracene, and diphenylhexatriene (108). Estimation of
the microviscosity can lead to further insight on the solubilization site of pyrene used
in the polarity study (120).

Microviscosity data can be presented as steady-state

anisotropy as well as viscosity values. It should be noted that steady-state anisotropy
values could be altered by binding interactions (121). However, if the probe rotation
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is hindered, there is no way to discern this phenomenon from steady-state anisotropy
(108, 121).
To ascertain if a probe’s rotation is hindered, time-dependent decay of
fluorescence anisotropy (dynamic anisotropy) can be measured. Dynamic anisotropy
provides supplemental information about molecular motion by showing whether the
fluorophore is free to rotate over all angles or whether its surrounding environment
constrains its motion.

In addition, dynamic anisotropy can determine if several

rotational processes or multiple environments are present, and can detect faster
segmental motion as well as the entire molecule rotational motion (108).

Time-

dependent decay (r(t)) for the simplest case (symmetrical and unhindered) is given by
r(t) = r / X ,

(1.41)

where r0 is the anisotropy observed in the absence o f rotational diffusion; t is time, and
<|> is the rotational correlation time.

However, in the case of nonsymmetrical

anisotropic rotations, the anisotropy decays as a sum of exponentials,
( 1-42)

=
i

where f \ is the fractional contribution to the total fluorescence for the species i, and <t>i
is the rotational correlation time of that species (108). Another consideration is the
possibility o f the fluorophore’s rotational motion being hindered. If the rotational
motion of the fluorophore is hindered, then the anisotropy will not decay to zero. In
these cases, a limiting anisotropy (roo) is observed, and the anisotropy decay is given
by equation 1.43 (108)
r (0 = (ro ~ r<c)e ^ + r„ .

(1.43)
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Fluorescence Quenching. When the fluorescence signal deteriorates or is no
longer present due to interaction between a species and fluorophore, then quenching is
occurring. There are two different types of quenching. The first type, dynamic
quenching, is when a collisional interaction occurs in the excited state o f the
fluorophore. The energy released from the collision transfers to the quencher species
and is usually a nonradiative process. Static quenching is when the fluorophore and
quencher species complex in the ground state. The new species formed will have a
different fluorescence spectrum (108, 109, 111).
Collisional quenching interactions are described by the Stem-Volmer equation:
= i + V . [ Q ] = 1+ ^ [ Q ]

(1-44)

where F0 and F are the fluorescence intensities in the absence and presence of
quencher respectively, kq is the bimolecular quenching constant, t 0 is the lifetime of
the fluorophore in the absence of quencher, and [Q] is the quencher concentration.
The variable

Kd

is the Stem-Volmer constant and is equal to

kqX0.

A plot of F J F

versus [Q] yields a slope equal to K d . For static quenching, K d represents the binding
constant of the ground state complex formed between the fluorophore and quencher
(109). Usually, a linear Stem-Volmer plot is characteristic of a 1:1 ratio of quencher
and fluorophore (108, 109).
Fluorescence quenching in micellar environments is used to eliminate
unwanted luminescence, for resonance Raman measurements, and to determine
micelle aggregation numbers (N). The latter application was used in the studies
reported in this dissertation. Turro and Yekta (123) were the first to use fluorescence
quenching to determine N. The method used was based on static quenching when
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both the fluorophore and quencher are present in the micelle. However, under those
conditions, fluorescence is completely quenched.

Therefore, the fluorescence

observed is from micelles that contain only the fluorophore.

Consequently, the

quenched (I) and unquenched (Io) fluorescence is dependent on [Q] and micelle
concentration [M] as shown below:
~ J~e

(1.45)

[M] is related to N by the following relationship:
[M]JS U R F y\C M C ]

(146)

where [SURF] is the concentration of surfactant and [CMC] is the respective CMC of
the surfactant. When equations 1.45 and 1.46 are combined,
tai

=

/

_____

[SU RF}-[C M C \

n47)

(

’

we obtain equation 1.47. A plot of ln /0/ / versus [Q] gives a slope of N/([SURF][CMC]) (109, 111).
NUCLEAR MAGNETIC RESONANCE
The applications of nuclear magnetic resonance (NMR) are very broad. Some
examples include the most familiar application of structure elucidation and medical
diagnostics, as well as enzyme conformations in solution, to the more exotic in vivo
monitoring of metabolism (124), and the recent development of investigating transport
properties o f molecules (125-127). The NMR phenomenon occurs when the nuclei
aligned with an applied magnetic field (B0) absorb energy (hv) and change spin
orientation with respect to B0 (128).
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The analogy o f a spinning top is often used to explain and visualize nuclear
spin transitions. Due to the earth’s gravitational field, a top begins to “wobble” or
precess about its axis (Figure 1.20a). A spinning nucleus behaves similarly. The
nucleus will begin to precess about its own axis of spin with an angular frequency ( go)
when the B0 is applied (Figure 1.20b). The

go

at which the proton processes is directly

proportional to the strength of the applied field (B0) (128). The processing charged
nucleus generates an oscillating electric field of the same frequency. When radio
frequency (rf) waves (Bi) are introduced at the particular frequency of the processing
proton, then energy is absorbed by the nucleus. Thus, coupling of the two fields (B0
and Bi) transmits incoming radiation to the nucleus, causing a change in the nuclei’s
spin (Figure 1.20c). This process is called resonance.
b

7
GO

Absorption occurs

Figure 1.20. Nuclear spin transitions represented as (a) a top, (b) a nucleus in
an applied field, and (c) nucleus resonance.
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A spectrum is obtained by processing the data using Fourier transform (FT).
After the r f pulse excites the nuclei, a difference in the applied r f and the resonance
frequency of the respective nuclei is acquired in the form of a free induction decay
(FID). The FID is an exponentially decaying sine wave representative of the applied
rf and resonance frequency differences. The FID for a compound containing more
than one nucleus (e. g. proton or carbon) consists of superimposed sine waves, each
with a characteristic frequency and pattern. The data are digitized and stored by a
computer. The signal is built by conducting a series o f pulses with signal acquisition
and accumulation between pulses. Fourier transformation by the computer results in
the conventional spectrum, which is a function of frequency. However, the FID is in
the time domain (129).
In the chapters that follow, the use of NMR in structural elucidation is
elaborated. Coupling constants and translational diffusion were obtained using one
(ID) and two (2D) dimensional NMR experiments. A very brief and elementary
explanation overview o f 2D experiments will be described.
In 1971, Jeener proposed the first 2D NMR experiments (124). In a 2D NMR
experiment, multiple pulse sequences are applied followed by intervening time
intervals and the acquisition pulse. Proton correlation spectroscopy (COSY) is a 2D
experiment which reveals

connectivities. Another very useful 2D experiment is

nuclear overhauser and exchange spectroscopy (NOESY).
COSY, but this technique represents through-space

NOESY is similar to

interactions that are close in

proximity (< 5 A) (129).
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Pulse field gradient (PFG) NMR, a powerful 2D NMR technique, results
conventional ID chemical shift spectra versus diffusion spectra in the other
dimension. DOSY experiments differ slightly in data acquisition compared to COSY
and NOESY. A pulse field gradient (PFG) NMR is needed to supply additional
magnetic field strength by placing coils of Cu wire between the sample and magnetic
field.
The actual diffusion-ordered (DOSY) spectrum is obtained by pulsing the
magnetic field gradient after the r f pulse. The PFG labels the immediate position of
the nuclei. If the molecule moves during the duration of the gradient pulse (8) then
the NMR signal intensity (I) will decrease due to the effect of the first pulse not being
completely reversed. The decrease in I is representative of diffusion. Therefore, in
PFG-NMR, the exponential decay of signal intensity with gradient pulse area is the
data set (FID in other experiments):
/ ( * , v ) = 2 » ) e x p | - A , . ( a ~ y ^ ) * K 2]

(1.48)

n

where A(v) is the ID NMR spectrum of the n* species, Dn is the tracer diffusion
coefficient of the n* species, A is diffusion time, 5 is the duration of the gradient
pulse, K=yg8 is the measure of the area of the gradient pulse, y is the gyromagnetic
ratio, and g is the amplitude of the gradient pulse.' Inverse Laplace transformation
results in the conventional spectrum (125-127).
All of the PFG-NMR experiments performed in this dissertation were carried
out using the bipolar encode-decode (BPLED) pulse sequence shown in Figure 1.21.
This technique offers many advantages over other NMR methods for studying
molecular diffusion. In the BPLED experiment, the transverse evolution time is kept
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at a minimum throughout the pulse sequence, and as a result, the effect of spin
relaxation is governed by T1 rather than by T2 (time).

Also, the time varying

magnetic fields used in NMR diffusion measurements are known to induce eddy
currents in the metal structures of the NMR spectrometer surrounding the gradient
coil. These currents have associated magnetic fields which lead to distortions of both
the amplitude and phase o f the spectral components in the Fourier transformed
spectra. In the BPLED experiment the use of both bipolar gradient pulses separated
by a 180° rf pulse and a longitudinal relaxation time, Te, m in im ize the effects of these
eddy currents.
In the NMR experiments performed in this study, the delay between the
bipolar pulse pair, t, gradient pulse duration, S, diffusion time, A, and eddy current
delay time, Te, are all held constant while the amplitude o f the gradient pulse G is
varied. The resulting diffusion dependent attenuation of the NMR signal is given by
equation 1.48.
90°

18QO 9QO

900

18QO 9 qo

9 qo

(a.)

(b .)

A

-G

Figure 1.21. (a) radiofrequency pulses and free induction decay and
(b) magnetic field gradient pulsed for the bipolar longitudinal
encode-decode pulse sequence.
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FOCUS OF THIS DISSERTATION
Chapter 1, part I gives a conspectus of CZE as related to EKC. The principles,
techniques, and applications o f chiral separations in EKC with monomeric and
polymeric chiral surfactants, collected from the literature and from the author's own
laboratory, have been summarized in this chapter.

The frontier to most recent

research implementing CE and MEKC for separation of enantiomers has been briefly
and generally compiled to provide the background for novel use of chiral polymeric
surfactants for the separation o f chiral compounds. It is safe to say that there is not
likely to be one cationic, anionic, or neutral micelle, or polymerized surfactant that
will separate all enantiomers. Therefore, it is best to find a system that works best for
the resolution of particular racemates or a group of racemates.
Polymeric chiral surfactants offer an attractive and alternative medium for
chiral separations in EKC. This attractiveness is because there continues to be a need
for an improvement in efficiency and resolution o f racemates. The polymer-based
micelle poses advantages in chemical stability, structural rigidity, absence o f CMC,
lower joule heating, and tolerance to large concentrations of organic solvents. When
viewed from these distinct advantages, chiral separations with micelle polymers
represent the beginning of a new and highly efficiency mode of chiral separations.
Schematic 1.1 depicts the systematic steps and techniques used in this dissertation to
investigate the use of chiral polymeric surfactants as pseudostationary phases in EKC.
As stated previously, no one polymeric surfactant will separate all enantiomers or
structurally similar molecules.

Therefore, a nonionic and two anionic charge
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headgroups were examined.

In chapter 2, the synthesis, characterization, and

application of polymeric

Polymerized Surfactants

Anionic

Nonionic

Cationic

Characterization

NMR

AUC

Fluorescence

Application

Electrophoresis

Scheme 1.1.

Systematic steps and techniques used to investigate chiral
polymeric surfactants.
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(poly) undecyl-a-D-glucopyranoside (PUG) will be discussed. This nonionic micelle
polymer was applied to the separation of seven antidepressant drugs.
Chapter 3 examines the effect of polymerization concentration of sodium-Nundecylenyl-L-valine (L-SUV) on chiral separation in EKC. This was conducted by
using several characterization techniques discussed in part II of Chapter 1.
Chapter 4 highlights the synthesis and utilization of L-phenylalanine
monomeric and dipeptide surfactant polymers as chiral pseudostationary phases in
capillary electrophoresis. Lastly, Chapter 5 concludes all the findings in the previous
chapters and suggests future aspects of the research conducted thus far.
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Chapter 2.
Synthesis, Characterization, and Application of Polymerized
N-Undecylenyl-a-D-Glucopyranoside
Glucopyranoside-based nonionic surfactants are used in many different
applications, e. g. as emulsifiers, detergents, wetting agents, cosmetics, solubilizers in
pharmaceuticals, as plasticizers for polymers, and more recently as additives in
separation science (1).

Nonionic surfactants are considered advantageous in

chromatography because of the balance they provide between electrostatic and
hydrophobic forces that control separation. Therefore, some nonionic surfactants have
been found to be more suitable than some ionic surfactants for the separation of
compounds that are more hydrophobic (2). In addition, nonionic surfactants have the
capability to make capillary surfaces less hydrophilic due to their ability to
dynamically coat capillaries. As a result of these properties, a study was initiated to
examine the effect of nonionic polymeric surfactants in capillary electrophoresis.
The formation of micelles comprised of nonionic surfactants tends to occur at
much lower concentrations than ionic surfactants. The critical micelle concentrations
(CMC) o f nonionic surfactants are often an order of magnitude (10"4 M) lower than
ionic surfactants ( 1 ).
Polyoxyethylene glycol alkyl ethers have been routinely used as
nonionic surfactants to form micelles (3).

More recently, alkyl glucosides have

sparked an interest in the utilization of nonionic surfactants over polyethylene glycol
alkyl ethers.

The increased interest is because some glucosides are easier to

synthesize and purify, have higher CMCs, do not absorb in the ultraviolet region.
Also, they have antimicrobial character and potential biological and pharmaceutical
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applications (4, 5). More importantly for this research, previous studies have shown
that some sugar amphiphiles form organized assemblies such as spherical ( 6 , 7), long
semiflexible cylindrical micelles (7), vesicles (6 ), and unusual micelle fibers ( 8 , 9).
The surfactant used in the research reported in this chapter was n-undecylenyl-a-Dglucopyranoside (UG) (Figure 2.1).
H OH
HO'

—o
OH
H
UG

H OH
HO

—o
OH

Figure 2.1.

Structure of n-undecylenyl-a-D-glucopyranoside (UG) and poly(nundecyl-a-D-glucopyranoside) (PUG).

In this part of Chapter 2, the synthesis, characterization, and solution behavior
o f UG and the polymerized surfactant, poly(n-undecyl-a-D-glucopyranoside) (PUG)
(Figure 2.1) are reported. In parts II and El of this chapter, the application o f PUG in
capillary zone electrophoresis and as a dynamic coating were investigated,
respectively.
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Part I.

Synthesis and Characterization of UG and PUG

EXPERIMENTAL
Materials. The starting material, 2,3,4,6-tetra-O-acetyl-p-D-glucopyranoside
was purchased from Fluka Chemical Co. (Ronkonkoma, NY).

Mercuric oxide,

mercuric bromide, co-undecylenyl alcohol, alcohol-free chloroform, 6-(p-Toluidino)-2naphthalenesulfonic acid, potassium salt (TNS), and pyrene were obtained from
Aldrich (Milwaukee, WI). The “Blue Balls” are a product manufactured by Prochem
Inc. which were used as an alternative method to determine the CMC of UG in high
percentages of organic solvent (methanol).
Instrumentation. All 'H, 2D-COSY, and 13C NMR were performed on a
Briiker 300 MHz and 400 MHz NMR.

The 300 MHz NMR is equipped with

UXNMR software. Mass spectral measurements were conducted by the Louisiana
State University Mass Spectrometry facility rising a Finigan MAT 900 equipped with
a Fast Atom Bombardment ionization source.
Optical rotation studies were conducted on a JASCO MODEL DIP-370 digital
polarimeter equipped with a sodium lamp.

Fluorescence emission spectra were

obtained by use of an SPEX-Fluorolog Model F2T21I spectrofluorometer equipped
with thermostated cell housing.
The light scattering experiments were performed in Dr. Paul S. Russo’s
laboratory at Louisiana State University on instrumentation described in detail in
reference (10). The lasers used were either an Ar+ laser operating at 488 nm or a HeNe laser operating at 632.8 nm. All light scattering measurements were performed at
room temperature.
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METHODOLOGY
Synthesis of UG. Undecylenyl-a-D-glucopyranoside (UG) was synthesized
from an O-dodecyl aldose preparation by Havlinova (Scheme 2.1) (11). The 2,3,4,6 tetra-O-acetyl-l-bromo-l-desoxy-p-D-glucopyranose was added to a stirring mixture
of yellow mercuric oxide, mercuric bromide, drierite, m-undecylenyl alcohol, and
alcohol-free chloroform. The round bottom flask was covered with foil, closed with a
drying tube and the joints sealed with Teflon. Under these dry conditions, the reaction
mixture was stirred overnight at room temperature. The resultant light yellow filtrate
was extracted with 100 ml (x 3) of 1M KBr and then with distilled water. Due to the
formation of an emulsion dining the water extractions, brine solution was added to
help clear the emulsion and produce two distinct layers. The chloroform layer was
dried overnight with magnesium sulfate.

