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ABSTRACT.

The use of non-aqueous media in CE was investigated primarily in an attempt to
identify alternative mobile phases for application in CEC. Several solvents were found
to support a rapid EOF even without the presence of a supporting electrolyte. These
initial experiments led to the development of a separation involving an active
pharmaceutical ingredient (Cimetidine) and a series of related materials. The latter
displayed alternative selectivity relative to a comparable aqueous-based separation and
offered a number of advantages. However, the underlying fundamental principles that
govern separations in non-aqueous media were not well understood and method
development was somewhat of a “black art”. Further studies were therefore undertaken
in order to gain an understanding of the mechanisms that influence separations in non-
aqueous media. Under certain conditions the mode of separation appeared to be based
on some form of interaction with the background electrolyte and the choice of a suitable

EOF marker was not straightforward.

HPLC separations of EPA priority pollutant phthalate esters were developed to assess
the ease by which they could be transferred to CEC and determine any advantages
offered by the electrically-driven technique. The practicalities of fabricating columns
for CEC separations are critically discussed along with the unsuitability of some of the
stationary phases employed. Attempts to utilise non-aqueous media in CEC separations

are also described.

A series of “real” applications were undertaken to assess the practicality of various
electrically-driven separation techniques. The latter comprised a series of alkyltin
compounds, the pesticide pirimicarb and its related metabolites and the determination
of ethylenediammine (EDA). No meaningful separations were achieved with alkyltin
compounds. However, the use of NMF as a non-aqueous mobile phase for CEC was
demonstrated. Investigations involving EDA also did not lead to a successful
separation. However, issues with the proposed derivatisation schemes were uncovered.
The separations involving pirimicarb clearly demonstrated the enhanced scope available
for method development offered by the various modes of CE that are available. Only
partial separations were possible using CE in both aqueous and non-aqueous media.
However, complete resolution of the 4 structurally similar materials was achieved using
MEKC.
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AIMS OF THIS WORK.

At the time of undertaking this research electrically-driven separations based on CE
were subject to a significant wave of interest fuelled mainly by the “rediscovery” of

capillary electrochromatography (CEC).

Several groups had begun to publish impressive CEC separations but these typically
involved model test compounds such as mixtures of PAHs using only a few simple
mobile phases. Furthermore, workers in this field were obliged to fabricate their own
columns “in-house” since they were not readily commercially available. Development
of the technique in the research community therefore required fabrication techniques
that could ideally be applied within any laboratory. Additionally, clear demonstrations
were necessary that the technique could meet pharmaceutical industry and other
regulatory criteria, be successfully applied to complex and/or “real” samples and that

conversion of established HPLC methods was straightforward.

The addition of organic solvents to CE separation media is a well-established method of
manipulating selectivity. The literature contained several intriguing reports of CE and
CEC separations effected in totally non-aqueous media. Unfortunately, none of the
authors involved appeared to fully understand the fundamental processes involved in
this conceptually difficult area and many reports did not discuss important separation

parameters such as repeatability.

This research initially aimed to verify reported observations of a rapid EOF in non-
aqueous solvents. It was then intended to identify and understand the fundamental
processes involved and determine their effect(s) on the resulting separation. This would
allow a generic method development procedure to be proposed and ultimately applied to
“real” samples comprising complex matrices. The latter would be used as a challenging
test to evaluate whether the technique was capable of achieving typical performance
criteria found in industry. Applications were to be carefully chosen to demonstrate the
perceived advantages offered by non-aqueous media such as the analysis of

hydrophobic materials.



The application of non-aqueous media to CEC was also envisaged. It was anticipated
that this would significantly enhance the scope available during method development
and hence the potential application range of the technique. However, it was first
necessary to evaluate the advantages offered by the technique compared to HPLC. This
was to be assessed by transferring a method developed for HPLC to CEC.

Published procedures for the fabrication of CEC columns had generally been developed
by well-established groups. Financial constraints necessitated that columns were
fabricated “in-house”. This allowed the feasibility and limitations of manufacturing
columns in a small laboratory without the aid of specialised equipment or access to

speciality stationary phases to be evaluated.
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CHAPTER 1.

INTRODUCTION.

1.1. BACKGROUND.

This introductory chapter reviews the fundamental principles of high performance capillary
zone electrophoresis (CE, CZE or HPCE). Alternative modes of separation that allow CE
instrumentation to be employed for the separation of a wide range of analytes are also
introduced and discussed. Finally, the work of various researchers in this field is reviewed.
The latter focuses on major developments in the field of electrically-driven separations as

well as considering representative applications.

1.2. OVERVIEW.

CE is a versatile technique that has emerged over the past 15-20 years into the forefront of
separation science. It is capable of effecting rapid separations exhibiting unprecedented
efficiencies. Additionally, sample sizes and solvent requirements are far lower when
compared to HPLC. Originally considered primarily for‘ the separation of biological
macromolecules, the development of new separation modes[1] has considerably broadened
the potential application range of electrically-driven techniques to cover a broad spectrum

of analytes including uncharged materials.

An additional attractive feature of CE is the relatively simple instrumentation involved.
Briefly, the ends of a narrow bore separation capillary are placed into two vials containing
a background electrolyte (or buffer) and electrodes that provide electrical contact between
the capillary and a high voltage supply. Instruments are typically configured such that the

inlet vial contains the positive electrode (anode) as shown in figure 1.1.



Figure 1.1 Schematic representation of a typical CE instrument.

1 High voltage power source.

2 Inlet vial and positive electrode
3 Outlet vial and negative electrode
4 Separation capillary

5 On-capillary absorbance detection.

Samples are loaded onto the capillary at the inlet side. The sample vial is then replaced with
one containing a background electrolyte (also referred to as buffer or separation media).
Separations are accomplished via the application of a high voltage (typically in the order of
10-30 kV) across the capillary. Optical detection is usually performed through the capillary
near to the outlet (or receiver vial). Most commercially available instruments include a
high degree of safety features and an autosampler as standard. The latter allows high
sample throughput and unsupervised operation. Important dimensions and parameters that

will be discussed in subsequent sections can differ significantly between instrument brands.

1.2.1. Separation capillaries.

Fused silica capillaries (FSCs) are most commonly employed to effect CE separations[2].
They are typically coated with a thin layer of polyimide to impart mechanical strength.
However, this coating strongly absorbs in the UV region and a small section must be
removed to provide a window for optical detection. Polyimide removal may be effected by
carefully heating in a small flame, scraping with a sharp blade or via chemical attack with
hot concentrated sulphuric acid. A far more convenient and reproducible method is to use a

commercially available device involving a resistively heated wire coil [3].

2



1.3. HISTORICAL DEVELOPMENT OF CE.

Electrophoresis involves the migration of charged entities in solution under the influence of
an external electrical field. It is beyond the scope of this thesis to provide a comprehensive
historical account of the development of electrophoretic techniques. However, an excellent

summary has been provided by Vesterberg[4].

The origins of modern electrophoretic separations may be traced back to the pioneering
work of Tiselius who was awarded a Nobel Prize in 1948. He is commonly credited with
introducing electrophoresis as an analytical technique initially through his postgraduate
research and subsequently through improved experiments[5]. He observed that the rate and
direction in which components of a protein test mixture migrated in a simple
electrophoresis experiment were based upon their charge and mobility. These free solution
experiments were limited by both the instability of apparatus and more significantly by the

convection processes caused by thermal heating induced by the applied electrical field.

The next major development of the technique was the introduction of support media such as
gels, paper and cellulose acetate. The purpose of such support media was to contain the
separation buffer and impede free movement of the analyte and thus limit the random
influence of diffusion. However, separations that employed such anti-convective
stabilisers required long analysis times and the resulting efficiencies were generally low.
Efficiency was limited by zone broadening mechanisms such as interactions between the
analyte and the anti-convective medium and/or eddy migration along the channels formed
by the stabiliser. In addition to these difficulties, detection could be problematic and

automation of the techniques for high sample throughput was not straightforward.

An alternative to the slab gel format involved performing the electrophoretic separation in a
narrow bore tube or capillary. Such capillaries were found to exert an anti-convective “wall
effect” [6] due to the viscosity of the electrophoretic medium and hence stabilising media
were not required. Furthermore, the anti-convective and heat transfer properties were

found to increase as the internal diameter of the capillary was reduced.



Hjerten[7] performed zone electrophoresis in a 3 mm quartz glass capillary coated with
methylcellulose. The detrimental effects caused by the relatively large internal diameter
were reduced via rotation of the capillary along its longitudinal axis. Although the
feasibility of zone electrophoresis in capillaries was clearly demonstrated by this work,
subsequent development was severely limited by 'the complexity of the instrumentation
involved. Other workers subsequently performed electrophoresis in narrow bore (<200pum

i.d) tubes but the predicted high efficiencies were not achieved[6, 8].

The true potential of free solution electrophoresis was finally demonstrated by the work of
Jorgenson and Lukacs[9-11] in the early 1980s. These workers achieved highly efficient
separations in 75 um i.d untreated glass capillaries of 80-100 cm total length and employed

sensitive on-column fluorescence detection.

1.4. THEORETICAL ASPECTS.

In a vacuum, an ion in an electrical field will continue to accelerate until it leaves the field

The accelerating force, F, is given by equation 1.1.

F.=qE Equation 1.1
Where:

q is the charge of the ion.

E is the applied electrical field strength (applied voltage/capillary length).

However, in a fluid medium it will experience an opposing viscous resistance, p, that

increases with increasing velocity. The frictional force experienced by a spherical ion is

given by equation 1.2 which is termed the Stokes equation.

p=06mnnrv Equation 1.2



Where:
7 is the viscosity of the electrophoretic medium.
r is the radius of the charged ion.

v is the velocity of ion.

The rate of electrophoretic motion rapidly reaches a steady state and the ion moves at a

constant velocity that is proportional to the applied electrical field as shown in equation 1.3.
v=pE=pnV/L-: Equation 1.3

The proportionality constant, p., termed the electrophoretic mobility, is characteristic for
a given ion in a given medium at a given temperature. The electrical and frictional effects

become equal and opposite in magnitude during the steady state as shown in equation 1.4.
qE=6 nnrv Equation 1.4

Solving equation 1.4 in terms of ion velocity and then substituting into equation 1.3 yields

equation 1.5 that describes ., in terms of various parameters.

He = q/6 Tnr | Equation 1.5

Although this is a fairly crude model it does allow 2 useful insight into the electrophoretic
process. Equation 1.5 clearly accounts for the influence of the viscosity of the background
electrolyte. The relationship between temperature and ion mobility is also suggested since
viscosity is temperature dependent. The presence of the charge and radius terms indicate
that small, highly charged ions will have higher electrophoretic mobilities than larger,

lesser charged species.



1.4.1. The electrical double layer.

The electrical double layer is a feature of any surface that is immersed in a solution.
Consider a negatively charged surface such as silica in contact with an electrolyte solution.
A thin area of excess opposite charge will exist in solution at the surface boundary to
balance the fixed negative charges. Excess charge at the solid surface/liquid boundary
involves a fairly immobile layer of ions that adhere tightly. The remainder of the excess
charge is distributed amongst a mobile layer of ions that freely exchange with those in the
bulk solution. The excess charge density and associated electrical potential decreases
rapidly as the distance from the surface increases. The potential at the boundary between
the fixed and mobile layers is termed the zeta potential, denoted by £ This will be

discussed in greater in section 1.4.2.

The fall-off of electrical potential with distance from the surface is roughly exponential.
The distance at over which ( falls by a factor of e is termed the double layer thickness
denoted by 6. The latter is often denoted by 1/x (x is the Debye length) which may be

determined using equation 1.6.

8 = /(ereoaRT)/(4nF* L, C, Z?) Equation 1.6

Where:

er is the dielectric constant of the electrolyte solution.

€o 1s the permittivity of a vacuum.

R is the gas constant.

T is the absolute temperature.

F is the Faraday constant.

C, is the molar concentration of any ion in the solution phase.

Z, is the ion valency of any ion in the solution phase.



1.4.2. Electroosmotic flow.
Electroosmotic flow (EOF) is an electrophoretic phenomenon that results in bulk flow of
solution through the separation capillary. It results from effect of the applied high voltage

on the electrical double layer and is key to all capillary-electroseparation methods.

The following discussion is restricted to untreated fused silica capillaries as they are most
commonly employed in electrophoretic separations. The inner walls of such capillaries
may become charged either via ionisation (acid-base equilibria) or adsorption processes.
The inner surface of a fused silica capillary consists of silanol groups, (Si-OH). These
groups become ionised above approximately pH 3 to yield negatively charged silanoate,
(Si-O) groups. It is common practise to enhance this ionisation process by pre-treating a

separation capillary with a base such as sodium hydroxide.

This ionisation process results in a layer of negative charge at the capillary wall. Cations
from the background electrolyte solution are attracted to form a tightly held immobile layer
at the capillary wall/solution interface (the Stern layer). This process cannot sufficiently
neutralise the negative charges exhibited by the silanoate groups resulting in the formation
of a second layer of cations. The second layer is not as tightly bound as the Stern layer and

is referred to as the mobile (or diffuse) layer.

An electrical imbalance termed the zeta potential or electrokinetic potential, &, is created at

a plane of shear which exists between the Stern and diffuse layers as shown in figure 1.2.



Figure 1.2 The electrical double layer
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Application of a high voltage across the length of the capillary causes the mobile layer of
cations to be attracted towards the cathode. The cations are solvated and hence their
movement causes the bulk solution in the capillary to be dragged with them yielding a net
flow from anode to cathode. The flow velocity is generated uniformly along the capillary

and is independent of its internal diameter.

The magnitude of the EOF is proportional to the zeta potential that is in turn proportional to
the thickness of the diffuse double layer. The magnitude of the zeta potential is given by

equation 1.7.

¢ = 4mde Equation 1.7
>

Where:
€ is the dielectric constant of the electrolyte medium.

d is the thickness of the electrical double layer.

e is the charge per unit surface area.



The magnitude of the EOF is dependent on the internal diameter of the capillary, d, and
the thickness of the electrical double layer, 6. Rice and Whitehead[12] stated that the EOF
velocity would be independent of d only when d is significantly greater than 8. They
concluded that as the internal diameter of the capillary was reduced and the value of d
approached that of 6, double layer overlap would result in parabolic flow profile that would
limit efficiency. Double layer overlap is therefore unlikely to pose a problem under typical
CE operating conditions. A consideration of double layer overlap in terms of capillary

electrochromatography (CEC) is given in section 1.8.5.2.

1.4.2.1. Important characteristics of EOF.

EOF has a plug-like flow profile that is totally in contrast to the typical pumped (or
laminar) flow associated with HPLC as indicated in figure 1.3. Parabolic flow is caused by
the difference in flow velocity between the centre and the walls of the separation column.
The velocity at the centre of the tube is twice the average velocity whilst at the walls it is

virtually zero.

Figure 1.3 Comparison of EOF and pressure-driven flow profiles.

EOF PUMPED

The EOF profile is essentially plug-like apart from an insignificantly small area adjacent to
the capillary wall that moves at a slower rate than the bulk solution due to friction. All
solute molecules experience the same velocity component from the EOF regardless of their
cross sectional position within the capillary and hence elute as narrow bands. In contrast,
laminar flow leads to relatively broad peaks since solutes in the centre of the capillary move
faster than those nearer the wall. It is this property that is responsible for yielding the sharp

peaks and high efficiencies associated with CE.



1.4.2.2. EOF velocity and mobilities.

The electroosmotic velocity, Vg, is given by equation 1.8.

e§

Veor= — - R Equation 1.8
47

The electroosmotic mobility, [t zop, 1S given by equation 1.9.

H Eor = _SE Equation 1.9

4nn

It is clear from equation 1.9 that the EOF mobility is independent of the applied voltage and
is solely based upon dielectric constant and viscosity which are characteristic of the

separation medium that is employed.

The cumulative effects of electrophoretic mobility and EOF result in all species being
carried through the capillary from the inlet vial to the detector. Cationic species migrate
fastest and hence elute first since their electrophoretic attraction towards the cathode and
the EOF are in the same direction. The electrophoretic mobility of an electrically neutral
(uncharged) species is zero. Hence all neutral species move through the capillary together
at the same rate as the EOF and are not separated. Anions are carried towards the cathode
since the EOF is generally greater than their electrophoretic attraction towards the anode.
They therefore migrate slowest and hence elute last as demonstrated in figure 1.4.
However, under certain conditions the electrophoretic mobility of an anion can be greater

than the EOF resulting in migration towards the anode and the material not being detected.
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Figure 1.4 Migration order in CE (flow from + to -).

Charged species may therefore be separated from each other on the basis of differences in
their electrophoretic mobilities. Neutral compounds may be separated from charged species
but not from each other. Without EOF some very large and/or weakly charged ions would
require a extremely long time to migrate to the point of detection and it would be

impossible to separate anions and cations in a single analysis.

1.5. DEVELOPMENT OF SEPARATIONS.

1.5.1. Control of EOF.

Reproducible separations are dependent on efﬁcienf control of the EOF. The EOF may be
manipulated via alteration of the surface charge on the capillary inner wall or the properties
of the buffer. Conditions that alter the surface charge of the wall such as buffer pH often
also affect analytes. Successful separations are the result of optimising both the EOF and

analyte mobilities.

Alternative modes of electrophoretic separation such as isoelectric focussing and
isotachophoresis (both covered in section 1.8) often require suppression of the EOF. There
are several means of manipulating EOF that are briefly discussed in the following sections.
These parameters are further discussed in section 1.5 in terms of their influence when

developing separations.
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1.5.1.1. Applied electrical field.

Lowering the applied electrical voltage will decrease the EOF (equation 1.8.5.1). However,
this strategy typically results in detrimental effects to resolution, efficiency and separation
time. Conversely, raising the applied voltage will yield a faster EOF but the increased

current may result in Joule heating (section 1.5.3.1).

1.5.1.2. Buffer.

The EOF may also be manipulated by simply altering the pH of the buffer. However, this
may also affect the charge and mobility of analytes. Thé EOF varies with pH because of
alteration in the charge density at the capillary wall.

The concentration and ionic strength of the buffer also influence the magnitude of the EOF
[13]. Typical buffer concentrations range from 10-100mM. High buffer concentrations can
be useful for limiting coulombic interactions between analytes and the capillary by

lowering the effective charge at the capillary wall.

1.5.1.3. Modification of the capillary wall.

The EOF may be increased, decreased or even reversed via modification of the capillary
wall. Modification may be accomplished using either dynamic coatings involving buffer
additives or by employing capillaries whereby the inner wall has been permanently

chemically modified.

1.5.2. Solute mobilities and migration times.
Measured separations occur in the section of the capillary defined by L, whereas the
electrical field strength is measured across the total capillary length, L,as shown in figure

L.5.

12



Figure 1.5 Definition of the two capillary dimensions employed in CE.

Lt .
N
Ld Detection window

The magnitude of the two length terms is instrument specific and minimum capillary
dimensions are often fixed. The latter restraint has been overcome using the so-called
“short end injection” technique[14, 15] whereby the sample is introduced at the end of the
capillary that is closest to the detector.

The migration time of a solute is simply the time taken for it to migrate to the point of
detection. The observed electrophoretic velocity vy may be determined using equation

1.10.

Vops =L/t Equation 1.10

Analyte mobilities may be calculated using equation 1.11.

Happ = Ld.Lt Equation 1.11
tm.V

Where:

H,,, is the apparent (observed) mobility (cm® V' s™).

V is the applied voltage (V).

tm is the migration time (s).

La is the effective capillary length i.e. length from inlet to detection window (cm).

Lt is the total capillary length (cm).

13



In some instrumental configurations the difference between these two length terms is
negligible and L,L, in equation 1.11 has been reduced to L?. Analyte mobilities calculated
in this manner are termed apparent mobilities since they include the contribution from the
EOF. The effective (or true) mobility of an analyte, p.; may be determined by subtracting

Hgor from p, ., as demonstrated in equation 1.12
Hefr = Happ - HEOF Equation 1.12

The magnitude of p,: may be determined experimentally via the injection of a neutral
marker compound such as acetone, thiourea or mesityl oxide that travels through the
capillary at an identical rate to that of the EOF. Such compounds are typically included

within sample solutions during their preparation.

1.5.3. EFFICIENCY AND ZONE BROADENING.

The time taken for an analyte to migrate the entire length of the capillary is given by

equation 1.13.

Equation 1.13

il
< I

Substituting the expression for velocity in equation 1.3 yields equation 1.14.

t- 12 Equation 1.14
HeY

It is evident from equation 1.14 that the analysis time is proportional to the square of the
capillary length and inversely proportional to the applied voltage. Assuming that molecular
diffusion is the sole contributor to sample zone broadening, the spatial variance, o, of a

sample zone after time, t, is given by equation 1.15 that is termed the Einstein equation.
o’ = 2Dt Equation 1.15

Where D is the diffusion coefficient of the analyte.
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Substituting the expression for time in equation 1.14 into equation 1.15 yields equation

1.16.
o’ =2DL*/p.V Equation 1.16

The expression for the number of theoretical plates, N, in electrophoretic separations

derived by Giddings[16] is given in equation 1.17
N=LYc* Equation 1.17

Substitution of equation 1.16 into equation 1.17 yields an important expression in

electrophoretic separations that is given in equation 1.18[11].

N_peV Equation 1.18.
2D

These equations must be modified in the presence of EOF. Efficiency in terms of number

of theoretical plates in the presence of EOF is given by equation 1.19.

N_ (uEoF + pe)V Equation 1.19.
2D

It is clear from equation 1.19 that efficiency is independent of the capillary length.
Although the efficiency is proportional to the diffusion coefficient and mobility of the
analyte, these are intrinsic properties of the compound(s) in question and hence their

manipulation to increase N is not straightforward.
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Van Deemter and co-workers[17] determined that ther¢ was an optimum mobile phase
velocity in chromatography at which band broadening is a minimum and column efficiency
is greatest. They also defined three processes (A, B and C) that contribute towards band
broadening. Under ideal conditions the sole contribution to analyte zone broadening in CE
1s the van Deemter B term, longitudinal diffusion (i.e. along the length of the capillary).
However, other dispersive effects are often present as described in the following
sections[18]. Note, the van Deemter equation is discussed in greater detail in section

1.8.5.1 as an introduction to capillary electrochromatography.

1.5.3.1. Temperature effects: Joule heating.

Efficiency is directly proportional to the applied voltage (equation 1.19) whereas separation
time is proportional to the square of the capillary length (equation 1.14). It would therefore
be reasonable to assume optimum separation in terms of speed and efficiency would be
achieved using a very high voltage and a short capillary. Jorgenson and Lukacs[19]
reported that a plot of efficiency versus applied voltage was a straight line except for a
negative deviation from linearity at high voltages'. They predicted that the inability to

dissipate generated heat was a limiting factor to the use of high separation voltages.

Joule heat is generated by the passage of current through a background electrolyte within a
capillary. Heat is generated uniformly throughout the capillary but is only dissipated at the
inner walls and ends. This results in a parabolic temperature gradient across the capillary
such that the centre becomes warmer than at the inner walls[20]. Under extreme
circumstances the temperature difference between the walls and centre is so great that the
electrophoretic process can breakdown completely. However, the effects of Joule heat are

more commonly observed as reduced efficiency.

Reduced efficiency is a consequence of increased analyte mobility caused by a change in
the viscosity of the aqueous buffer. The latter increases by approximately 2-3% for every
1°C rise in temperature. Under these conditions analyte molecules at the warmer centre of
the capillary migrate faster than those at the walls resulting in broadening of the sample

zone.
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The radial position of analyte molecules is constantly changing due to diffusion across the
capillary. Reducing the internal diameter of the capillary effectively enhances this radial
diffusion of analyte molecules back and forth across the temperature gradient thus
averaging their velocities and minimising the effects of Joule heat. The magnitude of the
radial temperature gradient is proportional to the square of the capillary radius and hence
reduction of the internal diameter significantly reduces any temperature differences across

the capillary.

