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An Investigation of the Chromatographic and Electrophoretic Separations for
Industrial and Clinical Applications

Chromatographic techniques, such as high performance liquid chromatography
(HPLC) and ion chromatography (IC), have traditionally been employed in the analysis
of a variety of analytes, such as inorganic anions, organic acids and pharmaceuticals.
Capillary electrophoresis (CE) methods have recently been developed for their
determination and can be ideal methods due to low sample and material consumption,
reduced analysis times and increased separation efficiencies.

A HPLC method was developed and successfully applied to the analysis of the
photoinitiator, bis(2,4,6-trimethylbenzoyl)phenyl-phosphine oxide. A comparison of its
stability in samples, which were both kept in the dark and exposed to the light, was
performed using the optimised HPLC-UV method. From this it was determined that
complete degradation of the Irgacure had occurred by 60 min. for the samples exposed
to the light. The curing mechanism of the Irgacure was determined using HPLC-MS,
and it was determined that the [rgacure undergoes a free radical curing reaction.

There are a wide range of norganic and acidic anions that may be present at
different stages of the cyanoacrylate adhesive production process. A highly efficient CE
separation was developed and applied to the simultancous determination of inorganic
and acidic anions, which are present in ethyl cyanoacrylate adhesive samples. The CE
method developed was compared with IC, the method traditionally employed for their
analysis. CE offers advantages over the IC method, namely reduced sample volumes
and waste and also more rapid separation. From this investigation, CE was
demonstrated to be an effective method for their quantification, as it enabled the
sensitive monitoring of the cyanoacrylate production process.

A CE method was developed for the simultaneous analysis of the anthracyclines,
daunorubicin, doxorubicin and epirubicin. Ultra-violet (UV), electrochemical (EC) and
laser-induced fluorescence (LIF) detection coupled to CE were investigated. Improved
detection limits (150-1400 ng ml™) were obtained with LIF detection, which were
capable of monitoring the therapeutic levels (5-50,000 ng ml ™) of anthracyclines. For
the real time monitoring of anthracyclines in plasma, it was preferred that minimal
sample pre-treatment was carried out. The feasibility of analysing plasma samples
without sample pre-treatment was demonstrated. The degree of plasma protein binding
of anthracyclines was determined using microdialysis, and the potential of this
technique for the real time monitoring of plasma samples with on-line microdialysis
coupled with CE was demonstrated. Microdialysis is suitable for coupling to CE as it
generates sample volumes that are ideal for CE.

XVI
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Chapter 1 A comparison between .

1.1 INTRODUCTION

Traditional chromatographic techniques, such as High Performance Liquid
Chromatography (HPLC) and Ion Chromatography (IC), have been applied to the

11-5] 67 ond

analysis of numerous analytes, such as inorganic anions," ™' organic acids
pha.rmaceuticals.[g"m] Capillary Electrophoresis (CE) methods have recently been
developed as an alternative for the anmalysis of small charged species (inorganic

Y1 and also in the analysis of pharmaceuticals.[ls'w] Capillary Zone

anions
Electrophoresis (CZE), which is CE in its free zone form, is an ideal method for the
analysis of anions due to its low sample consumption and compared to
chromatography methods, its reduced analysis times and highly efficient separations

makes it an attractive option for the determination of anions.!'

As an introduction, a comparison between chromatographic and
electrophoretic separation techniques for the determination of analytes in complex

11 will be made. CE will be introduced as a

matrices, such as plasma and serum,
powerful and potential alternative for their analyses. The different modes of

separation available in HPLC and CE will also be discussed.

There are various modes of detection, which may be coupled to either HPLC
or CE, e g ultra-violet (UV), fluorescence and electrochemical detection (EC). These
modes of detection will be discussed and their application to the analysis of samples
in complex matrices will be examined. Throughout this study, the advantages of CE

over the traditional chromatographic techniques will be outlined.
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1.2 LIQUID CHROMATOGRAPHY

Chromatography is a separation technique, which is based upon the
distribution of analytes between two phases, a stationary and a mobile phase.*™ The
stationary phase is either a solid or liquid, which is coated onto a solid surface. The
mobile phase is either a liquid or a gas, and is known as the eluent. Analyte molecules
are continually distributed between both phases. Whilst in the mobile phase, the
analytes are carried forward with it and separation occurs due to differences in affinity
for the stationary and mobile phases. Those with the greatest affinity for the stationary

phase remain on the column the longest.
1.2.1 Theory of liquid chromatography

In HPLC, the mechanism of retention is based upon the development of an
equilibrium between the stationary and mobile phase. The volume of mobile phase
needed to elute an analyte from the column is the retention volume, Vg, which is

described by Eqn 1.1:

Ve =t F Egn 11
where: tr = analyte retention time (min)
F = flow rate (ml/min)

A representation of a typical chromatogram is illustrated in Fig. 1.1. The dead
volume, V, and its corresponding retention time, to, s defined as the volume of eluent

required to elute unretained components (the void).
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Figure 1.1 Representation of a typical HPLC chromatogram

The retention factor, k, is an essential factor in the retention mechanism of
analytes. It is defined as a measure of the affinity that an analyte has for the stationary

phase and is shown by Eqn. 1.2:

R Egn. 12

The optimal value for k lies in the range 2 and 5. If the value is below 2, this
indicates that the analyte has been eluted too quickly, so that it is too close to the void
and if the value is greater than 5, this illustrates that the analyte has been eluted too
slowly, so that the run time is excessively long. The k value may be altered by

modifying the eluent composition or pore size of the column 2!
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1.2.1.1 Separation efficiency

The efficiency of a chromatographic separation is commonly described by the
term, theoretical plates (N). It may also be expressed as the height equivalent to a
theoretical plate (HHETP). N is determined by Eqn. 1.3:

2
N=(I—R] = L Egn. 1.3
o H
where: c = band variance (min)
L = column length (m)
H = plate height (HETP)

The efficiency may also be calculated experimentally using Egn.’s 1.4 and 1.5:
¢ 2
N= 16(1} Eqn 1.4
w
where W is the baseline peak width of the analyte

2
N-= 5.54(15—] Eqn 1.5

12

where Wy is the peak width at half height

The concept of theoretical plates was first introduced by Martin and Synge;*
however, a more realistic rate theory was developed by van Deemter.*! This theory
takes into account the diffusion effects of mass transfer and migration through a
packed bed, with the resulting peak shape being affected by the rate of elution. *!! The
van Deemter theory of HETP is described by Eqn. 1.6, where the factors A, B and C
all contribute to peak broadening.

HETP = A+ Bfu+Cu Eqn. 1.6



Chapter 1 A comparison between

il

where: average velocity of the mobile phase

1]

eddy diffusion term

longitudinal diffusion term

Q w » =
I

kinetics of mass transfer term

Eddy diffusion is caused by the movement of molecules from the same
analyte, which migrate through the stationary phase at random. This will result in
broadening of the analyte band. Longitudinal diffusion is related to the length of time
an analyte will spend in the mobile phase. Whilst, the third parameter, C, is dependant
upon the amount of time an analyte needs in order to equilibrate between the
stationary and mobile phase. A plot of plate height (H) against the mobile phase
velocity, known as a van Deemter plot, is commonly employed to determine the

optimum flow rate for the mobile phase. A typical plot is illustrated in Fig. 1.2.

Optimum velocity

Flate height

binimum plate
height

Mohile phase velocity

Figure 1.2 Representation of a typical van Deemter plot™”
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1.2.1.2 Separation factor and Resolution

The separation factor () of a chromatographic separation is a measure of the
band proximity of two adjacent analyte bands, which have k values of k; and k,. This

is determined by Eqn. 1.7:

k,

=2 Egn. 17
k,

o

This factor is identified with the selectivity of a chromatographic system, i.e.,
the ability of the system to provide different retention times for two specific analytes.

It may be determined experimentally using Eqn. 1.8:

i, —1
a="a 9 Fgn 1.8
tr — by
where: fr, = retention time of the second analyte
f= = retention time of the first analyte

The resolution, R, of a separation is another measure of the ability of a

chromatographic system to separate two analytes. It is calculated using Fgn. 1.9:

_ 2(TR2 B tRl )

= RS Egn. 1.9
W+ W,

where ¥ is the baseline peak width of components

It is also determined by Eqn. 1.10

4 a ANl+k

R=‘W[a‘1)( by J Egn. 1.10
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For quantitative analysis, baseline resolution is achieved when R=1.5."* From
Eqgn. 1.10, it is evident that R is dependant upon o, N and k. The optimum parameter
with which to control resolution is a; however, this is primarily achieved by changing
the stationary phase. Resolution is also proportional to both the square root of N and
to k. It may be improved by increasing these parameters; however, these can lead to

long analysis times and increased band broadening.

A comparison of the flow profiles generated in HPLC and CE is discussed in

Section 1.2.1.3.

1.2.1.3 Flow Profiles in HPLC and CE

In CE, the plug-like flow profile generated within the capillary gives rise to a
uniform flow throughout, electroosmotic flow (EOF), which produces a laminar flow
profile. This is in contrast to the hydrodynamic flow that is produced from an external
pump in HPLC (Fig. 1.3), which produces a parabolic flow profile. The theory of CE

is discussed in detail in Section 1.4.

Hydrodynamic flow results in peak broadening and as a consequence the
efficiency and resolution of the separation will be reduced, whilst the flow profile in
CE reduces the velocity across the capillary, thereby decreasing the band-broadening

due to slow mass transfer across the capillary.m]



Chapter 1 A comparison between ... ... ...

Parabolic flow

Figure 1.3 Representation of the flow profiles generated in HPLC (parabolic) and CE

(laminar flow)""!
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1.3 MODES OF SEPARATION IN HPLC
1.3.1 Normal-phase

In normal-phase high-performance liquid chromatography (NP-HPLC),
separation occurs through the interaction of analytes with a polar stationary phase (a
cyano or amino bonded stationary phase) and a less polar mobile phase, such as
hexane and heptane. Analytes are retained on the column based upon their polarity;

the more polar the analyte, the more it will be retained on the column.

NP chromatography with fluorescence detection has been employed for the

26 and in blood, with limits of

determination of some pharmaceuticals in plasma
quantification (LOQ) in the range 2-20 ng ml™ obtained.””! NP-HPLC has recently
been applied to the chiral determination of zolmitriptan and any potential impurities in

8] However, the applications of this mode of

pharmaceutical formulations.
chromatography have become limited and reverse-phase chromatography is a more

commonly used separation mechanism and is discussed in Section 1.3.2.
1.3.2 Reverse-phase

Separation in reverse-phase HPLC (RP-HPLC) is based upon the distribution
of analytes between a non-polar stationary phase and a polar mobile phase, such as
methanol-water or acetonitrile-water organic aqueous mixtures. Typical stationary
phases employed arc hydrophobic bonded packings with octadecyl (C-18), octyl (C-8)

or phenyl functional groups.”!

In RP-HPLC, as the hydrophobic nature of the analytes increases, their
retention on the column also increases. This retention may be reduced by the addition
of an organic solvent to the mobile phase, which helps in reducing the polarity of the
mobile phase. The less polar the organic solvent, such as tetrahydrofuran (THF), the

less time the analyte is retained on the column.®!

The application of RP-HPLC in the determination of pharmaceuticals in

[30,31]

biological fluids has been widely reported in the literature, such as serum and

10
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plasma.[32‘33] The use of reverse-phase columns has also been employed for the
determination of inorganic anions in a process known as ion-pair chromatography.[s]
An alternative method for the analysis of ions is ion-exchange chromatography (IEC)

and is routinely employed for their determination.*!

1.3.3 Ion-exchange

In IEC, the packing material possesses charge-bearing functional groups,
which are capable of exchanging with ionic analytes in the mobile phase. The
functional groups employed are permanently bonded ionic groups associated with
counterions of the opposite charge, where retention occurs due to the exchange of

analyte ions with ions of the opposite charge in the mobile phase.[zg]

There are two modes of TEC; anion-exchange chromatography in which the
packing material is a strongly basic quaternary ammonium group, and cation-
exchange chromatography where the packing material 1s a strongly acidic sulphonic
acid group. Examples of a cation-exchange resin (I) and an anion-exchange resin (1)
are illustrated in Fig. 1.4. Both of these functional groups are totally dissociated, i.e,
their exchange properties are independent of pH. There are also exchangers that
possess weakly acidic and basic functional groups, such as carboxylate and tertiary
amine groups. In this instance, the retention mechanism of analyte ions is dependent

upon the pH of the mobile phase./*”
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Chapter 1 A comparison between ... .. ...

The applications of IEC range from the analysis of amino acids on a cation
exchanger to the simultaneous separation of inorganic anions and cations using anion
and cation-exchange columns connected in tandem.["*" An alternative application of
IEC is IC, which combines an ion-exchange separation with suppression of the mobile
phase and in most cases detection is performed conductimetrically. IC has become the
method of choice for the analysis of anions, and has been employed for the
simultaneous separation of inorganic anions.*® The trace analysis of anions in

drinking water has also been reported by 1C.1*">!
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1.4  CAPILLARY ELECTROPHORESIS

CE has also emerged as a powerful separation technique for the analysis of

[13,144042] and also in the

small charged species, such as anions and cations,
determination of pharmaceuticals in complex matrices.'"®** This method of

separation is discussed in greater detail in Section 1.4,

The term electrophoresis is used to describe the separation of charged species
under the influence of an electric field. When an electric field is applied the charged
species migrate into discrete zones that are separated. Performing electrophoresis in
narrow-bore capillaries has been developed during the last twenty-five years.[!'*’]
This technique is an alternative to the traditional slab electrophoresis, which generally
suffers from long analysis times, low efficiencies and difficulties in detection and

automation.”*? Typical CE instrumentation is illustrated in Fig. 1.5.

The small internal diameter of the capillary (10 to 100 um) leads to efficient
heat dissipation, which allows for increased voltages to be applied. Typical applied
voltages range from 5 kV to 30 kV. As a result of the increased voltages, high-

resolution separations are achieved in shorter analysis times.[*”

High voltage supply

Capillary

Detector |

Buffer

Figure 1.5 Schematic showing capillary electrophoresis instrumentation, in reverse polarity.
A capillary electrophoresis system conmsists of fused-silica capillary with an optical viewing

window for detection, a high voltage power supply, two buffer reservoirs and a detector”™

14
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1.4.1 Theory of Capillary Electrophoresis

Separation in electrophoresis is based upon differences in solute velocity
under the influence of an electric field, E. This solute velocity (v.,) is described by
Eqn. 1.11:

Uy = Mokl _ Egn. 1.11

The eclectrophoretic mobility (u,,) depends upon the charge of the ionic
species, the concentration of the electrolytes and the temperature. This is determined

by Eqn. 1.12:

q
== Egn. 1.12
Hep [ o }U q
where: Hep = electrophoretic mobility
q = charge on the ion
n = buffer viscosity
r = ion radius

1.4.1.1 Electroosmaotic Flow (EOF)

A fundamental factor in CE is electroosmosis. This originates in the presence
of an electric field when an ionic solution is in contact with a charged solid surface
and gives rise to EOF.*"! The inner surface of the fused silica capillary contains
silanol groups. Upon ionisation of these silanol groups, a negatively charged surface
is created. This surface affects the distribution of nearby ions in solution, forming a

double layer of ions on the capillary surface. 1"

The counter ions in the double layer are arranged into two zones, a diffuse and
fixed zone, with a surface of shear just beyond the interface. When a voltage is
applied across the capillary, the solvated cations in the diffuse layer migrate towards

the cathode.*®!

15
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As a result of this movement, the solvent molecules are pulled along with

them, as represented in Fig. 1.6.

5) ® @%@@% SoBER Hris

= =€ o Diffuse zone

@ @ EOF 6 @ (Outer Helmholtz Plane)

%CD ®$®®$%®8%®$ Pl
(Stern layer)

Figure 1.6 Representation of the ionic layer in a fused silica capillary, in normal polarity

with the detector at the cathode'”

All species, regardless of charge, will move in the same net direction due to
the EOF. In normal polarity, cations will migrate the fastest because the
electrophoretic attraction is towards the cathode and the EOF is in the same direction.
Anions migrate against the EOF and are detected last.[*”! With reverse polarity, the
direction of the EOF is opposite to the detector and only anions with an
electrophoretic mobility greater than the EOF will be detected. Under these
conditions, the capillaries are generally coated with EOF modifiers, which reverse the

net charge of the inner wall and therefore the EOF will be reduced.l*"!