H

OAc

H

OAc

CH2=CH(CH2)90H

H OH

1.

lM N a O M e

MeOH________

2. Dowex 50 W
(H+) resin
H

R = CH2(CH2)gCH=CH2

Scheme 2.1. Synthesis o f UG.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

76
After workup, 2 was redissolved in benzene and filtered through silica gel.
After evaporation of the benzene, a viscous mauve colored liquid was dried overnight
under vacuum to insure the complete removal of benzene. Table 2.1 reports the !H
and 13C NMR data used to identify the intermediate undecylenyl-2,3,4,6-tetra-0acetyl-p-D-glucopyranoside, 2 , which was produced in a 34.97% yield.
Table 2.1.
Proton
H-l
H-2
H-3
H-4
H-5
H- 6
H-6 '
H-a
H-a'
H-b
H-c
H-d
H-e
H-f
H-f
H-Ac

Assignment of *H and 13C resonances of undecylenyl-2,3,4,6tetra-O-acetyl-p-D-glucopyranoside, 2 .
Chemical Shift
Carbon
Chemical Shift
(ppm)
(ppm)
4.4
C-l
102.3
4.9
C-2
70.1
5.1
C-3
95.7
5.0
C-4
66.9
3.6
C-5
68.4
4.1
C- 6
61.8
4.2
4.8
C-a
115.7
4.9
5.7
C-b
140.9
1 .6
C-c
28.3-29.5
1.4
C-d
28.3-29.5
2 .1
C-e
2 0 .0 - 2 0 . 8
3.4
C-f
64.4
3.8
C-CH3
2 0 .0 - 2 0 . 8
2 .1
C-Ac
168-171

Hydrolysis of 2 was achieved by use of 1M sodium methoxide solution in
methanol. Thin layer chromatography (9:1 chloroform:methanol on silica gel plates)
was used to follow the progress of the hydrolysis, which was complete after one hour.
Dowex 50 W (H4) resin was used to deionize the solution. The mixture was filtered
and concentrated to yield the product, undecylenyl-a-D-glucopyranoside (UG), 3. UG
was obtained in 68.84% yield as a transparent viscous gel-solid,

[a ]^ 5 -11.905°

(c=0.30, CHC13) 2, Scheme 2.1; +29.188° (c=0.21, MeOH) 3, Scheme 2.1; +31.153°
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(c=0.69, MeOH) PUG; 13C and ]H NMR o f 2 and 3 are in Table 2.1.

Analysis

Calculated for C 17H32CVH2 O: C, 55.42; H, 9.85. Found: C, 55.48; H 9.57. m/z (El
FAB) 333.3 (M+H).

Specific rotation data suggested mutarotation during the

hydrolysis to give the a-D-glucopyranoside anomer instead of the

(5-D-

glucopyranoside anomer.
Determination of CMC. Fluorescence probe measurements were performed
to determine the CMC of UG. Environmental changes in the micellar media are
detected when the fluorophore is incorporated into the micelle; therefore, the
fluorescence signal is enhanced. However, it is critical to use a fluorescence probe
that is sensitive to polarity changes in its environment to obtain a clear change in
intensity ( 1 2 ).
Due to poor solubility, a saturated solution of UG was made in 20% (v/v)
methanol. The solution was filtered through a 0.45 pm Nalgene syringe filter to
obtain a clear solution. For the preparation of the working solution, a 500 pi aliquot of
the 2.0x10"4 M 6-(p-Toluidino)-2-naphthalenesulfonic acid, potassium salt (TNS)
standard was transferred to

10

ml volumetric flasks and fixed volume amounts of the

filtered UG solution were added. Because the concentration of the stock solutions was
unknown at this point, the fixed volumes ranged from 1.00 to 9.50 increasing by 0.50
ml increments.
All measurements were performed at room temperature unless otherwise
noted. An excitation wavelength of 330 nm was used with excitation and emission
bandpass settings at 5.1 nm. Intensities o f each solution containing surfactant and
TNS were recorded at 500 nm and corrected using (Fn-F0) where F„ is the observed
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fluorescence intensity o f the sample including surfactant and F 0 is the observed
fluorescence intensity of the TNS standard excluding surfactant. As the volume of
UG increased, so did fluorescence intensity.

This increase is attributed to the

incorporation of the fluorophore into the micelle.
The intensity (F„-F0) was plotted versus volume (Figure 2.2). Using a spline
curve with a fifth degree polynomial curve fit, the volume at which micelles were
formed was determined to be 9.25 mis. In order to acquire an actual CMC value, a 50

2.00

1 .5 0

1.00

0 .5 0

0 .0 0

1 .0 0

1 .5 0

2 .0 0

2 .5 0

3 .5 0

4 .5 0

5 .5 0

7 .5 0

9 .0 0

1 0 .0

volume (mis)

Figure 2.2.

Variation of fluorescence intensity versus concentration of UG.
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ml aliquot of the filtered UG solution was lyophilized and weighed.

A final

concentration of the stock solution after filtering was found to be 5.7x1 O'4 M and gave
a CMC value of UG to be ~ 5.3x10"4 M in an 80:20 water:methanol mixture.
Polymerization of UG.

The polymerized surfactant poly(n-undecyl-a-D-

glucopyranoside) (PUG) was produced by making a solution of UG slightly above the
CMC (ca.

8.7X10"4 M)

in an 80:20 watenmethanol mixture. The solution was exposed

to 60Co y-irradiation. After irradiation for 48 hours, the polymer solution was purified
by dialysis using a

1000

Dalton molecular weight cutoff membrane.

Light scattering measurements. The monomer showed limited solubility in
water. Solutions as dilute as 0.10 mg/ml were much too turbid for light scattering
studies. Methanol was often needed to help dissolution.
RESULTS AND DISCUSSION
PUG. Dynamic and static light scattering experiments were performed to
obtain the size of the micelles before and after polymerization. Figure 2.3 shows a
slowly decaying correlation function for the polymerized surfactant in water indicating
large, slowly moving particles. Examination of a plot of T vs. q2 (Figure 2.4) gives
the diffusion coefficient (Dm) as the slope of the plot. From Dm, the hydrodynamic
radius was calculated to be 89.3 nm. As the end-to-end length of the monomer
forming the micelle is approximately 2-3 nm, the measured Rh is unreasonably high
for a single spherical micelle. For octylglucoside, Kameyama and Takagi (5) have
reported a hydrodynamic radius of 2.35 nm. The large radius we obtained could be a
function of strong hydrogen bonding resulting in aggregation of the polymer
assemblies in solution or an indication that the polymer is not spherical. Figure 2.5 is
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Figure 2.4.

Gamma (T) versus q 2 plot for PUG at Xo = 488 nm.
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Non-linear plot of the autocorrelation function to show
polydispersity of PUG.

a semi-log plot of the correlation function, which should be perfectly linear for a
monodispersed system. The deviation of the points from the best-fit line in the plot
shows that the system is fairly polydisperse.
Attempts to obtain a Zimm plot using static light scattering to determine the
radius o f gyration, Rg, and the weight average molecular weight, Mw, of the
polymerized micelle failed due to poor linearity of the concentration dependence data.
It is possible that when polymerization occurs in 20% methanol, the monomers are not
sufficiently soluble to form conventional micelles but may actually aggregate into
some other structures of various sizes. In addition, the strong hydrogen bonding often
present in surfactant systems may affect the dynamic equilibrium during micelle
formation. Dilution does not diminish the polydispersity; however, the addition of
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methanol does seem to decrease aggregation. Dynamic scattering from the micelle
polymer in 63% methanohHhO showed a reduction in Rj, from 89 nm to 67 nm. Static
light scattering measurements were performed on the polymerized micelles in
approximately 63% methanol:H2 0 by obtaining the scattered intensity at a variety of
angles. From these measurements, the Rg was obtained using the Guinier equation
(13) shown below
ln(/($)) = ln (/(o ))-? :

(2 . 1)

where 1(0 ) is the initial scattered light intensity, I(q) is the scattered light intensity
along the vector, and q represents the scattering vector magnitude. Figure 2.6 shows
the Guinier plot and over the q-range studied, Rg = 64.3 nm. Figure 2.7 shows that Rg
obtained at a higher pH and 0% or 20% methanol (CE conditions) are much larger

1 0 .5 -i—

1 0 .0

-

o

CO
■ N»
9 .5 -

9 .0 -

0

Figure 2.6.

2

e
q2 /1010 cm'2
4

8

10

Guinier plot of PUG in 63% MeOH and 37% H2 O at A.o = 488 nm.
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-
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q z / 1 0 1 0 cm ' 2
Figure 2.7.

Guinier plot of PUG at pH 9.5,0% methanol and 20% methanol.

(~ 3 fold) than Rg obtained at a neutral pH. It appears that under high pH conditions,
aggregates are formed possibly due to increased intermolecular hydrogen bonding.
Theoretically, the hydrodynamic radius is 1.3 times the radius of gyration (Rj,/Rg ~
1.3) for spheres. It appears that from these data, our polymers are not likely to be

spherical (i. e. Rh/Rg = 1.0). However, scattered intensity measured in static and
dynamic experiments are dominated by the largest particles in the solution when in a
polydispersed environment. Therefore, the measured radius of gyration may be an
overestimation of the actual size of the polymer.
UG.

The micelles formed by the unpolymerized surfactant were also

characterized by light scattering and compared to the polymerized surfactants. In
approximately 63% methanol, the measured Rh = 61.2 nm with an Rg = 54.2 nm. The
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role of methanol was further investigated using the unpolymerized micelle. Keeping
the concentration o f monomer constant at 0.87 mM and using 20%, 40% and 63%
methanohH^O, dynamic and static light scattering measurements were made. The
concentration o f methanol had little effect upon the dynamic light scattering
measurements. The three measured hydrodynamic radii were 60.3, 60.7, and 61.2 nm
with increasing methanol concentration. The Rg showed an increase in size to 75.6 nm
at 40% methanol iHbO with a poorly defined linear region, and at 20% no useable data
was obtained.
Further attempts were made to characterize micelles polymerized in 63%
methanol :H2 0 . During the static light scattering experiments, the scattered light from
the polymerized solutions was very near that of the solvent and no correlation could be
obtained from dynamic experiments.

Therefore, several solutions at varying

monomer concentrations, from very dilute (0.1 mM) to turbid solutions (10 mM) were
prepared to determine the CMC in 63% methanohKbO.
Several techniques were attempted to determine the CMC in 63%
methanol:H2 0 . Fluorescence spectroscopy using pyrene as the probe, tensiometry,
and UV/Visible spectroscopy and colorimetry (the “Blue Balls” technique) were all
attempted. However, none of these methods produced detectable changes from the
dilute surfactant solution to concentrated solutions, suggesting that micelles were not
formed at such high concentrations of methanol. Light scattering was used to monitor
the increase in scattering intensity of several solutions made in 63% methanol:H2 0
(Figure 2.8). From the most dilute solution at 0.1 mM to 7.5 mM the intensity
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increases linearly with concentration. At concentrations above 7.5 mM, the scattered
intensity decreases as some of the incident light is scattered by the turbid solutions.
15000
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Figure 2.8.

Intensity versus concentration of UG in 63% MeOH at a scattering
angle of 60° and = 632.8 nm.

Water was added to each o f the solutions to reduce the concentration of methanol to
40%, and the intensity experiment was repeated (Figure 2.9). The intensity increased
2000
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Intensity versus concentration of UG in 40% MeOH at a scattering
angle of 60° and = 632.8 nm.
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linearly up to 1.5 mM then again became nonlinear.

The solutions were further

diluted to 20% methanol where the linearity ceased at ~0.6 mM (Figure 2.10). The
change in slope for the 20% solutions occurs very near the CMC determined by
fluorescence spectroscopy for the same methanol concentration.

However, if the

change in intensity corresponds to the CMC, one would expect that the scattering
intensity below the CMC would be very near that of the solvent and would increase at
the CMC. Therefore, this may be an indication o f a shape change.

900
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1.00
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Figure 2.10. Intensity versus concentration of UG in 20% MeOH at a scattering
angle of 60° and Xo = 632.8 nm.

Part II.

Application of Poly(n-undecyl-a-D-glucopyranoside) in a
Modified CZE System

The present section describes the application of PUG in capillary zone
electrophoresis (CZE). The use of PUG in conjunction with a small amount of organic
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modifier was explored to provide a highly selective separation of seven achiral
tricyclic antidepressants.

Development of a systematic method was performed in

which die polymer concentration, pH, and the v/v fraction of methanol as an organic
modifier were varied to probe the migration behavior and hydrophilic/hydrophobic
selectivity.
Tricyclic antidepressant drugs are used for the treatment of severe depression,
attention-deficit disorders in children, bulimia, anorexia nervosa, panic disorder, posttraumatic stress disorder, obsessive-compulsive disorder, and migraines.

Because

these drugs are so widely prescribed, it is important to be able to separate, detect,
and/or monitor the tricyclic antidepressants to follow individual differences in drug
metabolism, as well as to provide proper dosage information. However, the seven
tricyclic antidepressants are difficult to separate and monitor therapeutically (14), due
to their similar structures and molecular weights.

As shown in Figure 2.11,

protriptyline, desipramine, nortriptyline, and nordoxepin are secondary amines and
imipramine, amitriptyline, and doxepin are tertiary amines. It has also been found that
some of these drugs, e. g. amitriptyline and imipramine, can be metabolized to
nortriptyline and desipramine respectively (14). Such a problem could cause additional
difficulties in the separation and detection of these particular drugs
Prior to the early nineteen-eighties, there was a serious deficiency in the
analytical methodology used to detect and/or monitor tricyclic antidepressants in
serum. The analytical methods used for analysis include high performance liquid
chromatography (HPLC), GC with a nitrogen specific detector, and immunoassays
that were found to provide better results when coupled to HPLC (14). It has been

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

found that these three techniques were adequate. However, there has been concern
that the techniques being used were not simplistic and specific enough for the
detection and separation of the individual antidepressant drugs, their major metabolites

CHzCHzCHjiNHCHa

CH2 CH2 CH2 NHCH3

2 = DESIPRAMINE

1 = PROTRIPTYLINE

CHCHjCHjjNHCHg

CHCH2 CH2 NHCH3
3 = NORTRIPTYLINE

4 = NORDOXEPIN

CHCHaCHzNfCHak

CH2 CH2 CH2 N(CH3)2

6 = AMITRIPTYLINE

5 = IMIPRAMINE

CHaCHaCHsNKCHsfe
7 = DOXEPIN

Figure 2.11. Structure of seven tricyclic antidepressant drugs.
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and other co-administered drugs.

The specificity, simplicity, reproducibility, and

rapidity that are desired for the separation and quantification of tricyclic
antidepressants can be accomplished by use of capillary electrophoresis (CE).
EXPERIMENTAL
Materials. All seven tricyclic antidepressants were purchased from Sigma (St
Louis, MO) and used without further purification.

Sodium dibasic phosphate

(anhydrous) was obtained from CMS (Houston, Texas). The polymeric surfactant was
synthesized in our laboratory as described in part I of this chapter.
Instrumentation. A Beckman P/ACE 5510 capillary electrophoresis system
(Fullerton, California), controlled by P/ACE Gold software was used to conduct the
electrophoretic experiments. An uncoated fused-silica capillary that was purchased
from Polymicro Technologies (Phoenix, Arizona) had an inner diameter of 51 pm and
a total length of 57 cm (50 cm effective length).

Approximately 0.7 cm of the

polyimide coating was burned off of the capillary to make a transparent detection
window. The temperature o f the capillary was controlled by a fluorocarbon coolant at
23° C. A constant voltage of +20 kV was used for the separation. The seven tricyclic
antidepressants had a concentration of 0.9-1.0 mM and were injected into the capillary
for 2 seconds by applying pressure of 0.5 psi at the anodic end of the capillary.
Separation of the drugs was monitored by UV absorbance at a wavelength of 214 nm.
METHODOLOGY
Capillary rinsing procedure. Prior to first use, a new capillary was washed
with 1 M NaOH for 1 hour. At the beginning of the experiment, the capillary was
rinsed with distilled water for five minutes, 0.1 M NaOH for thirty minutes, distilled
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water again for ten minutes, and then for 15 minutes with the buffer. If more than one
buffer was used, the capillary was rinsed for five minutes with water and ten minutes
with the new buffer.
Preparation of running buffers. The buffer solutions were prepared from
sodium phosphate dibasic (NaaHPO,*) (anhydrous). The pH values of the buffers were
adjusted with either 0.1 M phosphoric acid or 0.1 M NaOH. Once the polymer was
added, the pH was adjusted, and the appropriate volume of methanol was added after
reaching the desired pH. The running buffer solutions were then filtered using a 0.45
pm syringe filter, which is a 25-mm surfactant free cellulose acetate membrane
obtained from Nalgene.

Peak identification for each tricyclic antidepressant was

determined by spiking with known standards. A multiple injection option on the
instrument was used to recognize individual antidepressants in a mixture of the seven
drugs by a change (increase) in peak intensity of the individual analyte.
RESULTS AND DISCUSSION
Despite the high efficiency offered by capillary zone electrophoresis (CZE),
the separation of organic amines by this technique has a number of limitations.
At high pH, the silanophilic interactions of amines on bare silica capillaries are
unavoidable. Additionally, the increase in the rate of the electroosmotic flow (EOF) at
alkaline pH usually deteriorates the separation, due to faster elution of positively
charged compounds (15). The use of low pH electrolytes reduces the EOF, resulting
in longer migration times. In addition, as the organic amines studied in this work have
pKa’s ranging from 9.8 to 10.7, the separation of such compounds with similar
electrophoretic mobilities decreases the separation selectivity at low pH.
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CZE versus EKC separation. Separation of the cationic drugs using a 50
mM sodium phosphate buffer in CZE was attempted as charged molecules can be
separated in free solution.

The seven tricyclic antidepressants co-migrated with

almost identical electrophoretic mobilities as shown in Figure 2.12a.
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Figure 2.12. Comparison of drug separation using 50 mM NajHPCM
(a) without UG and PUG (b) with 2.65 mM UG and
20% v/v MeOH, and (c) with 60% v/v PUG and 20% v/v MeOH.
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Addition of 2.65 mM (5xCMC) of monomeric UG to the Na 2 HPC>4 buffer improved
the separation o f six of the seven drugs. Protriptyline and desipramine were baseline
separated as represented in Figure 2.12b. These preliminary results encouraged us to
use PUG with the expectation of improving separation (Figure 2.12c). The results
(Figure 2.12) show that the polymerized nonionic surfactant allowed better
discrimination o f the cationic drugs in comparison to the conventional micelle.
Capacity factor calculations. The mole of solute in the micelle per mole of
solute in the bulk solution is defined as the capacity factor (k) (16). Calculations with
equation 2.2, derived by Foley and Ahuja (16) were employed for data evaluation, i. e.

k=

(2 .2 )

f* ... \

where pr is the relative electrophoretic mobility of the uncomplexed analyte to
electroosmotic flow (pep,A,czE/peo,MEKc); tR, to, and tmc are the observed migration times
of the analyte, electroosmotic flow, and polymeric surfactant, respectively. However,
it is very important to note that in equation 2 .2 , pr is the ratio of fiq, and p,* in the
presence o f the polymer. However, p^, (in the presence of polymer) can not be
measured directly since it is the weighted average of ( 1 ) the apparent mobility of the
solute at a given instant when the micelle and solute are not bound (but micelle is
present) and (2 ) the apparent mobility of the solute at a given instant when the solute
is bound to the micelle. Therefore, p*p (in the presence of polymer) is obtained by
measuring p*p (in the absence of the polymer) and then applying a viscosity correction
factor (solution viscosity without polymer/solution viscosity with polymer). For all
studies, k was calculated using equation

2 .2

and values of zero were obtained.
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Consequently, the latter results led us to believe that MEKC was not the primary mode
of separation.
Since CE and partitioning EKC are orthogonal, having both modes present
does not always present the best separation results due to competition of like forces.
Also, there is the case where only one mode is contributing to separation. Therefore,
Foley et al. derived two limiting cases to determine if a system is following a CE or
EKC mode. If CE is the separation mechanism, then pr,i * Hra and k i =

k2

=

k a Vg

> 0.