The majority of commercially available instruments incorporate some form of cooling
system to maintain a constant separation temperature[21]. Zare et al.[22] patented a design

for a capillary with a rectangular cross-section that was claimed to efficiently dissipate heat.

1.5.3.2. Interaction between analytes and the capillary wall.
Adsorption of solutes to the capillary wall can lead to a variety of problems such as
alteration of the EOF, irreproducible migration times, degradation of efficiency, capillary

fouling and loss of sample.

The large surface area to volume ratio of the separation capillary enhances the likelihood of
such effects occurring. The main causes of adsorption are ionic interactions between the
negatively charged capillary wall and cationic analytes and hydrophobic interactions. It is
perhaps not surprising that peptides are the most commonly cited examples of these
adsorptive effects since they possess numerous charges and hydrophobic groups. A number
of strategies may be employed to reduce analyte-wall interactions such as increased buffer

concentrations, operation at extremes of pH and use of coated capillaries.

1.5.3.3. Electromigration dispersion.

Peak shape distortion occurs when the conductivity of the sample zone is appreciably
different from that of the separation medium. The field strength becomes non-uniform
along the capillary resulting in asymmetric zones. Dispersion of this kind is particularly

evident with samples comprising analytes with a wide range of mobilities[23].
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The leading edge of the sample zone will be diffuse and the trailing edge sharp (termed
tailing) when the sample zone has a higher mobility than the separation medium.
Conversely, the leading edge will be sharp and the trailing edge diffuse (termed fronting)
when the sample conductivity is lower than the separation media. No distortion is observed
when the sample and media conductivities are equal. Each situation is illustrated in figure

1.6.

Figure 1.6 Electrodispersion resulting from mismatched sample and buffer conductivities.
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1.5.3.4. Length of sample injection plug.
An excessively long sample plug will have a detrimental effect on resolution and efficiency.
Injection zone lengths typically do not exceed 1-2% of the total capillary length. However,

even a 1% plug length may be excessive in many instances[24].

Issues with detection limits (section 1.6.3) under typical conditions often necessitate longer
plug lengths. Methods of improving detection limits without compromising efficiency are

discussed in section 1.6.3.2.

1.5.4. RESOLUTION.

Resolution in electrophoresis is given in equation 1.20[18].

R,= N . Av Equation 1.20
4 v

avg

The relative velocity difference between the two analyte zones (Av/v,,) is defined in

equations 1.21 and 1.22 (with and without the presence of EOF respectively).

Av _ pi-p2 Equation 1.21

Vavg ”‘avg+ p’EOF

Av _ pi-pe2 Equation 1.22
Vavg p‘avg

Where:

W, and p, are the mobilities of the two analytes.

M. is the average mobility of the pair.

It is evident from equation 1.21 that a large pgr will reduce the relative velocity difference

between the two analyte zones.
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Substitution of equations 1.19 and 1.21 into equation 1.20 followed by rearrangement
yields equation 1.23 which is an important expression for resolution in electrophoretic

separations[11].

R,=0.177 (u;-p,) \/ V/ID(pyyg + Heor)] Equation 1.23

A linear gain in resolution with increased applied voltage is not observed due to the square
root term. The separation voltage must therefore be quadrupled to effect a two-fold
increase in resolution. However, this strategy is ultimately restricted by the generation of

Joule heat.

It is evident from equation 1.23 that a large EOF in the Same direction as the analytes will
reduce the resolution between the pair. Jorgenson and Lukacs[11] compared the separation
of a series of derivatised amino acids in both a normal glass capillary and a glass capillary
in which the inner surface was modified to suppress EOF. Enhanced resolution was

achieved in the coated capillary but this was at the expense of increased separation time.

Optimum resolution will be achieved when the when the magnitude of the EOF is equal but
opposite to the migration of the analytes (i.€. pigor = - W,,). Under such conditions it should

be possible to resolve analytes with extremely similar mobilities.

1.5.5. SEPARATION SELECTIVITY.

Resolution in CE is improved via the alteration of important separation parameters[25].
The most common strategies involve variation of buffer pH and/or the use of additives such

as surfactants, chiral selectors and organic solvents.
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1.5.5.1 Buffer.

Variations in buffer preparation have less pronounced effects in HPLC than in CE. Some
workers have proposed standardising the documentation of CE buffer preparation
procedures and other important operating parameters[26]. Altria[27] has recently detailed

several generic buffers that are applicable for a variety of applications.

Crucial separation parameters such as migration \}elocity and efficiency are sensitive to
changes in buffer characteristics. In particular, pH is of crucial importance. Buffering
capacity (a quantitative measure of buffering efficiency/ability) must be sufficient to ensure
that local pH and conductivity do not change significantly as a result of sample injection.
Valko and co-workers[28] demonstrated that adequate buffering is crucial to obtaining

reproducible migration times.

An effective buffer exhibits a range of approximately 2 pH units centred on its pKa value.
A number of commonly used buffers and their useful pH ranges are listed in table 1.1.
Polybasic buffers such as phosphate and citrate have more than one pKa value and hence
can be employed in more than one pH range. Additionally, the buffer should exhibit a low
absorbance at the relevant detection wavelength and possess a low mobility to minimise
current generation. The commonly termed biological buffers such as TRIS are especially
useful in terms of the latter property. Hjerten and Liao[29] investigated and subsequently

patented a series of low conductivity buffers.

Table 1.1. Commonly employed materials for the preparation of CE separation media.

Name pKa[30]

Phosphate 2.12 (pKal), 7.21 (pKa2), 12.32 (pKa3).
Citrate 3.06 (pKal), 4.74 (pKa2), 5.40 (pKa3).
Formate 3.75

Borate 9.24

Acetate 4.71

TRIS 8.30
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Alteration of buffer pH is a powerful means of manipulating selectivity since it affects both
the EOF and analyte mobilities. Small changes in pH can result in the separation of closely
migrating analytes. Altria and Simpson[31] observed that mobility was inversely
proportional to buffer concentration and that a logarithmic plot of concentration Vs

mobility was linear.

1.5.5.2 Surfactants.

The following discussion is limited to surfactants that are added to the buffer at a
concentration below the relevant critical micelle concentration (CMC). Surfactant
concentrations above the CMC result in an alternative mode of separation termed micellar

electrokinetic chromatography that is discussed in section 1.8.4.

Ionic surfactant molecules may act as solubilising agents for hydrophobic solutes, ion-
pairing reagents or as capillary-wall modifiers. The latter may be used to modify the EOF
and/or limit adsorption of analytes onto the capillary wall. Cationic surfactants such as
CTAB adhere to the wall via ionic interactions. Hydrophobic interactions of free CTAB
molecules with those adhered results in the generation of a positive charge in the vicinity of

the wall and a reversal of the EOF flow.

1.5.5.3 Chiral selectors.

Selectivity may be manipulated by adjusting the identity and concentration of a chiral
selector. Cyclodextrins (CDs) are the most widely employed chiral additives in CE. They
are natural cyclic oligimers of glycopyranose units produced by enzymatic reactions with
starch. The most commonly encountered CDs in aﬁalytical chemistry are those comprising
6, 7 and 8 units termed o, [ and y respectively. Their structure is best described as a
truncated cone containing a relatively hydrophobic cavity and two openings of different

sizes that are relatively hydrophilic due to the presence of hydroxyl groups.
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It is possible to introduce a variety of compounds into the hydrophobic cavity via a
mechanism termed guest-host (or inclusion) complexation. After dissolution the cavity of a
cyclodextrin will “host” a water molecule. The latter is in an energetically unfavourable
situation since the cavity is hydrophobic. Hence, molecules such as aromatics that can form
non polar-non polar interactions with the cavity readily replace it. Further stabilisation is
possible if the “guest” molecule also possesses a hydrophilic region that can interact with
the opening of the CD cavity. CDs are dextrorotatory as a result of the chiral D-(+)-
glycopyranose units present in their structure. Hence they can be employed as a chiral

environment for the resolution of enantiomers[32-34].

Another popular means of effecting enantiomeric separations in CE is via the use of crown
ethers. Crown ethers are macrocyclic polyethers that form stable inclusion complexes with
alkali, alkaline earth and primary ammonium cations. Khun[35] gave an extensive review

of the practical applications of crown ethers.

1.5.5.4. Temperature.

Most CE systems are thermostatically controlled to maintain capillary temperature and to
dissipate Joule heat[21]. However, temperature may be employed to manipulate
separations. An elevated or reduced temperature will alter buffer viscosity, EOF and

analysis time. It may also be used to alter reaction kinetics and chemical equilibria.

1.5.5.5. Modification of the capillary wall.

It has already been stated that interactions between analytes and the capillary wall can have
a detrimental effect on efficiency. Working at pH extremes is an effective means of
reducing such issues. However, this strategy is unsuitable for some applications such as
proteins whereby sample structure can be adversely affected. An alternative approach is to
employ high ionic strength buffers but Joule heating resulting from the high currents

generated ultimately restricts this strategy.
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The most common form of permanent modification involves silylation followed by
deactivation with a functional group. However, the siloxane (Si-O-Si) bond is stable only
between pH 4-7 and hydrolysis may limit long term stability of some capillaries. Neutral
deactivation with polyacrylamide, polyethylene glycol or similar eliminates EOF whereas
deactivation with a cationic material reverses the EOF. Deactivation with amphoteric
materials such as an amino acid yields a reversible EOF that is dependent on the buffer pH

and the pI of the coating.

1.5.6. The Role of Organic solvents in CE.

Solvents such as acetonitrile and methanol have been employed in CE as either pure
materials or constituents of an aqueous-organic mixture. The use of pure solvents is
referred to as non-aqueous capillary electrophoresis (NACE)[36, 37]. Separation selectivity
may be radically altered since the acid-base properties of analytes are different in organic
solvents. Additionally, migration is dependent upon the physiochemical properties of the
of the separation media (§, m) and the radius of the solvated ion which will be different in a

non-aqueous environment.

Separation selectivity may be manipulated via the addition of organic solvents to CE
buffers due to their effects on the physiochemical parameters that are decisive for

separation (§, EOF, p,.,)[38, 39].

1.5.6.1. Classification of solvents.

A variety of solvent classification schemes have been proposed. Many involve initially
distinguishing two broad classes based on dielectric constant with a dividing value of 30
typically chosen. Each broad class is then further sub-divided into hydrogen-bonded
(protic) solvents and non-hydrogen-bonded (aprotic) solvents. This classification is
illustrated with examples in table 1.2. An excellent overview of the properties and

chemistry of non-aqueous solvents is available[40]
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The intrinsic differences in the strength of acids and bases are not levelled in solvents such
as acetonitrile and are said to be differentiated. The differentiation limits of a solvent are
defined by the autoprotolysis constant. In water studies are restricted to acids with pKa
values between 0 and 14 units whereas in acetonitrile it is possible to study acids with pKa

values between 0 and 32.

1.5.6.3. Non-Aqueous Capillary Electrophoresis (NACE).
This area has received considerable interest during the past 5 years. Although impressive
separations have been reported the technique is still not well understood. NACE was

recently reviewed by Riekkola et al.[37].

1.5.6.4. EOF in pure solvents.

EOF has been observed in a number of solvents even without the addition of electrolyte.
Whitaker and Sepaniak[41] observed cathodic flow rates in pure acetonitrile that were
around three times faster than in typical aqueous media. Meanwhile, Wright and co-
workers[42] reported rapid EOF in various organic solvents (acetonitrile, methanol, N,N-

dimethylformamide and DMF).

Many organic solvents have lower dielectric constants than water resulting in less free ions
to facilitate charge transfer. Hence lower currents are generated and higher electrical field
strengths may be employed to effect separations. Reduced Joule heat effects can result in
enhanced efficiencies compared to aqueous systems under optimised conditions[24].
Jansson and Roeraade[43] exploited the high field strengths possible with NACE and

separated propranolol from felodipine in less than 35 seconds.

EQF in plain acetonitrile typically results in currents of less than 0.1nA[41, 42, 44]. Lister
and co-workers[44] determined the current generated in a range of pure solvents. No
relationship was apparent between the measured current and the EOF generated in each

solvent.
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The ratio of dielectric constant to viscosity (g/n) has been shown[41, 42] to be a convenient
means of predicting the magnitude of the EOF generated in a given solvent. Solvents with
an €/ similar to that of water should therefore provide rapid flow as long as a significant &

exists.

N-methyl formamide (NMF) has both a high dielectric constant and an autoprotolysis
constant that is comparable to water. It is understood that all species are solvated,
principally by hydrogen bonding with the solvent. Jansson and Roeraade[43] demonstrated
a reproducible EOF was possible without the' presence of background electrolyte.
However, NMF contains impurities such as hydrolysis products that are likely to influence

the EOF and C.

1.5.6.5. NACE separations involving background electrolytes.

The term pH* has been adopted as a means of describing acidity and basicity in NACE
since the concept of pH is arguably only valid in dilute aqueous solutions. Many workers
have chosen to determine such values using commercially available pH probes. A recent
paper by Espinosa and co-workers[45] provides an excellent insight into the complexity of

pH measurements in non-aqueous media.

A number of studies have employed non-aqueous media of relatively low pH* comprising
methanol and/or acetonitrile containing an electrolyte such as ammonium or sodium acetate
with acetic acid present to aid dissolution[46-53]. The selectivity of basic analytes in non-
aqueous media of this type is markedly different from equivalent aqueous-based
separations[47, 48, 51-53] and may be manipulated via alteration of the relative
compositions of the organic solvents[46-48, 53]. Additionally, separations involving

highly hydrophobic analytes may be undertaken [48].
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Altria and co-workers[54] used high pH* non-aquéous media for the separation of acidic
species. Sodium acetate and sodium hydroxide were used to increase pH*. Fillet and co-
workers[55] effected the separation of non-steroidal anti-inflammatory drugs using a
methanolic buffer comprising 50mM ammonium acetate/13.75mM ammonium acetate

(pH* 8.5).

Conversely, Senior et al.[49] employed low pH* (<7) NACE buffers to effect the
separation of acidic compounds. Samples were injected at the outlet side of the capillary

and the resulting negatively charged species migrated against the EOF.

Water in concentrations of up to 0.5% v/v has been shown to have only a minor effect on
the separation selectivity, efficiency and EOF achieved in NACE[56]. In a separate study
Hansen and co-workers[53] reported that the addition of up to 1% v/v water did not have

any significant effect on the selectivity obtained for a series of test compounds.

Temperature control is crucial for obtaining reproducible separations in NACE. Leung and
co-workers[46] obtained a significant improvement in the repeatability of migration times
when they transferred their NACE separation to an instrument with superior thermostatic

control.

1.5.6.6. Separation of neutral analytes using NACE.

Non-aqueous solvents have also been employed in the electrophoretic separation of
electrically neutral compounds. Separation is based upon the interaction between neutral
analyes and ionic buffer additives such as tetraalkylammonium ions that are well solvated
in dipolar aprotic solvents such as acetonitrile. The resulting positively charged species are
capable of migration in the electrical field. Thié technique has been used to separate
PAHs[57]. Tjernlund and Hansen[58] studied the effect of alkyl chain length on the
separation of uncharged analytes in propylene carbonate and acetonitrile. The fastest

mobilities in each solvent were achieved using tetrabutylammonium chloride.
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Miller et al.[59] exploited the principle of heteroconjugation between Bronsted acids and
small inorganic anions in acetonitrile to effect the separation of phenols, carboxylic acids
and alcohols. The resulting heteroconjugated anions migrated towards the anode.
Meanwhile, Wright and Dorsey[60] applied the principles of argentation chromatography
to NACE. Silver (I) complexation was demonstrated to be an effective means of

manipulating selectivity for heterocyclic containing materials.

1.5.6.7. Enantiomeric separations.

Many organic solvents have dielectric constants lower than water which facilitate ion-pair
formation or ion-dipole interactions between analytes and chiral selectors that may not be
possible in aqueous buffers. Quinine has been used to resolve dinitrobenzoyl amino acids
in methanol[61] whilst pharmaceutical enantiomers have been separated using

camphorsulphonate in acetonitrile[62].

Some cyclodextrins (CDs) exhibit limited solubility in water making NACE an attractive
alternative to aqueous-based separations. Formamide and NMF are particularly good
solvents for CDs but association constants have been shown to be lower than in water.
However, successful separations have been reported[63]. Enantiomeric NACE separations

employing a crown ether as the chiral selector have also been reported[64].

1.5.6.8. Quantitative analysis.
Concerns have been expressed regarding whether NACE methods employing volatile
separation media are sufficiently stable and repeatable to be employed in quantitative

assays.

Bjornsdottir and Hansen[52] exploited the different selectivities possible with NACE to the
separation of morphine from related opium alkaloids. The levels of morphine determined
in three drug formulations using a validated NACE assay were found to be comparable with

results from an aqueous CE and HPLC methods.
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Cherkaoui and co-workers[50] developed a NACE assay for several atropine and
scopolamine related compounds. Method robustness was demonstrated using a full factoral
design at two levels. The method was successfully validated and applied to the

determination of N-butylscopolamine in pharmaceutical formulations.

1.5.6.9. Preparative applications employing wide-bore capillaries.

The low currents associated with NACE have led to the development of separations on a
preparative scale[65]. Relatively large solvent volumes are transported from the inlet to
outlet vials when wide-bore capillaries are employed in NACE. This is a consequence of
reduced viscosity compared to aqueous systems. The resulting difference in liquid levels
can lead to a siphoning effect that induces a deviation from the plug-like flow profile.
Palonen and co-workers[66] compensated for this effect by lifting the inlet vial. A

separation of bumetadine and ethacrynic acid was presented using a 530 pum id capillary.
1.6. INSTRUMENTAL AND OPERATIONAL ASPECTS.

1.6.1. Sample injection techniques.

The high efficiency separations associated with CE may only be realised when the sample
injection system does not significantly contribute towards band broadening. Separations
typically involve on-capillary loadings of only a few nanolitres. Quantitative and
reproducible loading of such small volumes of sample may be achieved using a number of

injection techniques.

The two most widely employed procedures are hydodynamic (pressure) and electrokinetic
(applied voltage) loading. Sample introduction by siphoning has been used by workers
employing home-built CE systems. The 3 techniques are shown in figure 1.7 and discussed

in the following sections.
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Figure 1.7 Comparison of hydrodynamic (A), Siphoning (B) and Electrokinetic (C)

sample introdution.

A —

1.6.1.1. Hydrodynamic injection.

Hydrodynamic or hydrostatic injection sample injection is the most widely used injection
procedure since it does not suffer from the sample composition-based discrimination
inherent with electrokinetic injection. It has been shown to have very little effect on

separation efficiency and to have an RSD of 2.9% when automated [67].
Sample introduction is accomplished by the application of pressure (25-100 mbar) at the

inlet end of the capillary. The volume of sample, V,, loaded may be determined using

equation 1.25 that is termed the Hagen-Poiseuille equation.

V,_APd'nt : Equation 1.25
1281 L,
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Where:

AP is the pressure differential across the capillary.
d is the internal diameter of the capillary.

t is the duration of the injection.

7 1s the viscosity of the background electrolyte.

1.6.1.2. Siphoning.

Hydrodynamic-like injection may be effected in systems that do not have the capability to
perform pressure injection via a siphoning process. This is typically performed by
elevating the inlet vial such that it is 5-10 cm above the outlet vial for a period of time. The
pressure differential in siphoning injection is given by equation 1.26. This value is then

employed in equation 1.25 to determine the sample loading.
AP =p g Ah Equation 1.26

Where:
p is the density of the background electrolyte.
g is a gravitational constant.

Ah is the difference in height between the two buffer vials.

1.6.1.3. Electrokinetic injection.

Electrokinetic injection essentially involves utilising the combination of electrophoresis and
EOF to load sample into the capillary. Injections are accomplished by replacing the inlet
buffer vial with the relevant sample vial and applying a high voltage across the capillary.

This is typ‘ically lower than the voltage that is employed to effect the separation.
The amount of sample, A,, loaded may be determined using equation 1.27

As = (lanalyte + UEOF) V r Canalyte t - Equation 1.27
L,
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Where:

I anaiyee 18 the electrophoretic mobility of the analyte.
Ugor 1S the EOF mobility.

V is the applied voltage (kV)

r is the radius of the capillary.

Cnaiyie 1S concentration of the sample.

t is the injection time (s).

L,is the total length of the capillary (cm).

It is clear from equation 1.27 that sample loading is dependant on analyte mobility and that
biased loading will occur in samples containing species with widely differing
mobilities[68]. In this situation, sample constituents with high mobilities will be injected

onto the capillary in larger quantities than less mobile components.

The resistance of the injected sample solution also influences electrokinetic loading. This is
inversely proportional to the conductivity of the background electrolyte. Huang and co-
workers[68] demonstrated that more sample is injected in solutions with a high resistance.

The authors suggested that this was due to vg,: and v increasing with decreasing

analyte

electrolyte concentration and hence v,,,, (Where v,,,; = Vgor + Vanawe) Varies almost linearly

total analyte

with the resistance of the sample solution.

1.6.1.4. Other injection modes.

Specialised alternative methods of sample introduction have been also been reported.
Commercially available HPLC rotary injectors are unsuitable for CE due to generation of
bubbles via electrochemical reactions at the surface of metal components. Tsuda et al.[69]
designed a rotary-type injector for CE constructed from ceramics and tetrafluoroethylene

resins. Meanwhile, Deml and co-workers[70] developed an electric sample splitter.
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1.6.2. Repeatability of CE methods.

CE methods have a reputation for poor repeatability. Understanding and control of various
key factors are crucial to establishing good routine methods[71]. For example, the buffer
solution employed in a CE separation is subject to alteration via a number of processes that

are discussed in the following sections[72].

1.6.2.1. Unequal buffer reservoirs.
A siphoning effect termed levelling is induced when the levels of background electrolyte in
the two reservoirs are unequal{72]. This results in a laminar flow being superimposed onto

the EOF leading to loss of efficiency and poor migration time repeatability[73].

1.6.2.2. Contamination.
Sample carryover during injection and/or the separation can lead to contamination of the
buffer reservoirs. Additionally, impurities on vial caps may cause the applied voltage to

skim away from the capillary and be grounded.

1.6.2.3. Electrolysis effects.

Extensive application of a voltage across an electrolyte during a series of replicate assays
results in an effect termed buffer depletion [74, 75]. Essentially, a pH gradient is formed
along the length of the capillary that can effect migration time repeatability and peak
efficiency. Approaches to address this issue were discussed by Kelly et al.[76]. The extent
of such effects is application dependent but it is generally considered good practice to
renew the buffer after a number of replicate separations especially if analytes have pKa
values close to the pH of the buffer[77]. Improved reproducibility has been reported using

an automated buffer replenishment system[78]

Note that a decrease (or increase) in migration time results in a decrease (or increase) in
peak area since bandwidth is proportional to the time taken for a solute to pass the detector.
One strategy to eliminate this irreproducibility is to normalise peak areas by dividing by the

migration time[79, 80].
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Comparison of separations effected via application of constant voltage and constant current
found that the latter resulted in better migration time repeatability in both successive
injections and day to day analysis[81]. Witzig and Dette[82] proposed that separation
voltages and associated currents should be recorded when performing routine analyses for

the purposes of traceability and good GLP.

1.6.2.4. Evaporation.

Vial caps cannot be fully sealed in CE since there is a requirement to insert the capillary
and electrode into the buffer. Loss of analytes and/or solvents is therefore possible via
evaporation especially during long run sequences such as overnight separation. The use of
so-called star caps with cross-slotted openings has been shown to reduce losses via

evaporation[83].