The mobility of the EOF, (ugor), is calculated by Eqn 1.13:

| Lpor = (48—5J Eqn. 1.13
o,
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where: HeoF = mobility of the EOF
= dielectric constant
& = Zeta potential
n = solution viscosity
¥e = radius of capillary

The velocity of the EOF, (Vgor), is described by Eqn. 1.14:

Veor = Mpor £ Eqn. 1.14

The migration time of analytes, (f), is dependent upon the mobility of the
solute and the EOF. This is used to determine the apparent solute mobility, (), using
Eqn. 1.15:

1L

=—=— Egn. 1.15
tE v

Hq

where = Mep + HEOF

= migration time (min)
electric field

= effective capillary length

= total capillary length

i

= applied voltage

The EOF decreases as the concentration of the background electrolyte (BGE)
increases. In general, high buffer concentrations reduce the overall adsorption of
analytes to the capillary wall.*¥ This reduction may be caused by a number of factors

including the charge of ion, (¢), buffer viscosity, (#) and the zeta potential, (&£).°!

EOF is dependent upon the pH of the electrolyte. At high pH, the EOF is
considerably larger than at low pH. This is due to the deprotonation of the silanol
groups on the capillary wall. At low pH the EOF is reduced because protons convert
the charged SiO™ surface to SiOH, causing a decrease in & If the EOF is too fast the
analytes will migrate too quickly through the capillary and will be poorly separated by

17
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the time they reach the detector. It is therefore, important that the EOF is sufficient to

allow for adequate separation of the charged species in a short time. "]

Electroosmosis and electrophoresis are closely related phenomena, which
often occur together in CE. The presence of electroosmosis in the capillaries reduces

the analysis times and allows for the operation of the device in a continuous mode.*?

1.4.1.2 Dispersion

Electrophoresis is the separation of charged species into discrete zones under the
influence of an electric field. Dispersion results from differences in solute velocity

within that zone. Peak dispersion, ¢’, is determined by Eqn. 1.16:

o’ =2D,t Egn. 1.16

where D, is the diffusion coefficient of the solute (cm?s™).

Dispersion in CE can be caused by a number of factors including Joule heating,
injection plug length or sample adsorption to the capillary wall. These parameters may
be controlled, e.g applying a lower separation voltage or employing a capillary with a
small internal diameter reduces the effects of Joule heating. This will limit the amount

of heat produced and aid in the dissipation of the heat formed.

1.4.1.3 Efficiency and Resolution

Due to the flow profile produced in CE, high separation cfficiencies are
obtained. The separation efficiency, can be expressed in terms of theoretical plates, N,

and is determined by Eqn. 1.17:

2 vV
}_2 _Fal Eqn 1.17
o° 2D,
where: Hep = electrophoretic mobility

18
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Dn = diffusion coefficient of the solute
= voltage applied
L = total capillary length

The efficiency of a separation is dependent upon the high voltage applied. As
the voltage is increased, the separation efficiency will also increase (Eqn. 1.18).

Efficiency can also be calculated experimentally using Eqn. 1.19, just as with HPLC:

El
N=Le™ Egn. 1.18
2Dm
where: E = electric field
l = effective capillary length
2
L
N= 5.54( ] Egn. 1.19
172

where W), is the peak width at half height.

In CE, R of two components is dependent on the solute mobilities of the
components. It can be affected significantly by peak sizes and shapes.[251 Again as

with HPL.C, it is determined experimentally using Eqn. 1.9.

It is also determined by Eqn. 1.20

R= l[lyw 4 Egn. 1.20
4 (#ep+ﬂeo)Dm

From Eqn. 1.20, it is evident that the resolution of two peaks decreases with
the magnitude of the EOF provided the EOF has the same direction as the

electrophoretic migration.[>!
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Resolution is dependent on capillary length at constant field strength and can
be improved by increasing the length of the capillary and by applying reduced
voltages. However, extreme magnitudes of both these variables can lead to long

analysis times and Joule heating.**!

The mode of CE described above is commonly known as CZE and the

quantification of charged analytes has regularly been performed using this method of

separation ”**3 Alternative modes for their analysis are discussed in Section 1.5.
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1.5 ALTERNATIVE MODES OF SEPARATION IN CE
1.5.1 Micellar Electrokinetic Chromatography (MEKC)

MEKC is a mode of electrokinetic chromatography, in which ionic surfactants
are added to the BGE. It was first developed as a separation technique for CE by S.
Terabe ef al.”*°7 The most commonly used anionic surfactant is sodium dodecyl
sulphate (SDS), whose structure is composed of a hydrophobic tail and a negatively
charged, hydrophilic head, as shown in Fig. 1.7. Above their critical micelle
concentration (CMC), the surfactants will form micelles. These have hydrophobic,

non-polar moieties at their interior and charged polar groups at the surface.
i

N O—IS[——- O Na'
@
Hydrophobic tail Hydrophilic head

Figure 1.7 Structure of sodium dodecyl sulphare®™

Separation is obtained due to differences in electrophoretic mobilities and
partitioning. The degree to which the separation is based upon partitioning is
dependent upon the type of surfactant added.”® MEKC has applications in the

I and also in the determination of

analysis of illicit drug substances
pharmaceuticals.*Y In order to improve the poor concentration sensitivity of ultra-
violet (UV) detection with MEKC, on-line preconcentration techniques have been
employed. These include sample stacking and sweeping.[*"®* MEKC separations are
also possible in the absence of EOF. This is particularly useful for acidic species
which would be ionised at high pH and therefore will not interact with a negatively
charged SDS micelle.[* Cyclodextrins (CD), such as B or y-cyclodextrins, have been
incorporated in the buffer solution and have been successfully applied for the analysis

of enantiomers, particularly neutral CDs with achiral surfactants.[6>°°!
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Although it was originally developed for the analysis of neutral substances,
MEKC also allows for the separation of anionic species.!®”*® The selectivity of the
separation is controlled by the type of surfactant added. Generally the structure of the
polar group of the surfactant will affect selectivity more than the hydrophobic core of
the micelle, as most analytes interact with the micelle at the surface. Also, selectivity
is influenced by the combination of ionic and non-ionic micelles or ionic and
zwitterionic micelles. MEKC has been shown to be effective for the separation of

small molecules, which traditionally had been impossible by gel electrophoresis.®!

1.5.2 Capillary Electrochromatography (CEC)

Capillary electrochromatography is a hybrid of the techniques of CE and
HPLC. This process combines the high peak efficiency of electrically driven
separation techniques with the high selectivity of chromatographic techniques./®! The
electrically driven flow transports the analytes through the capillary, which is packed
with a stationary phase material. For neutral analytes, separation is achieved by
differential partition between the stationary and mobile phase, and are transported
through the capillary by the EOF. The separation of charged analytes is achieved by

the combined effects of partitioning and electrophoresis.[m]

The capillaries are generally packed with a traditional HPLC reverse phase
packing material, e.g. octadecyl silane (ODS). Separations are conducted at a high pH
{pH > 7 to ensure a fast EOF, which reduces analysis times. Alternatively a low

pH may be employed, although, this will increase the total analysis time. 164

Many of the applications of CEC are in the analysis of pharmaceuticals.[w"m
The separation of anions is achieved mainly by ion-exchange CEC (IE-CEC). In this
mode, silica based ion-exchangers rather than silica based reversed phase sorbents are
packed into the capillary. The first report for the separation of anions was by Li et
al 1! Subsequently, CEC methods have been developed for the analysis of anions

74 and

with a variety of stationary phases, such as a polymer ion-exchangers
quaternary ammonium anion-exchange latex particles.”>™ The separation of acidic

analytes is possible if a sulphonic acid-containing phase is employed.[®
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Chapter 1 A comparison between ... ... ...

1.6 MODES OF DETECTION IN HPLC AND CE

The detection mode principally used in capillary electrophoresis is UV-vis
absorbance detection, which includes diode-array detectors. Alternative modes, which
have advantages and disadvantages with respect to selectivity and sensitivity are

shown in Table 1.1.

Table 1.1 Methods of detection in capillary electrophoresis e

e

OChromophrc must be present

UV —vis absorption 1071078 10°-10° eDiode array offers spectral
mformation
sSensitive

Fluorescence 10310 107107 sUsually requires derivatisation
*Sensitive

Laser-Indnced 1078197 10711076 and expensive

Fluorescence {LIF) «Sample denvatisation required
sSensitive

Amperometry 1078102 107010 oFor electroactive species only

«For CE requires  capillary
modification, for HPLC mobile
phase must be electrochemically

conductive

eUniversal
Conductivity 10107 107-10° *Requires specral electronics and

capillary modification

eUniversal
Mass Spectrometry 105107 105107 elnterface between CE and MS

complicated

, eUniversal but.lower in sensitivity

Indirect detection 10-100 times less than than drrect methods

direct methods
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Whilst Laser-Induced Fluorescence (LIF) is the most sensitive mode of
detection, not all analytes possess native fluorescence and sample derivatisation is
usually required. The fluorescence derivatising agent, fluorescein isothiocyanate
(FITC), was applied to the determination of amines in food samples.***! The analysis
of amines was also determined using 3-(2-furoyl)quinoline-2-carboxaldehyde as the
derivatisation agent.®™ The determination of amino acids in brain samples was

achieved using naphthalene-2,3-dicarboxaldehyde (NDA) as the derivatising agent.[ss]
1.6.1 UV-vis detection

In CE, UV-vis detection is usually employed on-capillary by removing a small
length of the polyimide coating on the capillary and directing a light beam through it.
The pathlength is limited to the inner diameter of the capillary, usually 50 um or 75
um.?¥! With fused silica capillaries, detection below 200 nm through the visible
spectrum is possible.*® UV-vis detection is used for molecules that contain a
chromophore, i.e. absorb UV-vis light. This method of detection usually requires no
chemical modification of the sample prior to analysis and is therefore, an extremely

convenient detection scheme.®"!

CE-UV detection has been applied to the analysis of inorganic anions in serum
samples, with a run time of 6 min. achieved'®® and also in the determination of nitrate
and nitrite in rainwater samples.®”’ A CE-UV method was developed for the
simultaneous determination of some inorganic anions and carboxylic acids, which was
successfully applied to the analysis of soil and plant extracts.®® However, most
inorganic anions, including those commonly found in adhesives, cannot be detected
with direct modes. Therefore UV detection has been modified to allow for the
determination of analytes that do not contain a chromophore by the addition of a UV
absorbing probe ion, such as chromate.®” This mode of UV detection is discussed

in Section 1.6.1.1.
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UV detectors are the most commonly used detectors in HPLC. Samples must
absorb in the UV region (190-600 nm) to be detected. The concentration of sample is
related to the fraction of light transmitted through the cell by Beer’s law using Eqn.
1.21.1%

IogI—; = gol Egn 1.21
where: I, = incident light intensity
I = intensity of the transmitted light
€ = molar extinction coefficient (Mecm™)
1 = cell pathlength (cm)
c = sample concentration (M)

HPI.C-UV detectors provide a response in absorbance, which is linearly

proportional to the sample concentration in the flow cell,*® Eqn. 1.22:

A= logIT":ecl Egn 122

where A is the absorbance

HPLC coupled with UV detection has been applied to the analysis of
pharmaceuticals in plasma.®"™) A comparison of HPLC with CE for the
determination of acetominophen and diazepam has been made. In both cases

comparable run times and LOIY’s were obtained. """

1.6.1.1 Indirect UV detection

Indirect absorbance detection in CE, is performed by adding an absorbing
species, or probe ion, to the separation buffer, which creates a background absorbance
signal. As the analyte species, with lower absorbance than the probe ion passes
through the optical detection window, a reduction in the background absorbance

signal occurs.!” The sensitivity of the method is controlled by the choice and
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concentration of the probe ion. The concentration LOD of an indirect method is

shown in Eqn. 1.23.

Cr

C.,= Egn. 1.23
LoD T.D, q
where; Ciop = concentration LOD
Cr = concentration of reagent
Tr = transfer ratio
Dp = dynamic reserve

Indirect UV detection has been applied to the analysis of inorganic anions,

[98-101]

organic acids and cations and in the determination of pharmaceutical

substances.['® This mode of detection is discussed in greater detail in Chapter 3.

1.6.2 Electrochemical detection

Electrochemical (EC) detection methods are suited to the analysis of analytes,
which have no UV or fluorescent chromophores but are redox active. However, there
are challenges to coupling EC to CE, namely the interference of the high voltage
electric field with the detection circuit.'™ Several approaches have been reported to
isolate the electrochemical cell from the current.!"® An illustration of an EC detection
system for CE is shown in Fig. 1.8. In HPLC, electrochemical detection may only be
applied if the mobile phase is electrochemically conductive. This limitation may be
overcome by the addition of a salt to the mobile phase. There are three modes of EC
detection in HPLC and CE: amperometric, potentiometric and conductimetric.

Amperometric detection is discussed in detail in Section 1.6.2.1.
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Figure 1.8 Representation of an electrochemical detection system with an electric field

decoupler; where HV: high voltage supply, RE: reference electrode, WE: working electrode

and AE: auxiliary electrode!"*!

1.6.2.1 Amperometric detection

In amperometry, a potential is applied to the sensing or working electrode and
the faradaic current resulting from the oxidation or reduction of the analyte is
measured.! %! Amperometric detection methods maintain a high sensitivity and as
they involve measurements that are not dependent upon the path length, amperometry
is suited to the detection of analytes in very narrow capillaries.!"®! Amperometric
detection will only detect analytes that undergo either reduction or oxidation at the
applied potential. However, this drawback may be overcome in HPLC by either pre-

or post column derivatisation.”"!

In 1993, Lu ef al., introduced amperometric end-column detectors for the CE
analysis of some metal ions and inorganic anions, with carbon fiber and mercury-film
electrodes.l"®*!%7 In end-column detection, the applied voltage generates a separation
current which results in increased noise detected by the working electrode. This is
minimised by use of low separation currents. In order to maintain low currents, the
analysis is limited to small inner diameter capillaries, low concentration or non-

aqueous buffers and reduced applied voltages."™ In end-column detection, the
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placement of the electrode is critical, as the detector noise decreases as the electrode is
positioned further from the capillary. However, this will also reduce the sensitivity of
the detector due to Joss of analyte through diffusion in the detector cell.'®! This effect
may be minimised through the application of on-column detection. In this mode of
detection, the separation potential must be grounded prior to the capillary outlet.!'%®!
The first amperometric on-column CE detector was reported by Wallingford and
Ewing for the determination of catechol and catecholamines using a porous glass

I or casting a polymer

decoupler.!"! Alternative designs include bare fractures,
(Nafion, cellulose acetate) over the fracture.'®!2113) On_column detection reduces
LOD by minimising loss of sample and band broadening. However, it has suffered
from reproducibility issues and lack of robustness. CE coupled with amperometric
detection was employed for the determination of the anthracycline, daunorubicin, in

urine. 114!

In HPLC-EC, several different electrodes have been employed including
carbon paste, glassy carbon, gold and mercury. Both glassy carbon and carbon paste
electrodes are preferred due to lower background -currents generated.*”
Amperometric detection with HPLC was also employed for the therapeutic

monitoring of anthracyclines in plasma.[33’“5]

1.6.3 Fluorescence detection

On-line fluorescence detection is achieved with a deuterium, tungsten or a
xenon arc lamp. The excitation wavelength is chosen using a grating monochromator
and fluorescence emission wavelengths are measured with a photomultiplier tube.
Fluorescence detection is an extremely sensitive and selective mode of analysis;

however, as not all compounds fluoresce, derivatisation is usually required.lzo]

Fluorescence detection has been employed for the determination of some
pharmaceuticals in plasma.l"'*""® In CE, most inorganic anions and cations do not
possess native fluorescence, indirect detection is thercfore employed for their
analysis. In this format, the BGE contains a fluorescent probe (e.g. eosin) in order to

enable their detection. Detection limits in the range 0.008-0.037 pg ml”’ were
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obtained. This method was successfully applied to the determination of anions in tap

water,!'2")

LIF detection coupled with CE and HPLC has been shown to result in a high
sensitivity that is greater than that achieved by absorbance-based methods.2) A
HPLC-LIF method was developed for the determination of amino acids, which
enabled their detection at subfemtomole levels.'”?! CE-LIF detection was utilised for
the analysis of the cations, lithium and potassium with a fluorescein sodium salt
incorporated in the buffer solution.'”! Alternatively, a violet diode laser was
employed for the analysis of anions as demonstrated by Melanson ef al '*Y CE-LIF
has also been employed for the simultaneous determination of anthracyclines in

plasma.“s'lzs]

Although indirect LIF detection is high in sensitivity, (10"*-10"° M) it has
limited applications. This is due to the cost of the lasers, the lack of appropriate
probes and more importantly the instability of gas-based lasers. Whilst LIF would be
the ultimate mode of detection, sensitivity is lost when miniaturised due to the

reduced pathlength.[124]
1.6.4 Mass spectrometry detection

Mass spectrometry is a widely used detection technique for gas and liquid
chromatography that provides quantitative and qualitative information regarding the
components of a mixture. In this technique gaseous molecules are ionised, accelerated
by an electric field, and then separated according to their mass. The energy generated
during ionisation causes the molecule to fragment.” %1 The two main soft ionisation
techniques are Electrospray Ionisation (ESI) and Atmospheric Pressure Chemical
Ionisation {APCI) which is discussed in Chapter 2.