However, separation achieved by EKC has 0 < ki < k2 and pr>i = pr>2 = pr,avg- Although
k

values were not greater than zero, our system followed the limits of CE mode. As

stated earlier, ki = k2

^ = kaVg and pri j, were not equal. Foley has defined this

separation mode as resolution accomplished by differences in electrophoretic mobility
and the following equation should be used (16):
(2.3)
As a result of k equal to zero, then equation 2.3 reduces to
(2.4)
Equation 2.4 is used in CE mode when no second phase is present; therefore, k is
equal to zero by definition (equation 2.3). In the latter case, data are reported as a
function of retention time instead of k (16). However, we should note that a second
phase is indeed present in our system. After interpretation o f the previous equations
and limiting cases it is clear that PUG is not interacting with the analytes in free
solution or at the capillary wall. It is evident to us that nonionic PUG is coating the
capillary wall, which allows separation to occur by prevention of irreversible binding
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of the cationic analytes to the capillary wall.

Moreover, we determined that a

modified PUG-CZE system is consistent with the observed data.
Variables affecting the separation of the cationic drugs. The selectivity of
the poly(n-undecyl-a-D-glucopyranoside) was evaluated in CZE separation of the
cationic antidepressant drugs by varying separation conditions, e. g., polymer
concentration, pH of the running electrolyte, and percent v/v of methanol and aqueous
buffer solution. Terabe's rule of thumb (17, 18) suggest that the optimum pH to use in
CE is below the pKa of the analyte being separated.

The secondary amines

(protriptyline, desipramine, nortriptyline, and nordoxepin) have pKa values of
approximately 10.7, whereas the tertiary amines (imipramine, doxepin, and
amitriptyline) have pKa values close to 9.8 (18, 19). Therefore, 9.55 was the pH
initially selected to evaluate the effect of polymer concentration and organic modifier
studies on PUG-CZE separation of the drugs.

Once the latter conditions were

optimized, the pH was varied to further optimize the separation.
Concentration of PUG.

The effect of the polymer concentration was

investigated with respect to the capacity factor using equation 2.3 and the migration
time (Figure 2.13).

Polymer concentrations were varied from 0.02% weight by

volume fraction (w/v) to 0.08% (w/v).

With 0.02% w/v of the polymer a sharp

increase is observed in the migration time due to a change in the viscosity of the
running buffer at the double layer upon addition of the polymeric surfactant.

In

addition, the migration times of the cationic drugs and the neutral marker (methanol)
increased (with coelution of imipramine and amitriptyline). However, at 0.04% (w/v)
of the polymer, a gradual decrease in the migration time of all seven drugs is observed.
With an increase from 0.04% polymer concentration to 0.08%, a slight and gradual
increase in migration time is observed with baseline separation of imipramine and
amitriptyline.
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Figure 2.13. Plot of retention time for the seven tricyclic antidepressant
drugs as a function of percent (w/v) of PUG.

The best separations are obtained at 0.04% or 0.06% volume fraction of the
polymer. Low (0.02%) and high (0.08%) polymer concentrations provide slightly
poorer separations and peak shapes.
Effect of Organic Modifier. Organic modifiers have been used in CZE to
increase the elution window. The organic solvent will cause a decrease in the EOF,
which in turn increases migration times of the solutes (15). The effect of organic
modifier at pH 9.55 using an optimized 0.06% volume fraction of the polymerized
surfactant was studied. The concentration of methanol was varied from 0-30% (v/v)
(Figure 2.14a-e). At 0 and 5% (v/v) methanol, six o f the seven drugs were partially
separated. Complete baseline resolution of all seven drugs was achieved at 20% (v/v)
methanol as shown in Figure 2.14d. Further increases in methanol concentration to
30% (v/v) deteriorated the resolution and peak splitting was observed (Figure 2.14e).
Plotting the retention time versus percent methanol gave the expected trend in
retention time.

Therefore, the improved selectivity observed and resolution
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enhancement for the tertiary amines upon the addition of organic modifier resulted
from the reduced EOF (15).
Effect of pH. To achieve further baseline separation of the seven tricyclic
antidepressants after optimization of polymer concentration and organic modifier
content, the electrophoretic mobilities of the analytes were altered by changing the pH
from 7 to 9.55. The effect of pH on the various antidepressants (Figure 2.15) was
monitored. It was observed that the secondary amines are resolved at lower pH values
(pH 7 and pH 8 ). In addition, slight hydrogen bonding between the polymerized
surfactant coating and the secondary amines may be occurring which may supply
some selectivity. This behavior is expected as it has been established that tertiary
amines do not hydrogen bond as strongly as secondary amines (20). Above pH 8 , the
secondary and tertiary amines are partially resolved. However, baseline separation is
not achieved. Low pH should increase the electrophoretic mobilities. Thus, as the pH
is increased, the electrophoretic mobility of the amines decreases, giving better
separation. Baseline separation was achieved at pH 9 and improved as the pH was
increased to 9.55 (Figure 2.15d and 2.15e).
Lastly, when retention time versus pH was plotted, there was an increase in
migration time as the pH was increased. At pH

8

and pH 8.5, we observed a plateau,

which suggests that there is not much difference in separation between those pH
values. However, when the pH is raised to 9.0 and 9.55, migration time increases
which is indicative of solutes close to their pKa and therefore possesing a partially
ionized and partially neutral character.

Part III.

Investigation of PUG Transient Capillary Coating
Theory

Electron microscopy can be used to gain structural information.
examples of the information obtained using electron microscopy includes surface
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topography and morphology, grain size and shape, presence of compounds,
microcracking or lack o f adhesion, and formation o f textured surfaces (21). There are
two modes of electron microscopy, which are transmission electron microscopy
(TEM) and scanning electron microscopy (SEM). The latter technique (SEM) was
used in this study to determine if PUG was coating the capillary as suggested in Part
II. Therefore, a brief description is warranted.
It has been stated that SEM is possibly the most widely applied thin-film and
coating characterization technique (21). In SEM, a small portion of the total image is
probed and the image builds up serially by scanning the sample.

The SEM

thermionically emits electrons from a tungsten or LaBg cathode filament which are
drawn to an anode. The beam of electrons are focused by two successive condenser
lenses into a very defined narrow point (~ 50 A). At the objective lens, scanning coils
deflect the beam linearly in a raster (step) fashion over a rectangular area of the
sample. Once the electrons impinge on the sample, the primary electrons decelerate
and lose energy by transference to other atomic electrons and the lattice. Continuous
random scattering results in a distribution of electrons that leave the sample with an
energy spectrum. In addition, other signals such as light, heat, current, and x-ray are
produced and can be imaged with the appropriate detectors (21).
The Louisiana State University Life Sciences Microscopy Facility (LSMF)
examines samples using secondary or backscattered electrons. Secondary electrons
provide surface structure information and backscattered electrons show contrast in
atomic numbers. Use o f secondary electrons is the most common imaging mode (21)
and was used in this study. This mode relies on detection of the very lowest portion of
the emitted energy distribution. The very low energy of secondary electrons means
that they originate from slightly below the surface (depth less than or equal to several
angstroms). The signal is collected by a detector and the image magnification is the
ratio o f scan lengths on the cathode ray tube to that on the sample.
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EXPERIMENTAL
Materials.

Cover slides were obtained from the LSU LSMF.

Sodium

hydroxide and sodium phosphate were reagent grade and purchased from CMS
(Houston, TX). Lastly, PUG was synthesized as described in part I of this chapter.
Instrumentation. Scanning Electron Microscope images were conducted by
the LSU LSMF using a Cambridge Stereoscan 260 SEM. The microscope produces
photographic and thermal video prints of sample images from 5x to 300,000x.
METHODOLOGY
Cover slide preparation. Six cover slides labeled A-F were prepared. The
slides were representative of the CE procedure previously used. Slide A) was washed
with 18 ml of 0.1 N NaOH, B) a large drop of aqueous PUG was applied to a cover
slide that had not been washed with NaOH. Slide C) was rinsed with 15 ml of 0.1 N
NaOH, ~2 ml of H 2O, rinsed with PUG, and a small drop was applied to form a layer
of PUG on the slide. Slide D) was covered with a 60% PUG (v/v), 50 mM sodium
phosphate, and 20% methanol solution with a pH of 9.54. Slide E) was rinsed with
NaOH and water as in procedure/slide C but the last layer applied was solution D.
The last slide, F, was rinsed with 0.1 N NaOH, H2O, and methanol. All slides were
dried under a low flow of nitrogen and taken to the LSFM for analysis.
RESULTS AND DISCUSSION
As shown in Figures 2.16a-f, the surfaces of the cover slides were examined.
In the rinse procedures that were NaOH (alone) or contained the sodium phosphate
buffer, crystals of the NaOH (Figure 2.16a) and of the sodium phosphate (Figure
2.16d,e) were visible. However, in the rinse procedures where PUG was present (B,
C, and E) globules adhering to the surface of the glass slides were observed. Figures
2.16b,c,e provide adequate evidence that PUG has the ability to adhere to glass
surfaces. Therefore, during the CE runs PUG may dynamically coat the capillary wall
as shown with the glass slide simulations of the capillary and CE conditions used.
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Figure 2.16. SEM photographic images of (a) 0.1 N NaOH , (b) PUG,
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Figure 2.16. SEM photographic images of (c) 0.1 N NaOH and PUG, (d) 60%
PUG, 20% MeOH, and sodium phosphate,
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Figure 2.16. SEM photographic images of (e) 0.1 N NaOH rinse and d, (f) 0.1 N
NaOH, H20 and MeOH.
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SUMMARY
UG and PUG were successfully synthesized and characterized. Fluorescence
spectroscopy was used to determine the CMC and light scattering data were obtained
to provide insight into the behavior of the polymerized surfactants in solution.
Fluorescence probes and other methods suggest that no aggregation of UG
occurred in aqueous solutions that contain high percentages of methanol (63%).
However, the polymerized surfactant is more tolerant of high organic content;
therefore, light scattering data is retrievable at a higher percentage of methanol. The
dynamic correlation functions have very slow decays indicating very large particles.
Dynamic scattering measurements also suggest that the PUG system may be fairly
polydispersed.
Hydrophobic and hydrogen bonding (hydrophilic) of a polymerized nonionic
surfactant, poly(n-undecyl-a-D-glucopyranoside) to the capillary wall allows
complete and reproducible baseline resolution of seven closely related tricyclic
antidepressant drugs in CE. Optimum selectivity was found using 0.06% w/v fraction
of the polymer, containing 20 % (v/v) methanol, at pH 9.55.
The basis of this separation is believed to be hydrogen bonding o f PUG to the
capillary wall, which shields the charge on the capillary wall. The shielding of anionic
charge in turn keeps the cationic analytes from interacting with what would normally
be a mixture of silanol and uncapped silanol groups on the capillary wall. As shown
in Figure 2.13a, this was observed where partial separation of the seven drugs without
the use o f organic modifier was achieved by decreasing the irreversible binding of the
cationic drugs to the capillary wall. To achieve optimum separation, the organic
modifier and pH were varied to change the elution window and achieve separation of
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the tertiary amines. The use o f a nonionic polymerized surfactant to coat the capillary
walls using a modified CZE mode allowed negligible Joule heating, low molar
absorptivity in the low UV-region, improved signal to noise ratio, and the ability to
use higher organic modifier content without destroying the polymeric surfactant
coating. Consequently, a simplistic and rapid methodology to separate the sevenantidepressant drugs was provided.
Lastly, SEM was used to investigate whether PUG was adhering to the
capillary wall. Simulations with glass cover slides showed adhesion of PUG to the
glass in the form of globules. Consequently, the images provide strong evidence that
PUG could dynamically coat the capillary wall.
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Chapter 3.
Investigation of the Effect of Polymerization Concentration of
Sodium-N-Undecylenyl-L-Valine (L-SUV) and Its Use in Micellar
Capillary Electrophoresis
The utility of, and enhanced separations achieved with, polymeric surfactants
(PSs) was established when the first chiral polymeric surfactant (CPS), poly(sodiumN-undecyl-L-valinate)

(poly(L-SUV))

was

used

in

electrokinetic

capillary

chromatography (EKC) for chiral separation (1-5). There was, however, a need to
optimize the polymeric surfactant system with regard to several parameters. One of
these parameters is the surfactant concentration at which polymerization occurs. It has
been reported (6) that polymerization of surfactants below the CMC is inefficient. In
contrast, when the surfactant concentration reaches the CMC, the polymerization
process is more efficient because the molecules self-associate and negation of charge
repulsion effects increasing the chance of polymerization (6). Therefore, to ensure the
most efficient polymeric surfactants, there is a need to investigate and understand the
optimal polymerization concentration.
As several studies in our laboratory involve EKC projects with CPSs, a
standard laboratory technique and practice needed to be developed for polymerization
of surfactants. The goal was to determine whether the concentration of the surfactant
solution during polymerization affects the performance of the polymer in EKC. In this
chapter, I report an EKC study which uses polymers produced at 10 different
polymerization concentrations (PC) to evaluate the chiral separation of (±) 1,1’-bi-2nathol (binaphthol, BOH), binaphthyl-diamine (BNA), and 2,2,2-Trifluro l-(9anthryl)ethanol (TFAE). Similar studies have been reported (1-5). However, it is
useful to note that such optimization may not be relevant to chiral separations.
107
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Part I.

Effect o f Polymerization Concentration on Chiral
Separation

EXPERIMENTAL
Materials. All analytes were purchased from Aldrich (Milwaukee, WI) and
used as received. The [Tris(hydroxymethyl)aminomethane] (TRIS) and sodium borate
running buffers were purchased from Sigma (St. Louis, MO) and EM Science
(Gibbstown, NJ) respectively.

An uncoated fused-silica capillary (Polymicro

Technologies, Phoenix, AR), with an inner diameter of SO pm and an effective length
o f 55 cm was used.
Instrumentation.

Electrokinetic

chromatography

experiments

were

conducted on a Hewlett Packard 3DCE. Data analyses were accomplished using HPCE
Chemstation software.
METHODOLOGY
Capillary Electrophoresis Procedure and Sample Preparation. Prior to first
use, a capillary was washed with 1 M NaOH for 1 hour, followed by a rinse with
deionized water. At the beginning of each run, the capillary was preconditioned by
saturation with the running buffer.
The respective micelle polymers were added to a 10 mM sodium borate, 100
mM TRIS running buffer or a 30 mM sodium borate buffer (depending on the
analyte), adjusted to a pH of 10.0, and filtered using a 0.45 pm syringe filter.
Separations were performed at +30 kV with UV absorption detection at 215 nm. The
analytes (±)l,l'-bi-2-naphthol (binaphthol, BOH), binaphthyl-diamine (BNA), and
2,2,2 Trifluoro l-(9-anthryl)ethanol (TFAE) were prepared in methanol at a
concentration of 0.1 mg/ml.
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RESULTS AND DISCUSSION
Electrokinetic Capillary Chromatography.

An appropriate and consistent

polymerization concentration of the surfactant had to be determined to help implement
common laboratory practice. Ten different concentrations ranging from 20 mM,
which is slightly below the CMC (21 mM) of L-SUV up to 1000 mM were prepared.
The three analytes (BOH, BNA, and TFAE) used in this study were chosen due to the
separation data acquired in earlier experiments using poly(L-SUV) (1-4).
An EKC experiment that examined separation performance as a function of
equivalent monomer concentration (EMC) was conducted for each polymerization
concentration. This optimization study as done to establish the optimum concentration
for use in enantiomeric separation of each analyte.

Equivalent monomer

concentrations were used because the molecular weight of the polymer had not been
determined. In the case of PSs with polymerization concentrations of 20-200 mM, the
optimum resolution for BOH occurs at approximately 6 mM EMC of poly(L-SUV)
(Figure 3.1a). Similar results were also observed for BNA (Figure 3.1b). At higher
polymerization concentrations an increase in EMC was necessary to achieve optimal
resolution of BOH and BNA. The difference in optimum resolution is attributed to the
differences in the optimum EMC at higher polymerization concentrations (400-1000
mM) to PSs that are more polydispersed. This can be explained by considering that a
lower molar concentration of the PS entity that provides better separation is present in
solution, due to differences in the molecular weight of the polymer. Also, the majority
of molecules present in solution at higher polymerization concentrations may exist in a
looser, more linear configuration due to the formation of more complex structures.
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Figure 3.1.

Variation of resolution with equivalent monomer concentration
(EMC) of each polymerization concentration of (a) BOH and
(b) BNA.
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Once the optimum EMC of the respective polymerization concentration o f
poly(L-SUV) were determined, all of the polymers were run at 10 mM, which was
either at or slightly above the optimum EMC.

As shown in Figure 3.2, the

enantiomeric resolutions o f BOH, BNA, and TFAE were enhanced as the
polymerization concentration increased to 200 mM.

However, at concentrations

above 200 mM, lower resolutions were observed. An increase in headgroup surface
area and hydrocarbon volume as the lower PCs (20-200 mM) increase provide more
hydrophobic character to allow penetration of the analyte into the hydrophobic
interior, increasing resolution as polymerization concentration increases.
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Figure 3.2.