1.6.2.5. Alteration of the capillary wall.

Rinsing with some form of wash solvent followed by the relevant buffer is commonly
performed between replicate separations to remove adsorbed materials, avoid sample
carryover and re-equilibrate the capillary. Considerable time may be necessary to re-
equilibrate the capillary in some applications[84]. It has been stated[85] that a reproducible
EOF is not achieved until a capillary has been regularly used for a period of one to four
months. When a capillary has been used for an extended period the inner wall may become

altered. Additionally, EOF tends to gradually reduce as the capillary ages[77].

1.6.3. Detection.

1.6.3.1 On-capillary absorbance detection.

The most widely employed mode of detection is on-column UV/vis absorbance which is
standard on most commercially available CE instrumentation. Many instruments also have

diode array options that can be interfaced with data acquisition software[86].
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The first wave of commercially available CE detectors were closely based upon established
HPLC instrumentation. Conversion for CE detection required only the additional sphere
(or ball) optics to collimate light across the diameter of the capillary. On-capillary UV
absorbance detection rapidly became almost universal for all CE application involving
organic compounds containing a chromophore. However, concentration detection limits
are poor compared to HPLC due to the combination of the narrow detection light path and

nl quantities of materials involved.

Increasing the capillary diameter increases both the amount of sample injected onto the
capillary and the length of the UV detection light path. However, wide bore capillaries
generate higher currents that cannot be efficiently dissipated leading to the detrimental
effects of Joule heating. Hence the use of wide-bore capillaries to improve sensitivity may

not be suitable for all applications.

Separation capillaries with modified detection windows are now commercially available.
The most common and least expensive example is the so-called “bubble cell” in which the
internal diameter of the detection window is significantly larger than the remainder of the
capillary. Typical sensitivity enhancements are in the order of 3-5 fold. Djordjevic and co-
workers[87] compared the performance of a sleeve cell extended light path design with a
commercially available bubble cell capillary and on-column detection in a 75 pm id
capillary. An abrupt change in capillary diameter in the sleeve cell (50 to 220 pm) did not

result in excessive band broadening and was found to improve peak symmetry.

The “Z cell” capillary[88] offers a higher sensitivity gain than the bubble cell but is
significantly more expensive. Essentially, the capillary is bent into a Z shape to yield a
detection window. Detection is then performed along the length of this window (typically
1-3 mm long) i.e. at right angles to the remainder of the capillary. Typical sensitivity
enhancements of 20-40 fold increases have been quoted. Improved sensitivity via an

increased path length is also possible with rectangular capillaries[22].
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1.6.3.2. Preconcentration.

Several methods utilising properties of the electrophorétic process may be employed to
concentrate (or stack) a sample on the capillary prior to separation. These methods employ
different kinds of discontinuous buffers to invoke different velocities to the same analyte
molecules resulting in sharpening of the sample band. An excellent review of this area was

recently provided by Shihabi[89].

Sharpening may be accomplished by simply dissolving the sample in an injection solvent
with a lower ionic strength than the separation buffer. A similar effect may be achieved by
dissolving the analyte in a solvent with a lower viscosity than water such as acetonitrile.
Stacking in this manner typically yields a 5 to 30-fold increase in concentration factor
bringing limits closer to HPLC. The isotachophoresis process (section 1.8.2) has also been

utilised as a means of sample pre-concentration.

1.6.3.3. Alternative detection strategies.

Fluorescence [90] and laser-induced fluorescence detection (LIFD) [91] have been utilised
due to their improved sensitivity compared to UV/Vis. Detection limits in fluorescence are
usually in the range of femtomoles. Compounds without native fluorescence may be
detected via pre-, on- or post-capillary derivatisation with a “tag” such as quinine sulphate,

dansyl chloride or fluorescein isothiocyanate (FITC).

H' NMR[92] CE-MS[93, 94] and have been employed for structure -elucidation.
Chemiluminescence detection has shown great promise for CE applications but is still at an

early stage of development[95, 96].

Commercially available radiation detection technology offers high sensitivity and
unrivalled selectivity since only radiolabelled compounds are detected. Interfacing such
devices with CE offers exciting possibilities in applications such as tracer studies. Zare
and co-workers [97, 98] have described three on-line radioisotope detectors for CE

designed to respond to y and high-energy 3 emissions.
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Other reported detection methods include electrochemical [99], X-ray fluorescence [100],
flame photometric[101], conductivity[102] and ICP-MS[103, 104]. Swinney and
Bornhop[105] have recently reviewed detection in CE

1.7. SELECTED APPLICATIONS.

CE is commonly associated with applications such as the separation of peptides[106],
biopolymers[107] and simple ionic species[108]. The ease of method development and
alteration of selectivity associated with CE has led workers to undertake a variety of
challenging new applications. An excellent summary of recent significant developments in

CE may be found in the latest of a series of biannual reviews[109].

The following sections briefly focus on two expanding areas of interest that are pertinent to

this thesis namely the pharmaceutical industry and environmental applications.

1.7.1. Pharmaceuticals.

CE is beginning to gain popularity within the pharmaceutical industry[110-113]. Some
companies working within this highly regulated environment were initially frustrated when
attempting to convert established validated HPLC and GC methods into CE assays. Gains
in speed and efficiency were often lost in precision and accuracy making it difficult to
validate methods using accepted criteria for submission to regulatory authorities. However,
developments in instrumentation and a better understanding of method development have
improved performance and CE has become regarded as a viable alternative to HPLC in
some applications. For example in a CE assay for diclofenac sodium using end-column
amperometric detection the limit of detection was 5.2fmol and repeatability of migration

times was 0.8%[114].

Various authors[115-118] have discussed approaches for the validation of CE methods
within regulated environments. The performance of chromatographic instrumentation must
be assessed prior to the commencement of an assay via a system suitability test[119]. The
use of such tests for CE assays has been proposed[117]. Additionally, key regulatory

| aspects such as instrumental qualification have been discussed[120].
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Altria and co-workers[121] validated a CE assay suitable for a range of basic drugs.
Acceptable precision was achieved by employing an internal standard whilst optimal
sensitivity was obtained using low (200nm) UV wavelengths. Wynia and co-workers[122]
validated an assay for the quantitative determination of mirtazipine and related substances.
Batch analysis results were reported to be similar to those obtained via the HPLC release
test for mirtazipine. Poor injection precision was overcome via the use of an internal

standard.

1.7.1.1. Representative applications.

A CE method for use in dissolution release testing of tabiets has been reported[15]. It was
demonstrated that there was no significant difference between the results of the CE method
and the stated Pharmacopoeial ion-pair HPLC test. CE has also been employed in the
routine analysis of pharmaceutical raw materials and excipients[123], in drug metabolism
studies[124], pharmacokinetics[125] and to validate cleaning procedures in manufacturing

areas[126].

1.7.2. Environmental.

Analysis of environmental samples is a challenging application for CE due to the low
concentrations typically involved. = Representative reported examples include quaternary
ammonium herbicides such as Paraquat and Diquat [127-130], Chlorophenols[131] and
alkyltin compounds[132].  Nielson[133] discussed trace enrichment strategies for

environmental samples.
1.8. OTHER MODES OF SEPARATION.

1.8.1. CAPILLARY ISOELECTRIC FOCUSSING.

Capillary isoelectric focussing (CIEF)[134] is a well-established means of separating
species such as proteins and peptides on the basis of their isoelectric (pI) points. The latter
is the pH at which the number of positive charges possessed by a molecule exactly equals

the number of negative charges.
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Separation involves the formation of a pH gradient along the capillary using zwitterionic
molecules termed ampholytes. The latter are typically synthetic polyamino, polysulphonic
or polycarboxylic acids. The ampholytes become orderéd on the basis of their pl values
upon the application of an electrical field resulting in a pH gradient. They are kept within
the capillary by employing a low pH solution at the anode and a high pH solution at the
cathode. Amphoteric analytes such as proteins behave in a similar fashion to the

ampholytes and become focussed as they migrate to a point corresponding to their pl.

EOF is problematic in CIEF since it may cause analytes to be swept through the capillary
prior to focussing. Additionally, it can introduce some of the low pH anodic solution
entering the capillary and disturb the pH gradient. EOF is usually either totally suppressed
using coated capillaries or controlled using additives such as methylcellulose. In the latter
case the focussed analytes will eventually pass through the detection window under the
influence of the reduced EOF. CIEF separations involving zero-EOF environments require
the addition of a salt to either the anode or cathode to cause the analytes to gain a charge

and migrate towards the opposite electrode past the detector.

1.8.2. CAPILLARY ISOTACHOPHORESIS.

The term isotachophoresis (ITP)[135] is derived from Greek: iso meaning equal; tacho
meaning velocity. This mode of CE employs a discontinuous buffer comprising a leading
and terminating electrolyte to yield a steady state in which separated zones move at the

same velocity. Choice of a suitable buffer system can often be problematic.

A major limitation of ITP is that anions and cations cannot be separated simultaneously and
therefore must be separated independently. When separating anions the buffer involves a
leading electrolyte containing an anion with an effective mobility that is higher than that of
the analytes whilst the terminating electrolyte must exhibit a lower mobility. When an
external voltage is applied the individual anions migrate towards the anode in discrete

zones but all move at an identical velocity that is defined by the leading anion.
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The electrical field in each zone adjusts to maintain constant velocity (velocity = mobility x
field strength). Sharp boundaries are maintained between each zone since an ion diffusing
into a neighbouring zone will immediately undergo a change in velocity and return to its

original zone.

The on-line combination of ITP and CE has been employed as an effective means of
increasing sensitivity[136, 137]. Chen and Lee[138] ‘described an automated ITP-CE
system where the sample was pre-concentrated in an initial capillary prior to being
repeatedly injected into a second smaller diameter capillary for separation by CE. ITP-CE
in a single capillary has also been reported[139, 140] in which detection limits were

lowered by a factor of 170.

1.8.3. CAPILLARY GEL ELECTROPHORESIS.

Slab gel electrophoresis is a widely employed technique in biological analysis for the
separation of proteins on the basis of their size. Separation is effected via electrophoresis of
the analytes through a suitable polymer that acts as a molecular sieve. Capillary gel
electrophoresis (CGE) employs an identical separation mechanism. The use of a capillary
is advantageous since higher electrical fields can be applied without resulting in Joule
heating, detection can be performed on-capillary and high-throughput automation is
possible. Additionally, the capacity to mimic the prep.arative separations available with

slab electrophoresis is possible to a certain extent via the use of wide-bore capillaries.

Capillaries filled with linear or cross-linked polyacrylamide gels are often used to effect
separations. The buffer pH should be selected such that the analytes are ionised. Mixed
TRIS/borate and TRIS/phosphate buffers at pH 8.6 are typical eXamples. Denaturing
solubilising additi{fes such as urea may also be added. Sample injection is typically
accomplished via electrokinetic loading as the gel exerts too much resistance for

hydrodynamic techniques.
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1.8.4. MICELLAR ELECTROKINETIC CHROMATOGRAPHY.

Terabe and co-workers[141-143] developed electrophoretic separations of uncharged
analytes using a chromatographic-like partitioning process employing charged micelles as a
pseudo-stationary phase. This mode of CE developed rapidly and is now universally
referred to as micellar electrokinetic chromatography (MEKC or MECC)[144, 145].
MEKC has many similarities to HPLC[146] that will become apparent in subsequent

sections.

1.8.4.1 Theoretical aspects.

Essentially, a surfactant is added to the separation buffer at a level exceeding the critical
micelle concentration (CMC). Aggregation of surfactant molecules results in orientation of
the hydrocarbon chains towards the centre of the strucfure forming a hydrophobic core
whilst the hydrophilic groups point out into the aqueous medium. Uncharged analytes form
distribution equilibrium between the aqueous and micellar phases and hence may be
separated via differences in their partition coefficients. Elution order in MEKC is generally
related to hydrophobicity with strongly hydrophobic species being solubilised (i.e. retained)
to a greater extent by the micelles than hydrophilic compounds. The latter was confirmed

by Yang et al.[147] using linear solvation energy relationships (LSER).

Micelles are generally charged and will migrate either with or against the EOF upon the
application of a high voltage across the capillary. Anionic micelles such as those formed by
sodium dodecyl sulphate (SDS) migrate against the EOF. The magnitude of the EOF
velocity, Hgor is generally greater than the electrophoretic mobility of the anionic micelles,
Huicene @t neutral and basic pH. Hence, the micellar phase will migrate in the same
direction as the EOF but at a lower net velocity (i.e. Vgor > vMice,,;). A neutral analyte
distributed between the aqueous and micellar phases will therefore migrate at a velocity
between Vgor and Vygeene (€. Veor > Vanyte > Vaicene)-  1h€ migration times of uncharged
analytes are therefore limited between the migration time of the EOF and the micelles. This

finite elution range is termed either the time window or elution range.
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The retention or capacity factor, k’ is defined as the ratio of analyte molecules
incorporated within the micelles to the number of analyte molecules in the aqueous phase.
This is analogous to the classical LC equation involving partitioning between a mobile and

stationary phase. In MEKC k’ may be determined experimentally using equation 1.28[142]

K = tr—to Equation 1.28
to(1-tr/tmc)
Where:
tr is the migration time of the analyte
to is the migration time of the EOF (capillary dead time).

tme is the migration time of the micelle.

The EOF is determined via injection of a marker compound. Methanol has been widely
employed since it is poorly incorporated into the micellar phase and is easily detected using
UV/VIS absorbance as a baseline disturbance caused by a change in refractive index. Other
materials such as acetone and formamide have also been used. The migration time of the
micellar phase is obtained via injection of a material that is assumed to be totally |

solubilised. Lipophilic azo dyes such as Sudan III are often employed.

The size of the time window restricts the peak capacity (maximum number of resolved
peaks) and hence the separation of complex samples. Any means by which the time
window may be enlarged will clearly yield an increase in the number of resolvable peaks.
The actual micellar velocity, vme is the sum of the micelle velocity and the opposing EOF.
Hence manipulation of either the electrophoretic velocity of the micelle or the EOF velocity
will alter the magnitude of the time window. Small values of to/tmc yield wide migration
time windows and hence improved resolution. Expansion of the time window via a

reduction in the value of to/tmc is easily accomplished via decreasing the EOF velocity.
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1.8.4.2. Resolution.
Resolution in MEKC is given by equation 1.29[142].

R,= W a-1 _kK2 _1-(to/tme) Equation 1.29
4 o 1+ k’z 1+ ( to/tmc) k,l

Where:
N is the column efficiency (number of theoretical plates).
a is the selectivity factor of two adjacent analyte bands. -

k’ is the capacity factor.

Equation 1.29 is identical to the classical LC equation apart from the to/ tmc term. This is a
consequence of the previously discussed limited elution range caused by the movement of
the micellar phase. Note that when tmc approaches c where the micelles are a true stationary
phase equation 1.29 does reduce to the classical LC equation. It should be stressed that
equation 1.29 is only valid for neutral (uncharged) analytes. Charged analytes may also
interact with the micelles via electrostatic interactions. Equation 1.29 predicts that

resolution may be improved via manipulation of n, o, k’ or extending the time window.

1.8.4.3. Choice of micelle forming surfactant.

The micelle is analogous to the stationary phase in HPLC and the aqueous buffer to the
mobile phase. Therefore, these two parameters may be ;cldjusted to manipulate selectivity.
Use of a different surfactant in MEKC is analogous to changing stationary phase in a HPLC

separation. Temperature also influences selectivity in MEKC separations.

The micellar phase must be ionic although non-ionic surfactants have been employed in
mixed micelle systems (section 1.8.4.3.6). Additionally, the Kraft point of the surfactant
must be considered. The Kraft point is the temperature below which the surfactant
solubility is lower than the CMC. An extensive review of micelle forming surfactants in

MEKC is given in reference[148]
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1.8.4.3.1. Anionic surfactants.

Anionic surfactants, particularly sodium dodecyl sulphate (SDS) have been most
frequently employed to effect MEKC separations. Hydrophobic chain length has been
shown to have little effect on selectivity [142] suggesting that the choice of alkyl group

should be relatively unimportant. However, certain limitations exist in practice.

The relatively high CMC values associated with shorter alkyl chain surfactants limits their
application in MEKC. The high concentrations required yield excessive currents leading to
joule heating effects. However, sodium decyl sulphate (STS) micelles display large
electrophoretic mobilities and have been investigated as a potential means of enhancing the
elution range in MEKC[149]. Although a significantly improved elution range was
achieved compared to SDS migration time reproducibility and peak asymmetry were found

to be extremely poor.

Surfactants with a hydrophobic chain greater than C,, are seldom employed in MEKC due
to their high Kraft points. The dodecyl group is therefore the most widely used surfactant
in MEKC. Ahuja and Foley[150] compared lithium, potassium and sodium dodecyl
sulphate (LDS, KDS and SDS respectively) to determine the effect of the counter ion on
the resulting MEKC separation. The KDS micelles gave the largest elution range followed
by SDS and then LDS. However, a minimum of 15% v/v acetonitrile was required to

solubilise the KDS monomers due to the high Kraft point of this surfactant.

1.8.4.3.2. Cationic surfactants.

Cationic surfactants are electrostatically adsorbed onto the inner wall of the separation
capillary yielding a net positive charge and a reversed EOF[151]. Under these conditions
the electrode polarity of the instrument must be reversed in order to detect the analyte.
Cetyltrimethylammonium bromide (CTAB) is the most widely employed cationic
surfactant in MEKC. Different selectivity was reported for a series of 22 charged and
neutral phenylthiohydantoin-amino acids using dodecyltrimethylammonium bromide

(DTAB) and SDS [143].
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1.8.4.3.3. Macromolecular surfactants.

High molecular mass surfactants often termed micelle polymers have been employed as
pseudostationary phases in MEKC. The CMC of such materials is zero and hence the
structure and concentration is unaffected by changes in separation conditions. They may

also be employed in the presence of relatively high concentrations of organic modifiers.

Poly(sodium 10-undecylenate) was the first micelle polymer to be employed as a
pseudostationary phase in MEKC[152]. Separation selectivity was reported to be
significantly different to SDS. However, the migration times and retention factors of test

compounds were observed to increase during replicate separations.

Butylacrylate/butyl methacrylate/methacrylic acid (BBMA) copolymer showed similar
separation selectivity as SDS for benzene derivatives[153]. However, separation
selectivity for napthalene derivatives was different for these two surfactants. The molecular

weight distribution of BBMA did not cause significant band broadening.

Yang et al[154] employed a poly(methylmethacrylate/ethyl acrylate/methacrylic acid)
block copolymer as pseudostationary phase. Structural integrity was maintained even at a

methanol concentration of 70% v/v.

1.8.4.3.4. Bile salts.

Bile salts such as sodium cholate (SC) are a group of naturally occurring steroidal anionic
surfactants isolated from biological sources. Their structure is based on a hydroxyl-
substituted steroidal backbone. It is believed that they form helical aggregates exhibiting a
reverse formation where the hydrophobic portions face the aqueous solution whereas the
hydrophilic portions face inwards. This unique conformation tolerates high concentrations
of organic solvent modifiers without loss of efficiency or significantly increased separation

time.
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Bile salts are more polar than SDS thus reducing k’ [155, 156]. Hence they have found use
in the separation of highly hydrophobic analytes that cannot be resolved using SDS[157].
They are also naturally chiral and have been used to effect enantiomeric separations[158,

159].

1.8.4.3.5. Chiral surfactants.

Enantiomeric resolution of derivatised amino acids has been reported using mixed micelles
comprising SDS and the non-ionic surfactant digitonin[160] and SDS with sodium N-
dodecanoyl-L-valinate, urea and methanol[161]. A novel surfactant with a chiral head
group, N-dodecoxycarbonylvaline was employed to effect enantiomeric separations of 20

basic pharmaceutical compounds[162].

1.8.4.3.6. Mixed surfactants.

The two most popular systems are mixtures of bile salts with SDS and the combination of
ionic and non-ionic surfactants. As previously stated, bile salts form micelles with a
reverse geometry. The use of bile salt surfactants in combination with SDS therefore
results in a pseudo-stationary phase involving micelles with both hydrophobic and
hydrophilic outer surfaces. It has been demonstrated[163] that SDS/sodium cholate mixed
micelles exhibit only one type of complex micelle. Issaq et al[163] reported that the
migration time window was 50% larger in 50:50 SDS/SC compared to 100% SC and 15%
larger than in 100% SDS.

This mixed micellar phase is particularly effective for the separation of highly hydrophobic
analytes such as corticosteroids[164, 165]. It has been shown[164] that sodium cholate
competes with corticosteroids for the SDS micelles. This explains the lower solubilising

ability of the mixed system compared to SDS.
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Clothier and co-workers[159] compared the chiral resolving abilities of four different bile
salts alone and in combination with polyoxyethylene-4-dodecyl ether (C,, E,). Addition of
C,, E, with or without methanol to solutions of sodium cholate and sodium deoxcholate
enhanced the chiral resolution of analytes where the chiral centre was separated from major
functional groups by a longer alkyl chain. The pure bile salt solutions generally provided
improved chiral resolution where the major functional groups were closer to the chiral

centre.

Addition of Tween 20 to an SDS-based pseudostationary phase has been shown to improve
the separation of hydrophobic cations[166]. The Tween 20 was found to weaken the ionic
interactions between the analyte cations and SDS. Adrenaline and its six precursors were
fully resolved using this mixed micellar system. Ahuja and co-workers[167] demonstrated
that the elution range could be significantly expanded using a non-ionic/anionic system

comprising Brij 35 and SDS.

1.8.4.3.7. Other pseudo-stationary phases.

Starburst dendrimers (SBDs)[166] are synthetic polymers with well-defined branched
structures and highly specific molecular masses. Unlike ionic surfactants they are stable in
buffers containing high concentrations of organic modifiers and can be synthesised to
impart unique selectivity. A dodecyl-modified SBD provided similar selectivity to SDS
and was capable of resolving the 16 EPA priority PAHs[166]. Greve and co-workers[169]
employed zwitterionic surfactants in the separation of closely related peptides via

hydrophobic selectivity.

1.8.4.4. Efficiency.

The efficiencies that are achievable with MEKC are superior to HPLC. The main
contributions to band broadening in MEKC are molecular diffusion of the analyte, the
kinetics of the partitioning prdcess and the heterogeneity of the micelle. The latter two
effects are only significant for highly hydrophobic analytes with high capacity factors.
With the obvious constraint of Joule heating, the higher the applied voltage, the higher the

efficiency.
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Terabe[142] demonstrated that the capacity factor increases linearly with surfactant
concentration. Hence, k> may be manipulated by altering the surfactant concentration.
This procedure essentially involves altering the phase ratio, a process that is extremely
limited in HPLC. It must be stressed that increased concentrations of charged surfactants
yield high currents and possible Joule heating effects. Surfactant concentrations used in

MEKC are typically in the order of 20-100 mM.

1.8.4.5 Addition of aqueous phase modifiers.

1.8.4.5.1. Organic modifiers.

Organic modifiers are routinely employed in MEKC to extend the time window and
enhance resolution via a reduction in the EOF velocity. Balchunas and Sepaniak[170]
reported that significant loss of efficiency was only observed at higher concentrations of
propan-2-ol. However, Lgor and py. Were found to decrease with increasing organic
modifier concentration leading to excessive analysis times. Aggregation of surfactant
molecules to form micelles is restricted or prevented at high concentrations of organic

solvents as a consequence of increased CMC values

Dimethylsulphoxide (DMSO) and acetone have been employed as organic modifiers for
SDS-based MEKC[171]. Separation of 8 PAHs was achieved at a DMSO concentration of
50% v/v whereas 13 PAHs were resolved using acetone as a modifier. A detection
wavelength of 200nm was employed since acetone has a strong UV absorbance over

conventional wavelengths such as 254 nm.
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Van Hove and co-workers[172] investigated a series of linear chain alcohols (C,-C,,).
Highly polar, short alkyl chain alcohols were found to increase migration times and the
magnitude of t_ /t,. The hydrophobic chain length of the alcohol was found to have a
pronounced effect on these increases. At a concentration of 1M modifier propanol and
methanol produced ty/t, increases of 257% and 12% respectively. Intermediate (C,-Cg)
alcohols initially increased migration times and t,,-/t, to a maximum value before causing a
decrease at higher concentrations. The authors attributed this effect to incorporation of the
modifier into the micelles resulting in a reduction in their electrophoretic mobility and
hence t,,.. Longer chain alcohols (C,-C,,) were found to have limited scope as modifiers

due to their limited solubility.