The simultancous determination of four anthracyclines, epirubicin,
doxorubicin, daunorubicin and idarubicin, was performed using HPLC coupled with
clectrospray mass spectrometry.[m] Detection limits in the range of 0.5-2 ng ml™

were obtained and this method was successfully applied to the analysis of serum
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samples. CE-MS was also applied to the analysis of pharmaceuticals, such as steroids

and anthracyclines in biological samples.*”)
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1.7 CONCLUSIONS AND THESIS OUTLINE

From this Literature Review, the underlying theories of the separation
techniques chromatography and electrophoresis were investigated. The separation
principles of the two modes of separation are very different; however, they are

complementary techniques.

Detection modes, such as fluorescence, electrochemical and mass
spectrometric detection, have been successfully applied to the analysis of a wide range
of samples. These modes of detection have been shown to be more sensitive than the
traditional mode of detection of UV, and have enabled the therapeutic monitoring of
pharmaceuticals in biological matrices. However, UV is still an important mode of
detection both for method development and also for the analysis of samples where the

LOD’s are not the deciding factor.

The aim of this thesis was the development of chromatography and
electrophoresis methodologies for the analysis of a wide range of analytes in variety
of matrices and a comparison was made between these developed methods. HPLC-

MS was also used for mechanism elucidation.

In Chapter 2, a HPLC method was developed and was successfully applied to
the analysis of the photoinitiator, bis(2,4,6-trimethylbenzoyl)phenyl-phosphine oxide,
(Irgacure 819). A comparison of its stability in samples, which were both maintained
in the dark and exposed to the light, was performed using the optimised HPLC-UV
method. From this it was determined that complete degradation of the Irgacure had
occurred by 60 min. for the samples exposed to the light. For the samples maintained
in the dark, only an 8% reduction in the Irgacure peak height was obtained. The
curing mechanism of the Irgacure was determined using HPLC-MS, and it was

determined that the Irgacure undergoes a free radical curing reaction.
In Chapter 3, a highly efficient CE separation was developed and applied to

the simultaneous determination of inorganic and acidic anions, which are present in

ethyl cyanoacrylate adhesive samples. The CE method developed was compared with
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IC, the method traditionally employed for their analysis. The limits obtained by CE

were capable of determining the expected concentrations in the adhesive samples.

In Chapter 4, a simple and reproducible sample preparation method was
developed and successfully applied to the analysis of cyanoacrylate adhesives.
Chloroform was determined to be the optimum solvent for their extraction as it
enabled full dissolution of the sample. The efficiency of the production process was

demonstrated and shows its effectivencss in the purification of the adhesive samples.

In Chapter 5, a CE method was successfully developed for the separation of
the anthracyclines DAN, DOX and EPI coupled with UV, EC and LIF detection.
Detection limits were obtained which were capable of monitoring the therapeutic
levels of anthracyclines. The degree of plasma protein binding of anthracyclines was
determined using microdialysis, and demonstrates the potential of this technique for
the real time monitoring of plasma samples with on-line microdialysis coupled with

CE.

In  Chapter 6, electrophoretic separations were compared with
chromatographic separations in terms of the matrix of the sample to be analysed, the
volume of sample required, the length of analysis developed and the detection
methods preferred. CE was clearly demonstrated as an alternative mode of separation
capable of equalling, and in many cases improving the corresponding

chromatographic analysis
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O O 0 O
I . Il
e Ol
R 1 : R .
where: Ri.R; - alkyl, aryl for MAPO
Ry = acyl for BAPO

Ra alkyl or aryl for BAPO

Figure 2.3 o-cleavage of MAPO and BAPO'®

BAPO are superior photoinitiators to MAPO, and are extremely effective as they
can produce four reactive species, each of which is an efficient initiator.’®! Whilst the
application of MAPO photoinitiators has been limited to white pigmented coatings,™
BAPO have been applied to more complex applications such as pigmented coatings and
composite materials.'” The investigation of the photochemistry of these photoinitiators

1s discussed in detail in Section 2,1.2.
2.1.2 Photochemistry of Acylphosphine oxides

Monoacylphosphine oxides undergo a-cleavage from a triplet-excited state to
produce two radicals, the benzoyl and phosphinoyl radicals. The photochemistry of
bisacylphosphine oxides is similar; however, four radicals are produced from the a-

cleavage of the triplet excited state.”
Their photochemistry was investigated using a wide range of techniques

including UVH** and time resolved spectroscopy®®! which are discussed in Section
2.1.2.1

43



Chapter 2, Characterisation of an . . .. ...

2.1.2.1 Ultraviolet (UV) spectroscopy

UV spectroscopy has been extensively applied to the investigation of the
photochemistry of acylphosphine oxides. Jacobi and Henne first reported on their
development as photoinitiators and demonstrated their effectiveness in the curing of

some coatings, such as white furniture coatings.! A typical UV spectrum of a BAPO is
shown in Fig. 2.4.

35
30
25 -
20 |
15 |
10
05 -
00 - T —— —

Absorbance units (AU)

300 400 500 600
Wavelength (nm)

Figure 2.4 UV-vis absorption spectrum for the bis(2,4,6-trimethylbenzoyl)phenyl-phosphine

oxide

Baxter et al.,""'? have also investigated the efficiency of these photoinitiators
with respect to alternative photoinitiators, such as acylphosphonates. From their
investigations it was concluded that, although acylphosphine oxides are efficient
photoinitiators, there was no distinct advantage in their application in either acrylate and

unsaturated polyester resins, when compared to acetophenones,[wj

or in pigmented
acrylic resins.!'!! However, acylphosphine oxides were determined to be more efficient
photoinitiators than acylphosphonates, and this curing efficiency was shown to be

further increased by the addition of amines.!'?

The role of the amine in the photodecomposition of acylphosphine oxides was

investigated by both High Performance Liquid Chromatography (HPLC} and Gas
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Chromatography Mass Spectrometry (GC-MS).'?! It was determined that although
photodecomposition occurs in the presence and absence of an amine, the curing
efficiency is significantly decreased in the absence of amines. However, the presence of
an amine may also reduce the shelf life of the pigmented resin. In order to investigate
and characterise further these photoiniators, time resolved spectroscopy was applied and

is discussed in Section 2.1.2.2.
2.1.2.2 Time-resolved spectroscopy

Time-resolved spectroscopy provides information on the excited state of a
material, e.g. the triplet excited state of acylphosphine oxides. The most powerful
technique, which follows the time development of radicals, is Flectron Spin Resonance
(ESR).m ESR is similar to Nuclear Magnetic Resonance (NMR), the fundamental
difference being that ESR describes the magnetically induced splitting of electronic spin

and NMR is concerned with the splitting of nuclear spin sites.

Time-resolved ESR (TR-ESR) provides clear and concise structural information
on the material under investigation, by allowing for the direct observation of the
radicals.”! TR-ESR has been applied for the analysis of the radicals formed and
demonstrates the ability of BAPO to generate four radicals upon irradiation.!" TR-ESR
has also been employed in conjunction with time-resolved infra-red (TR-IR) and UV
spectroscopies to determine further the photochemistry of acylphosphine oxides and
also the reactivity of the radicals produced.!®>'*! From this work, it was determined that
BAPO is a more effective photoinitiator to MAPO, due to its ability to produce four

highly reactive radicals.

ESR techniques were also successfully applied in combination with NMR
spectroscopies, such as chemically induced dynamic nuclear polarisation (CIDNP), for
the further investigation of the photochemistry of acylphosphine oxides. CIDNP is a
powerful technique as it provides information on the elucidation of the radical

reactions.!)
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Chapter 2, Characterisation of an ... ... ...

23 MATERIALS AND METHODS
2.3.1 Instrumentation
2.3.1.1 HPLC- UV separations (HPLC-UV)

The HPLC system consisted of a Varian ProStar 230 solvent delivery module,
and a Varian ProStar 310 UV detector module (Palo Alto, CA, USA). The system was
operated using Varian ProStar 6.0 chromatography software. A Zorbax Eclipse XDB-C-
18 reversed phase column (2.1 x 150 mm, particle size 5 um, Agilent Technologies
Ireland) equipped with a Zorbax SB-C8 guard cartridge (2.1 x 12.5 mm, particle size 5
nm, Agilent Technologies Ireland) was employed. A gradient elution was employed at a
flow rate of 0.25 ml min™. All sample analyses were carried out using UV detection at

270 nm with a deuterium lamp.
2.3.1.2 HPLC- mass spectroscopy analysis (HPLC-MS)

The HPLC system consisted of an Agilent 1100 LC module with photodiode
array (PDA) detector, (Agilent Technologies Ireland). A Bruker Daltronics Esquire
3000 LC-MS (ion trap) was used. A Zorbax Eclipse XDB-C-18 reversed phase column
(2.1 x 150 mm, particle size 5 pm, Agilent Technologies Ireland) equipped with a
Zorbax SB-C8 guard cartridge (2.1 x 12.5 mm, particle size 5 um, Agilent Technologies
Ireland) was employed. A gradient elution was employed at a flow rate of 0.25 ml
min™, APCI conditions were optimised using positive ion polarity with accompanying
software.

2.3.1.3 Capillary electrophoresis separations

All CE separations were performed on Beckman P/ACE MDQ instrument
(Fullerton, CA), equipped with a UV absorbance detector. Polyimide-coated fused silica
capillaries of 50 um internal diameter (i.d.) were employed. The effective length of the
capillary utilised was 0.50 m, with a total length of 0.56 m. All sample analyses were
carried out using direct UV detection at 280 nm with a deuterium lamp. Sample

introduction was performed hydrodynamically (0.5 psi) for 5 s. Data analysis was

48
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2.4  RESULTS AND DISCUSSION
2.4.1 Characterisation of Irgacure 819

The structure of the Irgacure 819 is shown in Fig. 2.5. In order to determine the
optimum solvent in which to perform the HPLC characterisation of this Irgacure, its
solubility was investigated. Solvents of different polarities, such as toluene, acetone and
MeOH, were employed, and the solvents, which enabled the full dissolution of the

Irgacure, are illustrated in Table 2.1.

AUV study of the Trgacure was performed in ACN, ethyl acetate, THF and
MeOH, as shown in Fig. 2.6. From Fig. 2.6, it was evident that the solvent THF resulted
in the largest absorptivity at 270 mm. However, for HPLC analysis, it was not
recommended to use THF as it causes the polyetheretherketone (PEEK) tubing to swell.
An investigation of the fragmentation pathway of Irgacure 819 was performed using
HPLC-APCI-MS.

CH

H.C

w
o=0

Figure 2.5 Structure of bis(2,4,6-trimethylbenzoyl)phenyl-phosphine oxide (Irgacure 819), as
provided by Henkel Loctite (Irl.)
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Table 2.1 Solubility of bis(2,4,6-trimethylbenzoyl)phenyl-phosphine oxide (100 ug ml?) in

different organic solvents of varying polarity

Toluene 2.3 Fully dissolved
Chloroform 3.4-44 Fully dissolved
THF 42 Fully dissolved
Ethyl acetate 43 Fully dissolved
Acetone 54 Fully dissolved
Acetonitrile 6.2 Fully dissclved
MeOH 6.6 Fully dissolved
Water 9.0 Not dissolved

For APCI-MS, protic¢ solvents, such as MeOH are preferred for measurement in
the positive ion mode. As a result MeOH was chosen as the optimum sample matrix and

mobile phase solvent in which to perform the HPLC analysis.
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Figure 2.6 UV-vis absorption spectra for Irgacure 819 (100 ug ml'} in each of the organic
solvents ACN, ethyl acetate, THF and MeOH

2.4.2 Development of HPLC separation

Reverse-phase chromatography is the most widely reported mode of HPLC, with
applications in the analysis of pharmaceutical and environmental samples.l'’?”) For the
analysis of the Irgacure, reverse-phase chromatography was chosen due to factors, such
as its molecular weight and solubility. A schematic of a guide to selecting a HPLC

method is illustrated in Fig. 2.7.
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Sample

Figure 2.7 Schematic of a guide to selecting a HPLC method”"!

than 2000, and is also soluble in organic solvents. Therefore, following the schematic
highlighted in red in Fig. 2.7, the mode of HPLC employed for this research was
reverse-phase chromatography with either an ACN or MeOH water mobile phase. A
MeOH water mobile phase was chosen, as MeOH is the preferred solvent for APCI-MS,

1

MW= 2000

Hydracarbon
soluble

Organic soluble

Alcohol soluble

Electrolyte

MWw:=> 2000

The analyte under investigation, Irgacure 819, has a molecular weight of less

| Water soluble

Non-electrolyte

Organic soluble

Water soluble

discussed in Section 2.4 .4.
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2.4.2.1 Choice of internal standard

The addition of an internal standard in this analysis was essential, in order to
provide an illustration of the degradation of the Irgacure under investigation. An
internal standard must be similar to the analyte under investigation and must undergo
similar losses during the process. It also must be completely resolved from the other
components present in the sample. In Fig. 2.8, the HPLC separation of the Irgacure is

shown,; the slight fronting evident is probably due to overloading.

10

0.8

0.6 -

0.4

0.2 1

Absorbance units (AU)

;

T L T

4 6 8 10
Retention time (min)

O

[\
o
N

Figure 2.8 HPLC separation of Irgacure 819 (250 ug ml”) with UV detection at 270 nm using a
Zorbax Eclipse XDB-C-18 reversed phase columm (2.1 x 150 mm, particle size 5 um). Mobile
phase of 85:15 MeOHH,0. Flow rate 0 25 ml min”
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Two closely structurally related analytes, triphenyl methane and biphenyl, were
investigated as potential internal standards in the determination of Irgacure 819. Their

structures are illustrated in Fig. 2.9.

A
¢

Figure 2.9 Structures of Itriphenyl methane and I-biphenyl

Triphenyl methane co-eluted with the Irgacure and was therefore unsuitable as
an internal standard. As illustrated in Fig. 2.10, biphenyl was clearly separated from the

Irgacure and was therefore employed as the internal standard in subsequent work.