Variation of resolution with polymerization concentration using an
EMC of 10 mM.

Therefore, it is envisioned that the polymers formed at low polymerization
concentrations are monodisperse and more tightly packed.

In contrast, the PSs

produced at the higher concentrations (> 200 mM) showed a decrease in resolution,
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possibly due to shape changes and/or steric factors. These changes would likely
decrease the partitioning of the analyte into the PS.
The retention factor (k') is a measure of the partitioning of the analyte between
the polymeric surfactant and the bulk solution. This partitioning reflects the binding
interactions between the polymeric surfactants and enantiomers.

The k' values

obtained (Figure 3.3) correlate with the resolution data. The retention factor increased
as the polymerization concentration increased to a polymerized surfactant
concentration of 200 mM. As the polymerization concentration was increased above
200 mM, k’ decreased; again, this suggests that either steric factors decreased polymer
volume, and/or lower molar concentration in solution resulting in decreased
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Figure 3.3.

Change of retention factor (k') with polymerization concentration.
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enantiomeric interaction. The increase in k' observed as polymerization concentration
increased could possibly be an effect of change in polar character of the polymer
which is discussed in Part II of this chapter.

Part II.
Characterization of Polymerization Concentrations using
Fluorescence Spectroscopy, AUC, and DOSY NMR Spectroscopy
To assist in understanding the EKC data, fluorescence spectroscopy, analytical
ultracentrifugation (AUC), and diffusion order (DOSY) NMR a technique based on
pulse field gradient (PFG) NMR, were used to examine changes in the polymer, which
may have occurred with varying the polymerization concentration. The data from
these studies are examined and discussed in this part of Chapter 3.
EXPERIMENTAL
Materials. The fluorescent probes, pyrene and perylene were purchased from
Aldrich (Milwaukee, WI) and Molecular Probes (Eugene, OR) respectively.

The

fluorescence quencher, cetylpyridinium chloride monohydrate was also purchased
from Aldrich (Milwaukee, WI). Sodium chloride used in the AUC experiments was
obtained from EM Science (Gibbstown, NJ). The D2 O used in the DOSY experiments
was purchased from Aldrich (Milwaukee, WI).
Instrumentation. The micropolarity, steady-state fluorescence anisotropy,
and fluorescence quenching measurements were performed on a SPEX model F2T211
spectrofluorometer equipped with a thermostated cell housing and a therom-electricly
cooled Hamamatsu R928 photomultiplier tube. Band-passes of 4.2 nm and 1.7 nm for
the excitation and emission, respectively were used for the micropolarity and
quenching studies. For the microviscosity studies, band-passes of 3.4 nm were used
for both excitation and emission monochromators. An excitation wavelength of 334
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nm was used for pyrene in the micropolarity and quenching studies.

In the

microviscosity study, 414 nm was the excitation wavelength and 445 nm the emission
wavelength used for perylene.
Dynamic anisotropies were measured with an LS 100 fluorescence lifetime
system, (Photon Technology International, Inc). A nitrogen flash lamp source was
used for excitation.

The excitation wavelength employed was 342 nm and the

emission wavelength monitored was 380 nm. Time-correlated single photon counting
mode (TCSP) was used to collect the fluorescence decays. Both instruments used for
steady-state and dynamic anisotropy measurements were equipped with GlannThompson polarizers. All anisotropy measurements were corrected using the G-factor.
This parameter corrects for differences in sensitivities of the instrument for vertically
and horizontally polarized light
Analytical Ultracentrifuge measurements were conducted on a Beckman
Optima XL-A equipped with a four-hole sector, capable of rotating at speeds up to
60,000 rpm. The cells used were double-sector with an optical length of 12 mm. An
absorbance optical system with a high-intensity xenon flash lamp, scanning
monochromator and photoelectric detector was used for sample detection. Samples
with an absorbance between 190-800 nm are detected at radial distance increments of
> 0.001 cm. Beckman provides a data analysis program that is executed through
ORIGIN. Density measurements needed to acquire the partial specific volume values
were made using a DMA58 digital density meter (Anton PAAR, USA).
All DOSY NMR experiments were performed on a Briicker DPX-300
spectrometer equipped with a 5 mm actively shielded z-gradient probe. The coil

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

115

constant of the probe, 50.3 G/cm at 100% gradient strength, was determined by
carrying out a pulsed gradient NMR experiment on (3-cyclodextrin in D2 O (D =
3.23xlO'10 mV1) (7). The intensity and duration o f the magnetic field gradient pulses
were controlled by a Silicon Graphics 0 2 workstation.
METHODOLOGY
Fluorescence solutions. A 1.00x1 O'3 M stock solution o f pyrene was prepared
in cyclohexane. Aliquots of 50 pi were transferred into ten separate vials and the
cyclohexane was evaporated. Each polymer sample was placed in a vial and dissolved
in five milliliters of water (> 18 MQ). The final pyrene and polymer concentrations
were l.OOxlO"5 M and 1.67xl0'4 M, respectively, for the dynamic anisotropy
experiment. However, the concentrations for the polarity study were 1.00x1 O'6 M
pyrene and AOOxlO-4 M polymer. Samples for the microviscosity study were prepared
using a 1.00x1 O'3 M stock solution of perylene dissolved in chloroform.

An

appropriate amount of stock solution was placed in the sample vial and the chloroform
was evaporated. Samples were diluted to final concentrations of l.OOxlO"6 M and
4.00x10"4 M for perylene and polymer respectively.
For the fluorescence quenching study, a 100 mM (EMC) stock solution of the
respective polymerization concentration was made.

Prior to diluting the polymer

stock solution with water (18 MQ), pyrene dissolved in cyclohexane was evaporated
in the vial. Once the polymer solution was added, the final pyrene concentration was
1.00x1 O'4 M. A 3.00xl0"3 M stock solution of quencher (cetylpyridinium chloride)
was also prepared in water.

The stock solution that contained pyrene and the

polymeric surfactant (solution A) were placed in a dark area to equilibrate overnight.
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Solution A was then diluted by half to give a 50 mM polymeric surfactant solution
containing 5.00xl0'5 M concentration of pyrene. The other half of the stock solution
A (2 ml) was added to 2 ml of the quencher stock solution. This dilution produced the
final solution used for quenching, which contained 1.50xl0*3 M cetylpyridinium
chloride, 50 mM polymeric surfactant, and 5.0xl0'5 M pyrene.
The final quenching solution was added to the pyrene/polymeric surfactant
solution (A) in increasing increments of 0.100 ml up to 1.8 ml. The decrease in
fluorescence intensity of pyrene was measured and recorded at 393.0 nm (band V)
after each aliquot o f quencher was added (Figure 3.4) and allowed to sit for 5 minutes
before each measurement.
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Figure 3.4.

Fluorescence emission spectra of pyrene in poly(L-SUV)
polymerized at 80 mM quenched by cetylpyridinium chloride.
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AUC samples. Each polymerization concentration sample was prepared by
dissolving 3 mg o f the respective polymer in 10 ml of 0.1 M NaCl aqueous solution.
The sample (110 pi) was placed in the sample sector and 125 pi of 0.1 M NaCl was
placed in the reference sector of the cell. The wavelengths used to scan all samples
ranged between 217-223 nm and data were collected between 6.845-7.145 cm radial
distance. Step scan mode was used and the first scan was taken after a 500 minute
delay time. Five scans were acquired with a 500 minute run time between each scan
for each sample. The rotor speed was 35,000 revolutions per minute.
Partial specific volume values were obtained by measuring the density of six
solutions that ranged in weight between 4.5-18.5 mg in 10 ml of 0.1 M NaCl aqueous
solutions. The program ORIGIN was used to plot the weight fraction versus the
inverse density (Figure 3.5). The y-intercept of this plot is equal to the partial specific
volume.
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Figure 3.5.

Weight fraction of poly(L-SUV) polymerized at 80 mM versus 1/p
to obtain partial specific volume.
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DOSY NMR. The respective polymer sample was dissolved in D 2 O at a
concentration of 0.10 mg/ml. All diffusion experiments were performed at 298 K
using the bipolar longitudinal encode-decode (BPLED) pulse sequence (8). In the
BPLED experiment, the attenuation of the areas of the NMR resonances is given by
/ = I a • exp[—D • (A - 8 /3

-

t

/ 2) y 2G28 2]

(3.1)

where D is the diffusion coefficient, y is the magnetogyric ratio, G and 8 are the
amplitude and duration of the bipolar gradient pulse respectively, A is the diffusion
delay time, x is the delay between the bipolar pulse pair, and Io is the peak area in the
absence of the gradient. In all the diffusion studies A, x, and 8 were set at 250, 1.2,
and 2.0 ms, respectively. For the polymerized surfactant samples with polymerization
concentrations of 20-100 mM, 14 free induction decays were collected in each
diffusion experiment, with gradient strengths, G, ranging from 2.5 to 32.7 Gauss/cm.
In the samples polymerized at concentrations of 200-1000 mM, 27 free induction
decays were collected with gradients in the range of 2.5 to 37.8 Gauss/cm. Each free
induction decay was acquired with a spectral width of 6173 Hz and 8K data points.
Data Processing and Calculations of Diffusion Coefficients.

After data

acquisition, the free induction decays collected in each experiment were apodized with
5 Hz line broadening, Fourier transformed, phased, and the spectral region from
approximately 1.0 to 2.5 ppm was integrated. For the polymeric surfactant samples
with polymerization concentrations of 20-100 mM, diffusion coefficients were
calculated from the slope of the line obtained by plotting In I versus (A-bli-xH yi2, G2
82) using the software package E-plot
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In the samples polymerized at concentrations o f 200-1000 mM plots of In I
versus (A-8/3-x/2)y2 G2 82) were also prepared. These plots, however, were non
linear, indicating that the samples were polydisperse.

Therefore, the constrained

regularization program Contin (9) was used to calculate diffusion coefficient
distributions for these samples. The use of Contin to resolve diffusion distributions
from pulsed gradient NMR data has been described in detail elsewhere (10-12). The
resulting 50 point diffusion coefficient distributions calculated by Contin were then
plotted with the software package X-plot. An average diffusion rate was calculated by
dividing the first and zero^ moments of the distribution.

(£>)= '*

(3.2)

Z.°i
i

RESULTS AND DISCUSSION
Steady-State Fluorescence and Polarity Measurements.

To gain further

insight into the character and microenvironmental properties of the polymeric
surfactants, micropolarity and microviscosity were examined. Microviscosity data is
discussed in terms of anisotropy values rather than viscosity, because changes in the
steady-state anisotropy (r) (discussed in detail in chapter 1) can be due to viscosity
changes, as well as to changes in the binding interactions. Figure 3.6 shows the
steady-state anisotropy of perylene as a function of PC. A reduction in steady-state
anisotropy was observed from 20 mM to 200 mM, and from 400 mM to 1000 mM a
gradual increase occurred. It is understandable that the changes in the anisotropy are
due to changes in the microenvironment, i.e. polymer interior and/or changes in the
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location of the probe in the polymer. These changes may be due to differences in the
size, shape, aggregation, and/or microviscosity (13, 14) of the polymer. Changes in
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Figure 3.6.

Variation o f steady-state anisotropy (r) with polymerization
concentration.

the PS interior, such as size, shape, and viscosity can affect the polarity of the
environment surrounding the probe. The changes in molecular properties listed above
may occur from decreased packing or an expansion (becoming more linear) of the
polymer. Once a polymerization concentration of 400 mM is reached, the polymer
packing appears to be altered, possibly due to changes in shape to a more open
(lamellar-like) structure.
Steady-state anisotropy and polarity measurements were found to be inversely
correlated. As mentioned above, the anisotropy declined as the PC was increased;
however, the polarity (I/HI ratio) reached a maximum at 200 mM then decreased at the
higher PCs (Figure 3.7). The observed increase in polarity is conceivably due to
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structural changes in the PSs that allow water to penetrate more deeply into the
micellar core and/or changes in the solubilization of pyrene.
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Figure 3.7.

Change of I/m ratio of pyrene vibronic bands (polarity) with
polymerization concentration.

Dynamic Anisotropy Measurements.

Dynamic anisotropy measurements

provided considerable information about the polymers. The intrinsic anisotropy, r0, is
the anisotropy at time zero (r(t)=0). At t = 0 the parallel component intensity is larger
than the perpendicular component.

For the probe used (pyrene) the anisotropy

measured at time zero was lower in value than the known intrinsic anisotropy, which
signifies that the probe is rotating at a rate faster than that which can be resolved.
Therefore, we have defined (r') as anisotropy at t = 0. In this case, r’ * r„ due to
instrumental limitations. Figure 3.8 shows that as the polymerization concentration
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Figure 3.8.

Anisotropy at t —0 (r') observed from dynamic anisotropy
measurements as a function of polymerization concentration.

increased from 20 mM to 400 mM, r1decreased. This decrease in r' likely represents
changes in a component with a rapid anisotropy decay that can not be resolved due to
instrumental limitations (<|>< ns). However, it is not clear if the decrease in r' is due to
changes in the rotational correlation time (<|>) or a change in the relative population (a)
of the fast component. Also, the dynamic anisotropy decays revealed that all of the
PCs have a limiting anisotropy (roo), suggesting that the probe rotation is hindered or
bound to the polymeric surfactant to a certain degree. The discontinuous behavior of
the Too (Figure 3.9) could result from changes in the rotational correlation times of the
polymer; thus, this suggests a difference in the polymer shape/structure.
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Figure 3.9.

Variation of limiting anisotropy (r,») with polymerization
concentration.

Size Determination. Molecular weights, aggregation numbers, and diffusion
coefficients were measured to obtain size information for each polymerization
concentration. Sedimentation equilibrium experiments showed that molecular weights
of the polymerization concentrations between 20-200 mM ranged from 7,728.014,280.0 Daltons ± 335.5-701.5 Daltons, which is equivalent to ± 1.1-2.3 L-SUV
monomer units (Table 3.1). However, molecular weights for 400-1000 mM were not
attainable by this technique due to the samples not equilibrating. PFG-NMR later
revealed that the 400-1000 mM polymer samples were polydisperse in nature and
hence, not suitable for sedimentation equilibrium experiments. As shown in Table
3.1,20, 60, and 80 mM have similar molecular weights. Nonetheless, 40 and 200 mM
increased in molecular weight and 100 mM had the lowest molecular weight. The
increase in molecular weight at 40 mM may be due to intermolecular aggregation
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Table 3.1.

Presentation of size determination data using AUC, fluorescence
quenching, and PFG-NMR spectroscopy.
Polymerization
MW*
Diffusion
Dispersityc
N*
N* ........
Concentration
(Dalton)
Coefficient0
(mM)

(cmV1)
20
40
60
80
100
200
400
600
800
1000
a
b
c
*

8908.5±1.2
14280.0±1.8
9418.1±1.1
9945.5±1.3
7728.0±1.5
12218.3±2.3
*
*
*
*

29
47
31
33
25
40
*
*
*
*

12±1.3
30±0.8
30±0.8
30±1.0
28±2.3
34±2.7
52±2.2
78±2.8
75±4.5
83±4.5

1.03x10-°
1.07x10"*
9.18xl0"7
9.19xl0"7
9.92xl0"7
1.10x10-*
1.21x10-*
1.20x10-°
1.32x10-*
2.74x10-°

Mono
Mono
Mono
Mono
Mono
Poly
Poly
Poly
Poly
Poly

Determined by analytical ultracentrifuge sedimentation equilibrium experiments,
Determined by fluorescence quenching experiments.
Determined by diffusion order NMR experiments, mono = monodisperse and poly = polydisperse.
Data not obtained using this technique.

4 during polymerization. Nevertheless, the molecular weight behavior for 100 mM and
200 mM polymers appear to be actual decreases and increases respectively, in polymer
molecular weight because this trend was observed in all the techniques used.
Although this anomalous behavior is observed with 40, 100, and 200 mM the polymer
sizes formed between 20-200 mM are within experimental error.
Another technique used to obtain size information, more specifically
aggregation numbers (N), was fluorescence quenching. The aggregation numbers
obtained using fluorescence quenching (Figure 3.10) ranged from 13-83 (Table 3.1).
Aggregation numbers for PC o f 60-100 mM coincided with the AUC data (Table 3.1).
The aggregation numbers for 20, 40, and 200 mM were lower using fluorescence;
however, the N for 200 mM (obtained by fluorescence) was within 10% of the N
obtained from the AUC data (Table 3.1). The most beneficial aspect of this study
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Figure 3.10. Cetylpyridinium chloride quenching of pyrene in
poly(L-SUV) polymerized at 1000 mM.
(fluorescence experiment) was obtaining aggregation numbers for 400-1000 mM,
since size data could not be obtained by AUC. The aggregation number gradually
increases from 400-600 and 800 mM and, further increase occurs at 1000 mM.
The AUC and fluorescence data informs us that there is a change in polymer
size from 20 to 40 mM, and from 40 mM to 100 mM the size of the polymers are
roughly the same (within experimental error).

The AUC and fluorescence data

strongly correlates with the behavior that was observed in the EKC, polarity, and
steady-state and dynamic anisotropy experiments. Because little to no change in
polymer size is observed from 40-200 mM, the differences that occur in EKC
experiments (resolution and k') from the polymerization concentration of 40-200 mM
are most likely a result of changes in polymer packing and/or formation rather than
polymer size or concentration affects. The increase in N from 400-1000 mM shows it
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is feasible that the polymers have high molecular weights; therefore, lower molar
concentration in solution. In addition, as the aggregation numbers are much greater
for 400-1000 mM, I believe that the polymers formed at those concentrations have
such characteristics as looser, more linear configuration, aggregate intermolecularly,
are more hydrophobic in character, and experience microviscosity changes in the
polymer core. I envision the latter characteristics and properties o f die polymer are
results o f changes in micelle shape that occur with increased surfactant concentration
and during polymerization (15).
Additional results that support the characteristics cited above were obtained
from PFG-NMR (Table 3.1).