1,2 Hexanediol has been shown[173] to improve resolution at concentrations as low as 20
mM. Trends in the retention of test analytes were observed in that analytes capable of
forming H-bonds and those that could not exhibited reduced and increased k’ respectively

upon the addition of the modifier.

Many organic modifiers can cause a gradual decrease in migration times over a series of
replicate injection. This is a consequence of the modifier slowly absorbing onto the inner
capillary wall altering the zeta potential and hence EOF. However, migration time
repeatability was not affected in this fashion when 1,2 hexanol was employed in SDS

systems.
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1.8.4.5.2. Solvent programming.

Balchunas and Sepaniak[170] were the first workers to explore the possibilities of gradient
elution in MEKC. Step-wise gradients were effected by pipetting aliquots of a gradient
solvent containing propan-2-ol into the inlet vial at regular intervals. The applied voltage
was increased during the separation to partially compensate for reductions in the
electroosmotic velocity caused by the increased mole fractions of the modifier. Adding
Triton-X-100 to the buffer to effect a similar reduction in the electrophoretic velocity of the
micelles also offset reductions in EOF. A gradient MEKC separation of derivatised amines
using a home-built instrument was shown to be reproducible (t, RSD < 2% for n = 5) but

required a 25 minute re-equilibration with the initial mobile phase between analyses.

Butehorn and Pyell[174] effected gradient MEKC separations on commercially available
instrumentation. Stepwise alteration of the buffer composition was achieved by changing
the inlet and outlet vials during the separation. Direct transfer of the method of Balchunas
and Sepaniak[170] involving addition of aliquots of a 2-propanol-containing solvent to the
inlet vial at predetermined times resulted in an.extremely poor separation exhibiting
excessive band broadening and poor efficiency. Disappointing results were also obtained in
a subsequent gradient separation involving several vial changes during the separation. The
authors proposed that the loss of efficiency encountered in their experiments was a
consequence of a border zone between the two buffers employed that displayed an irregular

flow profile.

1.8.4.5.3. Cyclodextrins.

Cyclodextrin-modified micellar electrokinetic chromatography (CD-MEKC) employs
unmodified CDs as additives to alter selectivity. CDs hardly associate with the micellar
phase and migrate at the same velocity as the EOF. Their central core provides an
alternative hydrophobic environment for analytes with high capacity factors that are totally
solubilised by the micelles. Differential analyte migration and chiral separation are
therefore the result of differential inclusion compléx formation between the CD and the

individual analytes[175-177].
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Incorporation of ionic groups into the structure of CDs allows them to become charged and
possess electrophoretic mobilities. CDs modified in this fashion have been employed as
pseudostationary phases in place of micelles in a technique termed cyclodextrin
electrokinetic chromatography (CD-EKC)[178]. Any analyte that is included within the
cavity of a modified CD will have a different overall charge due to the modified ionic group

on the CD and also a modified electrophoretic mobility.

1.8.4.5.4. Urea.

The log k’ values for aromatic compounds, corticosteroids and alkyl p-hydroxybenzoates
have been shown to decrease linearly with increasing urea concentration[179]. The
observed current was also found to decrease in a similar fashion. Selectivity was found to

be extremely sensitive to urea concentration in the separation of 23 PTH-amino acids.

1.8.4.6. Effect of pH.

The nature and concentration of the buffer solution generally do not influence the
selectivity of a MEKC separation. However, the pH of the buffer may be used to alter the
selectivity of ionic analytes. Buffer pH also alters the EOF velocity that in turn affects the

magnitude of the migration time window[180].

1.8.4.7. Effect of temperature.

Temperature control is a significant factor in MEKC since it affects both the distribution
co-efficient and analyte mobilities[181]. An increase in temperature leads to decreased
buffer viscosity resulting in an increase in both vy and vy,.. Temperature may also be
critical in terms of the Kraft point. Balchunas and Sepaniak[170] observed peak sharpening
for some analytes when the separation temperature was raised from 28 to 39°C.
Temperature programming analogous to GC has been employed to effect MEKC
separations[182].
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1.8.4.8. Detection.

Again, UV absorbance is the most widely employed detection method in MEKC
separations. The direct coupling of MEKC with MS can be problematic due to detrimental
effects caused by the non-volatile surfactants in the buffers employed. Various approaches

for coupling of MEKC with MS were reviewed byYang and Lee[183].

1.8.4.9. SELECTED APPLICATIONS

1.8.4.9.1. PHARMACEUTICALS AND DRUG ANALYSIS.

MEKC has found wide application in drug analysis. Nishi and Terabe[184] reviewed
applications such as closely related peptides, drugs in biological samples and complex drug
mixtures. In a separate paper the same authors also reviewed pharmaceutical applications

of MEKCJ[1185].

MEKC has been demonstrated to be a viable alternative to HPLC for purity determination
of drugs. Reliable assays for the quantification of cephalosporin antibiotics, xanthines and

benzodiazepines have been reported[186].

Altria and McLean[187] developed a generic MEKC separation applicable to a wide range

of active and excipient materials in pharmaceutical manufacturing environments.

1.8.4.9.2. ENVIRONMENTAL.
Representative example separations include PAHs[188], nitrated-PAHs[144], aromatic
sulphonates from industrial processes[189], fungicides[190], carbamate pesticides[191]

and various herbicides[192].
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1.8.5. CAPILLARY ELECTROCHROMATOGRAPHY.

Capillary electrochromatography (CEC) is a hybrid separation technique combining the
high separation efficiency of CE with HPLC[193-195].. CEC employs EOF rather than
hydraulic pressure to propel the mobile phase. Separation is based on differential
interactions of the analytes between the stationary and mobile phase for neutral (uncharged)
species as with HPLC. Electrophoretic separation also occurs under conditions where

analytes are charged.

Since there is minimal backpressure it is possible to employ small diameter packings and
effect extremely high efficiencies. Smith and Carter-Finch[196] have recently reviewed

CEC.

1.8.5.1. Chromatographic band broadening.
The van Deemter equation[17] relates plate height to the average linear velocity of the
mobile phase and three identified band broadening parameters termed A, B and C as shown

in equation 1.30.

H=A+B+C.U+C,U Equation 1.30
U

Where:

A, B and C terms are kinetic and thermodynamic processes which are explained in the
following sections.

U is the average linear velocity of the mobile phase that is given by equation 1.31.

u=L Equation 1.31

Where:
L is the column length.
t, is the retention time of an unretained marker compound from which the column dead

volume may be determined
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A Term: Multiple flow paths (eddy diffusion).

Band broadening occurs as result of analyte molecules travelling different distances through
a unit length of column. This is a consequence of the multiple flow paths that they may
follow through the irregularly packed bed. The particles of packing material which make
up the packed bed may also produce turbulence or eddy currents causing dispersion via
mixing processes. The A term is a function of the size of the packing particles and the

homogeneity of the packed bed as shown in equation 1.32.
A= Xdp _ Equation 1.32

Where:
A is a geometrical packing factor that increases with decreasing particle size.

d, is the particle size of the packing material.

The quoted particle diameter for any HPLC packing is the mean value of a size distribution.
Most HPLC packing materials have a Gaussian type particle size distribution where the
position of the maximum corresponds to the mean particle diameter and the standard
deviation represents the distribution width. It is clear from equation 1.32 that small
particles with a narrow size range that are uniformly packed will yield the most efficient

columns. Note that the A term is independent of the mobile phase.

B term: Longitudinal diffusion.

The B term refers to the natural diffusion of analyte molecules from the concentrated band
centre to more dilute regions along length of column, that is parallel to the mobile phase
flow. Longitudinal diffusion is proportional to the time an analyte spends in the column
and hence is inversely proportional to the mobile phase velocity. The B term is also a
dependant on the diffusion coefficient of the analyte in the mobile phase as shown in

equation 1.33.

B=2yD Equation 1.33
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Where:
v is a hindrance factor based on the characteristics of the packed bed.

D is the diffusion coefficient of the analyte in the mobile phase

The B term may be largely ignored in liquid chromatography due to the low rates of
diffusion in liquids.

C terms: Resistance to mass transfer.
The two C terms refer to the finite time taken for mass transfer between the mobile and
stationary phases. The transport of analyte molecules between the two phases to attain the

equilibrium defined by the distribution ratio is a continuous process during elution.

The C, term refers to diffusion in the stationary phase. These effects can be largely ignored
for solid phases since analyte transfer on and off of the surface is rapid. For liquid phases
C, is directly related to the stationary film thickness and the diffusion coefficient of the

analyte in the stationary phase as shown in equation 1.34.

Cs -

(=N
[

Equation 1.34

&

Where:
dr is the film thickness of the stationary phase.
D, is the diffusion coefficient of the analyte in the stationary phase.

The C,, term describes diffusion of analyte molecules through the mobile phase to the

stationary phase. This is dependent on both the size of the packing particles and the

diffusion coefficient of the analyte in the stationary phase as shown in equation 1.35.

Cn=dp Equation 1.35

jw)
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Where:
d, is the size of the packing particles.
D,, is the diffusion coefficient of the analyte in the stationary phase.

Equation 1.35 demonstrates that efficiency increases with decreasing particle size.
However, a limiting factor associated with the use of small particles in HPLC is the

increased pressure drop across the column.

1.8.5.2. Theoretical aspects of CEC.
Several authors [194, 195, 197, 198] have extensively discussed the theoretical aspects of

the technique and hence only a brief overview of the method is presented.

The markedly different flow profile and enhanced efficiencies obtained when solvent was
electrically driven through a packed bed was first observed in 1974[199]. The rapid
development of CEC during the last decade owes a great deal to a series of papers
published by Knox and co-workers[200-204] that laid the foundations of the current

technique.

The linear mean EOF velocity in CEC is given by equation 1.36 that is termed the

Helmbholtz-Smoluchowski equation.

Veor=€0€rCE Equation 1.36
n

The average linear velocity in pressure-driven flow is given by equation 1.37.

U = do” AP Equation 1.37
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Comparison of equations 1.36 and 1.37 demonstrates that the mean linear flow using EOF
as a driving force differs from pressure-driven systems in that it is independent of the size
of the packing material particles. Additionally, Jorgenson and Lukacs[205] suggested that
the EOF should not be affected by any irregularities in the packed section.

In CEC both the silica-based packing material and the wall of the fused silica capillary are
capable of supporting EOF.  Most workers agree that the main contribution to the
generated EOF is from the particles since it has a far greater surface area compared to the

inner wall of the capillary.

The significance of capillary diameter, d in relation to double layer overlap has already
been discussed for CE (section 1.42). The pore size of the support material is typically
around 8-10nm. Hence, EOF will only be generated around the particles since overlap
would occur within the pores. In CEC the capillary diameter is therefore replaced by the
average diameter of the channels between the particles. The average inter-particle distance

has been estimated to be around '/, -'/ of the particle diameter[200].

Knox and Grant[200] determined that particle sizes as small as 0.4 pm could be employed
in CEC without adversely affecting the EOF velocity. Efficient packing of such small
particles significantly reduces the A term of the van Deemter equation. This discussion
does not apply to porous particles which have been shown capable of supporting through-
particle (or perfusive) EOF[206].

1.8.5.3. Development of separations.
The thickness of the double layer and hence { are affected by the concentration of
electrolyte in the mobile phase. EOF therefore increases as the electrolyte concentration is

reduced[202, 207].
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Various authors [197, 208, 209] have experimentally cohﬁnned the theoretical prediction
that EOF increases linearly with applied voltage. However, non-linear plots of EOF Vs
applied voltage have also been reported which were attributed to Joule heating effects[210,
211]. Joule heating in CEC columns results in the formation of bubbles (section 1.8.5.6.2)
within the packed bed that affects the current and usually results in breakdown of the EOF.

Knox[212] discussed heating effects in electrically-driven separations.

It is generally agreed that EOF increases as the level of organic solvent in the mobile phase
increases [209, 213-215]. However, evidence to the contrary has also been reported where
the EOF was found to decrease as the concentration of acetonitrile was increased[210, 211].
It has been proposed[195] that these discrepancies may be the result of some workers
employing thiourea as an EOF marker. The latter has been shown to be retained under high
concentrations of acetonitrile[214]. Kitagawa and Tsuda[216] observed that both
electrophoretic and electroosmotic flow velocities remained almost constant between 30-

90% v/v methanol in the buffer and then increased above 90% v/v.

The pH of the mobile phase directly affects the EOF via the degree to which the surface
silanol groups of the packing particles and capillary wall are ionised[209, 216]. Kitagawa
and Tsuda[217] developed an equation relating pH to EOF in ODS columns that could be

used to estimate the dissociation constant for unreacted silanol groups.

The length of the injection zone has also been shown to have a large effect on
efficiency[213, 218]. Van den Bosch and co-workers[213] reported that this effect

decreased with increasing k’.

1.8.5.4. Stationary phases employed in CEC.

1.8.5.4.1. ODS.

The majority of reported applications have employed non-end capped ODS phases ranging
from 1.5 to 10pm diameter. Cikalo et al.[198] demonstrated the inherent differences
between commercially available ODS by comparing published data concerning separation

of PAHs using different 3 um phases.
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Zimina and co-workers[219] attempted to correlate the electroosmotic mobilities generated
by a series of commercial ODS phases to the surface area, carbon load and free silanol
activity of each material. No apparent correlation was established between either the free
silanol activity or carbon load of packing and the magnitude of the EOF that it generated.
Correlation of surface area to generated EOF was found to be problematic due to
uncertainty regarding published data. The highest mobilities were generated by Nucleosil 5
C18 and LiChrospher RP-18. However, these phases were unstable under the test
conditions used and chromatography degraded after only 2-10 days. The two highly base-
deactivated phases (Partisil ODS 3 and Purospher RP-18) were incapable of generating
EOF as expected. Low to moderate EOF was generated by Spherisorb S5 ODS2, Zorbax
BP-ODS and Hypersil ODS. All mobilities compared favourably with values determined

from data published in the literature for identical or similar packing materials.

1.8.5.4.2. Cationic exchange materials.

The first phases specifically manufactured for CEC involved propylsulphonic acid bonded
onto new 3um silica. Separation of basic pharmaceuticals with this cationic exchange phase
resulted in unprecedented efficiencies in excess of 40 ‘x 10° plates/m[220]. The latter

observation was confirmed by Euerby and co-workers[221].

Unusually high efficiencies have also been reported under reversed phase conditions using
a standard ODS phase[222, 223]. An explanation was proposed[223] in terms of non-
equilibrium conditions due to pulses of weaker or stronger solvent associated with the

sample.

1.8.5.4.3. Physical mixtures of phases.

Djordjevic and co-workers[224] demonstrated that blends of bare silica and ODS reduced
the retention of neutral compounds resulting in shortened separation time. Meanwhile,
Yang and El Rassi[225] prepared capillaries consisting of two segments. The first was
packed with ODS and served as the separation segment. The second was packed with bare

silica to act as an EQF accelerator.
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Impressive separations of highly polar compounds and acidic, neutral and basic species in
a single run have been effected using physical mixtures of SCX and ODS phases[226].
The mixed phase was shown to perform reproducibly over wide ranges of pH and organic

modifier concentration.

1.8.5.4.4. Other phases.

Other notable materials employed as stationary phases in CEC include cellulose acetate
fibres[227], wide pore aminopropyl silica gel coated with helically chiral poly diphenyl-2-
pyridylmethyl methacrylate[228] and vancomycin coated_ silica gel[229]. A polymerically

bonded C30 phase has been employed to separate carotenoid isomers[230].

1.8.5.5. Fabrication of columns for CEC.
The columns that have been employed to effect CEC separations can be divided into two

distinct categories namely packed and open-tubular.

1.8.5.5.1. Open-tubular columns.

In open-tubular (OT) columns the stationary phase is attached to the inner walls of the
capillary[231]. Tsuda et al.[232] fabricated OT columns by drawing large bore soda-lime
capillaries and attaching an ODS stationary phase to the inner wall using a chemical
reaction. Pesek and Matyska[231] used a chemical etching procedure to increase the inner
surface area available for coating with 1-octadecane stationary phase. The hydrosilation
reaction employed to effect the surface modification was reported to produce extremely

stable phases.
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1.8.5.5.2. Packed capillaries.

Some important considerations in the fabrication of packéd capillaries were summarised by
Boughtflower and co-workers[3]. The majority of reported work has involved production
of capillaries using a high-pressure pump to pack slurries of stationary phase and a suitable
organic solvent. Essentially, a slurry of the stationary phase and a suitable solvent such as
acetone 1s loaded into some form of packing reservoir. An empty HPLC guard column
complete with fittings to attach the fused silica capillary is typically employed. Many
workers have immersed the packing reservoir into an ultrasonic bath in an attempt to
maintain homogenous packing slurry within the reservoir. Boughtflower et al.[233]

reported a novel pressurised ultrasound device designed for this purpose.

An alternative strategy to avoid clogging of the slurry during packing has been proposed
involving a simple gravity-feed procedure[234]. Briefly, a slurry of C18 ODS packing
material in acetone was delivered into a 50 pm 1.D capillary by sedimentation. Under these
conditions a 20-30 cm section could be packed in around 12 hours. Columns were

subsequently pressurised to compress the bed prior to electrochromatographic evaluation.

Frame et al.[222] described a simple method of column fabrication that could be applied in
any laboratory regardless of resources. Meanwhile, Mayer and co-workers[235] reported a
fritless design that utilised the electrophoretic attraction of the packing particles towards the
anode. Columns packed with 1.5 pm particles resulted in efficiencies in excess of 500000
plates/m. Softening of fused silica capillaries as a result of microcracks caused by the action

of stationary phase particles during packing has been reported[236].

An alternative packing technique involves the in-situ formation of a polymeric network or
monolithic stationary phase[237]. Schweitz and co-workers[238] prepared monolithic
columns with pre-determined selectivity obtained through molecular imprinting. Chiral
separations were presented using a stationary phase were prepared via molecular imprinting

of propranolol and metoprolol.
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The use of drawn capillaries[202] electrokinetic migration[239] and supercritical
fluids[240] have also been reported whilst some procedures have been patented[241, 242].
Electrical measurements have been employed to give an indication of the flow permeability

of open and packed CEC capillaries[243].

1.8.5.5.3. Manufacture of frits.

The first stage in the fabrication of a CEC column is the manufacture of a restraining frit to
pack the stationary phase against. The frit needs to be mechanically strong in order to
withstand the pressures employed during the packing process. It also needs to exhibit good
porosity to exhibit minimum flow resistance since variations in packing speed can yield

loosely packed sections that can result in the formation of voids.

The majority of reported procedures have packed the bed against a frit prepared by sintering
either the relevant stationary phase[206] or bare silica and water[234, 244], potassium
silicate and formamide[244, 245] or native silica and an aqueous solution of
potassium[244] or sodium[3, 202, 210, 218, 246] silicate. Other workers[197, 213, 219,
222] have packed against temporary frits constructed from microbore HPLC components.
A permanent frit was subsequently formed using controlled heat when the bed was suitably
packed. Fuchs and co-workers[247] melted fusible glass beads together using electrical
sparking.

The initial retaining frit is usually replaced after packing along with a second frit at the
outlet end of the packed section. A popular approach due to its reproducibility involves
fusing small sections of the stationary phase using either a resistively heated element or a
micro torch. Use of a Bunsen burner has been reported to result in pyrolysis of the alkyl
chains bonded to the silica surface[248]. These sintering techniques rely on the formation
of sodium polysilicate and hence are only suited to packing phases with a high sodium
content. Sintering destroys small sections of the protective polyimide coating making
columns more susceptible to breakage.  Procedures have also been reported where
replacement frits were prepared via sintering native silica that was packed into the column

after the packing process[214].
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1.8.5.6. Practical aspects.

1.8.5.6.1. Detection.

Windows for optical detection are fabricated in an identical fashion to CE. The majority of
reported separations involved columns with a detection window located after the packed
bed. However, detection through the packed section has also been reported but baselines
tend to be noisier due to light scattering by the particles of packing material[41].
Additionally the dimensions of the unpacked pre-detection segment and the packed section

may be tailored to afford optimum separation speed and selectivity[249].

Fluorescence[248] and laser-induced fluorescence detection (LIFD)[250] have been

employed for separations involving PAHs. In the latter case limits of detection were 107-

10" M.

The low flow rates (< 1pL/min) associated with CEC are advantageous for hyphenation
with MS since an electrospray source typically requires a liquid make-up flow in the order
of 0.75-500 pL/min. The development and applications of this powerful analytical

combination have recently been reviewed[251].

1.8.5.6.2. Bubble formation.

The main operating problem in CEC is the formation of bubbles within the column that
cause breakdown of current and/or drying out of the packed section. Bubble formation was
initially attributed to Joule heating effects caused by variations in factors controlling heat
dissipation at frit interfaces[202]. However, it has been stated that Joule heating should not
be an issue under typical operating conditions[201]. Rebscher and Pyell[252] reported that
bubbles invariably formed at the frit interface between packed and unpacked sections of the
column. It is now assumed that a change in the EOF that occurs at this interface results in
liquid expansion and hence the formation of bubbles. It has been shown that bubble

formation is a function of the length and nature of the frit[253].
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Rathore and Horvath[254] investigated the discontinuity of electrochromatographic
parameters such as flow velocity, conductivity and electrical field strength at the frit
interface between open and packed sections of a capillary. The authors concluded that
silica frits have zeta potentials that are significantly different to the bulk packing. This
discontinuity was proposed to produce a flow equalising inter-segmental pressure resulting

in bubble formation.

There have been many debates as to whether pressurisation of the system is necessary to
prevent bubble formation. Many workers have recommended pressurisation although
separations have been effected at ambient pressure[208, 213]. Not all commercially
available CE systems are capable of pressurising both inlet and outlet vials although

modification has been reported[196].

Other strategies have been adopted to address the issue of bubble formation. Many workers
have moved towards using low conductivity (or biological) buffers such as MES and TRIS
that may be employed at higher concentrations without causing such problems. Other
reported solutions include use of open-tubular capillaries[231], re-coating of ODS onto the
silica frit after formation using a solution of chlorodimethyloctadecylsilane[253], and
addition of SDS (below CMC) to the buffer[255]. The latter was claimed to create a more

uniform surface charge density and equalise local differences in the EOF.

1.8.5.6.3. Sample injection.

Sample injection in CEC is mainly effected using electrokinetic injection since
hydrodynamic loading cannot overcome the backpressure of the packed column. However,
hydrodynamic sample loading has been demonstrated to be comparable to electrokinetic
injection using the “short end” geometry[256]. This was presumed to be a consequence of

the reduced backpressure associated with the shorter packed section.
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1.8.5.6.4. Gradient elution.

The first example of gradient elution in CEC involved a high voltage being superimposed
onto a pressure-driven separation[257]. Application of a high voltage to an established
microbore HPLC separation of eleven oligonucleotides was shown to significantly improve

both resolution and column efficiency and to reduce the analysis time.

Huber and co-workers[258] employed two reciprocating pumps to deliver the desired
gradient to the inlet of a CEC column in a modified commercially available CE instrument.
Gradients formed in this manner were found to be reproducible with migration time
reproducibility of less than 3% RSD (n=5). Extremely promising preliminary separations

of both PTH-amino acids and steroid hormones were presented.

The first entirely electrically-driven gradient system was developed by Yan and co-workers
[259]. Their computerised system automatically generated gradients by merging the
electrically-driven flows from two mobile phase reservoirs using two independent high

voltage sources. A test mixture of 16 PAHs were fully resolved in less than 90 minutes.