In order to improve the peak shape of both the Irgacure and biphenyl, and also to
reduce the total analysis time, a gradient elution was employed, as discussed in Section

2.4.2.2.
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1.0
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Figure 2,10 HPLC separation of (1) biphenyl (50 ug ml’) and (2) Irgacure 819 (250 ug ml”)
with UV detection at 270 nm All operating conditions as in Fig. 2.8

2.4.2.2 Development of gradient method

Initially the separation of the Irgacure was performed using the gradient method
as illustrated in Fig. 2.11, with either 85:15 MeOH H,0 or 90:10 MeOH H;0. In this
method, the column was initially ramped from 0 min. to 6 min. from 98% C to 2% C,
where A was 70:30 MeOH H,0 and C was either 85:15 MeOH H;QO or 90:10 MeOH
H;0. The separation of Irgacure and biphenyl was performed using this gradient method

and the resulting chromatograms are shown in Fig. 2,12,
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Figure 2.11 Graphical illustration of the gradient method employed for the HPLC separation of
Irgacure 819 and the internal standard, biphenyl, where Line 4 is 70:30 MeOH:H,O and Line
C is either 83:15 MeOH:H,O or 90:10 MeOH:H,0

The internal standard, biphenyl, is less polar than the Irgacure, and is therefore
expected to elute first, as illustrated in Fig. 2.12. With 85:15 MeOH:IH,0, the Irgacure
was retained on the column for approximately 12 min. and its peak shape was
asymmetrical, with fronting of the peak evident. This indicates that the Irgacure
required a more organic mobile phase in order to cause its elution. The run time was
also excessively long (15 min.), as shown in Fig, 2.12. It was found that increasing the
MeOH composition by 5% improved the peak shape of the Irgacure and also
significantly reduced the run time from 15 min. to 10 min., as shown in Fig. 2.12. The
resolution (R) between the two analytes was calculated according to Eqn. 1.9, and was
determined to be 1.02. In order to improve the resolution further a gradient with lower

organic content was employed, i.e, 50:50 MeOH:H;0, as illustrated in Fig 2.13.
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0.8 120
— 85:15MeOH H,0
~ N _ 9010MeOHH,0 | 1%
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Figure 2.12 Gradient elution of mobile phase (4) 70:30 MeOH -H,O with mobile phase (B)
85:15 MeOH-H,0 or 90:10 MeOH:H,0 for the HPLC separation of (1) biphenyl (50 ug mi™)
and (2) Irgacure 819 (250 ug mI) with UV detection at 270 nm. Gradient method as in Fig,
2.11. Unless stated otherwise all operating conditions as in Fig. 2.8. The 85:15 MeOH:H,O
chromatogram is offset by 0.1 AU

59



Chapter 2, Characterisation of an

0.8

o
o3}

Absorbance units (AU)
O
S

——— 90.10 MeCH H,O

% C
% A

- 140
- 120
100
80
60
- 40
- 20

Figure 2.13 Optimised gradient elution of mobile phase (4) 50.50 MeOH:H,O with mobile
phase (B) 90.10 MeOH:H,O for the HPLC separation of (1) biphenyl (50 ug mI'’} and (2)
Frgacure 819 (250 ug ml’) with UV detection at 270 nm. Gradient method as in Fig. 2.11. Flow
rate 0.25 ml min’!, Zorbax Eclipse XDB-C-18 reversed phase column (2.1 x 150 mm, particle

size 5 gon)

The peak shape of the Irgacure had become slightly broader with 50:50
MeOH:H,0; however, an increased resolution of 1.16 was obtained, as shown in Fig.
2.13. Therefore, an optimised gradient method of 50:50 MeOH:H,O with 90:10
MeOH:H,0 was employed in subsequent work. A time stability study was performed,

with various analytes added such as inhibitors and weak and strong acids, using the

4

6 8

Retention time (min)

optimised HPLC-UV method, as discussed in Section 2.4.3.1,
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2.43 Analysis in light and dark conditions of Irgacure samples

2.4.3.1 Photodegradation of the Irgacure

A stability study of the Irgacure was performed over a 24 hour time frame, and a
comparison between samples stored under dark and light conditions was obtained, with
anhydrous MeOH as the sample matrix. Fig. 2.14 illustrates the separation of the
internal standard and the Irgacure, of samples which were preserved in the dark. It was
determined that from 0 min. to 24 hours there was an 8% reduction in the peak height of
the Irgacure, as shown in Fig. 2.14. Peak height was chosen due to difficulties
associated with calculating peak area of the asymmetric peak shape of the Irgacure.

0.7

0.6 - (2 ——— Dark 24 hour
—— Dark 80 min.

— Dark O min.

0.5
0.4 -
0.3 A o
0.2 - |
0.1
0.0

Absorbance units (AU)

"0.1 T T T

Retention time (min)

Figure 2.14 HPLC separation of (1) biphenyl (50 ug mI*) and (2) Irgacure 819 (250 ug mI”)
with UV detection at 270 nm for samples maintained in the dark over a 24 hour time frame. All

operating conditions as in Fig. 2.13
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In a comparison with the samples exposed to the light, it was found that the
Irgacure had almost degraded completely by 60 min., and in addition the appearance of
a peak at 1.8 min., which corresponded to the products of degradation of the Irgacure
was obtained, as illustrated in Fig. 2.15. This was also observed in the appearance of the
solution, as at 0 min. the Irgacure solution was yellow in colour; however, at 60 min. it
had turned to clear. An overlay of the light and dark samples at 60 min. is illustrated in
Fig. 2.16. It was therefore determined that the Irgacure was extremely photosensitive,

undergoing a fast photolysis upon UV exposure.

0.5
—— Light 24 hour

= 0.4 1 @) —— Light 60 min.,
< —— Light 0 min.
o 03 - M
c
=
¢ 0.2
c
a8
5 0.1
[72]
<

0.0

'0.1 T T T T

Q 2 4 6 3 10

Retention time (min)

Figure 2.15 HPLC separation of (1) biphenyl (50 pg ml') and (2) Irgacure 819 (250 ug ml”)
with UV detection at 270 nm for samples exposed to the light over a 24 hour time frame. All

operating conditions as in Fig. 2.13
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Figure 2.16 Comparison of light and dark condition for the HPLC separation of (1) biphenyl
(50 pg mi’) and (2) Irgacure 819 (250 ug ml’) with UV detection at 270 nm. All operating
conditions as in Fig. 2.13

2.4.3.2 Addition of water

The analysis of the stability of the Irgacure was performed with the addition of
deionised water in the range 0.01-0.1%. Over this entire range, all the samples exposed
to light were completely degraded by 60 min. As a result, these samples were not
analysed further. All samples maintained in the dark degraded to the same extent, i ¢.,
the % water did not affect the rate of degradation. However, a slight effect on the
separation efficiency of the Irgacure samples kept in the dark was determined, as plotted
in Fig. 2.17, e.g. the separation efficiency for the 24 hour sample increased from 2040
plates m” to 2140 plates m™ with 0.1% water added. The separation efficiencies were
calculated according to Eqn. 1.5 and are dependent upon the peak width at half height

(Wy2) and the elution time.
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Figure 2.17 Graphical illustration of the separation efficiencies calculated for 0%, 0.01%,
0.05% and 0.1% water added to the 60 mumn., 180 min and 24 hour Irgacure dark sample. All

operating conditions as in Fig, 2,13

From this study, it was found that the separation efficiency increased with
increasing amounts of water. This is illustrated in Fig. 2.17. However, for the 60 min.
sample the separation efficiency calculated at 0% water was slightly higher than for the
180 min. and 24 hour samples, and this was contributed to a slight change in the elution
time of the Irgacure as the Wy, was similar for all samples. This increase though was

not significant, and accounted only for an increase of 53 plates ml.

It was also concluded from results shown in Fig. 2.17, that from 0.05% to 0.1%
water for the 24 hour sample the change in separation efficiency was not considerable,
(10 ptates m™). However, for the same % water range, the change in separation
efficiency for both the 60 and 180 min. samples resulted in a greater increase (42 plates
m™’). As the separation efficiency increased with increasing % water; therefore it may be

concluded that increasing the water content further will improve the symmetry of the
peak.
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2.4.3.3 Comparison of strong and weak acid

The addition of a strong acid versus a weak acid in the Irgacure sample was
investigated. The strong acid employed was methyl sulphonic acid (MSA) and the weak
acid utilised was boron trifluoride dihydrate (BF;.2H,0). MSA is a protonic acid, which
generally exists as a salt and as a result is very acidic, while BF3.2H,0 is a Lewis acid.
For the analysis of the light samples, the separation was the same as in Fig.’s 2.15 and
2.16, with complete degradation of the Irgacure occurring at 60 min., so that further
analysis was not possible at this point. Therefore, neither the strong or weak acid

significantly inhibited the photo-induced degradation.

For the samples, which were kept in the dark, again there was no difference in
the rate of degradation upon the addition of either acid. The effect of their addition upon

the separation efficiency of the Irgacure was determined, as plotted in Fig. 2.18.

2350

—a— |rgacure
2300 1 —o— lIrgacure + MSA
—o— lrgacure + BF3.2H20

2250 A

2200 1

2150 A

Separation efficiency (N/m)

2100 -

2050 T T T T T T
000 002 004 006 008 0.10 012

% Water content

Figure 2.18 Graphical illustration of the separation efficiencies calculated for 0%, 0.01%,
0.05% and 0.1% water added to the 60 min. Irgacure dark sample for the Irgacure, Irgacure
and MSA and Irgacure and BF; 2H,0. All operating conditions as in Fig 2.13
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MSA was added with water in the range 0.01-0.1%. The separation efficiency
decreased from 2216 plates m™ in the 0% water sample to 2146 plates m™ in the 0.1%
water sample. BF3.2H,0 was also added with water in the range 0.01-0.1%. In contrast
to the protonic acid, the addition of the Lewis acid caused the reverse effect, i e., the
separation efficiency increased with increasing water content in the sample. This trend
was also observed for the Irgacure sample with no weak or strong acid added. As
discussed in Section 2.4.3.2, the separation efficiency calculated at 0% water was as a

direct result of a change in the elution time of the Irgacure, as illustrated in Fig. 2.18.
2.4.3.4 Addition of stabiliser and curing additives

Ferrocene, which acts as a stabiliser, protects the Irgacure f{rom undergoing
further hydrolysis. The analysis of the Irgacure with the addition of ferrocene plus either
a weak or strong acid was performed for samples, which were exposed to the light. Fig.
2.19 illustrates the effect of the presence of these additives on the separation of the
Irgacure by HPLC-UV. From Fig.’s 2.15 and 2.16, it was observed that degradation of
the Irgacure had occurred by 60 min. The addition of ferrocene in the Irgacure sample
reduced the degradation of the Irgacure, and the appearance of a peak at 1.8 min. was
obtained, as illustrated in Fig. 2.19. However, as shown in Fig. 2.19, degradation of the
Irgacure was not complete by 60 min, as had previously been observed. A very small
peak was observed at 4.1 min.; therefore, the presence of ferrocene resulted in a

decrease in the rate of degradation of the Irgacure.

When the strong and weak acids werc added, they affected the rate of
degradation in different ways. The addition of the weak acid, BF3.2H,0 increased the
rate of Irgacure degradation, so that the Irgacure was completely degraded by 60 min.,
as shown in Fig. 2.19. With the addition of MSA in the Irgacure sample, the Irgacure
had degraded with the appearance too of the peak at 1.8 min. This corresponded to the
degradation of the Irgacure and this peak possessed a greater absorbance response than
with the addition of just ferrocene or ferrocene in conjunction with the weak acid.
However, the photodegradation of the Irgacure at 4.1 min. was significantly reduced
than when just ferrocene was added, with an increased Irgacure peak height obtained.
Therefore the addition of both MSA and ferrocene resulted in a decrease in the rate of

Irgacure degradation.
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Figure 2.19 HPLC separation of (1) biphenyl (50 ug mI') and (2) Irgacure 819 (250 pg ml)
with UV detection at 270 nm for samples exposed to the light with ferrocene, ferrocene and
MSA and ferrocene and BF;.2H;0 added to the 60 min. sample. All operating conditions as
Fig 2.13

For the samples, which were maintained in the dark, there was no difference
obtained in the peak height or peak area of the Irgacure and as a result showed no
difference in the rate of degradation upon the addition of either acid in conjunction with
ferrocene. The effect of their addition upon the separation cfficiency of the Irgacure was

investigated, and plotted in Fig. 2.20.

The addition of ferrocene to the Irgacure samples kept in the dark caused a
reduction in the separation efficiency, which represented a 13.7% decrease from the
sample with no additions to the sample with ferrocene added. However, the addition of
MSA with ferrocene to the Irgacure sample resulted in an increase of the separation
efficiency to a similar level to that of the Irgacure sample with no additions. The weak
acid, BF;.2H,0, was added to the Irgacure sample with ferrocene, and this again
increased the separation efficiency, although an asymmetrical Irgacure peak was

obtained. Therefore, for the samples maintained in the dark, the addition of ferrocene
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alone caused an unexpected decrease in separation efficiency. The addition of either a
weak or strong acid with ferrocene, did not affect the separation efficiency to the same

degree as the addition of ferrocene alone, as shown in Fig. 2.20.
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Figure 2.20 Graphical illustration of the separation efficiencies calculated for the Irgacure
with no ferrocene in the sample, ferrocene, ferrocene and MSA and ferrocene and BF;.2H,0
added to the 60 min. Irgacure dark sample. Where F: ferrocene and BF;: BF3.2H,0. All

operating conditions as in Fig. 2.13

As both MSA and BF;.2H,0 affected the rate of degradation, for samples
exposed to the light when added in conjunction with ferrocene, a number of other
additives were also analysed. The analysis of the Irgacure samples exposed to the light,
with ferrocene with either cumene hydroperoxide (CHP), 1,4-benzoquinone (BQ) or
hydroquinone (HQ) added, were analysed by the optimised HPLC-UV method.

From results shown in Fig.’s 2.15 and 2.16 it was evident that the degradation of

the Irgacure occurs by 60 min. The appearance of a peak at 1.8 min. was observed for

the ferrocene samples as shown in Fig. 2.21. For the ferrocene sample with CHP, there
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was evidence of a significant decrease of Irgacure at 4.1 min. and a corresponding peak
at 1.8 min. possessed the greatest absorbance response. CHP, instead of inhibiting
Irgacure degradation, actually increased the rate of degradation. The analysis of the
Irgacure sample with ferrocene on its own also illustrated the presence of a peak at 4.1

min., as illustrated in Fig. 2.21.
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Figure 2.21 HPLC separation of (1) biphenyl (50 ug mlI') and (2) Irgacure 819 (250 ug ml™)
with UV detection at 270 nin for samples exposed to the light with ferrocene, ferrocene and

CHP, ferrocene and HQ and ferrocene and BQ added to the 60 min. sample. All operating

conditions as in Fig. 2.13

Hydroquinone and 1,4-benzoquinone act as inhibitors, which oxidise quickly. In
the analysis of the Irgacure sample with HQ and BQ added, the Irgacure sample had
completely degraded by 60 min., with the appearance again of the peak at 1.8 min.
Therefore, it can be concluded that the addition of both HQ and BQ in conjunction with
ferrocene, did not affect the rate of Irgacure photodegradation, however, the addition of

ferrocene and CHP resulted in an increase in the rate of Irgacure degradation.
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The Irgacure samples kept in the dark showed no significant differences in the
peak height or peak area of the Irgacure and therefore resulted in no considerable
difference in the rate of its degradation. The effect upon the separation efficiency of the
Irgacure of each of the additives was obtained and is illustrated in Fig. 2.22. As
discussed previously, the addition of ferrocene to the sample caused a reduction in the
separation efficiency; however, the addition of CHP and HQ resulted in the separation

efficiency to increase to a similar level to that of the Irgacure sample with no additions.

A comparison between HQ and BQ was investigated and from Fig. 2.22, it was
found that the addition of BQ caused a slight reduction in the separation efficiency;
however, this reduction was not considerable and represented an 8% reduction in

separation efficiency.
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Figure 2.22 Graphical illustration of the separation efficiencies calculated for the Irgacure
with no ferrocene in the sample, ferrocene, ferrocene and CHP, ferrocene and BQ and
Jerrocene and HQ added to the 60 min. Irgacure dark sample. All operating conditions as in
Fig. 2.13
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Following the investigation of Irgacure degradation in MeOH, the analysis of

the Irgacure in an ethyl cyanoacetate sample matrix was performed and is discussed in
Section 2.4.3.5.

2.4.3.5 Ethyl cyanoacetate analysis

The stability study of the Irgacure was performed in an ethyl cyanoacetate
matrix over a 24 hour time frame. A comparison between samples maintained in the
dark and light was made. Initially the analysis of an ethyl cyanoacetate sample was
performed, with and without the Irgacure and internal standard, as illustrated in Fig.
2.23. It was determined that the ethyl cyanoacetate matrix peak eluted in the same
region (1-3 min.) in which the degradation peak of the Irgacure occurs, and it also
closely eluted with the internal standard, as shown in Fig. 2.23. The separation of the

internal standard and the Irgacure, of samples which were maintained in the dark, is

shown in Fig. 2.24,
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Figure 2.23 HPLC separation of (1) biphenyl (50 ug ml’ !y and (2) Irgacure 819 (250 ug mi' Y in
an ethyl cyanoacetate sample matrix with UV deiection at 270 nm, where (@) corresponds to the

ethyl cyanoacetate matrix All operating conditions as in Fig. 2.13
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It was determined that from 0 min. to 24 hours there was only a slight reduction
in the peak height of the Irgacure, from 0.64 AU in the 0 min. sample to 0.60 AU in the
24 hour sample, as shown in Fig. 2.24. A comparison was made with the Irgacure
samples exposed to the light, and it was observed that the degradation of the Irgacure
had occurred by 60 min., as illustrated in Fig. 2.25. In the region of the ethyl
cyanoacetate matrix, a shoulder was observed at 2.2 min. This may correspond to the
products of degradation of the Irgacure, but it was not possible to accurately establish
this, as shown in Fig. 2.25. The addition of various analytes, such as inhibiiors and
weak and strong acids to the Irgacure sample in an ethyl cyanoacetate matrix, was
performed; however, these separations also resulted in a similar trend. Therefore, only a
comparison was possible between the analysis of the samples exposed to the light and

maintained in the dark, as illustrated in Fig.’s 2.24 and 2.25.
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Figure 2.24 HPLC separation of (1) biphenyl (50 pg mi "y and (2) Irgacure 819 (250 ug ml’) in
an ethyl cyanoacetate sample matrix for samples maintained in the dark at 60 min with UV
detection at 270 nm, where (a) corresponds to the ethyl cyanoacetate matrix. All operating

conditions as n Fig. 2.13
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Figure 2,25 HPLC separation of (1) biphenyl (50 ug ml'’") and (2) Irgacure 819 (250 pg mI’) in
an ethyl cyanoacetate matrix for samples exposed to the light at 60 min. with UV defection at
270 mm, where (q) corresponds to the ethyl cvanoaceiate matrix. All operating conditions as in

Fig. 2.13

2.44 Irgacure degradation product determination by HPLC-MS

The analysis of the Irgacure samples was performed using HPLC-APCI-MS.
The photolysis can give rise to three possible different cure mechanisms with an acrylic
monomer in the presence of ferrocene. Firstly, a free radical mechanism, with the
phosphinoyl (m/z 125) and benzoyl (m/z 147) radicals generated may take place. An
anionic mechanism is also possible. Finally, a nucleophilic mechanism, due to the
presence of a source of hydrogen ions, such as hydroquinone, may occur. APCI was the
favoured ionisation technique due to the low molecular weight and the polarity
properties of the Irgacure. Fig. 2.26 illustrates the applications of HPLC-MS ionisation
techniques.