The average diffusion coefficients for the

polymerization concentrations (20-200 mM) were similar to one another indicating
that the hydrodynamic radii do not change dramatically, which is further supported by
the AUC and aggregation numbers for the 20-200 mM polymers.
In addition, plots of I n / versus (A-S/S-x/^^G^2) (described in chapter 1),
were linear for polymerization concentrations of 20-100 mM (Figure 3.11), signifying
the samples are monodisperse.

In these cases, the diffusion coefficients were

calculated from the slope of the line. However, polydispersity, identified by nonlinearity in the plot was first detected at a polymerization concentration of 200 mM.
At even higher polymerization concentrations (400-1000 mM) non-linearity of the
plots increased (Figure 3.11). The distribution function G(D) for one of the
polydispersed samples from the CONTIN analysis is shown in Figure 12, which is
essentially a mass-weighted distribution diffusion coefficient.
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Figure 3.12. Diffusion coefficient distribution function calculated with CONTIN
for the polymeric surfactant polymerized at 800 mM.
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Another characteristic investigated using PFG-NMR was aggregation of the
polymeric surfactants.

Diffusion coefficients were measured for eight equivalent

monomer concentrations o f the 100 mM polymeric surfactant. A plot of diffusion
coefficients versus EMC (Figure 3.13) showed that the diffusion results show no
change in diffusion coefficients below 15 mM indicating that at the concentrations
used in EKC, the polymers were not aggregating with one another.
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Figure 3.13. Change of diffusion coefficient (D) with variation of equivalent
monomer concentration of poly(L-SUV) polymerized at 100 mM.
Sudden drop in D represents the beginning of intermolecular
aggregation.
The behavior exhibited by the polymers in the micropolarity, steady-state
fluorescence, and PFG-NMR experiments suggest that the polymers formed at the
high polymerization concentrations favor the “regional micelle” polymer model (16),
which have the characteristics and properties discussed in this chapter.
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conducted by Nagai and Elias further supports the possibility that the chemical
microstructure and the structure may differ and are not retained from the monomeric
micelle during and/or after polymerization (IS).

Part III.

The Effect of Polydispersity in poly(L-SUV) as a Chiral
Pseudostationary Phase in Electrophoresis

In this section of Chapter 3, poly(sodium-N-undecyl-L-valinate) (poly(LSUV)) was used as a chiral polymerized surfactant in EKC to achieve chiral separation
o f (±) binaphthol. This study considered the effect of the polydispersity produced
during the formation o f the polymeric surfactants from monomeric micelles. Using
micelle formation theory, it is suggested that the number of amphiphiles that aggregate
(N) to form the polymeric surfactants range in values from 2 to n (17). Thus, as the
rate o f polymerization is compatible to the rate of micelle formation, a range of
polymeric surfactant sizes (2 to n) may be in solution. To determine the effect of
polydispersity on separation conditions o f binaphthol in EKC, different molecular
weight cut off (MWCO) dialysis membranes were used to decrease what was believed
to be different ranges in polymer surfactant size present. In addition, to optimize the
separation o f the binaphthol enantiomers, the dialyzed polymer fractions were used at
various sodium borate concentrations.

Properties such as k' and resolution were

examined.
This

study was

conducted before

PFG-NMR

established that

the

polymerization concentrations between 20-100 mM were monodispersed and that
polymerization concentrations of 200-1000 mM were polydispersed. However, the
data received in this study strongly agrees with the PFG-NMR data. The majority of
the dialysis study was conducted before the effect of polymerization concentration was
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investigated. Therefore, initial results were obtained from a polymeric surfactant
formed at 36.7 mM. Later in the project, poly(L-SUV) formed at polymerization
concentrations of 20, 100, and 1000 mM were dialyzed and their performance
examined in EK.C.
Dialysis is used as a purification method, which allows small solute molecules
to pass through the dialysis membrane (Figure 3.14) (D10, Dl l , 18, 19).

The

membrane is made of regenerated cellulose or a cellulose ester, carries no fixed
charge, and does not adsorb most solutes. The membrane is amorphous; however,
small regions of crystallinity crosslinks the chains in place so that the membrane can
maintain an unimpaired condition. The areas between the crosslinks swell in water
and act as pores allowing sufficiently small solutes to pass through the membrane.
The MWCO is used to characterize the size of the dialysis membrane. The molecular
weight of the smallest size solute that is 90% retained in the membrane sack is the
MWCO of the membrane.

The actual size of a solute being dialyzed may vary

depending on the pH and the ionic strength of the solution.

Solute
M olecule

Dialysis
Membrane

Figure 3.14. Schematic representation of dialysis. 7
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EXPERIMENTAL
Materials. The compounds (R)-(+)-1,1'-bi-2-naphthol (99%) and (S)-(-)-l,rbi-2-naphthol (99%), were purchased from Aldrich (Milwaukee, WI).

The

regenerated cellulose and cellulose ester membranes were obtained from Fischer
Scientific (Pittsburgh, PA) and Spectrum (Houston, TX), respectively.
Instrumentation. A Beckman P/ACE 5510 was used to conduct the EKC
dialysis experiment (Beckman Co., Fullerton, CA). System GOLD software was used
to collect the data and PACE software was used to analyze the data. The capillary
column used was obtained from Polymicro Technologies (Phoenix, AZ). The fused
silica capillary had an effective length of 57 cm, and a 52 pm i.d.
Electrokinetic chromatography experiments for the 20, 100, and 1000 mM
dialysis experiments were conducted on a Hewlett Packard 3DCE. Data analysis was
accomplished using HPCE chemstation software.
METHODOLOGY
Dialysis Procedure. A 36.7 mM (1.57 equivalents higher than the CMC)
aqueous solution of sodium-N-undecylenyl-L-valine (L-SUV) was made from L-SUV
synthesized in our laboratory. The solution was exposed to a ^Co source for thirtyseven hours and forty-five minutes to give poly(L-SUV). The poly(L-SUV) solution
was transferred into 1,000, 2,000, 5,000, 8,000, and 10,000 Dalton dialysis
membranes. The dialysis membranes were submerged in 18.6 MQ distilled water and
stirred. The water was changed approximately every six hours over a forty-eight hour
period.

Lastly, the dialyzed samples were lyophilized to obtain a solid polymer
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product.

When using the 20, 100, and 1000 mM poly(L-SUV) polymerization

concentrations, only a 1,000 Dalton MWCO dialysis membrane was used.
Capillary Electrophoresis Procedure. Initially, the untreated column was
washed with distilled (DI) water for five minutes, 1 M NaOH for sixty minutes, again
with DI water for five minutes, and the buffer solution for twenty-five minutes. After
each run the capillary was washed with water for five minutes and the buffer for ten
minutes.

This wash method was used to keep the binaphthol from irreversibly

interacting with the capillary wall as well as to equilibrate the capillary when the
buffer ionic strength was changed.
The buffer used was 0.20% (w/v) of the respective dialyzed poly(L-SUV) in a
10, 17, 25, 30, 40, 60, and 80 mM sodium borate buffer adjusted with 0.1 M NaOH to
pH 9.6. Prior to use the buffer solution was filtered through a 0.45 pm cellulose
membrane syringe filter.

Separation was achieved at 12 kV with UV absorption

detection of 280 nm. Sample concentrations were 0.1 mg/ml in a water methanol
mixture with an injection time of three seconds.
The CE procedure used for the 20, 100, and 1000 mM polymer dialysis study
was the same as reported in Part I of this chapter.
RESULTS AND DISCUSSION
Enantiomeric separation of binaphthol occurs at all MWCOs and buffer
concentrations.

Figure 3.15 shows an example o f the enantiomeric separations

achieved at various ionic strength of the running buffer. The electropherogram shown
is a typical representation o f the results. Separation characteristics such as retention
factor and resolution were used to evaluate the performance of the different dialyzed
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Figure 3.15. Electropherograms showing the effect of buffer concentration on
chiral separation of BOH enantiomers. CE conditions: 0.2% (w/v)
5,000 Dalton poly(L-SUV) dialysis fraction; applied voltage, 12 kV;
UV detection, 280 nm; pH 9.6.
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poly(L-SUV) fractions. Retention factor provides information about the interaction
between the polymeric surfactant and the enantiomer.

Calculating resolution will

determine which MWCO and ionic strength gives the best separation of the
enantiomers.
Effect of polydlspersity and buffer concentration on k'.

As the ionic

strength o f the buffer increases the retention factor increases (Figure 3.16a) because of
a decrease in the electroosmotic flow (EOF) of the buffer. This is expected based on
the following correlation. The slowing down o f the EOF allows more time for the
polymeric surfactant and analyte to interact; consequently increasing k'. As expected,
k' is slightly lower using non-dialyzed poly(L-SUV) compared to the fractions of
dialyzed poly(L-SUV) (Figure 3.16b). The lower k' values with no dialysis are most
likely due to the interference o f unpolymerized monomer units, dimers, or trimers
blocking the poly(L-SUV) core. At all buffer concentrations used (10-80 mM), the
dialyzed polymer fractions of poly(L-SUV) polymerized at 40 mM interacted the same
with the enantiomer (as evident by similar k' values); therefore, showing no selective
interaction taking place with any particular dialyzed fraction. This suggests no real
difference in enantiomeric interaction with the polymer relative to the polydisperse
polymeric surfactant core size.

This agrees with the fact that the sample is not

polydispersed, as shown by PFG-NMR.
In contrast, when the polymerization concentration CE conditions (Part II)
were used with polymerization concentrations of 20, 100, and 1000 mM, there was
only a noticeable difference in k' of the dialyzed versus non-dialyzed 1000 mM
(Figure 3.17). This behavior is expected because it was later revealed that, of all of
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Figure 3.16. Plot of retention factor (k') of BOH versus
(a) various dialysis MWCOs of poly(L-SUV) and
(b) borate buffer concentration.
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the polymer samples used, the 1000 mM was the only polydisperse polymer. The
retention factor was larger in the 1000 mM polymer that was not dialyzed compared to
the dialyzed polymer. This difference suggests and supports the possibility that the
polymer structures that provide enhanced interactions are smaller and may have a
different (less linear) shape. Also, it was observed that the dialyzed sample was very
turbid, indicating aggregation of the polymer which could cause a decrease in k'.

20

20D

100

100D

1000

1000D

Polymerization Concentration (mM)

Figure 3.17. Variation of k ' with dialyzed and non-dialyzed poly(L-SUV)
polymerized a t 20,100, and 1000 mM.
Effect of polydispersity and buffer concentration on R&, It appears that as
the ionic strength increases the enantiomeric resolution increases (Figure 3.18). This
increase in resolution as ionic strength increases is due to the increase in retention time
o f the enantiomer in the capillary and an increase in interaction of the enantiomer with
the poly(L-SUV). Furthermore, at each ionic strength, the non-dialyzed, as well as
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Figure 3.18. Plot of resolution (R,) versus dialysis MWCOs of poly(L-SUV) at
various borate buffer concentrations.
dialyzed, polymer (1,000-8,000 Dalton) produces the same resolution results.
Resolution decreases at all buffer concentrations (except 40 mM) when the 10,000
Dalton dialyzed poly(L-SUV) was used.

Even with the slight standard deviation

present (+ 0.53) at 40 mM sodium borate the large decrease in Rs is not present at
10.000 Dalton. This buffer seems to be the optimum concentration to use with the
10.000 Dalton poly(L-SUV) fraction. It seems that the 10,000 Dalton MWCO is very
close to the actual size of the polymeric surfactant. In essence, the concentration of
polymer present in solution is very small at this MWCO due to the diffusion of
polymeric surfactant to the bulk solution. In addition, the polymeric surfactant that
was collected from the 10,000 Dalton MWCO was most likely the product of large
aggregates of the smaller polymeric surfactants. I envision this being the case because
the fluorescence and AUC data show that the polymer molecular weight at this
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polymerization concentration ranges from 9,150-14,280 Dalton. Therefore, the solid
remaining had to be larger than 10,000 Dalton (an aggregate structure) and any other
polymer surfactant present was lost in the bulk solution, decreasing the amount of
polymer present in the dialysis sack. Consequently, it is feasible for the resolution to
decrease at this MWCO due to the decrease in polymer present in solution, and the
presence of large aggregate structures; both possibilities decrease enantiomer
interactions. Lastly, it is important to note the trade off between resolution and an
increase in migration time as the buffer concentration is increased as shown in Figure
3.15.
The dialyzed polymers of 20, 100, and 1000 mM gave lower resolution values
for BOH and BNA than the non-dialyzed samples (Figure 3.19). This observation
seems to be the opposite of what is expected. However, since the 20 and 100 mM
polymer samples are mondisperse dialysis could only enhance resolution by purifying
the polymer of any impurities acquired during synthesis and/or eliminating any units
smaller than a trimer. Either o f the latter could hinder polymer/analyte interactions
thus decreasing resolution. Nonetheless, the k' data showed little to no difference
between dialyzed and non-dialyzed (for 20 and 100 mM) polymer samples.
Therefore, impurities and/or polymer units less than a trimer do not hinder the
partitioning process. Hence, the decrease in resolution for dialyzed 20 and 100 mM
polymer versus non-dialyzed could be due to changes that occur in the polymer
orientation (shape/structure) during dialysis and lypholization.

During dialysis

increased hydrogen bonding between polymer macromolecules could occur. Removal
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Figure 3.19. Variation of resolution (R») with dialyzed and non-dialyzed
poly(L-SUV) polymerized at 20,100, and 1000 mM.
o f the water during lyophilization could possibly irreversibly link the polymer
molecules into structures that may shield the chiral centers of the polymer from the
analyte, decreasing separation of the enantiomers.
In contrast to the 20 and 100 mM results, the trends in the 1000 mM data show
more of a significant change in the resolution and k' data. Dialysis of the 1000 mM
polymer should decrease the polydispersity (< trimer) of the polymer sample. The
resolution of the non-dialyzed sample is greater than the dialyzed polymer for both
BOH and BNA. As mentioned earlier, I envision the observed decrease in resolution
of the dialyzed 1000 mM polymer is due to increase aggregation of the polymer,
shielded chiral centers, and decreased partitioning (i.e. hydrogen bonding) between the
polymer and analyte which is apparent from the change in k' data (Figure 3.16).
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SUMMARY
The EKC separation studies, revealed that the concentration at which the
surfactant solution is polymerized does affect chiral separation. Evaluation of these
data indicate that optimum separations are obtained when the surfactants are
polymerized at a concentration that is 5 to 10 times greater than the CMC. In this
case, a PC o f 100-200 mM provided the best separation. Also, at concentrations of
100-200 mM, the polarity reached a maximum and the microviscosity reached a
minimum possibly signifying the beginning o f polydispersity and structural changes.
The fluorescence data supports the idea of polydisperse behavior and/or the presence
o f multiple environments at the higher PCs. It appears that the fluorescence probe
experiences microviscosity changes as well as some coupling to the rotation of the
polymer. It was found that all of the PCs had a limiting anisotropy, suggesting that the
motion of the probe is coupled to the motion of the entire polymer. Hence, there is
evidence that macromolecules much larger than a simple spherical micelle are present.
Although it is not certain, it appears that the trends observed in the polarity data and
dynamic anisotropy data suggest that a change in shape occurred at the 40, 400, and
800 to 1000-mM concentrations. Consequently, the variations in resolution and k’ at
PCs > 400 mM are most likely a result of differences in the micelle polymer shape and
molar quantity o f the polymer that provides optimum interaction for chiral separations.
The AUC gave molecular weights ranging from 7,700-14,200 Dalton for
polymeric surfactants polymerized at 20-200 mM. However, molecular weights were
not obtained for polymerization concentrations of 400-1000 mM on account of non
equilibrium conditions occurring in the sedimentation equilibrium experiments. It was
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later revealed by PFG-NMR that polymeric surfactants polymerized at 400-1000 mM
were polydisperse samples, which are not compatible with sedimentation equilibrium
experiments.

However, 20-100 mM solutions were monodisperse and 200 mM

solutions very slightly polydisperse.
Fluorescence revealed that an increase in N occurs from 20-40 mM, 40-200
mM solutions have almost the same N, and N increases again at 400 mM before
leveling off at N equal to 83 at 1000 mM. From the changes noticed in size, it is likely
that shape changes occur at concentrations between 400-1000 mM. The increase in
size was also evident in the diffusion coefficients obtained using PFG-NMR. As with
aggregation number data, the diffusion coefficients for 20-200 mM are within 10% of
each other before gradually increasing at 400-800 mM. The slow diffusion rates for
400-1000 mM further supports the increase in polymer size.
Chromatographic parameters (k' and Rs) were used to determine if
polydispersity in poly(L-SUV) polymerized at 36.7 mM affect enantiomeric
separation in EKC. However, this study was conducted before PFG-NMR provided
the monodispersity data for the polymer polymerized at 36.7 mM. Dialysis was used
to decrease what was believed to be polydisperse poly(L-SUV)-

The 36.7 mM

dialyzed poly(L-SUV) fractions were investigated in a variety of sodium borate buffer
concentrations that range from 10 mM to 80 mM.
The k' and Rs values increased as the buffer ionic strength was increased and
polydispersity did not affect the results when 1,000 Dalton to 8,000 Dalton MWCOs
were used, which confirms the data received from PFG-NMR. However, with no
dialysis k' was small compared to dialyzed polymers. This difference suggests that
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monomer, dimer, or synthetic impurities are possibly interfering (blocking) with the
polymeric surfactant core. At 10,000 Dalton MWCO, resolution decreased because
the 10,000 Dalton MWCO is very close to the molecular weight of the polymeric
surfactant decreasing the amount of polymer present.

The trend with buffer

concentration occurs due to the change in electroosmotic flow allowing the analyte to
be retained in the capillary longer giving the analyte more time to interact with the
polymeric surfactant.
Dialysis experiments were conducted on polymeric surfactants polymerized at
20, 100, and 1000 mM. There was no significant difference in the partitioning of the
analyte with the dialyzed and non-dialyzed 20 and 100 mM samples. However, the
resolution of the analytes was greater with the non-dialyzed polymers, which is
attributed to changes that may have occurred in the polymer structure during and after
dialysis as these samples are relatively monodispersed.