Euerby and co-workers[260] reported automated step-gradient separations performed on an
unmodified commercially available instrument. Essentially, the applied voltage was
removed at a pre-determined time during the separation whilst the initial buffer vials were
replaced with the final mobile phase conditions whose composition comprised a higher
organic modifier content. The voltage was then re-applied to complete the separation. The
technique was demonstrated using six diuretic compounds displaying a wide range of

polarities that could not be satisfactorily separated by isocratic elution.
Que and co-workers[261] have recently described an easily assembled gradient generator

for CEC that allows reproducible stepwise or continuous gradients to be effected. Gradient

elution has also been hyphenated with NMR[262]
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1.8.5.7. Selected Applications.

1.8.5.7.1. Pharmaceuticals.

CEC and CEC-MS[263] have been evaluated in the pharmaceutical industry. Many
workers have concentrated on optimising developed separations[221, 260, 264] whereas
others have determined whether it can meet criteria specified by regulatory bodies for
HPLC. For example in the assay of a neutral drug candidate mean values (n=11) for the
active material by CEC and HPLC were 99.65% (2.23%) and 97.95% (1.22%RSD)
respectively which were comparable to HPLC results[265].

The silanol groups that are the basis of the EOF in CEC are detrimental to the separation of
basic compounds such as pharmaceuticals. Interaction between basic analytes and the
surface silanol groups results in severe peak tailing and loss of efficiency. This problem
may be overcome by adding a competing base to the mobile phase. Gillott and co-
workers[266] effected the separation of strongly basic pharmaceutical compounds using
low pH buffers containing triethylamine and triethanolamine. Simultaneous separation of
acidic, neutral and basic compounds in a single run have been reported using this

strategy[267]

CEC is typically performed at high pH in order to maximise EOF. However, anionic
materials may migrate towards the anode under these conditions and will not be
detected[221]. This problem may be overcome using the so-called ion suppression mode
whereby a low pH buffer causes acidic analytes to be present in their protonated (neutral)
form. Even at low pH materials such as Spherisorb ODS-1 are capable of generating

sufficient EOF to effect rapid separation of acidic drugs[268].
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1.8.5.7.2. Environmental

Many workers have employed PAHs as test mixtures for CEC to demonstrate the
improvement in separation compared to HPLC and/or pHPLC. Two notable separations
employed non-aqueous mobile phases without a backgrdund electrolyte[41, 42]. Whitaker
and Sepaniak[41] employed plain acetonitrile containing no background electrolyte as a
mobile phase for CEC. THF and methylene chloride were employed as mobile phase

modifiers to manipulate k’ and effect separations of PAHs.

1.8.5.7.3. Chiral separations.

The first chiral separations were effected using an o,-acid glycoprotein stationary
phase[269]. Separations were also reported by Wolf and co-workers[270] using (S)-
Naproxin-derived and (3R,4S)-Whelk-O chiral stationary phases. Meanwhile, Leliévre and
co-workers[214] effected chiral separations using ODS with a cyclodextrin in the mobile

phase whilst Li and Lloyd[269] employed a B-cyclodextrin stationary phase.

1.9. THE FUTURE OF ELECTROPHORETIC SEPARATIONS.

Electrically-driven separations form a versatile family of techniques covering a diverse area
of applications. The numerous options available to manipulate selectivity make them
particularly attractive and are a key selling point. However, CE may never become
established to the extent of HPLC and GC and may have to settle with being regarded as a
“niche” or complementary technique although it has started to be considered as a practical
alternative to ion chromatography[271]. Issues involving detection, precision/quantitative
analysis, reliability of CEC columns and so forth still need to be addressed. Unfortunately,

instrument manufacturers seem reluctant to invest heavily in electrically-driven techniques.
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Acceptance and growth within the pharmaceutical industry in particular is only likely to
occur if numerous “real” applications can be validated and accepted by regulatory
authorities[272]. There is still no Pharmacopeial monograph regarding CE Although
elegant separations have been reported the “explosion” of CE within the industry that was
predicted in the 1990s has not occurred and the recent rise in popularity of Near Infrared
Spectrometry (NIRS) seems to have pushed it into semi-obscurity. = However,
enantioresolution of therapeutic compounds is likely to continue to be a popular area of

interest due to its cost effectiveness relative to HPLC especially in drug discovery[273].

MS will presumably continue to become a routine detection technique. The use of stable
isotope internal standards makes MS capable of quantifying analytes independent of CE
migration times and may therefore help to improve the sometimes poorly perceived
precision of quantitative CE. However, HPLC is still viewed by many as the most

practical means of introducing samples to MS.

Fragility of CEC capillaries and particularly the weakness of retaining frits may lead to
further research involving monolithic columns. Acceptance within the pharmaceutical
industry is unlikely in the immediate future due to concerns regarding column to column

repeatability.
Ending on a more positive note, the electrophoretic process is key to the further

development of so-called “Lab on a chip” miniaturisation[274, 275] that is currently a

popular area of research.
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CHAPTER 2

MATERIALS AND METHODS.

2.1. INTRODUCTION.
This chapter details the recurring procedures and methods that were employed during the
acquisition of data for this thesis. More detailed information regarding the procedures

employed for specific investigations may be found in the relevant experimental chapters.

2.2. INSTRUMENTATION.
Two instruments were employed to acquire data for this thesis which are described in

subsequent sections.

2.2.1. Thermo Unicam Crystal model 310.

The Crystal (Thermo-Unicam, Cambridge, UK) CE is a modular instrument that may be
configured to suit requirements. The two main components are an automated sample
injection system and a high voltage power supply (HPVS) which are shown in figure 2.1.
The latter unit can supply up to 30 kV.

Figure 2.1 Thermo Unicam CE system: Automated sample injection system (left) and

HPVS (right).
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The cathode and associated inlet buffer reservoir (5ml) are incorporated within the sample
injection module. The anode and associated outlet buffer vial (50ml) are attached to a
remote platform upon which the UV detector is placed (not shown in figure 2.1).
Replenishment of buffer could be performed automaticaliy at the inlet side only by loading
the sample carousel with several vials and changing the numbered location of the inlet vial
several times within the programmed method. The outlet vial was generally removed
during pre-injection rinse cycles involving sodium hydroxide and water that were allowed
to flow to waste. This strategy ensured that the buffer composition (pH and ionic strength)

was identical in both the inlet and outlet vials.

The separation capillary is initially threaded through the top of the autoinjector unit such
that the inlet is level with the bottom of the cathode. The outlet half of the capillary is
threaded through the cell of detector and into the outlet vial. The latter operation can be

troublesome and resulted in a number of capillaries snapping at the detection window.

The instrumental design limited the practical minimum capillary size that could be
employed. The minimum dimensions were restricted to L; = 44 cm and L, = 60 cm

equating to a maximum field strength of 500 V/cm.

Temperature control was achieved via an in-built recycling airflow housed within the
autoinjector module. A foam insulation tube was provided with the unit to cover the
exposed section of capillary between the autosampler and detector. However, this was

found to be inconvenient to use during routine use and hence was rarely employed.

Hydrodynamic and electrokinetic injection were shown to be equivalent in terms of
repeatability (0.70% and 0.72%) during a simple study involving 10 replicate injections of a
thiourea working standard. Hydrodynamic injection was the mode of choice in the majority
of experimental work to avoid the possibility of any sample bias. However, electrokinetic
injection was employed for all CEC work since hydrodynamic sample introduction could

not overcome the pressure drop of the packed capillaries.
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The model employed was a stand-alone unit requiring input from an in-built keypad. The
absence of acquisition software necessitated the use of a chart recorder. All
electropherograms were therefore plotted using a HP model 3395 integrator. Application of
a separation voltage was found to give rise to a significant baseline disturbance. The
integrator was therefore programmed to autozero 0.5 minutes into each separation. All
electropherograms generated with this instrumentation that are included in this thesis were

converted to bitmap images using commercially available scanners.

The system was modified in-house to allow semi-automatic operation. Essentially, the
integrator was connected such that it was triggered upon the application of the separation
voltage. In addition, an event was programmed into the integrator once the length of time
required for a given separation was known. Combination of these two procedures gave rise
to a pseudo-automated system that was particularly useful when acquiring analytical data

over a series of replicate injections.

2.2.2. Beckman P/ACE 5150.
The Beckman (Fullerton, CA) P/ACE (Preparative/Analytical Capillary Electrophoresis) is
a PC-driven instrument incorporating an in-built detector and Windows™ acquisition

software as shown in figure 2.2.

Figure 2.2 Beckman P/ACE 5150 CE comprising autosampler and high voltage unit (grey
box) and in-built detector (white box on top of autosampler). The former can supply up to

30kV.
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The system is fully automated and parameters (separations, current, diode array spectra)
may be monitored in “real time”. Electropherograms and associated diode array plots are
produced as bitmap files. This allowed images to be conveniently inserted into this thesis.
The acquisition software allows the user to design and generate reports involving the
electropherogram and a summary of important parameters such as migration times and so

forth.

Beckman CE systems employ cartridges to house and align the separation capillary. In
addition, the cartridge forms part of the temperature control system. The design
incorporates a pre-aligned aperture for optimum oﬁ-capillary absorbance detection.
Circulation ports permit flow of a heat transfer fluid to ensure efficient temperature control.
Care must be taken to ensure an airtight seal is formed when constructing the cartridge
otherwise the highly UV absorbing fluid is prone to flooding the detection window. Fitting
a capillary into a cartridge was found to be a rather fiddly and time-consuming task.
However, once fitted, the capillary was less prone to breakage than the Thermo Unicam
system and dedicated capillaries could be rapidly fitted and removed from the instrument.
In addition, fewer restrictions exist regarding capillary dimensions, the minimum
practical length being approximately 15cm. This permits the use of high field strengths

with the obvious limitation of Joule heat effects.

The Beckman P/ACE 5150 autosampler comprises 2 sample carousels, one each for the
inlet and outlet vials. Hence, automatic replenishment of the buffer in both the inlet and
outlet vials was possible using a strategy similar to that previously discussed for the
Thermo Unicam instrument. In addition, the outlet vial could be automatically replaced by
a dedicated waste vial during pre-injection rinses thus avoiding the possibility of buffer
contamination. The turntables were prone to becoming removed from their drive
mechanism during long periods of usage. Rectification of this issue was straightforward

but rather time consuming.
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The model employed (Health and Safety Laboratory, Sheffield, UK) possessed an in-built
diode array detector. This was found to be extremely ﬁseful during the development of
methods. Briefly, the diode array spectrum of a given analyte peak could be recorded and
stored within a library. Migration orders could then be determined during method
development via comparison with the library. This strategy was far more convenient than

spiking solutions and/or injection of individual compounds.

2.3 MATERIALS AND PROCEDURES.

All fused silica capillary was obtained from Composite Metal Services Ltd (Hallow, UK)
and originally sourced from Polymicro Technologies (Phoenix, USA). Separation
capillaries were prepared by carefully cutting off the appropriate length with a ceramic tile.
Pre-conditioning was effected by flushing with sodium hydroxide (1.0 M, 2000 mbar) for
30 minutes. Residual sodium hydroxide was removed by flushing with water (2000 mbar)
for 5 minutes. Detection windows were fabricated using either a disposable lighter or a frit
burner obtained from Glaxo (Ware, UK). Subsequent treatment was application-specific

and further details may be found in the appropriate experimental chapters.

The majority of reagents employed were obtained from Aldrich (Poole, UK). All materials
were reagent grade or better unless otherwise stated. The majority of solvents were

obtained from Fisher (Loughborough, UK). All solvents were HPLC grade.

Key practical differences exist between the two CE instruments that required careful
consideration when transferring separations between the two units in order to yield
equivalent conditions. The Beckman instrument employs flushing and sample loading
pressures quoted in PSI whereas the Crystal system uses mbar. The relevant conversion

factors are listed below in equation 2.1[276].
1 PSI = 68.95 mbar = 6894.76 pascal (S.I unit) Equation 2.1

Appropriate scaling of separation voltages was also performed to take into account the

different capillary dimensions (L,;, L,) involved and thus ensure equivalent field strengths.
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All pH and pH* (non-aqueous media) measurements were undertaken using commercially
available pH meters that were calibrated according to the manufacturers recommendations
prior to use. Separation media were always fully prepared prior to the measurement of

pH/pH* and performing required pH/pH* adjustments

2.4. DETERMINATION OF KEY SEPARATION PARAMETERS.

2.4.1. Electrophoretic mobilities.

The apparent mobilities of analyte compounds of interest were calculated using equation
1.11. These values were subsequently employed in equation 1.12 to determine associated

electrophoretic mobilities.

2.4.2. Resolution between two adjacent bands.

Two strategies were employed which are explained in the following sections.

a) Determination of resolution between 2 discrete bands.

All relevant values were determined using equation 2.2.

Ri=2(ty— t) Equation 2.2.
w, + W, '

Where:
t.. and t are the migration times of the two bands (band b migrates behind band a).
W, and W, are the base widths of the two peaks.

b) Estimation of resolution using peak and valley measurements.
An alternative means[277] of determining a qualitative estimate resolution was employed in
situations where bands overlapped. This strategy is based upon the heights of both bands

and the valley between them as shown in figure 2.3.

75



Figure 2.3 Measurements required for estimation of resolution.

Essentially, the valley height is expressed as a percentage of the height of the smallest band
(i.e. h/h, x 100 in the example shown in figure 2.4) . The ratio of the two band heights
(h,/h,) is also determined and these values are used to determine an approximate resolution

from the standard values in table 2.1[277].
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Table 2.1 Estimation of resolution (R ymuea) from the height of the valley between 2

adjacent bands.
h, as % of 1:1 2:1. 41 8:1
smallest band

10 122 126 130 -

20 1.07 1.13 1.17 1.31
30 097 105 1.10 1.22
40 089 099 1.05 1.13
50 083 092 1.01 1.07
60 0.78 0.86 0.96 1.01
70 0.74 082 091 0.96
80 070 0.77  0.86 0.92
90 0.66 0.74 0.82 0.89

This is a rather crude method but has been shown to be a useful indication of resolution

during method development[278].

2.4.3. Peak efficiencies.
Efficiencies were calculated in terms of number of theoretical plates directly from
electropherograms using peak widths and migration times. Peak widths were determined

either at the base or at half height as indicated in equations 2.3 and 2.4 respectively.
N =16 (t,/Wi,e) Equation 2.3.
N =5.54 (t_/w,,) Equation 2.4.

Where:

t,, is the migration time of the appropriate peak.

w is the width of the appropriate peak (w,,. signifies width at base, w,, signifies width at
half peak height).
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Chapter 3.

INITIAL EVALUATION OF CE IN NON-AQUEOUS MEDIA.

3.1. INTRODUCTION.

The work discussed in this chapter concerns an evaluation of the practicalities of
performing CE in non-aqueous solvents. Several workers[41, 42, 44] have investigated
various pure and mixed solvents but did not discuss key parameters such as the
repeatability of the generated EOF. It was anticipated that an understanding of the
mechanisms involved in non-aqueous media would enhance the applicability of both CE

and CEC.

3.2. EXPERIMENTAL PROCEDURES.

All separations were performed using the Crystal CE system. Separation capillaries
comprised 60 cm lengths of 50 pm i.d. uncoated fused silica capillary. Unless otherwise
stated, all on-capillary absorbance detection was performed at a wavelength of 254 nm

at a distance of 44 cm from the inlet (Ly = 44 cm).

The separation capillary was equilibrated at the start of each working day and prior to
changing separation media by flushing with sodium hydroxide (0.1 M, 2000 mbar) for 5
minutes. Residual sodium hydroxide was removed by flushing with water (2000 mbar)
for 2 minutes. A two-stage equilibration was performed with the appropriate non-
aqueous media which was first hydrodynamically pumped (2000 mbar) for 5 minutes
and then electrically driven (20 kV) for 5 minutes. The capillary was rinsed using
sodium hydroxide (0.1 M, 2000 mbar) for 5 minutes followed by water (2000 mbar) for
2 minutes at the end of each working day prior to careful storage. Unless stated

otherwise, all separations were effected at an applied voltage of 20 kV (333 V/cm).
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The capillary was rinsed with sodium hydroxide (0.1 M, 2000 mbar) for 0.5 minutes
followed by water (2000 mbar) for 1.5 minutes and finally the relevant non-aqueous
separation media (2000 mbar) for 2 minutes between replicate injections. Additionally,
the first two electropherograms generated using each medium studied were not included
in any statistical analysis. Microsoft Excel 97 (Microsoft Corporation, Redmond,

USA) was employed to undertake comparisons of data using t-tests.

A thiourea stock standard solution (Img/ml) was prepared in acetonitrile. Working
standards (0.1mg/ml) were prepared as required via appropriate dilution of the stock
solution with the media under investigation. The biphenyl working standard that was

employed in the silver nitrate studies was prepared in an identical fashion.

All samples were hydrodynamically injected (25 mbar, 0.2 minutes). The magnitude of
the EOF generated by each medium was determined via injection of the relevant marker
standard. Unless stated otherwise, 10 replicate injections were performed under each

set of separation conditions to assess the repeatability of the generated EOF.

The use of the phrase “pure” in relation to the solvents studied implies that the material

was used as provided by the supplier without any form of pre-treatment.

3.3. INITIAL EVALUATION OF EOF IN PURE ORGANIC SOLVENTS.

3.3.1. Acetonitrile.

A simple trial investigation was undertaken using pure acetonitrile as the separation
medium. Injection of the thiourea working standard gave rise to a sharp peak at a
migration time of 1.229 minutes (0.60 cm/s, equating to an EOF of 0.00179 cm® V' s
". A second injection resulted in a peak with a migration time of 1.204 minutes (0.61
cm/s, equating to an EOF of 0.00182 cm?® V! s'l). Increasing the applied voltage to 30
kV resulted in thiourea eluting after 0.812 minutes (0.90 cm/s, equating to an EOF of
0.00180 cm? V™' ).
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The data obtained agreed well with that of Lister and co-workers[42, 44] and Wright
and Dorsey[60] who reported EOFs of 0.00199 and 0.000188 cm® V™' 5! respectively in
plain acetonitrile. In comparison, separations performed within this laboratory using
traditional media (10 mM sodium tetraborate, pH 9.2) typically generated an EOF
typically in the order of 0.00070 cm® V™' s™.

Addition of methylene chloride (10% and 50% v/v) was shown to decrease the EOF
(0.00149 cm® V! s and 0.00087 cm® V! s respectively) further confirming the
observations of Whitaker and Sepaniak[41].

Arguably the most interesting observation was that no current was registered on the
instrument during any of the investigations. This implied that the generated current was
less than 0.1 pA since this is the minimum that the instrument could display. This was
consistent with the observations of other workers who reported have currents of <100
nA[41] and 3.4 nA[44] in pure acetonitrile.

3.3.2. Methanol.

Migration times for duplicate injections of thiourea in methanol were 3.511 and 3.440
minutes. The EOF was obviously slower than in acetonitrile (0.00062 and 0.000640
cm?® V! s respectively) but was again in good agreement with the work of Lister et

al.[42, 44] who reported an EOF of 0.000582 cm?® V™' 5™

3.3.3. N-Methyl formamide.

An EOF of 0.000337 cm* V! s was observed in N-Methyl formamide (NMF). A
relatively high current of 5.4 pA registered on the instrument. This was also observed
by Jansson and Roeraade[43] who attributed it to the presence of hydrolysis products
and other impurities. Comparison of data with reported values is not straightforward
since workers employing NMF in NACE experiments have typically added background

electrolytes.
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3.4. Assessment of initial findings.

These initial evaluations uncovered some fascinating concepts that initially inspired
optimistic speculation regarding the potential applications of NACE. It appeared that a
simple medium capable of supporting a fast and reproducible EOF without generating
significant Joule heat had been uncovered. Additionally, it was apparently amenable to
hydrophobic analytes and CE-MS.

Acetonitrile appeared to be the most promising solvent from these initial experiments.
Although NMF exhibited a reasonable EOF, its strong absorbance over the useful
analytical detection range was likely to limit subsequent applications. Methanol was
also promising but tended to exhibit erratic migration time repeatability and required

longer equilibration than acetonitrile.

3.5. Further studies in acetonitrile.

A more thorough study was subsequently undertaken to determine the characteristics of
the EOF generated in pure acetonitrile. Replicate injections (n=10) of the thiourea
working standard resulted in an average migration time of 2.316 minutes with a
repeatability of 0.164 % RSD. The latter was in good agreement with the data of
Wright et al.[42] who reported an RSD of <2% (n=25). However, the magnitude of the
EOF was far lower than had been achieved in the initial experiments. No obvious
explanation was immediately apparent. Subsequent experiments therefore focussed on

areas that could explain this shift in magnitude.

3.5.1. Influence of water.

The acetonitrile employed to effect the previous separations was used directly from the
bottle as supplied and was likely to contain a small percentage of water. It was
anticipated that different batches of solvent were likely to exhibit a range of water
contents. It was therefore reasonable to assume that a more consistent EOF would be

achieved if the acetonitrile were dried prior to use.
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Replicate injections (n=10) of the thiourea working standard were undertaken using
dried acetonitrile (kindly undertaken by the organic research laboratory at this
institution). A control investigation was performed immediately afterwards using
acetonitrile taken directly from the same bottle as supplied. A comparison of the

resulting data is presented in table 3.1.

Table 3.1. Comparison of EOF generated in dried- acetonitrile and that which had not

Undergone any form of pre-treatment (n=10).

Average ty, (min) Repeatability (% RSD) | EOF (cm” V's™)
Dried 1.321 0.038 0.001665
Control 1.340 0.022 0.001642

The magnitude of the EOF generated in the dried solvent was more consistent with the
initial observations and data reported in the literature[42, 44]. Comparison with the
control study implied that no significant benefit would be obtained by drying
acetonitrile prior for use in CE separations. This was consistent with reported work
involving the effect of water in NACE media involving background electrolytes[53,

56]. However, this hypothesis was rejected at the 0.975 confidence interval (table 3.2).

Table 3.2. Evaluation of experimental data using the student t-test.

No pre-treatment Dried
Mean 1.3395 1.321
Variance 4.16111x10° 0.000124444
Observations 10 10
Pooled Variance 8.30278 x10°
Hypothesized Mean Difference 0
df 18
t Stat 4,540
t Critical one-tail 2.101
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3.5.2. Addition of supporting electrolytes.
It was anticipated that the addition of a background electrolyte might help to stabilise
the EOF and address the issues concerning day to day shifts in its magnitude.

Unfortunately, the majority of typical CE electrolytes are insoluble in acetonitrile.

3.5.2.1. Ammonium acetate.

Preliminary investigations concerned the addition of ammonium acetate at a
concentration of 1 mM. It was discovered that the added electrolyte could not be made
to dissolve completely even when ultrasonication was employed. Addition of acetic
acid was found to effect total dissolution with 5% v/v typically being required.
However, on some occasions total dissolution could be achieved via the addition of less
acid (1-2% v/v). The procedure was therefore standardised for all subsequent
investigations. The method adopted was addition of 5% v/v acetic acid followed by

ultrasonication for a period of 5 minutes.

The magnitude and repeatability of the EOF generated in acetonitrile containing 1 mM
ammonium acetate and 5% v/v acetic acid was assessed by performing 10 replicate

injections of the thiourea working standard.

As expected, the resulting EOF (0.000330 cm® V' s™) was slower than in pure
acetonitrile. Additionally, migration time repeatability (0.99% RSD) was rather
disappointing compared to some of the behaviour that had been observed in pure

solvents.

Poor EOF repeatability suggested some issue with the inner capillary surface. It was
possible that the capillary surface was not sufficiently equilibrated with non-aqueous
media between replicate injections. Hence, the sodium hydroxide and water rinses
were removed from pre-injection conditioning program resulting in a modified
procedure involving a single flush with the non-aqueous media (2000 mbar, 2 minutes).
A further 10 replicate injections of thiourea were performed using the modified rinse

procedure. The two sets of data are compared in table 3.3.
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Table 3.3. Influence of pre-run conditioning on resulting EOF.