In APCI, the mobile phase containing the analyte, re., the sample (e.g

Irgacure), is sprayed into a heated chamber at atmospheric pressure. In this chamber, the
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solvents evaporate, and neutral analyte molecules are ionised by collision with reagent
ions by interaction of the source gases with a corona discharge. Ionisation occurs either
by proton transfer or charge exchange.”? It was found that either MeOH water or ACN
‘ water were the preferred mobile phases for the analysis of the Irgacure, as illustrated in
Fig. 2.7. However, as APCI was employed for MS analysis, a protic solvent such as

‘ MeOH is the preferred solvent because it helps improve positive ionisation.**

| 100,000

10,000 4

1,000
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100 -

10 :
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Figure 2.26 Illustration of the applications of different ionisation techniques, where ESI:

electrospray ionisation and APCI: atmospheric pressure chemical ionisation®’

2.4.5 Optimisation of APCI parameters

2.4.5.1 Direct infusion analysis

For the optimisation of the parameters for APCI, an Irgacure sample, not
containing an internal standard or additives, was injected directly into the APCI source.
This was performed using a three-port tee piece. One end of the tee piece was connected
to the HPLC pump, which was flowing a 100% MeOH mobile phase through the tee

piece. This was subsequently mixed with an Irgacure sample from a syringe pump and
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flowed towards the APCI source, whereupon ionisation of the sample occurred. Tig.
2.27 illustrates a mass spectrum of the Irgacure sample, following direct infusion of the
sample into the APCI source. Optimum APCI-MS conditions are shown in Appendix
la. Under these ionisation conditions the molecular ion, of m/z 419, is of low intensity.
This is most likely a consequence of the fragmentation conditions applied to the
molecular ion, and it is possible this effect may be minimised by applying softer

ionisation conditions such as reducing the dry temperature.
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Figure 2.27 APCI-MS of Irgacure 819 (100 pig ml”") in MeOH. Flow rate 0.19 ml min’

75



Chapter 2, Characterisation of an ... ... .

Upon UV irradiation, the Irgacure undergoes o-cleavage of carbonyl-
phosphorus bond and results in the production of benzoyl and phosphinoyl radicals, as

shown in Fig. 2.28.

CH 0
_P—ﬁ%} @%}
0

CH

m/z 419 I-m/z 125 11-m/z 147

Figure 2.28 c-cleavage of Irgacure 819, to produce I-phosphinoyl radical and II-benzoyl

radical™®"

From Fig. 2.27, it was found that the m/z 147.3 was identified as the benzoyl
radical, which is shown in Fig. 2.28. This fragmentation pathway corresponds to that
shown in Fig. 2.28. In order to investigate any further fragmentation APCI-MS/MS was
performed, as shown in Fig. 2.29. From the APCI/MS of the m/z 147.3, fragments of
119.1 and 91.3 resulted, which are illustrated in Fig. 2.29.

The analysis of the Irgacure samples, exposed to the light and maintained in the
dark was performed using the optimised HPLC method with APCI-MS. A time stability
study was also carried out, and the curing mechanism of the [rgacure was investigated

with various additives, such as weak and strong acids, contained in the Irgacure sample.
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Figure 2.29 APCI-MS/MS of Irgacure 819 (100 ug ml’) in MeOH. Flow rate 0 19 ml min’!

2.4.5.2 Analysis of Irgacure with additives

A stability study of the Irgacure was performed from 0 min. to 24 hours, and a
comparison between samples maintained in the dark and light was obtained. It was
determined from the HPLC-UV investigation that photodegradation of the Irgacure did
not occur for samples maintained in the dark, as shown in Fig. 2.14. A comparison was
performed, with samples maintained in the dark and exposed to the light; however, the
results were similar for both. The results shown in this section correspond to studies for

the light 0 min. and 24 hour analyses.

Initially, the analysis of the internal standard and the Irgacure was performed.
Using the accompanying software, a Total Ion Chromatogram (TIC) was obtained from
which Extracted Ion Chromatograms (EIC) were acquired. As the % water was shown
not to affect the rate of degradation, water was added at its greatest quantity (0. 1 %). The

ions detected in both investigations were the same, m/z 147, 163 and 179. An overlay of
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the TIC and EIC’s obtained for the analysis of the Irgacure with and without water are
illustrated in Fig. 2.30.

The ion of m/z 147 corresponded to the benzoyl radical, as discussed in Section
2.4.5.1. This ion was also evident in the internal standard, which was identified by its
elution time at 2.2 min. The ion of m/z 163 was present in the Irgacure sample and also
in the peak of retention time at 1.8 min., which corresponds to the degradation of the
Irgacure. In a comparison with the Irgacure samples with 0.1% water this peak at 1.8
min. possessed a greater intensity in the sample with no water added, which indicates
that the presence of water in the sample reduced the Irgacure degradation, as illustrated
in Fig. 2.30. In contrast, the ion of m/z 179, which was present in the Irgacure,
possessed a greater intensity for the sample with water added, as shown in Fig 2.30. For
the analysis of samples exposed to light for 24 hours, no significant photodegradation
was obtained. In order to investigate further the cure mechanism of the Irgacure, the
analysis of the Irgacure was performed with additives such as ferrocene and MSA in the

Irgacure sample.
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Figure 2.30 TIC and EIC'’s for Irgacure 819 (0 min. sample) in MeQIl. Unless stated otherwise

all operating conditions as in Fig 2.13
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The addition of the strong acid, MSA, and the weak acid, BF3.2H»0, to the 0
min. and 24 hour sample, was not found to significantly affect the degradation of the
Irgacure. lons of m/z 147, 163 and 179 were also obtained for the 0 min. and 24 hour
samples, with the same trend observed as that shown in Fig. 2.30 for the Irgacure
sample with and without water added. When 0.1% water was added in conjunction with
MSA and BF;.2H;0, again the fragment ions of m/z 147, 163 and 179 were obtained
with the same trend also obtained as that illustrated in Fig. 2.30.

From the HPLC-UV investigations, it was determined that the addition of
ferrocene to the Irgacure sample resulted in a decrease in the rate of degradation of the
Irgacure samples exposed to light. With the addition of ferrocene, ions of m/z 147, 163
and 179 were obtained. A comparison of the 0 min. and 24 hour samples was performed

and Fig. 2.31 represents the TIC’s and EIC for m/z 163 for both samples.
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Figure 2.31 TIC and EIC for m/z 163 for Irgacure 819 (0 min. and 24 hour sample) in MeOH

Unless stated otherwise all operating conditions as in Fig. 2.13
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It was found from the TIC in Fig. 2.31, that degradation of the Irgacure had
occurred, however, after 24 hours degradation was not complete. This was not expected,
as complete photodegradation had occurred by 24 hours in the HPLC-UV analysis of
light samples with ferrocene added, as discussed in Section 2.4.3.4. This was due in part
to the increased sensitivity and also to the decreased light in the MS laboratory.
However, it was not expected even taking these two factors into account that such high
concentrations of Irgacure would remain. Also, from the EIC of m/z 163, it appears that

the peak at 1.8 min., has decreased slightly in intensity, Fig. 2.31.

The addition of a strong acid, MSA, versus a weak acid, BF;.2H;0, in
combination with ferrocene in the Irgacure sample was investigated for the 24 hour
samples. Again ions of m/z 147, 163 and 179 were acquired, as shown in the TIC and
EIC’s in Fig. 2.32. An overlay of the TIC’s and EIC’s obtained for the Irgacure sample
with no additives, ferrocene, and ferrocene with MSA and BF;.2H,0 is illustrated in
Fig. 2.32. Complete photodegradation was expected, however, only slight degradation

was achieved, as discussed above, Fig. 2.32.

The ion of m/z 147 corresponded to the benzoyl radical, as discussed in Section
2.4.5.1, which was also present in the internal standard, as it eluted at 2.2 min. The
addition of MSA into the sample resulted in a reduction of the intensity of the Irgacure
peak, which represented a 16% reduction. In contrast the weak acid caused only a slight
reduction in intensity (6.6%), as shown in Fig. 2.32. The ion of m/z 163 was present in
the Irgacure sample and also in the peak at 1.8 min., which corresponds to the
degradation of the Irgacure. In a comparison with the Irgacure sample with MSA added,
this peak at 1.8 min. possessed a greater intensity than in the sample with no additives
or BI'sH,O added, which indicates that the presence of MSA affected the rate of
Irgacure degradation, as illustrated in Fig. 2.32. The ion of m/z 179 eluted at 4.1 min.,

and was therefore present in the Irgacure.

The addition of CHP, BQ and HQ in conjunction with ferrocene was
investigated for both 0 min, and 24 hour samples. Their addition did not considerably
affect the rate of degradation of the Irgacure, with fragment ions of m/z 147, 163 and
179 again obtained. In order to help identify these ions, an investigation of the cure

chemistry of the Irgacure was performed and is discussed in Section 2.4.4.4.
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Figure 2.32 TIC and EIC's for Irgacure 819 (24 howr samples) m MeOH, with ferrocene,
Jerrocene and MSA and ferrocene and BF; 2H,O Where F: ferrocene and BF 5y BF.2H,0. All

operating conditions as in Fig, 2.13
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From the HPLC-UV investigation it was determined that the ethyl cyanoacetate
matrix eluted in the same region of the chromatogram in which the products of
degradation of the Irgacure occurs, Fig. 2.23. The ethyl cyanoacetate matrix was not
used for HPLC-APCI-MS analysis due to concerns about contamination of the
lonisation source by the matrix. Consequently, the analysis of the Irgacure samples in an

ethyl cyanoacetate matrix was not performed using HPLC-APCI-MS.

2.4.5.3 Investigation of the Irgacure cure mechanism

It is reported in literature that the Irgacure undergoes c-cleavage to produce the
benzoyl and phosphinoyl radicals.** This reaction is shown in Fig. 2.28. From the mass
spectrometry investigation, fragment ions of m/z 147, 163 and 179 were obtained for the
analysis of the Irgacure with and without additives in the sample. Based on both the
fragment ions observed and potential reaction schemes supplied by Henkel Loctite (Irl.)
the following mechanism has been proposed for the Irgacure 819, as illustrated in Fig.
2.33.

H,C
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Figure 2.33 Proposed cure mechanism for the Irgacure 819

The fragment ion of m/z 179 was identified as a peroxy radical, produced from
the reaction of the benzoyl and phosphinoyl radicals with oxygen. The appearance of
the fragment ion m/z 163 was also identified, which did not produce additional fragment
ions upon further fragmentation. Fig. 2.34 illustrates the mechanism for the formation of

m/z 163, through the presence of water.
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m/z 419 m/z 273 m/z 163

Figure 2.34 Proposed cure mechamsm for the Irgacure 819 with the presence of water

From the HPLC-UV investigations, it was determined that the rate of Irgacure
degradation was not dependent upon the water content. However, the curing mechanism
of cyanoacrylate adhesives is initiated by the presence of a weak base, such as water, on
the surface of the materials being bonded.*™ From the analysis of the Irgacure with and

without 0.1% water added, as shown in Fig. 2.30, it was also determined that the
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presence of water in the sample did not affect the rate of degradation of the Irgacure,
i.e., the curing of the Irgacure. This is shown in the EIC of m/z 163, where the trace of
the Irgacure sample with no water added possesses a greater intensity, than that with
water added. It would be expected that the EIC with water added, would have a higher
intensity, according to the reaction mechanism proposed in Fig. 2.34. As a result, the

curing mechanism proposed for the Irgacure 819 is a free radical mechanism.

2.4.6 Development of CE method for Irgacure analysis

2.4.6.1 CE buffer selection

The CE analysis of the Irgacure was performed using a borate based buffer,
which has a pK, value of 9.24. Two buffer systems were investigated, i.e., a 50 and 250
mM borate buffer at pH 9.0. In order to determine the optimum separation voltage for

the analysis of the Irgacure an Ohm’s Jaw plot was obtained, as described by Nelson et
al , and plotted in Fig.’s 2.36 and 2.37.
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Figure 2,36 Ohm’s Law plot for 50 mM borate, pH 9.0. Effective capillary length 0 58 m

85



Chapter 2, Characterisation of an .. ... ...

From the Ohm’s Law plot in Fig. 2.36, it was evident that a linear relationship
between current and voltage existed and that the analysis could be performed at
separation voltages as high as 30 kV for the 50 mM borate buffer. Increasing the borate
concentration increased the currents generated, as shown in Fig. 2.37, and Joule heating
resulted. From Fig. 2.37, it was determined that a linear relationship between current

and voltage existed from 2.5-27.5 kV, after which Joule heating was evident.
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Figure 2.37 Ohm’s Law plot for 250 mM borate, pH 9.0. Effective capillary length 0.58 m

Fig 2.38 illustrates a scparation of the Irgacure in a MeOH sample matrix using
50 mM borate buffer. It was evident from Fig. 2.38, that using the separation voltage of
20 kV, the separation was complete by 3 min., including rinse times, and a total analysis
time of 6 min. was obtained. This was a reduction of 4 min. from the total analysis time
achieved by HPLC. Also, increased separation efficiencies of 411,280 plates m™ were
obtained. However, the Irgacure migrates with the electroosmotic flow (EOF), which
indicates that it is a neutral analyte at this pH. As a result, an alternative mode of CE
more suited to the analysis of neutrals should be employed for further analysis, such as
micellar electrokinetic chromatography (MEKC). Using the borate buffer of 250 mM,

the separation time of the Irgacure was increased to 8 min., with a total analysis time of
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11 min, Using this buffer, the absorbance response of the Irgacure was reduced and as a
result, the peak absorbance of the blank was greater than that of the Irgacure, as shown
in Fig. 2.39. Due to the increased total analysis time with the higher concentration of
borate, and also the decreased absorbance response obtained with this buffer, a buffer of

50 mM borate at pH 9.0 was employed for further analysis.