In contrast, significant

differences were observed in k' when the 1000 mM polymer was dialyzed.

The

changes are believed to be due to decrease in polydispersity, increased aggregation,
and changes in polymer structure (shape).
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Chapter 4.
Evaluation of Phenylalanine Polymeric Monomer and Dipeptide
Surfactants as Chiral Pseudostationary Phases in Micellar Capillary
Electrophoresis
Three major classes of chiral surfactants have been used for chiral separation
in micellar electrokinetic capillary chromatography (MEKC). The three classes are
amino acid head types (acylamino and alkoxyacylamino acids), sugar head types
(glucopyranoside-based nonionic and ionic), and steroidal backbone surfactants (bile
salts, digitonin, saponins, and (3-escin) (1). The sugar (Chapter 2) and amino acid
(Chapter 3 and 4) head types have been investigated as polymeric surfactants and
utilized as chiral pseudostationary phases in electrokinetic capillary chromatography
(EKC). O f the three classes, the use of acylamino acids as surfactant headgroups are
appealing because they provide chiral centers, reactive sites, acid functional groups for
charge, amine hydrogens for hydrogen bonding, and, for the most part, enhanced
solubilities.
Inspired by the positive chiral separation results received using the polymeric
surfactant, sodium-N-undecylenyl-L-valine (2, 3), several chiral polymeric surfactants
and polymeric dipeptides (4-8) have been investigated in our laboratory. Properties
such as hydrophobicity, steric factors (9), and number of chiral centers (9, 10) have
been varied to ascertain if the latter properties affect chiral separation. I chose to
study the acylamino acid Phenylalanine in hopes to determine at what point would the
polymeric surfactant be too hydrophobic and/or stericly hindered to achieve chiral
separation; as well as, to model chiral stationary phases use in HPLC developed by
(11-13). This chapter reports the synthesis, characterization (Part I), and application

144
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(Part II) of L-Phenylalanine (L-F), L-Phenylalanine-L-Valine (L-FV), and L-ValineL-Phenylalanine (L-VF) as the headgroup of the polymeric surfactant (Figure 4.1).

Figure 4.1

Structures of phenylalanine monomer and dipeptide surfactants.

Part I.

Synthesis and Characterization of Phenylalanine
Monomer and Dipeptide Surfactants

EXPERIMENTAL
Materials.

L-Phenylalanine, N-hydroxysuccinimide, and undecylenic acid

were purchased from Aldrich (Milwaukee, WI). The dipeptides, L-Phenylalanine-LValine, and L-Valine-L-Phenylalanine were purchased from Sigma (S t Louis, MO).
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Tetrahydrofuran (THF), ethyl acetate, and sodium bicarbonate used were reagent
grade.
Fluorescence probes, pyrene and perylene were purchased from Aldrich
(Milwaukee, WI) and Molecular Probes (Eugene, OR) respectively. Sodium chloride
used in the AUC experiments was obtained from EM Science (Gibbstown, NJ).
Instrumentation.

All one-dimensional (!H, and 13C NMR) and two-

dimensional experiments ('H-'H COSY and NOESY) were performed on a Briiker
300 MHz and 400 MHz NMR spectrometers. The 300 MHz NMR is equipped with
UXNMR software. Mass Spectral measurements were conducted by the Louisiana
State University Mass Spectrometry facility using a Finigan MAT 900 equipped with
a Fast Atom Bombardment ionization source.
Optical rotation studies were conducted on a JASCO MODEL DIP-370 digital
polarimeter equipped with a sodium lamp. Polarity and steady-state fluorescence
emission spectra were obtained by using a SPEX-Fluorolog Model F2T21I
spectrofluorometer equipped with thermostated cell housing and a cooled Hamamatsu
R928 photomultiplier tube. Band-passes of 4.2 nm and 1.7 nm for the excitation and
emission, respectively were used for the polarity studies.

For the microviscosity

studies, band-passes of 3.4 nm were used for both excitation and emission
monochromators. An excitation wavelength of 334 nm was used for pyrene in the
polarity studies. In the microviscosity study, 414 nm was the excitation wavelength
and 443 nm the emission wavelength used for perylene.
The SPEX used for steady-state anisotropy measurements was equipped with
Glann-Thompson polarizers. All anisotropy measurements were corrected for the G-
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factor. This parameter corrects for differences in sensitivities of the instrument for
vertically and horizontally polarized light.
Analytical Ultracentrifuge measurements were conducted on a Beckman
Optima XL-A equipped with a four-hole sector capable of rotating at speeds up to
60,000 rpm. The cells used were six-sector with an optical length of 3 mm. An
absorbance optical system with a high-intensity xenon flash lamp, scanning
monochromator and photoelectric detector was used for sample detection. Samples
with an absorbance between 190-800 nm are detected at radial distance increments of
> 0.001 cm. Beckman provides a data analysis program that is executed through
ORIGIN. Density measurements needed to acquire the partial specific volume values
were made using a DMA58 digital density meter (Anton PAAR, USA).
METHODOLOGY
Synthesis o f Phenylalanine Monomer and Dipeptide Surfactants.
preparation

of

N-undecylenyl-L-phenylalanine

(L-UF),

The

N-undecylenyl-L-

phenylalanine-L-valine (L-UFV), and N-undecylenyl-L-valine-L-phenylalanine (LUVF) (Scheme 4.2) were conducted using a procedure by Lapidot (14). Step one was
formation of the N-hydroxysuccinimide ester of undecylenic acid (1) (Scheme 4.1).
N-hydroxysuccinimide (7.20 g, 62.5 mmol) was dissolved in dry ethyl acetate (270.9
ml). To the N-hydroxysuccinimide solution an equal molar amount of undecylenic
acid (12.63 ml, 62.5 mmol) and a 1 M solution of dicyclohexylcarbodiimide (DCC) in
ethyl acetate (62.5 ml) were added. Immediately, a white precipitate formed which
was the byproduct dicyclohexylurea. The mixture was stirred at room temperature
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overnight. The solution was filtered and the filtrate concentrated by rotoevaporation.
The waxy white solid, intermediate 1, was recrystallized using isopropyl alcohol.

OH

+ HON

O

Ethyl acetate

O

1M C e H -n N sO N C e H n

1

Scheme 4.1

O

Synthesis of N-hydroxysuccinimide ester of undecylenic acid, 1.

The respective amino acids L-F (3.00 g, 18.20 mmol), L-FV (0.986, 3.73
mmol), and L-VF (0.481 g, 1.82 mmol) were placed in an aquous sodium bicarbonate
solution. Equal molar amounts of sodium bicarbonate were used to assure solvation of
L-F, L-FV, and L-VF. Each amino acid/dipeptide aqueous solution was added to 1
(5.10 g, 1.06 g, and 0.532 g respectively) dissolved in THF (Scheme 4.2). The
solutions, which were cloudy upon addition of the aqueous mixture, cleared upon
continual stirring overnight. The mixture was concentrated by rotary vacuum (until
cloudy) to remove the organic solvent and to reduce the amount of water present. The
cloudy aqueous solutions were acidified to approximately pH 2.0 using 1 M HC1. As
the pH was lowered a white solid precipitate formed. The solution was filtered and
the acid forms of L-UF (2), L-UFV (3), and L-UVF (4) were rinsed with water to
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remove any N-hydroxysuccinimide impurities. Acids 2, 3, and 4 were freeze-dried
overnight to remove water trapped in the solid. The yields recovered were 86.8% (2),
94.2% (3), and 96.1% (4). The acid forms of L-UF, L-UFV, and L-UVF
Ph,

4

O
Scheme 4.2. Synthesis of L-UF (2), L-UFV (3), and L-UVF (4).

were transformed to their salt forms by adding equal molar amounts of sodium
bicarbonate in water and stirred overnight. To recover the salts, the solutions were
lyophilized.
The dry products were confirmed and characterized by the following
techniques, [a]^ +25.7° (c = 1.0, H20 ) L-SUF, Scheme 4.2; -12.3° (c = 1.0, H20 ) LSUFV, Scheme 4.2; 19.7° (1.0 = , CH3OH) 4 (L-UVF), Scheme 4.2. 'H and 13CNMR

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

(deuterated DMSO) of 2, 3, and 4 are in Table 4.1 and Table 4.2 respectively. Anal.
Calcd. for C20H 30NO3 (2): C, 72.47; H, 8.82; N, 4.23. Found: C, 72.23; H, 8.83; N,
4.22. C25H38N 2 O4 (3) C, 69.74; H, 8.90; N, 6.51. Found: C, 69.65; H, 8.89; N, 6.39.
C25 H38N2 O4 (4) C, 69.74; H, 8.90; N, 6.51. Found: C, 69.42; H, 8.83; N, 6.22. m/z
(El FAB) 2, 332.6 (M+H)+; 3, 431.6 (M+H)+; 4,430.7 (M+H)+.
Table 4.1
HL-UF
la
lb
2
3
4
5-8
9
10
12
13a
13b
14-19
NH1
NH2

Assignment of *H NMR resonance of L-UF, L-UFV, and L-UVF.
Chemical
‘H L-UFV
Chemical
‘H L-UVF
Chemical
Shift (ppm)
Shift (ppm)
Shift
(ppm)
4.941-5.004
4.897-5.004
la
la
4.9094.917
4.897-4.934
4.814lb
4.892-4.957
lb
4.875
2
5.715-5.850
5.725-5.826
5.6442
5.728
2.013-2.056
3
1.988-2.050
3
1.8791.963
1.338-1.361
4
1.350
4
1.2601.294
1.240
5-8
1.221
5-8
1.193
1.468-1.510
9
1.448
1.4559
1.469
2.210-2.216
10
2.068
10
1.8791.963
4.589-4.660
12
4.272-4.307
12
4.4654.518
3.107-3.169
13a
3.080-3.126
13
2.0172.149
2.920-2.993
13b
2.809-2.868
14
0.791
7.165-7.272
7.234
14-19
15
0.764
7.543
21
4.667-4.723
17
4.1434.184
23
2.112-2.181
18a
3.0123.060
24
0.932
18b
2.8542.909
25
0.915
20-25
7.0767.179
NH1
7.869
NH1
7.802
NH2
NH2
7.747
7.452
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Table 4.2
Assignment of 13C NMR resonance of L-UF, L-UFV, and L-UVF.
a m I n n ! C Vii f t
'U a m i / i n l C lii f t
c
Chemical Shift
13C ' r Chemical
Shift
13c ..... Chemical
L-UF
(ppm)
(ppm)
L-UVF
Shift
L-UFV
(ppm)
1
112.89
1
1
112.728
112.723
2
136.032
2
2
137.225
137.237
3
32.186
3
31.914
3
31.927
4-9
23.420-27.730
4-9
23.902-27.021
4-9
24.09027.492
10
34.395
10
10
34.253
34.157
11
171.997
12
12
52.236
51.663
12
51.859
13
29.054
13
35.745
13
35.941
14
14-19
17.789
126.370-136.296
14-19 125.055-137.506 11, 20,22 170.052-171.355
15
16.601
20
171.455
21
55.512
11,16, 19
171.227169.774
23
17
56.246
28.877
24
17.535
18
35.596
25
16.281
20-25
124.826135.683
Determination o f CMCs.

Surface tension measurements were used to

determine the critical micelle concentration (CMC) o f sodium-N-undecylenyl-Lphenylalanine (L-SUF), sodium-N-undecylenyl-L-phenylalanine-L-valine (L-SUFV),
and sodium-N-undecylenyl-L-valine-L-phenylalanine (L-SUVF). Surface tension is a
measurable property o f a liquid, which is defined as the force acting over the surface
o f the solution per unit o f surface length (wetted length) perpendicular to the force
(15). When a liquid is in contact with air or a vapor, the liquid behaves as if it were
covered with a thin membrane under tension. The tension found at the surface o f the
liquid is a result of intermolecular forces within the solution that causes the exposed
surface to contract to the smallest area possible.

This behavior (property) is

responsible for the formation of liquid droplets, soap bubbles, and menisci (15).
Surface tension is usually expressed in millinewtons per meter (mN/m) or dynes per
centimeter (dynes/cm). A DuNouy ring or Wilhelmy plate are two methods used to
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measure surface tension. The data reported was obtained using the DuNouy ring
method.
A stock solution of L-SUF was made with a final concentration of 23 mM.
The stock solution was diluted by 2 mM increments until a concentration of 5 mM was
reached. The surface tension o f each solution (10 concentrations) was measured. The
measured surface tension was plotted against the surfactant concentration (Figure 4.2).
The break in the plot at 13 mM is the CMC. However, it is interesting to note that
another possible break appears at 17 mM. The second break, which is at a higher
concentration, may be the indication of a micelle shape change.
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Figure 4.2.

Variation of surface tension with concentraion of L-SUF.

The CMC of L-SUFV was acquired using the procedure described above.
However, due to decrease solubility of the dipeptides, the concentrations measured
were lower. A 10 mM stock solution of L-SUFV was diluted by increments ranging
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from 0.5 - 1.0 mM until a final dilution o f 1.5 mM was reached. As shown in Figure
4.3, the CMC is ~ 5.5 mM.
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Figure 4 J

Variation of surface tension with concentration of L-SUFV.

Polymerization of L-SUF, L-SUFV, and L-SUVF.

The polymerized

monomer surfactant, poly(sodium-N-undecyl-L-phenylalanate) (poly(L-SUF)), and
dipeptide surfactants, poly(sodium-N-undecyl-L-phenylalanine-L-valinate) (poly(LSUFV)), and poly(sodium-N-undecyl-L-valine-L-phenylalanate) (poly(L-SUVF))
were isolated by making solutions of L-SUF, L-SUFV, and L-SUVF at concentrations
at least two times greater than their CMC. A 26 mM solution of L-SUF and a 13 mM
solution of both dipeptides, L-SUFV and L-SUVF, were placed in the 60Co yirradiation well. Irradiation of the solutions lasted for seven days. The solutions were
removed from the well and lypholized to produce the solid form of the polymers.
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Fluorescence solutions. A 1.00x1 O'3 M stock solution of pyrene was prepared
in cyclohexane.

Aliquots of 50 pi were transferred into separate vials and the

cyclohexane was evaporated. Each polymer sample was placed in a vial and dissolved
in five milliliters of water (>18 Mfi). The final pyrene and polymer concentrations
for the polarity study were 1.00x1 O'6 M (pyrene) and 4.00x10"4 M polymer. Samples
for the microviscosity study were prepared using a 1.00x10'3 M stock solution of
perylene, which was dissolved in chloroform.

An appropriate amount of stock

solution was placed in the sample vial and the chloroform was evaporated. Samples
were diluted to final concentrations of l.OOxlO"6 M for perylene and 4.00X10"4 M for
polymer.
AUC samples. Three milligrams of the respective polymer were dissolved in
10 ml of a 0.1 M aqueous NaCl solution. In the sample sector, 110 pi of polymer was
used and 113 pi of reference solvent was placed in the reference sector of the cell. A
wavelength o f 259 nm was used and data collected from 6.0 —7.0 cm radial distance.
Step scan mode was used and the first scan was taken after a 500 minute delay time.
Four subsequent scans were taken at 500 minute increments to assure equilibrium was
reached. A rotor speed o f 35,000 rpm was used.
Values of partial specific volumes were obtained by measuring the density of
six solutions that ranged in weight between 4.5-18.5 mg in 10 ml of 0.1 M NaCl
aqueous solutions. The program ORIGIN was used to plot the weight fraction versus
the inverse density. The y-intercept of this plot is equal to the partial specific volume.
RESULTS AND DISCUSSION
Using the techniques of fluorescence spectroscopy, sedimentation equilibrium,
and nuclear magnetic resonance, properties and characteristics of the acid and/or
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sodium salt surfactants and/or polymers of (L-F), (L-FV), and (L-VF) were revealed.
The data obtained from the latter techniques showed the differences that were present
in the three polymers.
Micropolarity and steady-state anisotropy.

As in Chapter 3, the

micropolarity and microviscosity (described as anisotropy) were measured for the
monomer, polymeric surfactant poly(L-SUF), and the dipeptide polymeric surfactants,
poly(L-SUFV) and poly(L-SUVF) of phenylalanine. Figure 4.4 show that the
1.25

IS poly(L-SUF)
Bpoly(L-SUFV)
B poly(L-SUVF)

S 0.50

Polymeric Surfactant

Figure 4.4

Variation of micropolarity of poly(L-SUF), poIy(L-SUFV, and
poly(L-SUVF).

micropolarity (I/III ratio) is greatest for poly(L-SUF). A decrease in micropolarity
occurs with the dipeptides. O f the two dipeptides examined, poly(L-SUVF) is the
least polar (more hydrophobic).

The difference in micropolarity gives valuable

information about the solvation of pyrene into the polymers. As poly(L-SUF) was
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shown to have the most polar environment, pyrene is most likely located in the
palisade region and/or at the headgroup (phenyl ring) of the polymeric surfactant.
With a (I/m ) ratio value o f ~ 0.98, poly(L-SUF) is similar to the polarity of an
aromatic solvent (16).
The dipeptide polymer, poly(L-SUFV), has a I/m ratio of ~ 0.95. Poly(LSUFV) is slightly less polar than the monomer polymeric surfactant. Therefore, it is
believed that pyrene is solvated slightly further into the polymeric surfactant core
instead o f at the head. If pyrene was closer to the head then it would be in a more
polar environment due to the presence of valine being at the polymer/aqueous
interface (5) which (valine) posses a greater I/m ratio.