Average ty, (min) | Repeatability (% RSD) | EOF (cm” V™' s™)

Original program 6.669 0.99 0.000330

Modified 5.938 0.32 0.000370

Removal of the aqueous solutions from the rinse cycle appeared to have enhanced the
characteristics of the generated EOF. Hence, the modified rinse cycle was employed in

all subsequent studies.

Increasing the ammonium acetate concentration firstly to 5 mM and then to 10 mM
surprisingly resulted in a faster EOF. The latter conflicts with what would be expected
in aqueous media as the background electrolyte is increased. Experimental data are

shown in table 3.4.

Table 3.4. Influence of ammonium acetate concentration on EQF.

5mM 10 mM
Mean tp, (mins) 4.717 3.382
Repeatability (% RSD) 0.350 4.321
Magnitude of EOF (cm” V™' s™) 0.000466 0.000650

3.5.2.2. Silver nitrate.

Silver nitrate was identified as one of the few materials that readily dissolved in
acetonitrile without the need for any other materials. However, use of thiourea as an
EOF marker in this media was found to be impractical as the resulting peak was
extremely ill defined. This was presumed to be a consecjuence of complexation between
thiourea and Ag(I). Anthracene was instead employed as it has been shown not to

undergo Ag(I) complexation in argentation liquid chromatography[279].

Replicate injections (n=10) of anthracene were performed at silver nitrate
concentrations of 1, 5 and 25 mM. The resulting EOFs were faster than with
ammonium acetate and migration time repeatability was better, particularly at an Ag(I)

concentration of 25 mM as shown in table 3.5.
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Table 3.5. Magnitude and repeatability of the EOF generated at an applied voltage of

20 kV in acetonitrile containing various levels of silver nitrate.

1 mM 5 mM 25 mM
Mean t,, 2.762 3.252 3.990
Repeatability (% RSD) 0.786 0.341 0.043
EOF (cm” V™' s7) 0.000797 | 0.000677 | 0.000551

The EOF at 5 mM Ag(I) compared well with data subsequently published by Wright
and Dorsey[60] who reported an EOF of 0.000672 cm® V' s'. Agreement at 25 mM
was slightly poorer (0.000551 vs 0.000432 cm? V™' s7'[60]).

3.6. Investigation of temperature gradients.

The Crystal 310 instrument employs an air fan cooling system to maintain a constant
separation temperature. However, this strategy appears to be incredibly inefficient
since a significant portion of the separation capillary and the outlet buffer vial are
exposed to the ambient temperature of the laboratory. It was therefore possible that
changes in ambient temperature were leading to poor EOF repeatability. This theory

was investigated by artificially inducing a temperature gradient.

A bulk supply of media comprising acetonitrile containing 1 mM ammonium acetate
and 5% v/v acetic acid was prepared. The receiver vial was filled and left to chill in a
refrigerator prior to use. The inlet vial was filled and loaded into the autosampler as
usual. The instrument was programmed to maintain the separation temperature at 20°C.

Replicate injections were performed over a period of 2 hours.

It was anticipated that significant variations in the EOF would be apparent over ten
injections as the temperature of the thermostated inlet buffer vial increased at a faster
rate than the receiver vial. However, this was not the case as shown in table 3.6. The
magnitude of the resulting EOF was comparable with previous investigations involving
this media (table 3.3).
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Table 3.6. Magnitude and repeatability of the EOF generated at an applied voltage of
20 kV in acetonitrile containing 1mM ammonium acetate and 5% v/v acetic

acid under an induced temperature gradient.

Average tn, (min) | Repeatability (%o RSD) | EOF (cm” V™' s™)
Previous data 5.938 0.32 0.000370
Temp gradient 6.025 0.556 0.000365

Data were again evaluated using the student t-test. The hypothesis that the induced
temperature gradient did not significantly influence migration behaviour was rejected at
the 0.975 confidence interval (table 3.7)

Table 3.7. Evaluation of experimental data using the student t-test.

Typical data Temp gradient
Mean 5.938 6.024
Variance 0.0003576 0.001123122
Observations 10 10
Pooled Variance 0.000740361
Hypothesized Mean Difference 0
df 18
t Stat -7.092
t Critical one-tail 2.101

3.7. CONCLUSION.

EOF has been demonstrated in a series of solvents with and without the presence of a
supporting electrolyte. Agreement between experimental data and values reported in
the literature using different instrumentation was encouraging suggesting robustness of

the technique. However, the mechanism by which the EOF was generated was unclear.

A rapid EOF was demonstrated in pure acetonitrile. However, its magnitude was found
to vary markedly on a day to day basis. Addition of ammonium acetate initially
appeared to stabilise the EOF but repeatability was noticeably poorer at higher
electrolyte concentrations. It is presumed that these issues were not a consequence of
buffer electrolysis since the magnitude of the receiver vial is designed to dilute such
effects. Formation of temperature gradients was also eliminated as a potential cause.
Conversely, migration time repeatabilities appeared to improve with increasing levels

of silver nitrate.
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Addition of relatively high amounts of acid was necessary to effect dissolution of
background electrolytes but restricted the magnitude of EOF.  Additionally,
standardisation of conditions was necessary due to inconsistencies in the amount of acid

required to effect full dissolution of ammonium acetate. This area warrants further

investigation.

87



CHAPTER 4.

APPLICATION OF NACE TO THE SEPARATION OF AN ACTIVE
PHARMACEUTICAL COMPOUND FROM A SERIES OF
RELATED IMPURITY AND DEGRADATION MATERIALS.

4.1. INTRODUCTION.

The benefits of CE in non-aqueous media were evaluated by comparing a method
developed for pharmaceutical materials with a sebaration achieved in a typical aqueous
buffer. NACE method development was undertaken in a step-wise fashion in an
attempt to gain further understanding of CE in non-aqueous media. An “entrance exam”
mini validation was undertaken to critically assess whether the developed NACE
separation was capable of meeting the strict criteria required within the highly regulated

pharmaceutical industry.

4.2. BACKGROUND.

The regulations governing the manufacture and analysis of medicinal products are
rightly extremely stringent[280]. Many of the assays routinely employed for product
release testing in pharmaceutical QA laboratories employ isocratic reversed phase
HPLC separations using UV absorbance detection. Such separations offer excellent
resolution but tend to involve long analysis times of typically 10-30 minutes that are not

particularly amenable to high throughput analysis.

Cimetidine (or Tagamet) is a histamine Hj-receptor antagonist that is used to reduce
acid secretion in treatment of gastrointestinal ulcers[281, 282]. It is employed in the
treatment of gastric ulcers and other complaints that are associated with the production
of excess stomach acid. Chemically it is N-cyano-N-methyl-N-[2(5-methyl-1-H-
imidazoyl-4-yl)methylthio-ethyl]guanidine. Its pharmacology has been extensively
reviewed[283].
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4.3. REGULATORY ASPECTS.

The United States Pharmacopoeia (USP) assay for cimetidine in tablet
formulations[284] involves an isocratic reverse phase HPLC separation employing UV
absorbance detection at 220 nm. The mobile phase comprises 200 ml methanol and 0.3

ml phosphoric acid diluted to 1000 ml with water.

Sample solutions are prepared by adding approximately 100 mg of powdered tablets to
a 250 ml flask containing 50 ml methanol. The resulting solution is shaken prior to the
addition of 40 ml water. The flask is then ultrasonicated for a period of 15 minutes
prior to being diluted to the mark with water. A 5 ml aliquot of this stock solution is
then transferred to a 200 ml volumetric flask and diluted to the mark with mobile phase.
The assay essentially involves replicate 50 pL injections of this solution under the

previously described conditions.

The USP monograph clearly states that the efficiency of the analyte peak should not be
less than n=1000 theoretical plates and that the relative standard deviation of the
response of 5 replicate injections must be less than 2.0%. These figures would serve as
a useful reference against which the performance of developed separations could be

critically compared.

4.4. MATERIALS AND METHODS.

The cimetidine and related impurity and degradation compounds were a kind gift
supplied by Smithkline Beecham (Harlow, UK). Each compound was nominally
assigned an identification letter (A-H) to avoid the use of complex chemical names or
proprietary reference codes. The structures of the materials studied are presented in

table 4.1.
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4.5. EXPERIMENTAL PROCEDURES.
All separations were performed using the Crystal 310 C.E system using 60 cm lengths
of 50 pm i.d. uncoated fused silica capillary. On-capillary UV absorbance detection

was performed at 230 nm at a distance of 44 cm from the inlet end (Ld = 44 cm).

Stock solutions (1000 mg/1) of all analyte compounds were prepared by dissolving the
appropriate amount of each material in 50/50 % v/v acetonitrile/methanol containing 1
% v/v acetic acid. These were subsequently diluted to a working concentration of
100mg/1 when required using the relevant non-aqueous media. All solutions were
stored in a refrigerator when not required. However, sample solutions containing
compound A (cimetidine) were found to have a limited usable life of only a few weeks
even when refrigerated. After this time, a broad peak eluting soon after cimetidine was
evident. This extra peak caused significant errors during peak integration and hence

parameters such as efficiency could not be calculated with any degree of confidence.

The separation capillary was equilibrated at the start of each working day and prior to
changing separation media by flushing with sodium hydroxide (0.1 M, 2000 mbar) for 5
minutes. Residual sodium hydroxide was removed by flushing with acetonitrile (2000
mbar) for 5 minutes. A two-stage equilibration was performed with the appropriate
non-aqueous medium which was first hydrodynamically pumped (2000 mbar) for 5
minutes and then electrically driven (20 kV) for 5 minutes. The capillary was rinsed
using acetonitrile (2000 mbar) for 5 minutes at the end of each working day prior to

careful storage.
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The detrimental effects of performing a sodium hydroxide rinse between separations
were discussed in the previous chapter. The capillary was therefore only rinsed with the
relevant non-aqueous media (2000 mbar, 2 minutes) between replicate injections.
Additionally, the first two separations achieved using each medium studied were not

included in any statistical analysis.

All samples were hydrodynamically injected (25 mbar, 0.2 minutes). Electroosmotic
mobilities were determined by incorporating thiourea as a neutral marker compound
within the test samples. Replicate injections were performed at each set of separation
conditions to access migration time repeatability. Migration orders were determined by

injection of individual compounds and/or spiked standard solutions.

4.6. EXPERIMENTAL.

4.6.1. Initial method development.

Leung and co-workers[46] reported the separation of basic drugs using non-aqueous
media comprising a mixture of acetonitrile and methanol containing 1% v/v acetic acid
and 20 mM ammonium acetate. The initial investigations with non-aqueous media
described in the previous chapter had demonstrated that a fast and reproducible EOF
was possible using an ammonium acetate concentration of only 1 mM. Hence,
preliminary investigations were performed at this electrolyte concentration. All initial
method development was performed using a three component test mix comprising

compounds A, B and C (all 1 mg/ml).

4.6.2. Optimum solvent composition of the non-aqueous separation medium.

The dependence of the apparent electrophoretic mobilities of the test compounds on the
solvent composition of the non-aqueous media which included ammonium acetate and
acetic acid at constant concentrations of 1 mM and 1 % v/v respectively is presented in

figure 4.1.
The migration order was B, C, A regardless of solvent composition. The fact that all

three compounds eluted ahead of thiourea implied that they carried some form of

positive charge.
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Figure 4.1 Dependence of the electrophoretic and electroosmotic mobilities of a simple

4 component test mixture on the composition of the non-aqueous medium.
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The separation achieved in plain acetonitrile was unclear. The 3 test compounds
appeared to co-elute at a migration time equivalent to the EOF (around 2.9 minutes) but
the electropherograms contained many spikes and serious current fluctuations and/or
total breakdown was experienced during replicate injections. It is possible that these
effects were the result of some form of instrumental fault rather than a feature of the
non-aqueous medium. The results were not considered to be reliable and were therefore

not included in figure 4.1.

The EOF was found to be slower at higher methanol concentrations. Significant
overlap between compounds C and A was apparent at all compositions involving

methanol at 50 % v/v and above.

A composition of 70/30 % v/v acetonitrile/methanol was found to give the optimum
separation in terms of speed, resolution and migration time repeatability. The rapid
EOF achieved under these conditions may indicate that a 70/30 % v/v mixture of the
two solvents has the lowest viscosity of all possible compositions. Migration time
repeatability over 10 replicate injections was better than 0.5% RSD. The current

generated under these conditions was 1.0 pA
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Further method development was obviously necessary since a slight overlap of the latter
two peaks (C and A) was clearly evident. The resolution between this pair was

determined to be 1.87 (equation 2.3). A typical separation is presented in figure 4.2.

Figure 4.2 Separation of a simple 3 component test mixture at a solvent composition of
70/30 %v/v acetonitrile/methanol containing ImM ammonium acetate and

1% v/v acetic acid.

Average migration time (min) | % RSD (n=10)

B 2.004 0.46
C 2.613 0.42
A 2777 0.43
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4.6.3. Optimisation of electrolyte concentration.

A solvent composition of 70/30 % v/v acetonitrile/methanol was the basis of all
subsequent non-aqueous separation media. Increasing the ammonium acetate
concentration to 5 mM improved the separation achieved between compounds C and A.
The resolution was determined to be 2.81 under these conditions. However this was at
the expense of an increased separation time which was a consequence of a reduced
EOF. The latter clearly conflicts with the initial studies in non-aqueous media (chapter
3) where the EOF increased with increasing ammonium acetate concentration. The

current generated under these conditions was 3.3 pA.

Peak efficiencies were particularly impressive but the repeatability of peak areas was

poorer than the USP specification criteria of 2% RSD.

Increasing the ammonium acetate concentration to 10 mM resulted in further
enhancement of the separation between compounds C and A. The resolution under
these conditions was determined to be 3.17. Peak efficiencies were approximately

double those that were achieved at 5 mM ammonium acetate.

Migration time repeatability was particularly impressive being less than 0.2% RSD for
all compounds over the 10 replicate injections. Although the repeatability of peak area
responses were improved they still did not match the USP requirements of 2% RSD.

The current generated under these conditions was 5.2 pA.

Baseline separation (Rs = 3.67) of compounds C and A was achieved in less than six
minutes at an electrolyte concentration of 25 mM. However, peak efficiencies along
with migration time and peak area reproducibilities were extremely poor. This was
surprising since an increase in the ammonium acetate concentration had previously
effected significant improvements in all of these parameters. The current generated
under these conditions was 10.2 pA. A representative separation is presented in figure

4.3.
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Figure 4.3 Separation of a simple 3 component test mixture at a solvent composition of

70/30 %v/v acetonitrile/methanol containing 25 mM ammonium acetate and

1% v/v acetic acid.
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'Y minute
% RSD (n=10)
Average t, (min) | N (plates/m) tm Peak area
B 3.583 47200 0.99 6.6
C 4.867 65650 1.13 11.4
A 5.026 79000 1.15 8.0
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The study was subsequently repeated to confirm the validity of these disappointing

results. The migration times obtained are presented in table 4.2

Table 4.2. Repeat study at 20 kV at a solvent composition of 70/30 %v/v
acetonitrile/methanol containing 25 mM ammonium acetate and 1% v/v

acetic acid.

% RSD (n=10)

Average ty, (min) | N (plates/m) tm Peak area
B 3.628 247250 0.10 3.1
C 5.039 355000 0.05 2.7
A 5.193 425700 0.05 2.9

These results appeared to invalidate the original study. There was no apparent reason as
to why the two apparently identical studies should yield such markedly different results.

This raised concerns regarding the day to day reproducibility of the separations.

The migration time repeatabilities achieved in the repeat study were rather impressive.
Peak efficiences were again doubled but the repeatability of peak area responses was
still greater than 2.0% RSD. The observed current was 10.3 pA which was in good

agreement with the original study.

4.6.4. Optimisation of applied voltage.

Five replicate injections of a standard comprising cimetidine (100 mg/l) and thiourea
(40 mg/l) were performed using 70/30 %v/v acetonitrile/methanol containing 25 mM
ammonium acetate and 1% v/v acetic acid at both 20 and 30 kV (333 and 500 V/cm

respectively). The results of this study are presented in table 4.3 below.

97



Table 4.3 Apparent mobilities of cimetidine and thiourea (EOF marker) at both 20 and

30 kV calculated from averaged migration times (n = 5).

Cimetidine Thiourea
Mean tp, (min) | % RSD [ Mean t,, (min)| % RSD | EOF (cm“V's™)
20kV 5.164 0.04 5.693 0.04 0.000386
30kV 3.394 0.06 3.725 0.08 0.000394

This simple study clearly indicated that the separation time would be reduced
favourably at an elevated applied voltage. As previously stated, rapid analysis is
desirable in the pharmaceutical industry in order to facilitate high sample through-put.

The current generated at 30 kV was 15.3 pA.
A separation of the 3 component test mixture was effected at an applied voltage of 30

kV. Efficiencies were found to be lower than had previously been achieved. A

representative separation is presented in figure 4.4.
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Figure 4.4 Separation of a simple 3 component test mixture at an applied voltage of 30
kV using non-aqueous separation media comprising 70/30 %v/v
acetonitrile/methanol containing 25 mM ammonium acetate and

1% v/v acetic acid.

—v—

% RSD (n=5)
Average t, (min) | N (plates/m) tm Peak area
B 2.508 48000 0.31 5.22
C 3.345 85500 0.26 5.40
A 3.535 63500 0.29 4.35
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4.6.5. Studies involving the remaining compounds.

The migration times of the remaining 5 compounds (D-H) had previously been
determined at an applied voltage of 20 kV. The average migration times for each
compound are presented in 4 3. All data were calculated from three replicate injections

(25 mbar, 0.2 min).

Table 4.4 Average migration times (n=3) for all compounds at 20 kV.

Compound Average migration time (mins)
A 5.210

3.598

5.068

4.737

5.471

5.458

5.265

4.793

0 O 0 - g o w

These results indicated that in an analysis of all compounds E would co-elute with F, G
would co-elute with A and D would co-elute with H. However, it should be
theoretically possible to perform a range of separations each one capable of separating a

different permutation of 5 compounds from the total pool of 8.

A new test mixture comprising compounds A, B, C, D and F was injected under the
adopted separation conditions as an illustrative example. Unfortunately, serious
intermittent problems involving erratic baselines, spikes and variation and/or
breakdown of observed current were regularly encountered during this period. It was
strongly felt again that these problems were instrumental-based rather than being a
function of the non-aqueous media. These difficulties seriously restricted the progress
of the investigations. However, 5 replicate injections of sufficient quality were
eventually acquired at an applied voltage of 30 kV. A representative separation is

presented in figure 4.5.
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Figure 4.5. Separation of an active pharmaceutical compound from a series of 4 related
manufacturing impurities and degradation compounds at 30 kV using a

non-aqueous medium comprising 70/30 %v/v acetonitrile/methanol

containing 25 mM ammonium acetate and 1% v/v acetic acid.

— 3N

1 minute

% RSD (n=5)

Average tp, (min) | N (plates/m) tm Peak area
B 2412 375000 0.25 4.97
D 3.099 1552000 0.28 2.20
C 3.311 520500 0.24 7.82
A 3.405 780000 0.34 5.95
F 3.567 105000 0.43 64.56
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The poor peak area repeatability and efficiency associated with compound F appear to
have been caused by an overlapping peak introducing errors during integration. This
extra peak can clearly be seen as a shoulder on peak F in figure 4.5. The identity of this
peak is unknown but it is possible that this may have been compound E which was
present either as an impurity in one of the compounds or the result of one or more
compounds in the standard degrading during storage. If the method were to be

validated the stability of sample and standard solutions would need to be evaluated.

4.6.6. Repeatability of EOF in non-aqueous media. |

A brief study was undertaken to assess the day to day reproducibility of the EOF
generated in the non-aqueous media. Essentially, 3 replicate injections of a thiourea
standard (100mg/1) were performed on five separate occasions that spanned a period of
2 weeks. Separations were effected at 30 kV employing a non-aqueous medium
comprising 70/30 %v/v acetonitrile/methanol containing 25 mM ammonium acetate and

1% v/v acetic acid. The results of this study are summarised in table 4.5.

Table 4.5. EOF generated in non-aqueous media monitored over a two week period.

Mean EOF (cm” V™' s™) Range (cm”“ V™' s™)
1 0.0003645 6.35x 107
2 0.0003905 7.28x 107
3 0.0003484 1.90x 10”
4 0.0003938 . 2.12x10”
5 0.0004087 2.39x 107

This brief study confirmed that the magnitude of the EOF generated within the non-
aqueous media was highly reproducible over a series of replicate injections but was

prone to drift on a day to day basis.
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4.6.7. Investigation of alternative background electrolytes.

Sodium acetate and ammonium formate were investigated to determine whether the
identity of electrolyte employed had any effect on the separation achieved. Separations
using ammonium acetate were performed in parallel with these studies to ensure that

accurate comparisons could be made.

Essentially, 5 replicate injections of a test mix comprising compounds A, B and C
were performed at an applied voltage of 30 kV in non-aqueous media comprising 70/30
% v/v acetonitrile/methanol containing 25 mM background electrolyte and 1% v/v

acetic acid.

The dependence of the apparent electrophoretic mobilities of compounds A, B and C

on the identity of the background electrolyte employed is presented in figure 4.6.

Figure 4.6 Dependence of the electrophoretic and electroosmotic mobilities of a simple
3 component test mixture on the identity of the background electrolyte
employed in non-aqueous media comprising 70/30 % v/v
acetonitrile/methanol containing 25 mM background electrolyte and 1% v/v

acetic acid.
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Separation selectivity was found to be unaffected by altering the identity of the
background electrolyte. The elution order was determined to be B, C, A using both
sodium acetate and ammonium formate. The three test compounds were found to
migrate ahead of thiourea in both systems which supported the previously proposed
theory that they carried a positive charge in the non-aqueous media. The current
generated in the media containing the two alternative electrolytes was found to be

slightly higher than when using ammonium acetate as shown in table 4.6.

Table 4.6. Observed current at 30 kV in non-aqueous media comprising comprising
70/30 % v/v acetonitrile/methanol containing 25 mM background electrolyte

and 1% v/v acetic acid.

Electrolyte Ammonium acetate | Ammonium formate | Sodium formate

Observed current (LA) 17.5 18.7 18.5

The slowest EOF was generated in the media that included sodium acetate. Separation
was poorest in this system with compounds C and A eluting together as one large peak

as shown in figure 4.7.
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Figure 4.7. Separation of a simple 3 component test mixture at a solvent composition

of 70/30 % v/v acetonitrile/methanol containing 25 mM sodium acetate

and 1% v/v acetic acid.

1mVv
B
5
1 minute
% RSD (n=5)
Average ty, (min) | N (plates/m) 'tm Peak area
B 2.558 580000 0.09 3.30
C&A 3.311 - 0.14 -

The separation achieved using ammonium formate was remarkably similar to that
obtained using ammonium acetate. Separation was slightly faster using ammonium
acetate but migration time repeatabilities were similar in both systems. Efficiencies
were higher using ammonium formate but peak area repeatability was poor. In contrast,
the peak area repeatabilities obtained using ammonium acetate were excellent and
passed the USP requirements of 2 % RSD. Representative separations using ammonium

acetate and ammonium formate are presented in figures 4.8 and 4.9 respectively
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Figure 4.8. Separation of a simple 3. component test mixture at a solvent composition

of 70/30 % v/v acetonitrile/methanol containing 25mM ammonium acetate

and 1% v/v acetic acid.