6000
——— 15 kV
S 4000 - —— 20kV
g —— Blank
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Figure 2.38 Effect of separation voltage for the CE analysis of the Irgacure 819 (1000 pg mi?),
Separation voltages 15 and 20 kV employed with direct UV detection at 280 nm, pressure
mnjection 0.5 psi/ 5 s. BGE: 50 mM bovate, pH 9.0. Effective capillary length 0.58 m
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Figure 2.39 CE separation for the analysis of the Irgacure 819 (1000 ug mi™). Separation
voltage 20 kV, pressure infection 0.5 pst / 5 s with dwrect UV detection at 280 nm. BGE: 250
mM borate, pH 9.0. Effective capillary length 0.58 m

A time stability study of the Irgacure was performed, over a 24 hour time frame,
using the optimised CE method, for samples exposed to the light and maintained in the
dark. For the samples maintained in the dark, no degradation of the Irgacure sample
occurred and Fig. 2,40 illustrates the separation of the Irgacure samples exposed to the
light. From Fig. 2.40, it was found that complete photodegradation of the Irgacure had
occurred by 24 hours, which validated the results obtained in the HPLC method.
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Figure 2.40 CE separation for the analysis of the Irgacure 819 sample exposed to the light
(1000 ug mi !). Separation voltage 20 kV, with direct UV detection at 280 nm. Unless stated
otherwise all operating conditions as in Fig 2.37. Effective capillary length 0.58 m

The CE method developed, with its reduced total analysis times and increased
separation efficiencies, (411,280 plates m™) demonstrates its ability as an alternative
method of analysis for the degradation of the Irgacure. The addition of an internal
standard, however, is required, as this would provide an illustration of the degradation

of the Irgacure.
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2,5 CONCLUSION

A HPLC method was developed and was successfully applied to the analysis of
the photoinitiator, bis(2,4,6-trimethylbenzoyl)phenyl-phosphine oxide, (Irgacure 819).
A comparison of its stability in samples, which were kept in the dark and exposed to the
light, was performed using the optimised HPLC-UV method. From this it was
determined that the degradation of the Irgacure had almost completely occurred by 60
min. for the samples exposed to the light. For the samples maintained in the dark, only
an 8% reduction in the Irgacure peak height was obtained. The addition of various
analytes added such as stabilisers and weak and strong acids, was performed and it was
determined that complete degradation of the Irgacure had not occurred by 60 min. with
the addition of a stabiliser into the Irgacure sample exposed to the light. An
investigation of the curing mechanism of the Irgacure was performed using APCI-MS,
and it was determined that the Irgacure undergoes a free radical curing reaction. This
mechanism assignment was based on a number of factors. The addition of water did not
affect the rate of degradation, which occurs for anionic initiation. As shown in Fig. 2,33,
ferrocene reacted with the free radicals generated from the free radical initiation. These
free radicals of m/z 147, 163 and 179, were all identified as free radical intermediates
produced by the outlined mechanism. The application of CE to the analysis of the
Irgacure was shown. This is the first time that this analysis has been reported. The CE
method developed demonstrated its ability as an alternative mode of analysis with
increased separation efficiencies obtained, 2130 plates m™ with HPL.C and 411,280

plates m™ with CE, and also a reduced total analysis time of 6 min. achieved.
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3.1 INTRODUCTION

This work describes the development of a Capillary Electrophoresis (CE)

method for the simultaneous determination of both morganic and acidic anions, which

may be present in cyanoacrylate adhesives. Cyanoacrylate adhesives, commonly known

as superglues, are single component instant bonding adhesives, that are capable of

forming and maintaining a bond between surfaces.!! A flow chart providing a broad

overview of the manufacturing process is illustrated in Fig. 3.1. The alkyl cyanoacetic

acid is condensed with formaldehyde in the reaction vessel. The productions of this

reaction “crack” are heated, leading to a crude monomer and a crack residue, which is

discarded. The pure monomer is produced from the distillation of the crude monomer

and the residue remaining from this distillation is recycled back into the reaction vessel

to complete the production cycle.

Reaction vessel

Crack

Process acids —> Distllation

(e.g. phos phoric acid)

A

Pure
— Monomer

Crude
Monomer

v

Crack Residue Distillation Residue

Figure 3.1 lllustration of the cyanoacrylate production process
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A variety of inorganic and acidic anions may be present at different stages of the
production process, such as sulphate and methyl sulphonic acid (MSA), and in order to
maintain the quality of the product, sensitive methods for their quantification are

T A CE method was developed previously for their separation by Kincaid.!?!

required.
Using this method the following anions were successfully separated: chloride, nitrate,
sulphate, malonate, maleate, formic acid, phosphate, MSA, cyanoacetic acid and
hydroxyl propane sulphonic acid (HPSA). A run time of under 7 min. achieved baseline
separation for these species.”! The analytes which were under investigation for this
study were slightly different to those separated by Kincaid, namely phosphate, chloride,
nitrate, sulphate, fluoride", formic acid, cyanoacetic acid, diethylphosphate (DEP) and

MSA, Fig. 3.2.

7 4 CN— CH;— C —OH
N S I

I 1T

Figure 3.2 Structures of I-MSA and [I-cyanoacetic acid, which are two of the organic acids

present in cyanoacrylate adhesives

The analyses o‘f anions have previously been carried out using traditional
chromatography techniques, such as Ion Chromatography (IC) and High Performance
Liquid Chromatography (HPLC).”*! Two IC methods were developed for the
simultaneous separation of inorganic anions and cations. In one method, two ion-
exchange columns were connected in series, and with ultra-violet (UV) detection the

simultaneous separation of anions and cations was achieved in a run time of 20 min.

* Anions not previously determined by Kincaid
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However, with conductivity detection, the analysis of cations was only achieved.
In the method with the switching valves, the simultaneous analysis of anions and
cations was achieved with UV detection. A run time of 30 min. was obtained and in a
comparison with the previous method, improved peak shapes were achieved. Detection
limits in the range 0.01-0.4 pg ml"' and 0.09-7.1 pg ml" were obtained with UV and
conductivity detection respectively. The method incorporating the switching valves was
successfully applied to the simultaneous determination of anions and cations in river,

pond and tap water, ™

A suppressed conductimetric method was also developed for the simultaneous
determination of common inorganic anions, calcium and magnesium, by anion
exchange chromatography. Using this method their determination was achieved in a run
time of 20 min., and was applied to the analysis of drinking water samples. Limits of
detection (LOD) in the range 8-40 ng ml" were obtained.® A liquid chromatography
method was developed for the analysis of 11 organic acids, such as oxalic, lactic and
maleic acid, in dairy products with a reduced run time of 18 min. achieved when

compared to previous literature methods.!”?

CE has recently been developed as an alternative method for the analysis
anions.”® ™ Tt is an ideal method for the determination of anions because of its high
separation efficiency, low material and sample consumption and short analysis times.
However, there are drawbacks in the application of CE, such as poor injection

reproducibility and precision.[!!

Most anions exhibit a very weak absorbance in the UV region, i.e., they do not
possess a chromophore. As a result, indirect UV detection was the mode of detection
employed. Indirect UV detection was first introduced for the anmalysis of inorganic
anions by Jones and Jandik.'!*! The electrophoretic mobility of the probe ion should
approximately match the mobilities of the sample ions as closely as possible, to avoid
fronting or tailing in the sample peaks as the discrepancy in the mobilities becomes
larger.!'®! Fig, 3.3 represents an illustration of the electrophoretic mobility of some UV

absorbing anions and analyte anions.
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Analyte anions

Phosphate Ascorbate
] 1
] I
Chloride ik ! CEHRIR !
! Sulphate | Nitrate  Malate E Citrate | i
5 o : : I :
1 ! 1 ! ! 1 ' | 1
1 1 I ] ] 1
|| 1 : | | I 1 : i
Hep : l ! ‘ | : P :
@104cm?vs) V¥ vV Vv \/ \4 vV Vv v
4 6 5 4 3 2
A A Ad 4 A A
! | P yool
I ] ] I
1 1 ' g ' 1 |
! ] | ! 1 1 ]
! ; Lo P
Chromate : BTA | Phthalatt ~ PMA |
Molybdate E E
b I
Vanadate Benzoate

UV-absorbing anions

Figure 3.3 Representation of the electrophoretic mobilities of some UV absorbing anions and

analyte anions''”

3.1.1 Choice of probe ion

Chromate is a highly chromophoric species, and is an ideal background
electrolyte (BGE), resulting in fast (< 5 min.) and efficient (600,000 plates m™)
separations.!'"'® An alternative probe, pyridinedicarboxylic acid (PDCA), has been
employed for the simultaneous determination of inorganic anions, organic acids and

[19] and

metal cations, with highly reproducible separations achieved in less than 15 min.,
for the analysis of organic acids in waste waters.””’ PDCA has also been employed in
the simultaneous determination of anions, organic and amino acids, nucleotides and

carbohydrates with LOD’s in the range of 6-12 pg ml™ obtained.*"*?
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A method was successfully developed for the simultancous determination of
both organic and inorganic anions in rainwater, using molybdate as the BGE. A run
time of 7 min., which was a reduction of 8 min. from the developed IC method, was
achieved. Detection limits in the ng ml” range were obtained and the CE method
developed was applied to the analysis of rainwater samples.!*! Recently, a new
counterion buffered molybdate electrolyte was developed for the quantitative
determination of up to eight anions, such as chloride, sulphate and succinate, with
detection limits in the range of 0.17 pg mi*-0.51 pg ml* achieved.*”) The analysis of
organic acids in plant samples has aiso been reported using phthalate as the BGE with
LOD of 0.008-0.08 ug ml" achieved.?*! In a comparison with 1C, the CE separation of
17 acids was obtained within 3.2 min., whereas with IC, the separation was obtained in

30 min.?®!

The probe, pyromellitic acid (PMA), was utilised for the quantification of anions
in environmental water samples with limits of quantification (LOQ) between 0.02-0.1
ug ml”! achieved 7 and also for the determination of anions in atmospheric aerosols.?*!
A cationic probe, imidazole, was employed for the successful separation of 16 metal
ions, with high separation efficiencies achieved (650,000 plates m™).”! Imidazole has
also recently been applied to the indirect determination of cations, with its counter ion

employed for the simultaneous separation of high mobility cations and anions.*"!

In the analysis of anions, the probe ion employed must have a high a molar
absorptivity to enable their indirect detection. As the analyte anion passes through the
detector, the response is generated as a decrease in absorbance, in relation to the BGE.
Chromate is suited to the analysis of high mobility anions, such as chloride and nitrate,
whereas phthalate has a lower mobility and is therefore more suited to the analysis of
low migrating anions, e g. phosphate and fluoride as shown in Fig, 3.3.151 In order to
enable the rapid simultaneous determination of high and low mobility anions, chromate
was chosen as the probe ion. It is a suitable probe ion choice and has been widely

8 and was

employed for the indirect UV determination of anions in liquor samples
also applied to the analysis of anions with a run time of 2.5 min. and LOD’s in the range

of 0.09-0.12 pg m]” achieved.®" Chromate has also been employed for the analysis of
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trace inorganic anions, such as chloride, nitrate and bromide, in geological samples with

the separation achieved in less than 6 min.B%
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3.2 SCOPE OF RESEARCH

This chapter illustrates the development of a CE method for the simultancous
determination of some inorganic and acidic anions that may be present in cyanoacrylate
adhesives, with indirect UV detection using chromate as BGE. Following optimisation
of the separation conditions, such as electrolyte and surfactant concentrations, the
method was applied to the analysis of cyanoacrylate adhesives, and enabled the
monitoring of their production process. The CE method developed was compared with
ion chromatography for the separation of the same analytes, to demonstrate the

advantages over IC for the analysis of cyanoacrylate adhesives.
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33 MATERIALS AND METHODS
3.3.1 Instrumentation
3.3.1.1 Capillary electrophoresis separations

All separations were performed on Beckman P/ACE MDQ instrument
(Fullerton, CA), equipped with a UV absorbance detector. Polyimide-coated fused silica
capillaries of 50 pum internal diameter (i.d.) were employed. The effective length of the
capillary utilised was 0.50 m, with a total length of 0.56 m (Composite Metal Services
Ltd., England). All sample analyses were carried out using indirect UV detection at 254
nm with a deuterium lamp. Sample introduction was performed hydrodynamically (0.5
psi) for 5 s. Data analysis was performed using Beckman (version 3.4) software.
Separations were performed with reverse polarity at -10 kV and the temperature

maintained at 25 °C.
3.3.1.2 Ion Chromatography separations

The lon Chromatographic instrumentation consisted of a Dionex eluant degas
module with a Dionex gradient pump, an IonPac AS11 anion separator column (250 x 4
mm LD.), an lonPac ATC-1 Anion Trap Column, an IonPac AG11 guard column (4
mm) and a Dionex ASRS-ULTRA regenerating suppressor (4 mm). Detection was
supplied by a Dionex Conductivity Detector CD20. The Rheodyne injection loop was

10 pl. All samples were analysed in triplicate with a flow rate of 2 ml min™.
3.3.2 Chemieals

Chloroform (HPLLC grade) was purchased from Labscan Ltd. (Dublin, Ireland).
All other chemicals were of reagent grade. Sodium chromate (30,7831), sodium
hydroxide (48,0878, NaOH), chloroacetic acid (C-0266), citric acid (25,1275),
cetyltrimethylammoniim bromide (85,5820, CTAB), tetradecyltrimethyl ammonium
bromide (86,0425, TTAB), didodecylammonium bromide (35,9025, DDAB), N-tris
[Hydroxymethy!Jmethyl-3amino-propane sulphonic acid (T-5130, TAPS), Trizma
hydrochloride (T-3253), Trizma base (T-1503), sodium sulphate (23,9313), sodium
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Chapter 3, Development and Application

3.3.3.3 Preparation of IC eluent

A sodium hydroxide gradient eluent was employed, utilising concentrations of 5

mM and 50 mM.
3.3.3.4 Preparation of stock solutions and standards

A stock (1000 ug ml™) solution of each anion was prepared using deionised
water, from which standards of known concentration were obtained, by dilution of the

stock with deionised water.

3.3.3.5 Quantification of Analytes in the Adhesive Sample

The quantification of analytes in the adhesive samples was carried out using
both analyte spiking and the internal standard method. A range of standards, composed
of different anion concentrations, were prepared and analysed by CE and IC in

triplicate.
3.3.3.6 Adhesive sample preparation

A 1 g quantity of the adhesive sample was dissolved in 20 ml chloroform and 10
m! of an aqueous internal standard was added. The CE internal standard employed was
chloroacetic acid (pH= 3.5, 50 pg ml™) and for IC was citric acid (pH=3, 1200 ug ml™).
The solution was mixed thoroughly and left to stand to allow complete separation of the
two layers (i e. the aqueous and organic layers). The upper aqueous layer was removed
and filtered through a 0.45 um swinny filter (Gelman Nylon Acrodisc, 4438) prior to
analysis by CE. Three replicate extractions and a blank were performed for each sample

and the % recovery of each extraction was obtained.
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3.4  RESULTS AND DISCUSSION
34.1 Development of CE separation

As discussed in Section 3.1, the analysis of high mobility anions, such as
chloride and sulphate, is widely reported employing chromate as the probe ion.**
Whereas phthalate has a lower mobility and is therefore more suited to the analysis of
low migrating anions, e.g. phosphate and fluoride.™®! In this work, the rapid
simultaneous determination of high and low mobility anions, with improved run times
when compared to IC was required. Chromate is a suitable probe ion and has been

regularly utilised for the indirect UV determination of anions.?>**

Initially the optimisation of the separation of the five inorganic anions, in their
order of migration, chloride, sulphate, nitrate, fluoride and phosphate was performed.
The results are shown in Fig. 3.4. The separation efficiency values calculated were
greatest at the lower voltage of —10 kV, and are plotted in Fig 3.5. However, the
increased separation efficiency does not suggest an improved separation and at this low
voltage the analysis time is longer. A separation voltage of —15 kV was employed and at

this voltage, baseline resolution was obtained for all analytes, as shown in Fig 3.4.
The method shown in Fig. 3.4 was applied to the simultaneous separation of the

five inorganic and also the acidic anions, formic acid, MSA, cyanoacetic acid,

methacrylic acid and DEP and inorganic anions, Fig. 3.6.
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Figure 3.4 Optimised CE separation for the analysis of the inorganic amions (1) chloride, (2)
sulphate, (3) nitrate, (4) fluoride and (5) phosphate. All standards were 100 ug ml. Separation

voliage -15 kV, pressure injection 0 5 psi /' 5 s, with indirect UV detection at 254 nm. BGE- 10
mM chromate, 1 mM CTAB, pH 8 0. Effective capillary length 0 50 m
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Figure 3.5 Graphical illustrations of the separation efficiencies calculated for chioride,

sulphate, nitrate and fluovide. All operating conditions as m Fig. 3.4
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The order of migration was determined to be chloride, sulphate, nitrate, fluoride,
formic acid, phosphate, MSA, cyanoacetic acid, methacrylic acid and DEP, as
itlustrated in Fig. 3.6. As fluoride and formic acid migrated at very similar times, a
resolution value of 0.2 was achieved. In order to improve the resolution between these

analytes, several separation parameters were altered, Section 3.4.2.

4000
ey
3000 - @ +5)
)]
2000 -
(3)

Absorbance units (mAU)

1000 ﬁ \

-1000 . . :

Migration time {min)

Figure 3.6 CE separation for the analysis of (1) chlovide, (2) sulphate, (3) nitrate, (4) fluoride,
(3) formic acid, (6) phosphate, (7) MSA, (8) cyanoacetic acid, (9) methacrylic acid and (10)
DEP. All standards were 100 pg mi™. Separation voltage -15 kV, pressure injection 0 5 psi/ 5 s,
with indirect UV detection at 254 nm. BGE: 10 mM chromate, 1 mM CTAB, pH 8.0. Effective
capillary length 0.50 m
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3.4.2 Optimisation of separation
3.4.2.1 Effect of injection pressure and time

Samples were introduced by pressure injection. This mode of injection is more
precise than electrokinetic injection, as electrokinetic sample introduction is dependent
upon the EOF and also the electrophoretic mobilities of the analytes.’™ Whereas, for
pressure injection the conditions are dependent upon the capillary dimensions, the

viscosity of the electrolyte and the applied pressure and time,

The volume of sample injected onto the capillary was determined using the
Hagen-Poiseuille Equation (Eqn. 3.1). With pressure injection, nanolitre (nl) levels of
sample are introduced. The volumes injected for the various injection parameters are

shown in Table 3.1.