On the other hand, the

dipeptide poly(L-SUVF) is the least polar. This large decrease in polarity may give
some additional structural information about the polymers. It appears that pyrene is in
a much more hydrophobic environment compared to poly(L-SUFV). The increase in
hydrophobic character is most likely due to the position of the R group (methyls) on
valine. The methyl groups seem to be in proximity to the phenyl ring, whereas pyrene
may be encased or wedged between the methyl groups on valine and the phenyl ring
on phenylalanine. The desire of these hydrophobic groups as well as pyrene to be in
the most hydrophobic environment may cause pyrene to be solvated deeper into the
polymer core. Also, if pyrene was solvated at the surface or in the palisade region, the
I/m ratio would be greater (as with poly(L-SUF)).
From the pyrene vibronic band ratios, the phenylalanine polymeric monomer
and dipeptides were found to be the least polar of all the polymeric surfactants
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investigated in the laboratory (5). This behavior was expected since phenylalanine is
the most hydrophobic acylamino acid investigated in the laboratory to date.
Steady-state anisotropy (r) was found to increase from poly(L-SUF) < poly(LSUFV) < poly(L-SUVF) (Figure 4.5). Changes in the polymer interior and location of
the probe in the polymer cause changes in the anisotropy.
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Polymeric Surfactant

Figure 4.5

Variation of steady-state anisotropy with poly(L-SUF),
poly(L-SUFV), and poly(L-SUVF).

Most likely these polymers experience changes in the polymer interior and the probe
location. Some examples of changes that may occur to the polymer interior include
polymer size, shape, aggregation, and/or microviscosity. The changes observed in the
micropolarity are evidence o f differences in the probe (pyrene) location.
The inverse correlation that occurs between steady-state anisotropy and
micropolarity measurements show a relationship between the two properties that
characterize the microenvironment of the polymeric surfactant. It appears that as the
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microviscosity decreases the micropolarity increases. It is envisioned that differences
observed in the micropolarity and microviscosity o f the phenylalanine polymeric
surfactants are a result o f structural and surfactant packing differences, increase in
hydrophobic character, and steric hinderance.
Nuclear Magnetic Resonance. To gain further insight on the structure of
these polymers, NMR was used to calculate spin-spin coupling constants (3J). The
amide coupling constant

( V nh)

provides useful information about the surfactants

conformation (17). The conformation of the dipeptide changes with respect to the
sequence o f the amino acid residue on the dipeptide backbone. Table 4.3 shows the 3J
values calculated for all three surfactants. Pardi et al. (17) found that if 3Jnho < 6.0 Hz
then an a-helix structure is favored. For P-sheet and random structures, Vnhc* is
greater than 7.0 Hz. All three polymeric surfactants have a 3Jm a > 7.0 Hz (Table 4.3),
suggesting that the corresponding monomer and dipeptide surfactants adopt P-pleated
type or random structures.
The P-pleated sheet differs from the a-helix in that it is a sheet rather than a
rod. A dipeptide chain in the p-pleated sheet is almost fully extended as shown in
Figure 4.6 rather than tightly coiled (a-helix). Hydrogen bonds between amide and
carbonyl groups in different dipeptide chains stabilize the P-pleated structure. In ahelix structures, hydrogen bonds occur between the amide and carbonyl groups in the
same dipeptide chain.

Another difference between a-helix and P-pleated sheet

structures is that the axial distance between adjacent amino acids is 3.5

A and 1.5 A,

respectively (18).
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Table 4.3.
Spin-spin coupling constants ( J) for L-UF, L-UFV, and L-UVF.
Coupling Constant
L-UF
L-UVF
L-UFV
CJ)
7.76
8.40
7.75
JHx,Hy
13.79
13.98
13.98
JHa,Hb
4.98
5.40
5.29
JHa,Hy
8.44
9.64
8.23
JHb,Hy
8.40
9.06
J hx2, Hy2
9.21
13.19
JHy2,Hz
2.65
4.70
JHy2, methyl
2.23
JHb, 19,15

'X2
'Y2

R

1

NH

R' =

\ /

HO

R = UNDECYLENYL

Figure 4.6.

Conformation of a dipeptide unit in a P-pleated sheet.

Although the Vnhcx values o f the monomeric and dipeptide phenylalanine
surfactants were easily determined, efforts to obtain 3J values for the polymeric
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surfactants were impeded by severe line broadening. The addition of the hydrophobic
undecylenyl long chain and polymerization may change the conformations o f the
dipeptide headgroups.

This study indicates that initially the headgroups may be

stacked rather than coiled (tightly packed).

The hydrocarbon

ch a in s

and

polymerization may enhance loose packing due to additional bulkiness and steric
hindrance. The observation of NOE cross peaks between valine and

p h e n y lalan in e

hydrogens suggest that the methyls and phenyl ring respectively are in close proximity
and therefore cis-oriented.
Sedimentation equilibrium . To investigate if there was a size difference
between the monomer and dipeptide polymeric surfactants, analytical ultracentrifuge
sedimentation equilibrium experiments were conducted.

Once equilibrium was

reached for each polymer (Figure 4.7) the data was fitted (Figure 4.8a-c) to obtain

8

S
XI
fc-

o

(0

456

5.8

6.0

6.2

6.4

6.6

6.8

7.0

73.

7.4

Radius (cm)

Figure 4.7.

AUC equilibrium profiles for poly(L-SUF), poly(L-SUFV), and
poly(L-SUVF) respectively.

molecular weights. Molecular weights ranged from 9,172 ± 65 Daltons for poly(LSUFV). 15,582 ± 952 Daltons for poly(L-SUF) and poly(L-SUVF) had a molecular

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

161

weight of 23,982 ± 2 3 1 Daltons.

The latter molecular weights correspond to

aggregation numbers (N) o f 44 ± 3.0 (monomer units), 20, and 53 for poly(L-SUF),
poly(L-SUFV), and poly(L-SUVF) respectively.
It was reasonable to expect that the dipeptides would have smaller aggregation
numbers (such as poly(L-SUFV)), in contrast to the monomer polymeric surfactant
The thought process was that because the dipeptides are bulkier and more stericly
hindered, less surfactant units would be able to aggregate. As the data shows, poly(LSUFV) had a low aggregation number compared to poly(L-SUVF).

It is not

unreasonable that the latter could be the result of steric hindrance. It appears that the
conformation and/or orientation of phenylalanine-valine is altered in a way (rigid,
slightly twisted phenyl rings) that does not allow the aggregation of many surfactants.
However, when phenylalanine is located at the surface of the headgroup, the aromatic
groups are free to rotate and align in a manner (more planar) to allow the aggregation
o f more surfactants.

In addition, when valine is not present, such as with the

phenylalanine monomer, the aggregation number is close in value to the dipeptide
poly(L-SUVF). The similarity in N between poly(L-SUF) and poly(L-SUVF) suggest
that when valine is closest to the core it plays a smaller role in the size of the dipeptide
polymer compared to the larger phenylalanine group.

Part II.

Performance of Phenylalanine Polymeric Monomer and
Dipeptide Surfactants as Pseudostationary Phases

As suggested in the introduction of this chapter, the polymers of L-SUF, L- SUFV,and
L-SUVF were synthesized to investigate their potential as pseudostationary phases in
in electrokinetic capillary chromatography (EKC).

The latter polymers were
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investigated to design a highly enantioselective selector similar to Pirkle’s CSPs (1113). In an attempt to model Pirkle’s mechanistic description o f chiral recognition, it
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Figure 4.8.

M olecular weight fits o f AUC equilibrium data, (a) poly(L-SUF),
(b) poly(L-SUFV), and (c) poly(L-SUVF).
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was shown that n-n interactions between analyte and chiral stationary phase aromatic
groups, in addition to amide (N-H) hydrogens for hydrogen bonding, provided
heightened enantioselectivity in HPLC (11-13).

As shown in Figure 4.1, the

phenylalanine monomer and dipeptides provide a phenyl ring for ^-interactions and an
amide hydrogen for hydrogen bonding.

Therefore, this study compared the

performance of the phenylalanine monomer and dipeptides to 8 other acylamino
monomer and dipeptide chiral polymeric surfactants synthesized in our laboratory and
utilized in EKC for chiral separations (5), to determine if the properties of
phenylalanine would enhance chiral separations achieved in EKC.
EXPERIMENTAL
M aterials.

Poly(L-SUF),

poly(L-SUFV),

and

poly(L-SUVF)

were

synthesized in the laboratory as described in Part I o f this chapter. The analytes (±)
l,l'-bi-2-napthol (binaphthol, BOH), binaphthyl-diamine (BNA), and binaphthyl
phosphate (BNP) were purchased

from Aldrich

(Milwaukee, WI).

The

benzodiazepines, (±)-lorazepam, (±)-oxazepam, and (±)-temazepam were purchased
from Sigma (S t Louis, MO). Sodium borate buffers were of analytical reagent grade
and obtained from Sigma (S t Louis, MO).
Instrum entation.

Electrokinetic

chromatography

experiments

were

conducted on a Hewlett Packard 3DCE. Data analysis was accomplished using HPCE
chemstation software.
METHODOLOGY
Capillary Electrophoresis Procedure and Sample Preparation. Prior to
first use, the capillary was washed with 1 M NaOH for 1 hour, followed by a rinse
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with deionized water. At the beginning of each run, the capillary was preconditioned
by saturation with the running buffer.
The respective surfactant polymers were added to a 3 0 mM sodium borate
buffer (for the atropisomers), adjusted to a pH of 9.1, and filtered using a 0 .4 5 pm
syringe filter. The benzodiazepines were separated using a 10 mM am m onium acetate
running buffer with a. pH o f 8.5.

A temperature o f 12 °C was used with the

benzodiazepines to decrease the presence o f batman peaks, which are caused by
proton transfer racemization.

All separations were performed at + 3 0 kV with UV

absorption detection at 2 1 5 , 22 0 , or 2 5 4 nm. All analytes were prepared in methanol
at a concentration o f 0.1 mg/ml.
RESULTS AND DISCUSSION
Optim ization of C hiral Polymeric M onomer and Dipeptide Surfactants.
The CE conditions (i. e. buffer concentration and pH) in the experimental section were
predetermined with other polymeric monomer surfactants and polymeric dipeptide
surfactants (5). These conditions afforded the optimum resolutions for the polymers
used and the analytes investigated. Hence, it was necessary to: 1. determine if chiral
separation could be achieved with the phenylalanine family polymers chosen, 2.
Investigate whether the predetermined CE conditions were compatible with
phenylalanine monomer and dipeptide polymers to obtain chiral separations, and 3.
achieve optimum resolution at the set conditions by varying the polymer
concentration.

To compare the performance of poly(L-SUF), poly(L-SUFV), and

poly(L-SUVF) to other polymeric monomers and dipeptides synthesized in our
laboratory, these points were addressed.
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Figure 4.9.

Structures of analytes used in EKC study.

Chiral separations were achieved with the binaphthyl atropisomers (Figure 4.9)
using poly(L-SUF), poly(L-SUFV), and poly(L-SUVF) under the controlled
conditions.

Polymer concentrations ranging from 1-40 mM equivalent monomer

concentration (EMC) were investigated for the atropisomers (Figure 4. lOa-c). Chiral
separation was achieved for all three analytes (BOH, BNA, and BNP) when poly(LSUF) was used (Figure 4.10a). However, only enantiomers of BOH and BNA were
separated using the dipeptides poly(L-SUFV) and poly(L-SUVF) (Figure 4.10b, c).
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Figure 4.10a and b show that baseline resolution (Rs > 1.5) was attained for BOH
when poly(L-SUF) and poly(L-SUFV) were used at EMCs as low as 5 mM. Optimum
resolution of 2.34 and 2.32 was achieved at 20 mM poly(L-SUF), as well as 20 mM
poly(L-SUFV), respectively. Contrary to the behavior of BOH, BNA reached baseline
resolution using poly(L-SUVF) as shown in Figure 4.10c. Optimum resolution for
BNA was achieved with both dipeptide polymers at 5 mM, while the optimum
concentration for poly(L-SUF) was 10 mM. The last atropisomer examined, BNP,
was resolved only with poly(L-SUF). A maximum resolution of 1.47 was observed
using an EMC o f 30 mM, before a decrease in resolution began at 35 mM.
Chiral separation was also achieved for (±)-lorazepam and (±)-oxazepam
(Figure 4.9) when using the phenylalanine monomer and dipeptide polymers. O f the
three polymers, L-SUVF provided the poorest performance (separation o f (±)lorazepam only). It appears with the dipeptides that the steric hindrance present when
phenylalanine is at the exterior of the headgroup deteriorates the partitioning needed
for optimum resolution. This steric effect may be observed in the change in k' values
as concentration increases (Table 4.4). The k' behavior contradicts EKC theory, that
an increase in the hydrophobicity of the pseudostationary phase retains the analyte
compared to the monomer form of the polymer. This inconsistency in k' behavior is
longer; therefore, k' values should increase. The dipeptides have lower k' values, most
likely as a result of the analytes having weaker hydrophobic interactions due to the
presence of predominate steric repulsion, hydrogen bonding, and possible n-n
interaction occurring. Poly(L-SUVF) has the lower k' o f the two dipeptides, which is
also inconsistent with k' hydrophobicity theory. As discussed in Part I, pyrene polarity
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Figure 4.10. Variation of enantiom er resolution with EM C o f polymer,
(a) poly(L-SUF), (b) poly(L-SUFV).
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Figure 4.10. Variation of enantiomer resolution with EMC of polymer.
(c) poly(L-SUVF).
studies showed that poly(L-SUVF) was the most hydrophobic of the three polymeric
surfactants.
In contrast, poly(L-SUF) and poly(L-SUFV) provide enhanced separation of
lorazepam and oxazepam. Maximum resolutions (3.58 and 4.27) of (±)-lorazepam
were reached at 5 mM poly(L-SUFV) and 20 mM poly(L-SUF) respectively.
However, 10 mM poly(L-SUF) provided maximum resolution of (±)-oxazepam (Rs =
2.69) and poly(L-SUFV) provided an optimum resolution of 1.37 at 5 mM. Again, k'
data shows that there is stronger interaction of the enantiomers of lorazepam with
poly(L-SUF) as compared to poly(L-SUFV) (Table 4.4). This increase in interaction
possibly occurs due to less stericly hindered or packed polymer surfaces, more polar
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environments, possible n-n interactions, and increase hydrogen bonding with poly(LSUFV).

Table 4.4.

Com parison of retention factor and resolution for lorazepam
enantiom ers with varying concentrations of poIy(L-SUF),
____________poly(L-SUFV), and poly(L-SUVF>*______________________
EMC
Chiral Polymeric
k’
Rb
(mM)
Micelle
poly(L-SUF)
0.14
1.25
1
0.11
1.52
poly(L-SUFV)
poly(L-SUVF)
0.09
0
poly(L-SUF)
0.56
3.50
5
poly(L-SUFV)
0.41
3.58
poly(L-SUVF)
0.36
0.74
poly(L-SUF)
0.88
3.15
10
poly(L-SUFV)
0.67
2.16
poly(L-SUVF)
0.61
1.23
poly(L-SUF)
1.06
3.59
15
0.92
poly(L-SUFV)
poly(L-SUVF)
0.80
0.76
poly(L-SUF)
1.16
4.27
20
poly(L-SUFV)
1.03
2.45
poly(L-SUVF)
0.92
0.80
poly(L-SUF)
1.35
2.25
25
1.13
poly(L-SUFV)
1.90
poly(L-SUVF)
0.99
0.72
Using 10 mM ammonium acetate buffer al pH 8.S. Pressure injection o f analyte at a concentration of
0.3 mg/ml for 5 seconds (10 mbar). Separation voltage o f +30 kV; temperature 12° C. Detection was
254 nm.

Polymeric Surfactant Com parisons and Investigation of 7i-Interactions. It
has been established that the polymeric monomer and dipeptides o f phenylalanine
provide chiral separation of the atropisomers and benzodiazepines at the conditions
reported. Also, EMCs that provide optimum resolution at these conditions were
determined. However, the question o f how do these polymers perform compared to
others examined in our laboratory was also investigated. In addition, it was important
to determine if the differences in the chiral separations achieved with the
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phenylalanine acylamino acids versus the other 8 amino acids were attributed partly to
7i-7t interactions.
The phenylalanine polymeric monomer surfactant was compared to the
polymeric monomer surfactants o f alanine, valine, and leucine.

The polymeric

dipeptide surfactants, phenylalanine-valine and valine-phenylalanine were compared
to alanine-valine, valine-alanine, valine-valine, leucine-valine, and valine-leucine. All
amino acids used were the L-enantiomers and the polymeric monomer surfactants
increase in hydrophobicity as the R group on the a-carbon increases in size. Table 4.5
shows how the resolution o f the atropisomers and benzodiazepines are affected
depending on the polymeric monomer surfactant used.
increases, BNP resolution increases.

As the amino acid size

Also, shown in Table 4.5, no resolution was

achieved for BNP with alanine and valine. However, leucine and phenylalanine
yielded resolutions of 1.08 and 1.47 respectively. It appears BNP prefers a more
hydrophobic and stericly hindered environment compared to BOH and BNA. This
behavior may be due to the fact that BNP is more rigid than BOH and BNA due to the
covalent linkage o f the phosphate group to the naphthyl group of BNP. Moreover, the
increase in resolution observed from leucine to phenylalanine may be a result of
increased hydrophobicity, sterics, and/or 7t-7t bonding occurring. The latter forces
may be considered relatively strong to moderate attractive and/or repulsive
interactions that provide a stronger interaction o f the enantiomers with the polymeric
surfactant, increasing resolution.

In contrast, the resolution o f BOH enantiomers

decrease as the amino acid size increases.

This behavior is possibly due to the

preference o f a less hydrophobic environment, as well as a decrease in the ability of its
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heteroatoms to hydrogen bond. Binaphthyl-diamine prefers a moderately steric and
polar environment present in valine and leucine, as depicted by the data.
Table 4.5.

Comparison of enantiomer resolutions achieved at optimum
equivalent monomer concentration for four chiral
polymeric surfactants.
TE M ’°
Polymeric
BNPa BOH*
BNA“
OXb’°
LOR ,c
Monomer
EM C
EMC
EMC
EMC
EMC
EM C
Surfactant
Alanineb
Valineb
Leucineb

Phenylalanine0

Rb

Rb

Rb

30
0.00
30
0.00
30
1.08
30
1.47

6
6.92
6
5.09
6
5.54
5
2.34

6
3.86
6
5.72
6
5.73
5
2.56

Rb

*
0.00
20
2.29
20
2.68
*
0.00

Rb

Rb

10
1.33
10
0.61
10
1.53
10
2.69

10
0.00
10
0.92
10
1.10
20
4.27

I.V.

b 10 mM sodium borate and 10 mM TRIS buffer at pH 8.5; temperature 12° C; detection, 254 nm.
c 10 mM ammonium acetate buffer at pH 8.5; temperature 12° C, detection, 254 nm.
* Denotes no chiral separation at any o f the equivalent monomer concentrations examined.