B
1mV
5

1 mix;ute

% RSD (n=5)
Average ty, (min) | N (plates/m) tm Peak area

B 2.314 402000 0.12 1.3
C 3.174 423800 0.14 0.9
A 3.297 396000 0.13 1.0

It is interesting to compare the above separation involving ammonium acetate (figure
4.8) with the initial separation that was achieved at 30 kV (figure 4.3). Significant
differences are apparent between these separations even though they were effected
under apparently identical conditions. Agreemént between migration times is fairly
poor and associated repeatabilities were poorer in the original separation. However, the
greatest inconsistencies are displayed by the achieved peak efficiencies that were 5-8

times lower in the original separation. This comparison provides further evidence to

support the belief that the method is not particularly robust.
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Figure 4.9. Separation of a simple 3 component test mixture at a solvent composition

of 70/30 % v/v acetonitrile/methanol containing 25 mM ammonium
formate and 1% v/v acetic acid.

w

——afug

1 minute

% RSD (n=5)
Average t;, (min) | N (plates/m) tm Peak area
B 2.436 610000 0.13 6.7
C 3.397 650400 0.13 6.4
A 3.556 640000 0.14 4.7
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4.7. Critical comparison of separation achieved in non- aqueous media with a

comparable separation achieved in typical aqueous-based media.

Luksa and Josic[285] described the CE separation of cimetidine from two metabolites
and other compounds in human plasma using a coated capillary at pH 2. Meanwhile,
Soini and co-workers[286] described the determination of cimetidine in serum using
MEKC at pH 6.4 including an initial electrochromatographic solid phase extraction and
preconcentration step. A simple CE separation of the test materials using aqueous-
based separation media was developed by a colleague at this institution in parallel with

the non-aqueous studies in order to facilitate a comparison of the two modes[48].

A full, systematic method development was performed. for the aqueous separation at an
applied voltage of 30 kV using a 3 component test mix comprising compounds A, B and
C. At pH 7.14 (10 mM phosphate) compound B migrated ahead of compounds C and A
which co-eluted at a time equivalent to the EOF. This was not surprising since the pK,
of cimetidine is 6.80[287]. Successive reductions in buffer pH improved resolution
until a full separation was achieved at pH 3.14 (10 mM sodium dihydrogenphosphate
phosphate). The order of elution was B, C, A and the separation was complete in less

than 4 minutes.

When attempting to separate the remaining materials D-H it was found that compounds

E and F had extremely poor aqueous solubility. However, a full separation of
compounds A, B, C, G and H was achieved in under five minutes using the previously
described experimental conditions. The elution order was H, B, C, A, G with the latter
two peaks displaying significant tailing. Calculated efﬁciencies ranged from 47000 to
185000 plates/m with associated RSDs ranging from 1.1 to 23.3% (n=5). The
repeatability of migration times over 5 replicate injections was less than 1% for all
compounds whilst peak area repeatability ranged from 2.1 to 11.0 % RSD. However,
the quoted values for migration time repeatability could only be achieved by removing
the outlet buffer vial during the rinsing cycle. This procedure ensured that the rinse
solutions did not adversely affect the pH or ionic strength of the buffer in the outlet vial.
This would obviously restrict the capability of the method in terms of unsupervised
operation. Further development work involving the addition of organic modifiers

indicated that the separation could not readily be improved.
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4.8. Method transfer.

Staff at the Health and Safety Laboratory kindly allowed time to investigate the non-
aqueous separation on their Beckman CE. This gave an excellent opportunity to
investigate some of the issues raised during the development of the non-aqueous

experiment.

The Beckman instrument employs a liquid cooling system that appears far more
efficient than the Thermo-Unicam design[288]. It was therefore anticipated that the
repeatability of migration times over a series of replicate injections would be superior
and more consistent from day to day using this system. Leung et al..[46] improved

repeatability by moving their NACE separation to a different brand of instrument.

The experimental conditions were essentially identical to those that have previously
been described. The only significant difference involved reduction of the separation
voltage to 23 kV in order to yield an equivalent (500 V/cm) separation. This was
necessary due to the different dimensions of the Beckman capillary namely Ly = 40 cm,

L;=46 cm. All capillaries were prepared from the same batch.

Initial studies involved 5 replicate injections of a thiourea standard (50 mg/l) to
determine the repeatability of the EOF generated under the non-aqueous conditions.

The results obtained were critically compared with data obtained from an identical study
that was performed in parallel using the Crystal model 310 instrument. All results are

presented in table 4.7.

Table 4.7. Comparison of the repeatability of the EOF generated at 500 V/cm in non-
aqueous media (70/30 %v/v acetonitrile/methanol containing 25 mM

ammonium acetate and 1% v/v acetic acid) using two instruments on the

same day.
Crystal 310 Beckman
tm thiourea (min) 3.584, 3.580, 3.578, 4.258, 4.315, 4.358,
3.575, 3.575 4.396, 4.429
Average tp, (min). 3.578 4.351
Repeatability (% RSD) 0.1 1.4
EOF (cm’s™ V™) 0.00041 0.00031
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The results in table 4.7 clearly demonstrate that differences existed when attempting to
perform equivalent non-aqueous separations on the two instruments. The magnitude of
the EOF generated on the Beckman was lower and displayed poorer repeatability over a
series of replicate injections. The latter observation was in marked contrast to the
expectation that the liquid cooling system would ensure that reproducible migration
times were obtained. In addition, the peaks obtained during the Beckman studies
appeared to be broader than those obtained using the Crystal 310 instrument. Average

peak widths were determined to be 0.11 min and 0.075 min respectively.

It was noted that the migration times in the Beckman study increased over the series of
five injections. The study was therefore repeated to ensure that the capillary had been
sufficiently equilibrated prior to the acquisition of analytical data. The repeat study was

performed soon after the original study. The results are presented in table 4. 8.

Table 4.8. Repeat study on the Beckman instrument to investigate the repeatability of
the EOF generated at 500 V/cm in non-aqueous media (70/30 %v/v
acetonitrile/methanol containing 25 mM ammonium acetate and 1% v/v

acetic acid).

tm thiourea (min) 9.567, 9.996, 10.175, 10.408, 10.617
Average t, (min). . 10.153

Repeatability (% RSD) 3.5

Magnitude of EOF (cm”s™ V™) ' 0.000131

A minor alteration in the magnitude and repeatability of the EOF between the original
and repeat study might have been anticipated. However, the data presented in table 4.8
clearly indicated that significant shifts were apparent in both parameters. An increase in
the migration time over the 5 injections was again observed. The fact that the study had
been repeated for this reason appeared to eliminate insufficient equilibration of the

capillary as an underlying root cause of the differences.
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There was obviously some fundamental difficulty associated with transferring the non-
aqueous separation media to the Beckman instrument but no immediately obvious
explanation could be proposed. Instrumental problems seemed to be an unlikely cause
since the instrument had recently been successfully employed to perform routine

analysis by staff at the Health and Safety Laboratory.

The only significant difference that was evident between the designs of the two
instruments was the size of inlet and outlet buffer vials. The Beckman CE employs
identical inlet and outlet vials whereas the outlet vial used by the Crystal 310 instrument
is approximately ten times larger than the inlet vial. It is possible that this may have
caused some effect. Unfortunately it was impractical to investigate this theory since
there was no scope to alter the size of the vials on either instrument. Studies concerning
method transfer to the Beckman instrument were abandoned at this stage due to time

constraints.

4.9. CONCLUSION.

Development of a separation using non-aqueous CE was found to somewhat of a “black
art” when compared with traditional CE or HPLC in which well defined schemes for
developing methods are understood and widely available. The starting point in a HPLC
or CE method development will typically include a consideration of the analyte
materials in terms of their pKa values. This is an obvious disadvantage when
attempting non-aqueous separations where the concepts of pH and pKa are not well
understood and published values are not readily available. The lack of such fundamental
knowledge concerning non-aqueous media inspired a systematic investigation of the

area that forms the basis of chapter 6.

The developed method could not separate all compounds it a single run. However, a
series of several runs each capable of separating a unique combination of 5 compounds
was thought capable of providing a full separation. The use of non-aqueous media
allowed the separation of hydrophobic materials that was not possible using traditional
aqueous-based buffers. Selectivity was found to be different in the non-aqueous media
and a different combination of compounds was separated. The two techniques can
therefore be considered to be complimentary. In addition, peak shapes and efficiencies

were noticeably better than those achieved under aqueous conditions.
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The magnitude of the EOF generated within the non-aqueous media was found to be
highly reproducible over a series of replicate injections but was prone to drift on a day
to day basis. This would have serious consequences for any acquisition system that
relied on a migration time “window” to detect and analyse peaks. For example, when
using the HP integrator for a quantitative method it is necessary to specify an absolute
migration time for each peak that requires integration. A * range may also be specified
which yields a “window” in which the peak will be detected. Any drift in the method

may cause the peak to fall outside of these times and hence not be processed.

It is interesting to evaluate the non-aqueous separations using the USP criteria for the
cimetidine HPLC assay that was introduced at the beginning of this chapter. The typical
migration time repeatabilities for replicate injections that were routinely achieved
during this work easily met the USP monograph criteria of 2% RSD. The efficiencies
obtained for the active (cimetidine) peak were significantly in excess of the required
n=1000 plates. However, significant differences in migration times and efficiencies
were apparent between separations that were performed under identical conditions but

on different days.

It is possible that changes in the ambient temperature adversely affected the day to day
repeatability of the separations. This is a reasonable theory since changes of even 1-2 °
C would be sufficient to effect significant changes in the viscosity of the non-aqueous
media. Such changes would be sufficient to affect the separations achieved. This also
presents the opportunity for solvents to evaporate from the buffer vials leading to an
alteration of media composition. This phenomenon could also explain the difficulties
encountered during the investigations such as current breakdown and spikes obscuring

the electropherograms.
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An alternative explanation for the variations in peak areas and efficiencies centres on
the integrator that was employed to record the electropherograms. A visual inspection of
the electropherograms obtained during this work highlighted apparent errors with peak
integration. Many peaks that appeared visually identical were found to have wildly
different peak widths and areas. In some cases the magnitude of this apparent error was
in the order of 50%. The HP 3395 integrator is primarily intended for use with HPLC
and GC instrumentation. Separations involving the latter two techniques generate
relatively broad gaussian peaks. In contrast, CE, especially when performed in non-
aqueous media routinely generates essentially triangular shaped peaks, which are
extremely narrow and sharp. It may therefore be possible that the HP3395 integrator
was in fact unsuitable for the quantitative aspects of these studies, being unable to

reproducibly integrate such sharp peaks with any degree of confidence.

The issue of detection must also be considered when discussing these separations in
terms of compatibility to the USP HPLC assay requirements. The amount of active
(cimetidine) injected on column in the HPLC separation is 0.5 pg. A similar

determination for the non-aqueous separations is outlined below.

The length (mm) and volume (nl) of the sample zone may be determined using
equations 4.1 and 4.2 respectively which are specific to hydrodynamic injections
performed using the Crystal 310 instrument[289]. The viscosity of the non-aqueous

media was approximated using the value for pure acetonitrile (0.37 cP).

P.t = Plength X 3200x 1 x Lt Equation 4.1
Fe

Where:

P = pressure (mbar).

t = Duration of injection (s).

Plength = Sample plug length (mm).

1 = Viscosity of medium (cP).

L: = Total length of the separation capillary (cm)

d = Internal diameter of the separation capillary (um).
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Vsamp = T X Plength X d2 Equation 4.2
4 -

The injection conditions of P =25 mbar, t=12 s (0.2 min), 1 = 0.37 cP, Lt = 60 cm and
d = 50 pm would therefore generate a sample plug of around 20 nl which equates to

approximately 2 pg on capillary.

The figures calculated above indicate that the solutions employed during the method
development would only need to be diluted by a factor of four to be equivalent to those
specified in the USP monograph. In the unlikely event of this causing any significant
problems it would be feasible to improve detection sensitivity by employing a 75 uM i.d
capillary since the generated current would be low compared to a comparable aqueous-
based separation. Hence detection does not appear to be an issue in this particular

application.

It is perhaps easy to understand the reluctance of some companies to invest time and
resources in developing CE assays on the basis of these studies. Although CE was
found to be capable of effecting rapid separations with extremely high efficiencies it did
not appear able to generate equivalent results to HPLC in terms of the validation criteria
set by regulatory agencies. In particular, the inability to replicate data on another
instrument in a different laboratory was a significant failing. The cause of this was
unclear. Other workers[54, 59] have reported NACE separations using the Beckman
P/ACE but did not discuss repeatability in any detail.
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Chapter 5.

APPLICATION OF ELECTRICALLY-DRIVEN TECHNIQUES TO
THE SEPARATION OF THE PESTICIDE PIRIMICARB FROM
RELATED METABOLITES.

5.1. INTRODUCTION.

Critical comparison of the non-aqueous and aqueous-based separations presented in the
previous chapter hinted that the various modes of CE could offer tremendous scope
when tackling complex separations. This concept was explored using a series of
pesticide materials with a high degree of structural similarity. Separations were

developed using non-aqueous and aqueous-based CE as well as MEKC.

5.2. BACKGROUND.

Pirimicarb (2-dimethylamino-5,6-dimethyl-4-pyrimidinyl N,N dimethylcarbamate) was
developed in the UK by ICI (now Zeneca Agrochemicals) under the assigned code
reference PP 062 and marketed as Pirimor[290, 291]. It is a highly selective, fast
acting aphicide that is particularly effective against strains of aphid that have developed

resistance to organophosphorus pesticides[292].

Pirimicarb undergoes fairly rapid photochemical degradation after spraying to yield
compounds R34885 and R34836. Photochemical degradation on surface soil yields
compound R31805 as the major product. Extensive chemical and biological hydrolysis
of the carbamate functionality occurs in soil to yield the hydroxypyrimidine compounds
R34836, R35140 and R31680. The metabolic reactions of pirimicarb are summarised in
figure 5. 1.
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Figure 5.1. Metabolic fate of pirimicarb[293].
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Cabras and co-workers[293] attempted to separate pirimicarb from its full range of
metabolites using HPLC. Five of the eight compounds were successfully separated with
RP C; and C,; columns employing an acetonitrile/phosphate buffer mobile phase.
Separation was complete in under 10 minutes but the resolution between R34865,
R35140 and R31680 was poor. These three highly polar hydroxypyrimidines were
subsequently resolved using an amino column employing a water/acetonitrile mobile

phase.

CEC separations of these compounds have also been reported[196, 223]. The isocratic
CEC separation of pirimicarb and 4 related degradation products was achieved in under
7 minutes by Moffat and co-workers[223]. Meanwhile, Smith and Carter-Finch[196]
employed a step gradient to effect the separation of pirimicarb and ten related

compounds. However, two of the hydroxypyrimidines involved could not be resolved.
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5.3. EXPERIMENTAL.

These investigations employed only a selection of the full range of compounds that were
introduced in figure 5.1. Samples of Pirimicarb, R34836, R31805, and R34865 were
kindly supplied by Zeneca Agrochemicals (Bracknell, UK). Stock solutions of each
compound (1mg/ml) were prepared in methanol and stored in a refrigerator. Sample
solutions for injection were prepared when required by diluting the stock solutions with

the relevant separation media.

5.3.1. Separation by typical free solution CE.

All electropherograms were acquired using the Beckman P/ACE instrument. Separation
capillaries comprised 46 cm lengths of 50 um i.d. uncoated fused silica capillary. On-
capillary UV detection was performed across a wavelength range of 190-300 nm using
the in-built diode array detector at a distance of 40 cm from the inlet (L, = 40 cm). All

spectra were displayed at a wavelength of 245 nm.

Separation capillaries were equilibrated at the start of each working day and prior to
changing separation media by flushing with sodium hydroxide (0.1 M, 20 PSI) for 5
minutes. Residual sodium hydroxide was removed by flushing with water (20 PSI) for
5 minutes. A two-stage equilibration was performed with the appropriate buffer which
was first hydrodynamically pumped (20 PSI) for 5 minutes and then electrically driven
(23 kV) for 5 minutes. Capillaries were rinsed using sodium hydroxide (20 PSI) for 2
minutes, water (20 PSI) for 2 minutes and finally air (20 PSI) for 1 minute at the end of

each working day prior to careful storage.

Rinsing between replicate separations was accomplished with sodium hydroxide (0.1 M,
20 PSI) for 2 mins, water (20 PSI) for 1 minute and finally the relevant buffer (20 PSI)
for two minutes. In addition, the first two separations of all investigation were ignored

and not included in any subsequent data analysis.

Samples were hydrostatically injected (0.5 PSI) for 1 second. All separations were
effected at an applied voltage of 23 kV (500 V/cm). Replicate injections of thiorea
(0.1mg/ml from dilution of Img/ml stock with buffer) were performed at each buffer pH

to facilitate the determination of the generated EOF.
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A batch solution of separation buffer comprising 10mM sodium hydrogen phosphate
prepared in purified (Milli-Q) water was filtered through a Whatman (Maidstone, UK)
0.45 pm PTFE filter. Phosphoric acid was added to several aliquots of this solution to

yield a series of buffers covering a range of several pH units.

5.3.2. Separation by NACE

Feasibility trials were performed using the Beckman P/ACE instrument. To further
explore method development in non-aqueous CE it was necessary to adjust the pH* of
the separation media. A pH probe was used to determine such measurements. It is
acknowledged that the validity of these measurements was questionable since the
concept of pH does not strictly exist in non-aqueous systems as discussed in chapter 1.
However, this strategy did provide a crude but effective means of manipulating
separations. However, the non-aqueous media was found to corrode the plastic

components of the pH probe during the course of these investigations.

The separation capillary was equilibrated at the start of each working day and prior to
changing separation media by flushing with acetonitrile (20 PSI) for 5 minutes. A two-
stage equilibration was performed with the appropriate buffer that was first
hydrodynamically pumped (20 PSI) for 5 minutes and then electrically driven (23 kV)
for 5 minutes. The capillary was rinsed using acetonitrile (20 PSI) for 2 minutes
followed by air (20 PSI) for 1 minute at the end of each working day prior to careful

storage.

The capillary was rinsed between replicate separations with acetonitrile (20 PSI) for 2
mins followed by the relevant buffer (20 PSI) for two minutes. In addition, the first two
separations of all investigation were ignored and not included in any subsequent data

analysis.

Samples were injected hydrostatically (0.5 PSI) for 3 seconds. All separations were
effected at an applied voltage of 23 kV (500 V/cm). Replicate injections of thiorea
(0.1mg/m] from dilution of 1mg/ml stock with buffer) were performed at each media

pH* to facilitate the determination of the EOF.
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5.3.3. Separation by MEKC.
All separations were effected at an applied voltage of 30 kV (500 V/cm) using the
Thermo-Unicam instrument using a 60cm length of 50 pm i.d. uncoated fused silica

capillary.

A second separation capillary was subsequently prepared in an identical fashion using a
60 cm length of 75um i.d fused silica capillary. Detection windows for both capillaries
were located at a distance of 44 cm from the inlet end (L, = 44 cm). All UV detection

was performed at a wavelength of 245 nm.

The separation capillary was equilibrated at the start of each working day and prior to
changing separation media by flushing with sodium hydroxide (0.1 M, 2000 mbar) for
5 minutes. Residual sodium hydroxide was removed by flushing with water (2000
mbar) for 5 minutes. A two-stage equilibration was performed with the appropriate
micellar buffer which was first hydrodynamically pumped (2000 mbar) for 5 minutes
and then electrically driven (30 kV) for 5 minutes. The capillary was rinsed using
sodium hydroxide (2000 mbar) for two minutes followed by water (2000 mbar) for 2

minutes at the end of each working day prior to careful storage.

The capillary was rinsed between replicate separations with sodium hydroxide (0.1 M,
2000 mbar) for 2 mins, water (2000 mbar) for 1 minute and finally the relevant buffer
(2000 mbar) for two minutes. In addition, the first two separations of all investigation

were ignored and not included in any subsequent data analysis.

The initial micellar buffer comprised 10 mM sodium tetraborate and 50 mM SDS which
was adjusted to pH 9.2 (NaOH 0.1 M) and filtered through a Whatman (Maidstone,
UK) 0.45 pm PTFE filter prior to use.

5.4. SEPARATION BY CZE.

The test compounds contain basic nitrogen-containing functionalities. It was therefore
presumed that a simple CE separation performed at low pH would be capable of
effecting a separation. Unfortunately, pKa data were not available for the test

compounds.
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A partial separation was achieved at pH 3.14. Baseline separation was achieved between
the first two compounds whilst the latter two peaks eluted together as a single peak.
Comparison of peak spectra with those stored in the spectral library confirmed the
elution order as R34865 followed by R31805 and finally pirimicarb eluting with
R34836. Migration time repeatability for R34865 and R31805 was comparable with
typical HPLC separations (2.0 and 1.7% RSD respectively). A representative separation

under these conditions is presented in figure 5.2.

Figure 5.2 Separation of pirimicarb from 3 related metabolites at 23 kV using 10mM
sodium hydrogen phosphate (pH 3.14).
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1 | R34865 5.460 60300 2.0
2 | R31805 5.740 28000 1.7
3 | R34836/ Pirimicarb 6.279 - -

It was anticipated that pirimicarb and R34836 could be resolved by lowering the pH of
the buffer. However, further reduction to pH 2.14 had no effect on the unresolved pair
The separation between R31805 and R34865 was poorer than had been achieved at pH
3.14. A representative separation under these conditions is presented in figure 5.3. The
expanded view of the electopherogram clearly shows the detrimental effect that

lowering the pH had on the separation between R31805 and R34865.
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Figure 5.3 Separation of pirimicarb and 3 related metabolites at 23 kV using a buffer

comprising 10mM sodium hydrogen phosphate (pH 2.14).
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Average t, (min) % RSDt_ (n=3)
1 | R34865 6.304 1.8
2 | R31805 6.350 1.9
3 | R34836/ Pirimicarb 7.200 -

Separation of pirimicarb from R34836 could not be effected by using buffers at
intermediate pH values or via the addition of organic modifiers or increasing the

electrolyte concentration.

5.5. SEPARATION BY NACE.

The cimetidine separations presented in chapter 3 appeared to be based upon
protonation of nitrogen-containing basic functionalities by the non-aqueous media. It
was therefore anticipated that a full separation of the pesticide compounds could be

effected in a similar fashion.

An initial separation using 70/30 %v/v acetonitrile/methanol containing 25 mM
ammonium acetate and 1% v/v acetic acid (pH* 6.93) resulted in an incomplete
separation of the four test compounds. The elution order was confirmed as R31805
followed by pirimicarb and R34836 which eluted as a single peak and finally R34865.
The latter peak eluted after the EOF marker which was somewhat confusing.
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It was anticipated that the initial separation could be improved via systematic reduction
of pH* using increased levels of acetic acid. A significant volume of acetic acid was
required to effect a notable reduction in pH*. The elution order remained constant over
the pH* range studied but no significant improvement in separation was achieved. The
dependence of the electrophoretic mobility of each compound on the pH* of the non-

aqueous media is presented in figure 5.4.

Figure 5.4 Dependence of the electrophoretic and electroosmotic mobilities of
pirimicarb and 3 related metabolites on the pH* of the non-aqueous

separation media.
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The EOF appeared to reduce in magnitude linearly with decreasing pH* apart from an
abrupt drop when the pH* of the initial stock media was first adjusted. The magnitude
of the EOF was slower than in the initial media at equivalent pH*. This supports
previous findings regarding the EOF reducing with increasing methanol composition. It
is interesting to note the behaviour of R34865 as pH* was reduced. In most studies it
eluted after the EOF marker as previously discussed. However, at the lower levels of
pH* studied it migrated ahead of the EOF. Migration time repeatabilities varied
considerably throughout these studies but were better than 1.0% RSD in all cases.