- APD *rt Zon 3.1
128 5L >

Where: = volume injected (nl)
pressure drop (Pa)

= internal diameter of the capillary (cm)

T U RS
I

= injection time (s)

viscosity of the electrolyte (Pa s)

B~ =
[

total capillary length (cm)

At both the higher levels of pressure and time, the calculated volume of sample
injected was larger; Table 3.1; however, the separation efficiencies calculated were less
than those at the reduced values, and are plotted in Fig.’s 3.7 and 3.8. Therefore,

samples were introduced by applying a pressure of 0.5 psiand S s.
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Figure 3.7 Graphical illustrations of the changing separation efficiencies for chlovide, and

sulphate. Unless stated otherwise all operating conditions as in Fig. 3.4
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Figure 3.8 Graphical illustrations of the changing separation efficiencies for fluoride and

phosphate. Unless stated otherwise all operating conditions as in Fig. 3.4
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Table 3.1 Volume (nl) injected for varying times and pressure, where 11 = 0.88 Pa s (water
value at 25 ° C, where 3.48 x 10° Pa = 0.5 psi and 6.89 x 10° Pa= 1 psi, calculated using the

Hagen-Poisewille Equation

348x10° 5 5.2
6.89x10° 5 10.4
3.48x10° 10 10.4

3.4.2.2 Electrolyte pHli

In CE separations, the EOF is advantageous; however, in many cases it needs to
be controlled. Significant changes occur by altering the pH of the elecirolyte. Any
changes in pH will influence the effective charge and mobility and therefore selectivity

of the analytes.*®!

The effect of varying the pH in the range 7.8-8.5 was studied. Precipitation of
chromate electrolytes occurs in the presence of an EOF modifier, e.g. CTAB at pH
levels less than 8.0.57 This can result in inaccurate absorbance, but also results in the
blockage of the capillary rendering it useless for further analysis. Increase of the pH,
even by a factor of 0.2, can reverse the precipitation that occurs, and therefore render
the chromate solution useful as a BGE.P™ At pH 7.8 the chromate precipitated out of
solution and results were only obtained at pH values of 8.0, 8.2 and 8.5. A pH value of
8.5 was chosen as this resulted in the optimum resolution of all analytes, such as an

increase from 1.33 at pH 8.0 to 1.89 at pH 8.5 between chloride and sulphate peaks. The

108



Chapter 3, Development and Application ... . . ...

resolution calculated between fluoride and formic acid had also increased slightly, from
(.29 at pH 8.0 to 0.33 at pH 8.5.
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5000 - (1) @+@3 —— pH85
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Figure 3.9 Effect of pH on the separation of (1) chloride, (2} sulphate, (3) nitrate, (4) fluoride,
(3) formic acid and (6) phosphate. All standards were 100 ug ml”. Unless stated otherwise, all

operating conditions as mn Fig. 3.4, indirect UV detection at 254 nm. Effective capillary length
0.50 m. The pH 8 2 and 8.5 electropherograms are offset by 1000 and 2000 mAU respectively

3.4.2.3 Electrolyte concentration

The useful electrolyte concentration range is limited by a number of factors,
namely the capillary length and diameter and the applied electric field.*®) A number of
papers have been published describing the effect of chromate concentration on anion

selectivity.*? 2401

In this work the chromate concentration was varied between 5 and 15 mM. At
high concentrations of electrolyte high currents are generated and Joule heating results.
Excessive Joule heating affects both the resolution and analyte stability. Joule heating
may be limited by either reducing the internal diameter of the capillary, lengthening the

capillary or decreasing the concentration of the electrolyte.’®! In order to determine the

109



Chapter 3, Development and Application ..

maximum voltage at which Joule heating was not excessive and at which the separation
could occur, Ohm’s Law plots were performed for the different concentrations of
chromate, such as that shown in Fig. 3.15. From the resolution and separation
efficiencies (330,000 plates m™) calculated, 15 mM was chosen as the chromate
concentration employed, as illustrated in Fig. 3.10 and Table 3.2.

35 - —Q—R1
3.0{ —— R,
X 2.5 - R
—— R,
c
2 2.0 -
=
2 1.5 -
e e 5
1.0 _ -
Av v
0.5 1 _ v
0.0 T T — T T
4 6 8 10 12 14 16

Concentration (mi)

Figure 3.10 Graphical illustrations of the changing resolutions calculated at various electrolyte
concentrations, where R, corresponds to the resolution calculated between chloride and
sulphate, R; is the resolution calculated between sulphate and nmitrate, Rs is the resolution
calculated between fluoride and formic acid and-R, is the resolution calculated between formic
acid and phosphate. Unless stated otherwise all operating conditions as in Fig. 3.4, and BGE at
PH & 5 with I mM CTAB
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Table 3.2 Separation efficiencies (N/m) calculated at various chromate concentrations and %
Relative Standard Deviation values (Y4RSD) for migration time, where n = 3 and total length =

0.58m. All operating conditions as in Fig. 3 4

b S4TRSD:

Chioride 226,504 17 330,009 0.94
Sulphate 196,580 153 305,255 4.8
Nitrate 62,016 6.6 168,849 6.2

At the higher concentration of chromate, the %RSD values calculated were
found to be less than those at the lower concentration of 5 mM, as shown in Table 3.2.
Also, the resolution values had increased slightly for the higher concentration, due to
the increased current generated. Any differences in migration times were due to changes

in EOQF caused by the variation of the electrolyte concentration.

3.4.4.4 Electrolyte surfactant composition and concentration

In order io reverse the EOF, surfactants, such as TTAB, DDAB and CTAB,
were added to the electrolyte. A combination of TTAB and DDAB was employed, [41.42}
however, the system peak induced by bromide interfered with the sulphate
determination and nitrate and fluoride were co-migrating. The results from this

investigation are shown in Fig.’s 3.11 and 3.12.
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Figure 3.11 Effect of surfactant composition on the separation of (1) chloride, (2) sulphate, (3)
nitrate, (4) fluoride and (5} phosphate All standards were 100 ug mi”. Separation voltage -10
kV, pressure injection 0 5 psi/ 5 s, with indwect UV detection at 254 nm. BGE: 5§ mM chromate,
2.35 mM TTAB, 2.65 mM DDAB, pH 8.5. Effective capillary length 0.50 m
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Figure 3.12 Effect of surfactant composition on the separation of (1) chloride, (2) sulphate, (3)
nitrate, (4) fluoride and (5) phosphate. Al standards were 100 ug mi”. Separation voltage -10
kV, pressure injection 0.5 psi / 3 s, with indirect UV detection at 254 nm. BGE: 5 mM chromate,
I mM ITTAB, 1 mM DDAB, pH 9.0 Effective capillary length 0 50 m
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A bromide peak was also expected from the surfactant CTAB and in order to
determine this, bromide and CTAB were injected individually. A peak from bromide
was observed at 4.1 min., and a bromide peak was detected at the same migration time
when CTAB was injected. When the electrolyte containing CTAB and chromate at pH
8.5 was injected, no bromide peak was observed. Ten successive injections of the
electrolyte also showed no peak for bromide. In order to investigate this further, an
electrolyte containing a lower concentration of chromate (10 mM) with CTAB, was
injected and a bromide peak at 4.1 min. was detected in the analysis of anions, as shown
in Fig. 3.6. Therefore, it was clear from these investigations, that the appearance of a
bromide peak was dependent upon the concentration of the electrolyte. As a result, it
was determined that this surfactant (CTAB) was a suitable choice for the analysis of the
anions present in cyanoacrylaie adhesives as no bromide interference was observed

when the electrolyte containing 15 mM chromate was employed.

Below its critical micelle concentration (CMC), CTAB adheres to the wall of the
capillary through ionic interactions and therefore changes the EOF. At concentrations
above the CMC, the separation mechanism is altered and results in micellar
electrokinetic chromatography (MEKC). In a direct comparison of CZE with MEKC,
the surfactant was added at concentrations above and below its CMC, as shown in Fig.
3.13. The CMC of CTAB is 1.3 mM.P® At the lower concentration of 1 mM both
sulphate and nitrate and fluoride and phosphate co-migrated, as illustrated in Fig. 3.13.
At 1.5 mM CTAB, baseline resolution was not achieved between either fluoride and
formic acid and formic acid and phosphate. From these investigations, a surfactant

concentration of 1 mM resulted in the optimum separation.
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Figure 3.13 Effect of CTAB concentration on the separation of (1) chloride, (2) sulphate, (3)
nitrate, (4) fluoride, (5) formic acid and (6) phosphate. All standards were 100 ug ml’. Unless
stated otherwise, all operating conditions as in Fig. 3.4, with indirect UV detection at 254 nm.
Effective capillary length 050 m. BGE. 15 mM chromate at pH 8.5. The 15 mM CTAB
electropherogram is offset by 1000 mAu

3.4.2.5 Development of chromate-based buffered electrolytes

As previously stated in Section 3.4.2.2, the EOF is advantageous in CE
separations; however, in most cases it needs to be controlled. Significant changes occur
by altering the pH of the electrolyte. One method of controlling the pH of the electrolyte
is the addition of a buffer to the electrolyte system. Two chromate-based buffered
electrolyte systems were investigated, namely TAPS and Tris, and results are illustrated
in Fig. 3.14.

In the study with a TAPS buffer, (pK, 8.51) system peaks were obtained (6.4
min., and 8.2 min.) during the analysis, which interfered with the analytes of interest.
When buffering chromate with Tris (pK, 8.06) the co-migration of sulphate and nitrate
occurred, and at lower voltages (-8 kV), the separation of these anions was not

achieved, Fig. 3.14. There are alternative methods for the buffering of electrolytes in
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indirect detection, e.g the incorporation of a lower mobility probe ion or a counterion in
the BGE. However, there are disadvantages too in the application of these approaches,
such as the introduction of system peaks and poor peak shape.[3 I Therefore, as the
buffering of chromate resulted in either the development of system peaks or additional
co-migrating peaks, an unbuffered clectrolyte was employed. The pH of the electrolyte
was adjusted to 8.5 with 1 mM H;SO4. In order to prevent any instability of the
electrolyte, the latter was changed regularly during analysis (after six separations), and
most importaﬂtly the electrolyte was prepared daily to prevent changes in pH. Any
changes in migration times were due to differences in EOF caused by the variation of

the buffer in the electrolyte.
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Figure 3.14 An mvestigation of chromate-based electrolytes buffered with either 0.01M TAPS
or 005 M Tris for the separation of (1) chioride, (2) sulphate, (3) nitrate, (4) fluoride, (5)
formic acid, (6) phosphate, (7) MSA, (8) cyanoacetic acid, (9) methacrylic acid and (10) DEP.
All standards were 100 ug ml”. Separation voltage —10 kV, pressure injection 0.5 psi / 5 s, with
indirect UV detection at 254 nm. BGE: 15 mM chromate, 1 mM CTAB at pH 8.5. Effective
capillary length 0.50 m
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3.4.2.6 Effect of separation voltage

The optimum separation voltage for the analysis of the inorganic and acidic
anions, was determined using an Ohm’s Law plot, as described by Nelson er al., with
the electrolyte conditions of 15 mM chromate, I mM CTAB at a pH value of 8.5, as

shown in Fig. 3.15.1*

From the Ohm’s Law plot it was evident that a linear relationship between
current and voltage existed and that the analysis could be performed at separation
voltages as high as -27.5 kV. However, at this high voltage an increase in EOF and ion

mobility occurred which may lead to band broadening.
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Figure 3.15 Ohm’s Law plot for 15 mM chromate, 1 mM CTAB and pH 8.5

The separation voltage of -10 kV was employed, from the resolution and
separation efficiency values calculated, as plotted in Fig.’s 3.16 and 3.17. At -6 kV,

greater resolution between fluoride and formic acid was obtained; however, the run time
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was excessively long and separation voltage of —10 kV was employed for subsequent
optimisation, Fig. 3.23. Also, at -6 kV, the resolution calculated between chloride and
sulphate (R;) was reduced. This was not expected and was probably due to tailing of the

chloride peak.
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Figure 3.16 Graphical illustrations of the resolution values calculated at various separation
voltages Resolution assignments as in Fig. 3.10 Unless stated otherwise, all operating

conditions as in Fig. 3.4 and BGE: 15 mM chromate at pH 8.5
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Figure 3.17 Graphical illustration of the variation with voltage of resolution calculated
berween fluoride and formic acid. Unless stated otherwise, all operating conditions as in Fig.
3.4 and BGE. 15 mM chromate at pH 8.5

3.4.2.7 Effect of separation temperature

It is possible to control the temperature at which a separation occurs on all
commercial instruments. At elevated temperatures, the pH and viscosity of the
electrolyte will change. If the viscosity of the electrolyte has changed this may
effectively lead to errors in quantification of the analytes due to variable injection
volumes. Also, at high temperatures the conductivity of the electrolyte increases, which

results in a rise in current and a further increase in temperature. !

An increase in temperature may also result in a reduction of the fotal analysis

times and may lead to a decrease in resolution, as shown in Fig.’s 3.18-3.20.
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Figure 3.18 Effect of operating temperature on the separation of chloride, sulphate, nitrate,
Sluoride, formic acid, phosphate, MSA, cyanoacetic acid, chloroacetic acid, methacrylic acid
and DEP at different separation temperatures. All standards were 50 ug ml'. Separation
voltage -10 kV, pressure mjection 0.5 psi / 5 s with indirect UV detection at 254 nm. BGE. 15
mM chromate, 1 mM CTAB at pH 8.5. Effective capillary length 0.50 m. The 25 C and 35 C
electropherograms are offset by 1000 and 2000 mAU respectively
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Figure 3.19 Graphical illustration of the changing resolution values at various separation
temperatures. Resolution assignments as in Fig. 3.10. Unless stated otherwise, all operating

conditions as in Fig. 3.18

From Fig. 3.19, it was evident that there was a significant decrease in resolution
between sulphate and nitrate (R;) from 25 °C to 35 °C. The resolution was greatest
between sulphate and nitrate at 20 °C; however, this increase at this separation
temperature was only evident for these analyte anions, as illustrated in Fig.’s 3.19 and

3.20.

The electrophoretic mobility (u.) of a charged species is dependent upon the
mobility of the analyte and the EOF. It was calculated, at different separation
temperatures, as shown in Fig.’s 3.21 and 3.22, using Equation 3.2. It should be noted
that pe will be negative for anions as the capillary electrophoresis system is under
reverse polarity control, i.e., the detector is at the anode and the analytes migrate against
the EOF. It was evident that from 20 "C to 35 °C there was a significant increase in the
mobilities calculated for chloride, sulphate, fluoride and formic acid, as plotted in Fig.’s

3.21 and 3.22 at 25 °C.
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Figure 3.20 Graphical illustration of the changing resolution values between fluoride and
Jormic acid at various separation temperatures. Unless stated otherwise, all operating

conditions as in Fig 3.18

L_u

=— E 1. 32
Ha tE ¥V 1

Where: Ha = Le T HEOF

e
Il

migration time (s)

E = electric field

! = effective capillary length (cm)
L = total capillary length (cm)

vV = applied voltage (V)
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Figure 3.21 Electrophoretic mobilities (i, cm * / Vs) calculated for chloride, sulphate and
nitrate at different separation voltages, where ugor = electrophoretic mobility of the internal

standard. Unless stated otherwise, all operating conditions as in Fig. 3.18
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Figure 3.22 Electrophoretic mobilities (1, cm* / Vs) calculated for fluoride and formic acid at
different separation voltages, where upor = electrophoretic mobility of the internal standard.

Unless stated otherwise, all operating conditions as in Fig. 3 18
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The mobility calculated for nitrate was greatest at 20 "C; however, taking into
account the increased resolutions obtained and the increase in mobility of all the other
anions at 25 °C, this was employed as the operating temperature. The effective
mobilities calculated also confirmed the order of migration of the analytes under

investigation.