Alanine does not provide enough hydrophobic, steric character, and/or hydrogen
bonding, whereas phenylalanine was most likely too hydrophobic and stericly
hindered. In addition, the hydroxyl and amine groups on the naphthyl rings are
activating or electron donating groups. Therefore, they provide a more electron rich
environment which most likely hinders the transfer of electrons by the polymer phenyl
ring resulting in repulsion o f the rings and decreased n -n interaction.
As for oxazepam and lorazepam, it was observed that resolution increased as
the R group size increased. The dramatic differences observed, in favor of poly(LSUF), with these analytes are the strongest evidence of the phenyl group on the
polymer making a positive contribution. It is possible that the improved resolutions
are a result of 7t-n interactions because o f the need to share electron density. The
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presence o f chlorine on the 5-[2-phenyl] position, on lorazepam acts as a deactivating
group.

Electrons are withdrawn from the phenyl ring making an electron poor

environment In this case, poly(L-SUF) can transfer electrons and provide a stronger
interaction. On the other hand, oxazepam does not contain an electron-withdrawing
group and the need to share electrons is negated. Lastly, temazepam is structurally
similar to lorazepam. The k' data shows that interactions are occurring between both
analytes and the polymers; however, temazepam has a methyl group bonded to the
amide, which could stericly shield the chiral centers from interacting thus no chiral
separation.
Com parison of Polymeric Dipeptide Surfactants.

For the discussion o f the

dipeptide results, it is important to note that the N-terminal is denoted as the first
position (core) and the second position is the C-terminal (surface). The trends that
occur in resolution with the polymeric dipeptide surfactants are presented in Table 4.6.
The analytes BOH and BNP show an increase in resolution as the

am ino

acid size

increased toward phenylalanine in position 1. However, when poly(L-SUFV) was
used, a decrease in resolution to zero was observed. As previously mentioned, BNP
interactions occur at the surface.

In addition, BNP is charged at the separation

conditions used, is more polar, and will prefer to be at the surface (more polar
environment). Also, the desire for the aromatic rings of phenylalanine to be in a more
hydrophobic environment may push the phenyl ring toward the hydrocarbon tails
(polymer core). It is envisioned this causes a tighter configuration of the surfactant
headgroup which may shield the chiral centers of poly(L-SUFV) from interacting with
the chiral plane o f the BNP analyte. The same trends are seen with BOH and BNA;
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however, due to the flexibility o f these analytes, they may position in a manner where
they can penetrate deeper into the polymeric surfactant Resolution values of BOH
enantiomers are greater for poly(L-SUFV) compared to poly(L-SUAV) possibly
because o f increased hydrophobic character and hydrogen bonding.
Table 4.6.

Comparison o f enantiomer resolutions achieved at optimum
equivalent monomer concentration for seven chiral
polymeric dipeptide surfactants.
Polymeric
BNP8 BOH8
BNA8
TEMb,c
o x bc
LORbc
Monomer
EMC
EMC
EM C
EM C
EM C
EMC
Surfactant
R.
R«
R.
R.
R*
R.

Alanine-Valineb
Valine-Valineb
Leucine-Valineb
PhenylalanineValinec
Valine-Alanineb
Valine-Valine b
Valine-Leucineb
ValinePhenylalanine c

30
0.54
30
1.92
30
6.94
*
0.00

6
0.88
6
3.39
6
5.19
10
2.32

6
1.72
6
4.29
6
6.39
5
1.41

20
1.06
20
0.69
20
3.36
*
0.00

10
0.00
10
0.59
10
1.43
5
1.37

10
0.71
10
1.00
10
2.51
5
3.58

30
4.47
30
1.92
30
0.00
*
0.00

6
5.15
6
3.39
6
2.23
10
1.1
_ir/ a-VTI—i

6
3.94
6
4.29
6
4.19
5
2.11

20
0.87
20
0.69
20
2.11
*
0.00

10
0.81
10
0.59
*
0.00
*
0.00

10
2.56
10
1.00
*
0.00
10
1.23

r ------------------------ r * ------- ------------

* ----------------------------------------------------- *--------- » — —— — »

—

10 mM sodium borate and 10 mM TRIS buffer at pH 8.5; temperature 12° C; detection, 254 nm.
0 10 mM ammonium acetate buffer at pH 8.5; temperature 12° C, detection, 254 nm.
* Denotes no chiral separation at any equivalent monomer concentration examined.

As amino acid size increases in position 1, resolution of lorazepam and
oxazepam increased. This trend follows the same behavior exhibited in the polymeric
monomer surfactants (Table 4.5). The model proposed by Billiot and Warner (5, 6),
best explains the behavior observed. When the large R group is on the N-terminus, it

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

174
positions itself toward the inside hydrophobic polymeric surfactant core versus the
aqueous environment. Thus, the smaller amino acid, as well as the chiral center on the
large amino acid is most likely positioned toward the polymer surface and aqueous
interface. This structure allows the analytes to interact with both chiral centers on the
dipeptide, and potentially increases the hydrogen bonding and chiral interactions.
Again, the enhanced resolution of lorazepam achieved using poly(L-SUFV) could be
due to the additional force o f n-n bonding encouraged by the electron withdrawing
group on lorazepam.
When the amino acid order is reversed, a difference in chiral recognition is
noticed due to differences in stereoselectivity (5, 6). Varying the

am ino

acid size on

the C-terminus showed a decrease in resolution of BNP, BOH, and oxazepam
enantiomers as amino acid size increased (Table 4.6). The large R groups on leucine
and phenylalanine stericly prevent the chiral recognition of the BNP and oxazepam
enantiomers. Also, as hydrophobicity of the outer position increased the resolution of
the BOH enantiomers decreased. Because the large hydrophobic R group desires to be
positioned toward the core o f the polymeric surfactant, the less hydrophobic R group
is pushed closer to the polymer surface and water interface. This position allows the
flexible BOH to interact with one o f the less shielded (outer) chiral centers, as well as
provide hydrogen bonding.

In contrast, BNA and temazepam show anomalous

behavior regardless o f the dipeptide amino acid position. A possible reason for these
anomalies is the presence of

am ine

groups on BNA that have weaker hydrogen

bonding characteristics and the presence of the methyl group on temazepam causing
steric hindrance. Lastly, lorazepam follows the same behavior as BNP, BOH, and

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

175
oxazepam; however, resolution is achieved using poly(L-SUVF).

As stated

previously, I envision the electron deficient environment readily shares electrons with
the phenyl ring on the polymeric dipeptide surfactant; therefore, adding n—n
interactions and enhance enantioselectivity.
SUMMARY
The use o f phenylalanine monomer and/or dipeptide polymeric surfactants
provided chiral separation o f BNP, BOH, BNA, lorazepam, oxazepam, and
temazepam. This study determined the EMCs that provide optimum resolution of
enantiomers. In addition, a comparison o f the performance of poly(L-SUF), poly(LSUFV), and poly(L-SUVF) with seven other polymeric monomer and dipeptide
surfactants was made. Overall, the phenylalanine family of polymeric surfactants
exhibited poorer separation performance. However, for the analytes BNP, oxazepam,
and lorazepam poly(L-SUF) was the better monomer polymeric surfactant and poly(LSUFV) provided the largest resolution values for lorazepam.

The improved

separations for these analytes are believed to be due to increased hydrophobicity and
steric bulkiness, as well as n-n interactions.
Unfortunately, the increase in hydrophobicity and steric bulk also hinders
chiral separation of numerous analytes.

The difference in the sequence of the

dipeptides affects the structure, micropolarity, microviscosity, and performance of the
pseudostationary phases.

The data in Part I further support that changes in the

microviscosity and micropolarity are inversely proportional, which reveals the
solvation site and structure differ between the three polymers. Moreover, spin-spin
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long range coupling suggest that the dipeptide R groups are most likely facing in a cis
orientation (toward the core).
Combining the micropolarity, NMR coupling, and EKC data results suggest
that the L-FV polymer does not block the enantiomer from exiting the polymer since
the smaller valine is at the surface. On the other hand, the large phenyl ring on the
exterior of L-VF blocks partitioning in and out of the polymer, and may cause the
enantiomer to position further into the polymer core.

The latter properties can

decrease enantioselectivity; hence, the overall decreased performance of poly(LSUVF).
Other disadvantages o f the phenylalanine monomer and dipeptide polymers are
that they absorb at the same wavelength of most analytes and increase the baseline
intensity o f the background electrolyte. Therefore, the advantage o f being able to use
low concentrations of chiral polymeric surfactants compared to high concentrations of
surfactant (in MEKC) to obtain improved chiral separations is evident and a necessity
in this system.
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Chapter 5.
Conclusions and Future Work
The research presented in this dissertation has generally included polymeric
surfactants as pseudostationary phases in electrokinetic capillary chromatography
(EKC). More specifically, synthesis and characterization were performed and the
application o f polymeric surfactants to separate chiral or molecularly similar
compounds was investigated. From previous studies conducted in our laboratory and
other research groups, it was found that polymeric surfactants enhance separation of
enantiomers over conventional micelles when used in EKC (1-12).

Polymeric

surfactants offer the advantages o f being more stable, more rigid, and have no critical
micelle concentration (CMC); further advantages include tolerance to high volume
fractions o f organic solvents, and elimination of the dynamic equilibrium associated
with conventional micelles. These appealing characteristics are achieved by locking
the hydrophobic tails o f the micelle in position through covalent bonds formed by use
o f y-irradiation.
Three different polymeric surfactants were synthesized and each characterized
using several techniques prior to application. In Chapter 1 o f this dissertation, brief
perspectives about chirality, capillary electrophoresis (CE) fundamentals and
concepts, and polymeric surfactants were presented to provide support for the research
in the following chapters. Furthermore, the major techniques used as methods to
characterize the polymeric surfactants were introduced in the last section of Chapter 1.
Light scattering, analytical ultracentrifugation, nuclear magnetic resonance, and
fluorescence spectroscopy were instrumental in product identification and useful in
suggesting separation processes.
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Chapter 2 examined the use of a nonionic polymeric surfactant, poly(nundecyl-a-D-glucopyranoside) (PUG). The separation o f seven structurally similar
antidepressant

drugs

(amitriptyline,

nortriptyline,

imipramine,

desipramine,

protriptyline, doxepin, and nordoxepin) was accomplished in less than IS minutes.
Systematic studies with varying polymer concentration, pH, and percent organic
modifier were conducted to find the optimum conditions for baseline separation of the
seven tricyclic antidepressants. In addition, equations for capacity factor were used to
estimate the extent o f what was initially thought to be micelle-analyte interaction. A
series of calculations showed that a modified capillary zone electrophoresis (CZE)
system (PUG-CZE) was the actual mode of separation. Thus, the study concluded that
PUG functioned in a non-electrokinetic chromatography mode. Therefore, the basis o f
separation is believed to be hydrogen bonding of PUG to the capillary wall, which
makes the capillary wall neutral in character. This behavior in turn keeps cationic
analytes from interacting with what would normally be a mixture o f silanol and
uncapped silanol groups on the capillary wall.

The potential of this polymeric

surfactant could have future application as a transient capillary coating for improved
separation of other cationic chiral analytes such as the ephedrine analyte series.
In Chapter 3, EKC, fluorescence spectroscopy, and pulsed field gradient NMR
(PFG-NMR) were used to determine whether the concentration at which the micelles
were polymerized affects their performance as pseudo-stationary phases in chiral
separations. Ten different concentrations of sodium-N-undecylenyl-L-valine (L-SUV)
ranging from slightly below the critical micelle concentration (CMC) to fifty times
greater than the CMC were investigated. Analysis of the EKC data suggests that the
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concentration of the surfactant solution at polymerization does affect the chiral
separation. It was determined that a concentration 5 to 10 times greater than the CMC
o f L-SUV should be used for optimum separation. Fluorescence techniques used in
this study included micropolarity, steady-state anisotropy, dynamic anisotropy, and
fluorescence quenching measurements. Analysis o f fluorescence data indicated that
changes in polarity, microviscosity, and size and/or shape occurred as the
polymerization concentration was varied, which corresponded to deteriorating chiral
separation. As the polymerization concentration (PC) increased, it was found that
polarity increased and steady-state anisotropy decreased.

The latter results were

observed up to the PC of 200 mM. Limiting anisotropies were observed at all PCs.
Pulsed field gradient NMR further supported the size changes observed in the
fluorescence quenching study by providing diffusion coefficients of the polymers. In
addition to measuring the diffusion coefficients for various polymeric surfactants,
diffusion coefficients were used to investigate whether aggregation behavior occurs
within any given polymeric surfactant concentration. More importantly, PFG-NMR
revealed which polymerization concentrations produce monodispersed as well as
polydispersed polymer samples, which could be a crucial factor in achieving chiral
separation.
Future studies are being continued using PFG-NMR to determine the fraction
o f molecules solubilized (ps) in the polymer (13). The fraction o f solubilized molecule
can be found using equation 5.1
D obs = P , D micelle + ( l ~ P , ) D fia!

(5.1)
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where Dobs is the observed diffusion coefficient for the micelle-analyte sample, Dmiceiie
is the diffusion coefficient of the micelle (polymeric surfactant) alone, and D&ee is the
diffusion coefficient o f the analyte in free solution. The goal would be to find an
analyte separated using poly(L-SUV) in EKC and use PFG-NMR to gain, insight of the
analyte and polymeric surfactant interactions. It is important to note that the analyte
needs to be soluble in D2 O. In addition to obtaining analyte and polymeric surfactant
solubilization data, the use o f electron microscopy to see actual size and shape
differences o f poly(L-SUV) formed at different polymerization concentrations would
be instrumental in supporting the polymerization concentration size and shape data
obtained using fluorescence spectroscopy and PFG-NMR.
Chapter 4 discusses the synthesis, characterization and evaluation of LPhenylalanine monomer and dipeptide (L-Phenylalanine-L-Valine and L-Valine-LPhenylalanine) polymeric surfactants as chiral pseudostationary phases in EKC. The
performance o f the phenylalanine monomer (poly(L-SUF)) and dipeptides (poly(LSUFV) and poly(L-SUVF)) polymeric surfactants were compared to eight other
monomer and dipeptide polymeric surfactants developed in our laboratory. Chiral
separation was attempted on the binaphthyl and benzodiazepine analyte families. O f
the polymeric surfactants investigated, it was found that the phenylalanine series
provided the poorest separation results from the polymeric surfactants under the
conditions used. However, poly(L-SUF) and poly(L-SUFV) have a few highlights
that warrant mention and further investigation. The resolution of the enantiomers of
binaphthyl phosphate (BNP), oxazepam, and lorazepam were enhanced with poly(LSUF) compared to the other polymeric monomer surfactants investigated.
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believed that the increased hydrophobic and steric bulkiness contributes to the
enhanced resolutions o f BNP. The presence o f electron density from the phenyl ring
appears to be very instrumental in the enantioselectivity o f the lorazepam and
oxazepam enantiomers.
The poor solubility and high ultraviolet absorbance that the phenylalanine
polymeric surfactants possess are more o f a hindrance and disadvantage to this system
than its prospect o f introducing n-n interactions to the separation process.

The

phenylalanine solubility problems could be negated and steric effects could be reduced
if future research used the phenylalanine polymeric surfactants in non-aqueous
capillary electrophoresis (14). This non-aqueous system would create a system similar
and more compatible to Pirkle’s chiral stationary phases used in HPLC (15-17). The
absorbance obstacle could be a positive attribute when using these polymers in
fluorescence resonance energy transfer spectroscopy (FRET) studies (18-22). FRET is
the transfer of excited state energy from a donor to an acceptor. The transfer o f energy
occurs without the appearance o f a photon and is generally the result o f dipole-dipole
interactions between the donor and acceptor pair. The distance at which spontaneous
decay or the donor and energy transfer to the acceptor occurs is known as the Forster
radius.

Since the phenylalanine polymers contain a chromaphore, future research

could be conducted to determine the Forster radius between the polymers and analytes,
when chiral separation was achieved.

The latter study could be furthered by a

comparison study o f the Forster distance between the analytes that were separated by
the polymers versus those which were n o t This study may provide information about
the minimum interaction distance needed for separation to occur. Attempts have been
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made to conduct this experiment, but the polymers’ broad fluorescence emission
bands have made this a challenging problem. The broad emission band is most likely
a result o f intermolecular aggregation. It has been reported that modifiers can reduce
this aggregation behavior (23-26). Investigating the effect of adding modifiers such as
organic solvents (23) or urea (24-26) to decrease or shift the polymer emission band
could provide an avenue to continue this study. The latter would increase the number
o f probes that could be used as a possible acceptor or donor pair.
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Louisiana State University (L.S.U).
Crystal received a Board o f Regents Fellowship while at L.S.U. She worked
under the direction o f Dr. Isiah M. Warner. Specifically, Crystal studied the synthesis,
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•

Crystal C. Williams. Joykrishna Dey, Shahab Shamsi, and I. M. Warner “Use of a
Chiral Micelle Polymer for Chiral Separation by Micellar Electrokinetic Capillary
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•

ACS Board o f Directors Retreat on Minorities in the Chemical Sciences, Airlie, VA,
June 3-5,1994.

Crystal was very engrossed in several national and local organizations such as:
•

Member o f ACS Committee on Minority Affairs (1997-present)
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Associate member of ACS Society Committee on Education (1994 - 1997)

•

ACS Presidential Task Force on Doctoral Education

•
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•
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•
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Research Award (1999)

•

NOBCChE-DuPont Award (LSU)

•
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Crystal is presently a candidate for the degree of Doctor of Philosophy in analytical
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