Representative separations under all conditions studied are presented in figure 5.5.
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Figure 5.5 Separation of pirimicarb and 3 related metabolites at 23 kV using non-

aqueous media comprising 70/30 %v/v acetonitrile/methanol containing

25mM ammonium acetate and various levels of acetic acid to yield a

series of pH* values.
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pH* 6.93  pH® 6.75 pH*6.50 pH* 625 pH* 6.00
Average tm (min) and repeatability over 3 replicate injections (%RSD)
R31805 Pirimicarb & R34836 R34865
1 2+3 4

6.93 6.547 (0.21) 6.772 (0.20) 8.008 (0.27)
6.75 6.857 (0.88) 7.110 (0.94) 8.301 (1.05)
6.50 7.203 (0.21) 7.482 (0.20) 8.590 (0.24)
6.25 7.296 (0.32) 7.579 (0.29) 8.517 (0.34)
6.00 7.463 (0.41) 7.762 (0.38) 8.525 (0.43)

The influence of solvent composition was studied in a similar fashion using media
comprising 50/50 and 90/10 % v/v acetonitrile/methanol. The pH* of the initial

(unadjusted) media was found to be dependant on solvent composition. Media

comprising a greater proportion of acetonitrile was of higher pH*.

Elution order in 50/50 %v/v media was identical to that in the 70/30 v/v media. The
EOF and the apparent mobilities of R31805, pirimicarb and R34836 reduced in a linear
fashion with decreasing pH*. In contrast, the apparent mobility of R34865 increased
slightly with decreasing pH* whilst still eluting after thiourea. The dependance of the

electrophoretic mobility of each compound on the pH* of the non-aqueous media is

presented in figure 5.6.
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Figure 5.6 Dependence of the electrophoretic and electroosmotic mobilities of
pirimicarb and 3 related metabolites on the pH* of the non-aqueous

separation media.
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Reduction of pH* did not improve the separation which was poorer than in 70/30 % v/v
acetonitrile/methanol.  The band comprising pirimicarb and R34836 exhibited
significant tailing. This was especially true at the lower values of pH* studied as shown
in figure 5.7. However, migration time repeatabilities were more consistent than those

achieved in the initial 70/30 % v/v media.

R34865 merged with pirimicarb and R34836 in the 90/10 % v/v acetonitrile/methanol
media to yield an extremely broad peak that eluted at a time equivalent to thiourea. A
representative separation is presented in figure 5.8. No performance data (repeatabilies

etc) were reported since the separation was so poor.

124



Figure 5.7. Separation of pirimicarb from 3 related metabolites at an applied voltage of
23 kV using non-aqueous media comprising 50/50 % v/v
acetonitrile/methanol containing 25mM ammonium acetate and various

levels of acetic acid to yield a series of pH* values.
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Figure 5.8 Separation of pirimicarb from 3 related metabolites at an applied voltage of
23 kV using non-aqueous media comprising 90/10 % v/v

acetonitrile/methanol containing 25mM ammonium acetate and various

levels of acetic acid to yield a series of pH* values.
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S.6. SEPARATION BY MEKC.

The initial micellar buffer comprised 10 mM sodium tetraborate and 50 mM SDS which
was adjusted to pH 9.2 (NaOH 0.1 mol/dm®). The 4 test compounds eluted in order of
increasing hydrophobicity. The elution order was confirmed as R34865 followed by
R31805, R34836 and pirimicarb. The separation between R34865 and R31805 was
extremely poor. The achieved resolution was estimated to be 0.7 using the peak height
valley method that was introduced in chapter 1. These two compounds were barely
retained eluting just after t, (t, was determined from the baseline disturbance caused by
the methanol in the sample solutions). All compounds were eluted in around 5 minutes
and migration time reproducibility was found to be better than 0.5% for all 4
compounds. A representative separation under these conditions is presented in figure

5.9.
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Figure 5.9 Separation of pirimicarb from 3 metabolites achieved at an applied voltage

of 30 kV using a micellar buffer comprising 10 mM sodium tetraborate and
50 mM SDS.
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2 | R31805 2.866 - 0.46
3 [ R34836 4.542 83000 0.18
4 | Pirimicarb 5.191 73000 0.20

The SDS concentration was subsequently increased to 75 mM in order to enhance
retention within the micellar phase and improve the separation between R34865 and
R31805. The resolution between R34865 and R31805 was enhanced (R, gjmaea = 0-86)

but the separation between these two bands was still unsatisfactory.
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Migration time reproducibilities were noticeably poorer than those achieved at 50 mM
SDS but were still less than 1.0% RSD for all compounds. A representative separation

is presented in figure 5.10.

Figure 5.10 Separation of pirimicarb from 3 metabolites achieved at an applied voltage
of 30 kV using a micellar buffer comprising 10 mM sodium tetraborate

and 75 mM SDS.
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The surfactant concentration was further increased to 100 mM. Retention was again
increased as was the separation between R34865 and R31805 was further enhanced
Resimaea = 0.99). A representative separation obtained under these conditions is

presented in figure 5.11.

Figlire 5.11. Separation of pirimicarb from 3 metabolites achieved at an applied voltage
of 30 kV using a micellar buffer comprising 10 mM sodium tetraborate

and 100 mM SDS.

oy
—
1)
g
<
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1 [ R34865 2.976 - 0.24
2 | R31805 3.095 - 0.24
3 | R34836 4.893 112000 0.25
4 | Pirimicarb 5.457 140000 0.15
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Baseline resolution of R34865 and R31805 was accomplished at an SDS concentration

of 125 mM. Elution of all compounds was complete in around 7 minutes and the

repeatability of elution time was less than 0.5% RSD for all compounds over a series of

5 replicate injections. Peak efficiencies were rather impressive. A representative

separation is presented in figure 5.12.

Figure 5.12

Separation of pirimicarb from 3 metabolites achieved at an applied voltage

of 30 kV using a micellar buffer comprising 10 mM sodium tetraborate

and 125 mM SDS.
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4 | Pirimicarb 7.130 191500 0.40

130



No fluctuation or breakdown of current was experienced during these investigations.
However an Ohms law plot of the measured current at each SDS concentration did

display slight curvature as shown in figure 5.13.

Figure 5.13 Ohms law plot of current generated at an applied voltage of 30 kV for each

SDS concentration studied.
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The curvature exhibited by the Ohms law plot may be indicative of Joule heating
effects. This would certainly account for the poorer quality baselines that were

experienced when employing micellar buffers containing high levels of SDS.

The relatively small peak obtained for R34865 suggested that the detection limits of a
routine method based on these investigations would be restricted. A brief attempt was
made to enhance detection limits by increasing the internal diameter (and hence
detection pathlength) of the capillary to 75 um. The resulting current was in excess of
200 um and after several extremely erratic baselines were obtained the investigation was
abandoned. It is presumed that a stable baseline could not be acquired due to significant

Joule heating produced by the excessive current.

5.7. CONCLUSION.

Simple free solution CE employing typical aqueous-based buffers was incapable of
effecting a full separation. Selectivity was again found to be different from the non-
aqueous separations. However, a common theme existed in the sense that neither
environment was capable of resolving R34836 from pirimicarb but could resolve
R31805 from R34865. Both pairs have almost identical structures, differing only by a

single methyl group in each case.
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The most interesting and intriguing observation in the non-aqueous separation was that
R34865 eluted after the EOF marker. This presumably implied either R34865 carried a
negative charge or thiourea had become protonated within the non-aqueous media. The
former theory seems unfeasible due to the apparently acidic environment involved and
the fact that R34865 did not behave in a similar fashion to R31805 which only differs
structurally by a methyl group. The latter theory has potentially serious consequences
for the use of typical EOF marker compounds in non-aqueous media and possibly
invalidates some of the previously presented EOF figures. This area was subsequently
investigated in a more thorough and systematic fashion. Experimental details and

discussions are presented in chapter 6.

The MEKC method seems extremely promising as it stands and it is unfortunate that the
full series of metabolites were not available for further method evaluation. Issues
concerning detection limits were not resolved but could presumably be addressed via

some form of sample pre-concentration
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Chapter 6.

FURTHER INVESTIGATION OF NON-AQUEOUS MEDIA.

6.1. INTRODUCTION.

The studies involving cimetidine (chapter 4) indicated that non-aqueous media offered
great potential for CE separations. However, method development had been hindered
by a lack of fundamental knowledge. A systematic study was therefore undertaken to
determine the interrelationships between method variables and their effect on both the
EOF and resulting separation. Additionally, previously encountered incidents of poor
day to day repeatability and erratic behaviour when attempting to perform NACE on the

Beckman instrument were further explored.

6.2. MATERIALS AND METHODS.

6.2.1. Investigation of day to day repeatability.

The influence of the purity and age of ammonium acetate on the magnitude and
repeatability of the EOF generated in non-aqueous media was investigated using three
commercially available grades of purity. The grades studied were: 99.999 % and
99.99+ % (both Aldrich, Poole, UK) and HPLC grade Fisons (Loughborough, UK).
The latter was nearing the manufacturers expiry date and exhibited a strong odour of

acetic acid.

6.2.2. Systematic investigation of the parameters controlling the separation in
non-aqueous media.
The ammonium acetate, ammonium formate and sodium acetate employed in these

studies was 99.99+ % (Aldrich, Poole, UK).

6.3. EXPERIMENTAL PROCEDURES.

All separations were performed using the Crystal CE system. Separation capillaries
comprised 60 cm lengths of 50 pm i.d. uncoated fused silica capillary. Unless otherwise
stated, all on-capillary absorbance detection was performed at a wavelength of 254 nm

at a distance of 44 cm from the inlet (Lq = 44 cm).
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Stock solutions (1000 mg/l) of biphenyl and thiourea were prepared in acetonitrile.
Working standards comprising both compounds (each 100mg/l) were prepared as
required via dilution of the stock solutions with the non-aqueous media under

investigation. All samples were hydrostatically injected (25 mbar) for 0.1 min.

The separation capillary was equilibrated at the start of each working day and prior to
changing separation media by flushing with sodium hydroxide (0.1 M, 2000 mbar) for 5
minutes. Residual sodium hydroxide was removed by flushing with acetonitrile (2000
mbar) for 5 minutes. A two-stage equilibration was performed with the appropriate
non-aqueous medium which was first hydrodynamically pumped (2000 mbar) for 5
minutes and then electrically driven (20 kV) for 5 minutes. The capillary was rinsed
using acetonitrile (2000 mbar) for 5 minutes at the end of each working day prior to

careful storage.

The various non-aqueous media studied were prepared via the addition of acetic acid
and an electrolyte to mixtures of acetonitrile and methanol. More detailed descriptions

of compositions are given in the individual experimental sections.

6.4. INVESTIGATION OF DAY TO DAY REPEATABILITY.

Ammonium acetate is commercially available in a range of grades. It is a hygroscopic
material that hydrolyses upon exposure to air. A “wet” appearance and a change from a
slight ammonia-like odour to the characteristic smell of acetic acid readily indicate this
process. Hydrolysis was identified as a potential root cause of the poor day to day

repeatability and breakdown of EOF that had been experienced in previous work.

Separation media comprising 70/30 % v/v acetonitrile/methanol containing 1% v/v
acetic acid and 25 mM ammonium acetate was prepared using each of the three grades.
The repeatability of the EOF generated in each media was determined via five replicate
injections of the thiourea working standard. In addition, the pH* of each media was

determined for reference using a pH meter.
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The ultrapure 99.999% grade generated the fastest EOF but the repeatability over the
five injections was the poorest of the three. The observed current was slightly higher in
the HPLC grade which may have been a consequence of the higher level of impurities
present. No breakdown of electrical current was experienced during any of the studies.

The results are summarised in table 6.1.

Table 6.1 Comparison of non-aqueous media prepared from three different grades of

ammonium acetate.

Purity 99.999 % | 99.99 %+ HPLC
pH* 6.63 6.50 6.75
Current (pA) 14.6 14.8 16.2
Mean ty, (min) 2.920 3.376 3.701
Apparent mobility (cm”s” V™) | 0.000502 | 0.000435 | 0.000396
Repeatability (% RSD) 2.39 0.74 0.38

The investigation was repeated a week later with freshly prepared media to assess day to
day repeatability. Migration times were higher than those of the original study. The
solutions were carefully prepared in an identical fashion and hence analyst error was not
considered to be a major contributing factor. In addition, the repeatability of the EOF
in the media employing 99.99+ % ammonium acetate had improved significantly as

shown in table 6.2.

Table 6.2 Investigation of day to day repeatability.

Purity 99.999% | 99.99%+ HPLC
pH* 6.75 6.96 6.60
Current (LA) 14.2 15.3 15.1
Mean tp, (min) 3.049 3.545 3.844
Apparent mobility (cm”s” V™) | 0.000481 | 0.000414 | 0.000382
Repeatability (% RSD) 241 0.09 0.45
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Measured pH* values and hence apparent mobilities were noticeably different
(particularly the 99.99%+ grade) compared to the original study even though all media
was prepared in an identical fashion. There was no obvious relationship between

ammonium acetate purity and pH* of the resulting media.

6.5. INVESTIGATION OF THE PARAMETERS CONTROLLING THE
SEPARATION IN NON-AQUEOUS MEDIA.

A range of non-aqueous media were prepared in which the identity and concentration of

the background electrolyte, pH* and solvent composition were varied. The apparent

charged nature of thiourea that was observed during the pirimicarb separations was of

great interest. This was further explored by employing a mixed working standard

comprising thiourea and biphenyl. The inclusion of biphenyl also ensured that an

accurate EOF could be determined for each media studied.

The EOF generated at each composition was determined via five replicate injections of
the working biphenyl and thiourea standard. In addition, all values of pH* and

generated current were recorded.

6.5.1. Effect of varying the concentration of ammonium acetate.

Five aliquots of non-aqueous media were prepared comprising 70/30 % v/v
acetonitrile/methanol containing 1% v/v acetic acid and ammonium acetate (1, 5, 10, 25,
50 mM respectively). The apparent mobilities of both biphenyl and thiourea were
found to decrease with increasing ammonium acetate concentration as shown in figure
6.1. This again clearly conflicted with the initial studies in non-aqueous media (chapter

3) where the EOF increased with increasing ammonium acetate concentration.
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Figure 6.1 Influence of ammonium acetate concentration on the apparent mobilities of
biphenyl and thiourea in 70/30 % v/v acetonitrile/methanol containing 1%

v/v acetic acid at an applied voltage of 30 kV.

0.0008
< 0.0007 L —o— Biphenyl —a— Thiourea
w
S 0.0006 |
E 0.0005 |
2 0.0004 |
=
S 00003 1
0.0002 : : : 1 |
0 10 20 30 40 50

Ammonium acetate (mM)

The most interesting observation was the appearance of a splitv peak at an ammonium
acetate concentration of 5 mM. This was more pronounced when the ammonium
acetate in the media was increased to 10 mM. At a concentration of 25 mM two
overlapping peaks were evident (Resimaed = 1.07). Injection of individual working
standards confirmed the two peaks to be biphenyl and thiourea respectively. These
observations confirmed previous incidents in which thiourea had appeared to carry a
negative charge. Baseline separation of the two compounds was effected at an
ammonium acetate concentration of 50 mM. The resolution between the pair of peaks
was calculated (equation 2.3) to be 4.56. A representative separation is shown in figure

6.2.
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Figure 6.2 Separation achieved between biphenyl and thiourea in 70/30 % v/v
acetonitrile/methanol containing 50 mM ammonium acetate and 1 % v/v

acetic acid at an applied voltage of 30 kV.

_ VG

N (plates/m)
A | Biphenyl 45500
B | Thiourea 133800

Migration time repeatabilities were all below 0.40% RSD and did not exhibit any

obvious dependence on the ammonium acetate concentration as shown in table 6.3.
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Table 6.3 Average migration times and associated repeatabilities for 5 replicate

injections of biphenyl and thiourea.

, Average ty(min) Repeatability (%RSD)
Ammonium acetate (mM) | Biphenyl | Thiourea | Biphenyl | Thiourea

1 1.946 1.946 0.13 0.13

5 2.532 2.551 0.25 0.23

10 2.940 3.001 0.34 0.33

25 3.774 3.980 0.12 0.11

50 4.772 5.278 0.23 0.21

Both the observed current and pH* of the resulting media were found to increase with

increasing concentrations of ammonium acetate as illustrated in figures 6.3 and 6.4

respectively.

Figure 6.3 Influence of ammonium acetate concentration on the current generated at an

applied voltage of 30 kV.
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Figure 6.4 Influence of ammonium acetate concentration on the pH* of the resulting

non-aqueous media.
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6.5.2. Investigation of the role played by acetic acid in the non-aqueous medium I:
Exclusion of acetic acid.

Five aliquots of non-aqueous media were prepared comprising 70/30 % v/v

acetonitrile/methanol containing ammonium acetate (1, 5, 10, 25, 50 mM respectively).

No acetic acid was added to any of the media.

The apparent mobilities of both biphenyl and thiourea were found to decrease with
increasing ammonium acetate concentration in a similar fashion to the previous
investigation. However, mobilities and hence migration times were found to be faster
than those of equivalent acid-containing media in the first investigation as shown in

figure 6.5.

Figure 6.5 Influence of ammonium acetate concentration on the apparent mobilities of
biphenyl and thiourea in 70/30 % v/v acetonitrile/methanol at an applied
voltage of 30 kV.
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Evidence of the previously described migration behaviour of thiourea was not apparent
until an ammonium acetate concentration of 25 mM. The resolution between the two
peaks at 50 mM was calculated to be 2.69, approximately half that of the original study.
Similarly, peak efficiencies were also approximately half those achieved in equivalent
acid-containing media. A representative electropherogram and associated data are

provided in figure 6.6.
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Figure 6.6 Separation achieved between biphenyl and thiourea in 70/30 % v/v
acetonitrile/methanol containing 50 mM ammonium acetate at an applied

voltage of 30 kV.
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B | Thiourea 75250

As anticipated, the current was again found to increase with increasing ammonium
acetate (figure 6.7). Measured currents in this study were lower than equivalent acid-
containing media whereas pH* was generally found to be 1-2 units higher. Values
varied over a range of 0.25 units with no obvious dependency on the level of

ammonium acetate as shown in figure 6.8.
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Figure 6.7 Influence of ammonium acetate concentration on the current generated at an

applied voltage of 30 kV.
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Figure 6.8 Influence of ammonium acetate concentration on the pH* of the resulting

non-aqueous media.
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Migration time repeatabilities were found to vary to a greater extent than equivalent
acid-containing media but were all below 1% RSD. Again, the data did not exhibit any

obvious dependence on the concentration of ammonium acetate as shown in table 6.4.

Table 6.4 Average migration times and associated repeatabilities for 5 replicate

injections of biphenyl and thiourea.

Average t,(min) Repeatability (%RSD)
Ammonium acetate (mM) | Biphenyl Thiourea Biphenyl | Thiourea
1 1.696 1.696 0.29 0.29
5 2277 2.277 0.27 0.27
10 2.654 2.654 0.03 0.03
25 3.467 3.612 0.15 0.15
50 4.398 4.777 0.92 0.84
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6.5.3. Investigation of the role played by acetic acid in the non-aqueous medium
II: Decreasing pH* via the addition of increased levels of acid.

Six aliquots of non-aqueous media were prepared comprising 70/30 % v/v

acetonitrile/methanol containing 25 mM ammonium acetate and acetic acid (1, 2, 3, 4, 5

and 10% v/v respectively).

Apparent mobilities and hence migration times were significantly slower than obtained

in the two previous studies as shown in figure 6.9.

Figure 6.9 Influence of acetic acid concentration on the apparent mobilities of biphenyl
and thiourea in 70/30 % v/v acetonitrile/methanol containing 25 mM

ammonium acetate at an applied voltage of 30 kV.
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Two overlapping peaks corresponding to biphenyl and thiourea respectively were
observed at all acid concentrations studied. The difference in migration times (Atp)
between these two peaks was essentially constant over the range of acid concentrations
studied. A representative electropherogram that was generated at an acid concentration

of 10% v/v is shown in figure 6.10. Efficiencies were not determined due to the

significant overlap of the two peaks.
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Figure 6.10 Separation achieved between biphenyl and thiourea in 70/30 % v/v
acetonitrile/methanol containing 50 mM ammonium acetate and 10% v/v

acetic acid at an applied voltage of 30 kV.

B

A Biphenyl
B Thiourea

The separation between the pair was determined to decrease with increasing acid
concentration as shown in figure 6.11. In contrast, peak efficiencies were found to

increase at enhanced levels of acidity as shown in figure 6.12.
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Figure 6.11 Influence of acetic acid concentration on the resolution achieved between
biphenyl and thiourea in 70/30 % v/v acetonitrile/methanol containing 25

mM ammonium acetate at an applied voltage of 30 kV.
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Figure 6.12 Influence of acetic acid concentration on the efficiencies of biphenyl and

thiourea in 70/30 % v/v acetonitrile/methanol containing25 mM ammonium

acetate at an applied voltage of 30 kV.
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The observed current was first found to increase but then reduce at higher acid
concentrations as shown in figure 6.13. As anticipated, the measured pH* was

determined to decrease as the concentration of acetic acid in the media was increased as

shown in figure 6.14.
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Figure 6.13 Influence of acetic acid concentration on the current generated at an applied
voltage of 30 kV.
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Figure 6.14 Influence of acetic acid concentration on the pH* of the resulting non-

aqueous media.
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Migration time repeatabilities were all below 0.6 % RSD but showed no dependency on

the acid concentration as shown in table 6.5. It is interesting to note that the mean

migration times at an acetic acid concentration of 1% v/v were some 0.5 minutes higher

than those obtained under apparently identical conditions (table 6.3).
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Table 6.5 Average migration times and associated repeatabilities for 5 replicate

injections of biphenyl and thiourea.

Average t,(min) Repeatability (%RSD)
Acetic acid (% v/v) | Biphenyl | Thiourea | Biphenyl | Thiourea
1 4.327 4.604 0.40 0.41
2 4.487 4.749 0.34 0.36
3 4.520 4.758 0.11 0.11
4 4.782 5.022 0.16 0.16
5 5.092 5.336 0.53 0.51
10 6.344 6.588 0.58 0.56

6.5.4 Investigation of an alternative background electrolyte: Ammonium
formate.

Five aliquots of non-aqueous media were prepared comprising 70/30 % v/v

acetonitrile/methanol containing 1% v/v acetic acid and ammonium formate (1, 5, 10,

25, 50 mM respectively. The apparent mobilities of both biphenyl and thiourea were

found to reduce as the concentration of background electrolyte was increased as shown

in figure 6.15.

Figure 6.15 Influence of ammonium formate concentration on the apparent mobilities
of biphenyl and thiourea in 70/30 % v/v acetonitrile/methanol containing

1% v/v acetic acid at an applied voltage of 30 kV.
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The separation between the two test compounds was first apparent at an electrolyte
concentration of 5 mM. Apparent mobilities generated using ammonium formate were

found to be slower than with an equivalent concentration of ammonium acetate.

Although baseline separation was achieved at an ammonium formate concentration of
50 mM, the resolution was (Rs = 3.26) than when ammonium acetate had been
employed (R =4.56). In addition, efficiencies were approximately halved and peak
shape was significantly poorer using this alternative electrolyte as illustrated in figure

6.16.
Figure 6.16 Separation achieved between biphenyl and thiourea in 70/30 % v/v

acetonitrile/methanol containing 50 mM ammonium formate and 1% v/v

acetic acid at an applied voltage of 30 kV.
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Measured currents were of a similar magnitude to those generated with equivalent
concentrations of ammonium acetate. No breakdown of current was experienced during
these investigations. A plot of observed current versus ammonium formate

concentration is given in figure 6.17.

Figure 6.17 Influence of ammonium formate concentration on the current generated at

an applied voltage of 30 kV.
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The pH* of the non-aqueous media was determined to rise by approximately 1 unit over
the range of electrolyte concentrations studies in a similar fashion to ammonium acetate.
However, pH* values were found to be lower in ammonium acetate as demonstrated in

figure 6.18.

Figure 6.18 Influence of ammonium formate concentration on the pH* of the resulting

non-aqueous media.
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Migration time repeatabilities were below 0.25% RSD apart from at an ammonium

formate concentration of 50 mM which were significantly poorer as shown in table 6.6.
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