3.4.3 Optimum separation conditions

From the investigation carried out for the separation of the acidic and inorganic
anions the optimum conditions determined were 15 mM chromate, 1 mM CTAB, at pH
8.5. All separations were performed at -10 kV separation voltage, a pressure injection of
0.5 psi/ 5 s, a separation temperature of 25 "C with indirect detection of 254 nm, as
shown in Fig. 3.23. Following optimisation of the separation, the quantification of the

analytes was performed using the internal standard method, Section 3.4 4.
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4000 1 @)

3000 1 o

2000 1
' €)
1000 -
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-1000 -

‘2000 T T T T T T
0 2 4 6 8 10 12 14

Migration time (min)

Figure 3.23 Optimum CE separation for the analysis of (1) chloride, (2) sulphate, (3) nitrate,
(4) fluoride, (5} formic acid, (6) phosphate, (7) MSA, (8) cyanoacetic acid, (9) methacrylic acid
and (10) DEP All standards were 100 pg ml ! Separation voltage -10 KV, pressure injection
0.5 psi/5 s, with indirect detection 254 nm. BGE 15 mM chromate, 1 mM CTAB, pH 85
Effective capillary length 0.50 m
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3.4.4 Quantification of the Analytes
3.4.1.1 Internal Standard Method

The quantification of the anions in the samples was performed using the internal
standard method. Peak identification was performed by peak spiking. The use of an
internal standard involves adding a fixed amount of a known substance to all standard
samples before analysis. The internal standard must be similar to the analyte, to ensure
that it suffers similar losses during the process. It also must be completely resolved from
the other components present in the sample. When using an internal standard,
quantification is achieved by taking the ratio of the analyte pecak areas to internal
standard peak areas and plotting this against standard analyte concentration. Taking the
ratio compensates for any variation in conditions as both the analyte and internal
standard will be similarly affected. The use of an internal standard eliminates all

injection volume-related sources of error and results in improved precision.!*¥

Previously, oxalic acid was employed as the internal standard; ™! however, as
this co-migrated with nitrate an alternative internal standard was required. Based on pK,
values, chloroacetic acid was utilised as the internal standard, Table 3.3. The order of
migration is also illustrated in Table 3.3, and from this it was found that as the
molecular weight is increased, so too is the migration time. The charge on the anion also
affects the migration time. Sulphate and chloroacetic acid have similar molecular
weights; however, sulphate migrates over 2 min. earlier due to its charge of —2. Using
chloroacetic acid, calibration plots of all ten anions were obtained. The calibration plots
for chloride and DEP are shown in Fig. 3.24. From the R? values it was evident that the
inorganic anion, chloride, was more stable than the acidic anion, DEP, as illustrated in
Fig. 3.24. All ten anions showed a linear response with increasing concentration, i.e., all
R? values were greater than 0.97, with the exception of DEP. Therefore this method was
suitable for their quantification. The R? value for DEP at 0.9576 was significantly lower
than the R? values for chloride and sulphate, The purity level of DEP employed in these
investigations was 98%, and in order to improve its R? value a higher grade was
employed (99%). However, this increased level of purity did not significantly enhance
either the separation or its linearity. The LOD’s and LOQ’s for all analytes were

obtained at a signal to noise ratio of 3:1, as shown in Table 3.7.
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Table 3.3 The migration order, pK, values, charge and molecular weight for all 11 analytes

analysed™

Chloride 2.86 -1 35.5
Sulphate 2-4 -2 96
Nitrate 2-4 -1 62
Fluoride 2.66 -1 19
Formic acid 3.75 -1 46
Phosphate 6.82 -3 94
MSA 1.92 -1 80
Cyanoacetic acid | 2.47 -1 85
Chloroacetic acid 2.87 -1 94.5
Methacrylic acid 4.66 -1 76
DEP 6.8-12.5 -1 153
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Figure 3.24 Calibration plots for chloride (2-100 pug ml”, R 0.9989) and DEP (15-70 ug ml’,
R’ 09576) with chloroacetic acid (50 pg mi') as the internal standard
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An electropherogram of the separation of all analytes with the internal standard,

using the optimised separation conditions is shown in Fig. 3.25.
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Figure 3.25 Optimised CE separation, with internal standard, for the analysis of (1) chloride,
(2} sulphate, (3) nitrate, (4) fluoride, (5) formic acid, (6) phosphate, (7) MSA, (8) cyanoacetic
acid, (9) chloroacenc acid, mternal siandard (50 ug ml'), (10} methacrylic acid and (11) DEP
All standards were 100 ug ml’. Separation voltage -10 kV, pressure myection 0 5 psi / 5 s with
indivect UV detection at 254 nm BGE: 15 mM chromate, 1 mM CTAB at pH 8.5. Separation
temperature 25 “C. Effective capillary length 0.50 m

3.4.5 Limits of detection (LOD) and quantification (LOQ)

The limit of detection (I.OD) is described as the minimum mass or concentration
of an analyte that can be detected at a suitable signal to noise ratio, The limit of
quantification (LOQ) is defined as the lowest level at which an acceptable level of

accuracy is achieved for the measured analyte.®
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The LOD’s and LOQ’s were calculated from the blank plus three times the
standard deviation and the blank plus ten times the standard deviation respectively,

Table 3.7 in Section 3.4.7.

The CE methed developed was applied to the simultaneous determination of
these inorganic and acidic anions, which may be present at different stages of the ethyl

cyanoacrylate production process, as discussed in Section 3.4.6.
3.4.6 Application of CE method to Cyanoacrylate adhesives

The aim of the CE method development was ultimately the application to the
determination of inorganic and acidic anions that may be present during the production
process of cyanoacrylate adhesives. Sample preparation was performed using liquid-
liquid extraction (LLE), which is based upon the fransfer of solutes from one liquid
phase, the aqueous phase, to another liquid phase, organic phase. The % recovery of
chloroacetic acid for each sample analysis in the region 80-90%, were obtained, as

illustrated in Table 3.4,

The aqueous phase employed was the internal standard, chloroacetic acid. The
pH of the aqueous phase will affect the extraction. However, the pH employed was 3.5,
which was above its pK, of 2.87.1" At this pH, chloroacetic acid was present, and
therefore, the % recoveries were not aff?cted by the pH. An additional pH of 6.5 was
also investigated to establish if pH affected the % recovery. As expected no change in %
recovery was obtained at pH 6.5 compared with pH 3.5. Chloroform was employed as

the organic phase, as this enabled the full dissolution of the adhesive sample.

Samples from the ethyl cyanoacrylate process, at different stages of production
were analysed, as shown in Table 3.5. Samples were taken from the crude monomer,
which on distillation produces the pure monomer and the residue remaining from the
distillation was also analysed, as illustrated in Fig. 3.1. All samples investigated were

from the same batch.
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Table 3.4 The % recoveries obtained for analysis of ethyl cyanoacrylate adhesive samples.

Operating conditions as in Fig. 3.25"

Crude monomer 88.3 4.7
Distillation residue 847 1.3
Pure monomer 859.0 1.4

Table 3.5 Samples analysed for the ethyl cyanoacrylate production process

e Crude monomer

Ethyl Cyanoacrylate *  Distillation residue

e Pure monomer
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3.4.6.1 Ethyl Cyanoacrylate Adhesive Samples

As described in Section 3.4.6, the samples were analysed from three different
stages of the production process, ie., a crude monomer sample, a distillation residue
samople and a pure monomer sample. The distillation of the crude monomer is a
purification process that removes any impurities and results in the production of the
pure monomer. The three electropherograms in Fig. 3.26 illustrate the difference both

quantitatively and qualitatively between the three stages of the production process.

It was expected that the crude monomer sample would contain higher quantities
of the analytes, as this stage is prior to the purification step. The pure monomer sample,
as the sample which undergoes purification was expected to contain lower levels of
these analytes. The concentrations of the analytes determined and the various analytes

present within the samples are illustrated in Table 3.6 and Fig. 3.28.

—— Crude Monomer
5 6000 | — Distillation Residue 6)
é —— Pure Monomer ‘
E 4000 -
g (3) (4)
o @
§ M )
£ 2000
[72)
<
&)
0+~

0 2 4 6 8 10 12

Migration time (min)
Figure 3.26 Analysis of ethyl cyanoacrylate adhesive samples at different stages of the
production process with the optimised CE method. The components have been identified as
Jollows (1) chloride, (2} sulphate, (3) MS4, (4) chloroacetic acid, internal standard, (5)
cyanoacetic acid (in crude monomer analysis only) and (6) DEP. The distillation residue and
pure monomer electropherograms are offset by 1000 and 2000 mAU respectively. All operating
conditions as in Figure 3.25, indirect UV detection at 254 nm. Effective capillary length 0.50 m
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The concentrations of the analytes in the crude monomer sample were expected
to be present at a higher level than those in the pure monomer sample, as the pure
monomer was subjected to a distillation process. This was evident in the determination
of the chloride concentration, as it has decreased from 26.1 ug mlT in the crude
monomer to 2.1 ug ml” in the pure monomer sample. However, the concentrations
determined for sulphate were found to be at a similar level for both monomers, as
shown in Table 3.6. This illustrates the limitations of the purification process as the
concentration was expected to be reduced. Also, as the pure monomer sample undergoes
a purification step, the sample contains less analytes (both DEP and cyanoacetic acid
were not present in the pure monomer sample, Fig. 3.26) and the absorbance response

was lower for this sample.

For the pure monomer sample it was only possible to determine the analyte
MSA qualitatively, This was due to the poor stability of both the MSA standard and the
cyanoacrylate adhesive sample. It was initially thought that this peak was due to PTSA,
and when spiked with this analyte there was an increase in both peak areca and height.
However, the same occurred when the sample was spiked with a standard of known
concentration of MSA. To determine whether the standards were co-migrating they
were analysed individually and with the internal standard, as shown in Fig 3.27. From
this, it was evident that PTSA and MSA did not co-migrate; however, when analysed
with the sample they were co-migrating. As a result, the analysis of the pure monomer
samples was also performed at a lower voltage (-5 kV). Nevertheless, at this low
voltage, the analytes were still co~migrating. From discussions with the suppliers of the
adhesive samples, they were confident that this peak was due to the presence of MSA
and not PTSA. It was not expected that PI'SA would be present at this stage of the
production process as PTSA was not present in the crude monomer sample. Therefore,
the peak was identified as MSA and could not be quantified. Due to the problems with
the identity of this peak, further identification would benefit in the future from mass
spectral analysis. A schematic showing the concentrations of analyte anions present

during various stages of the production process is illustrated in Fig. 3.28.
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Table 3.6 The concentrations of the analytes determined for the various stages of the production

process _for ethyl cyanoacrylate adhesive samples

Crude Monomer 261+23 8.8
Distillation residue Chloride 2577+ 1.5 5.7
Pure Monomer 2.1+01 4.1
Crude Monomer 19312 6.0
Distillation residue Sulphate 215+£3.0 13.8
Pure Monomer 21.9=+0.2 1.0
Crude Monomer 369+18 4.6
Distillation residue MSA > 100 N/A
Pure Monomer MSA N/A
Crude Monomer 62104 6.3
Distillation residue Cyanoacetic acid None detected N/A
Pure Monomer None detected N/A
Crude Monomer > 100 N/A
Distillation residue DEP > 100 N/A
Pure Monomer None detected N/A
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Figure 3.27 CE separation of (1} PTSA standard (80 ug mi), (2) MSA standard (50 ug mI'’)
and the internal standard (3) chloroacetic acid (50 ug ml™). All operating conditions as in
Frgure 3.25 with indirect UV detection at 254 nm. Effective capillary length 0.50 m
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—> Crack
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Chloride, sulphate,
Monomer ] MSA
—p| Distillation |y Concentration of
Chloride, sulphate, chloride:
MSA, cyanoacetic acid 2.1 0.1 pg mi”

and DEP
Concentration of
chloride: 26.1 + 2.3 pg ml™

Distillation residue
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and DEP

Concentration of chloride:
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Figure 3.28 Schematic of the production process for ethyl cyanoacrylate adhesives, showing the

different analytes found to be present and the concentration of chloride mn each stage of the

production process
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3.4.7 Ion Chromatography (IC) Comparison

The CE method developed was compared with IC, the separation technique
traditionally employed for the analysis of anions.**® For IC analysis, the method
traditionally employed for the analysis of anions, the internal standard employed was
citric acid. For analysis by CF, citric acid could not be utilised as its mobility was not
suitably matched by the electrolyte and it therefore co-migrated with some analytes.
However, for IC determination, it was an ideal choice for internal standard, as it did not
co-elute with any of the analytes of interest. The IC gradient method is shown in

Appendix 1b.

The precision and repeatability of the method were demonstrated through the
investigation of parameters, such as migration time and peak height. Table 3.7
demonstrates the high separation efficiency obtained with the CE method. It was
apparent from these results that high separation efficiencies, with reduced error, were
achieved with the developed CE method. Table 3.7 also shows the detection limits,
calculated at a S/N = 3, and the linear ranges, for all analytes by CE and IC literature
values. The linear ranges are comparable for both CE and IC. The LOD’s determined by
the IC method were lower than those obtained by the developed CE method.!"! This was
expected, as indirect UV detection suffers from poor sensitivity due to its high
background noise and as a result exhibits a limited dynamic range.[47] However, the
detection limits obtained by CE were capable of determining the typical concentration

ranges of anious found in the cyanoacrylate adhesives.
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calculated for the analytes present in cyanoacrylate adhesives by CE and IC. All operating conditions as in Fig. 3.23

Table 3.7 The separation efficiencies (N) calculated for the capillary electrophoresis analyses and a comparison of the linear range and LOD’s

Chloride 330,069 24 2-100 10+03 0-100 0 006
Sulfate 305,255 2.6 6-100 4.6 0.6 0-100 0.01
Nitrate 168,849 1.7 6-100 26+0.3 0-100 0.006

Fluoride® N/A N/A 5-100 0.8+0.1 0-20 (.008

Formic acid ® N/A N/A 5-100 1.8+0.5 N/A N/A
Phosphate 57,654 1.8 20-100 25+07 0-20 0.03

- wonwonddy puv jusuidojaaag ‘c 421doy)
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251,240

8-100

MSA® 4.2 22+04 N/A N/A
Cyanoacetic acid® 307,096 2.57 8-100 24+£0,5 N/A N/A
Methacrylic acid” 250,243 475 5-100 0.7+0.1 N/A N/A

DEP" - 222,818 342 15-120 ° 34=0.8 N/A N/A

AL IC results reproduced from reference

Table reproduced from reference !

® Analytes co-migrate in CZE

? Analytes co-elute in IC

" wopponddy pup pewdopaaq ‘s 423doy;)



Chapter 3, Development and Application .. ... ...

An IC separation for the analysis of a standard analyte mixture by IC is
represented in Fig. 3.29, showing the order of elution. The order of elution was
determined to be DEP, fluoride, DEP and formic acid, MSA, cyanoacetic acid and
methacrylic acid, chloride, nitrate, PTSA, sulphate, phosphate and the internal standard,
citric acid. It was evident from Fig. 3.29, that the order of elution differed from CE, due
to the different separation principles, and that some of the analytes co-eluted, e.g
cyanoacetic acid and methacrylic acid. The analytes which co-elute are identified in Fig.
3.29. In CE analysis only two analytes co-migrate, fluoride and formic acid. Also, the
total length of analysis with CE was significantly less, namely 23 min. with CE and 45

min with IC.

)

1)

Response (mV)
o
o

T T T L 1

0 5 10 15 20 25
Elution time {(min)

Figure 3.29 IC separation with conductometric detection for the analysis of DEP (50 ug ml”),
Sluoride (10 pug mi), (1) DEP and formuc acid (50 ug ml ), MSA (10 ug ml), (2) cyanoacetic
acid (50 ug ml’) and methacrylic acid (80 ug ml), chloride (30 pg m'), nitrate (50 ug mi'"),
PTS4 (80 ug ml*) sulphate (30 pg ml’), phosphate (25 ug mI’), citric acid, internal standard
(50 ug mt 9. Operating conditions as illustrated in Appendix 1b

137



B e T U e we e A - : R
:;2‘:“ s . KA K A’(-f:l, |:1 “ :; ~ '_g}_ ': '.‘:l' u:..’.‘h B e i"" f . L3 W, , : f s
. \ Chapter 3, nDevelopmem‘ dnd Apphcatzon o ‘ o
"'ll':.l: ‘s ' i . .o “ o, ‘}‘n weo B} F»;,at L | e L . ' 6'4
I} S : ! N u,e; . ‘w *\“ .‘M'M, o : ' - 5 N b
Mg - CE ff PR
iz 0 eI'S advantages ove,r}e ‘gl}ge tradltlonal chromatography methods, namely . for
#® oS T T S ThE

IR reduced sample. volumes and’ rWaste and rapld separatzons and is also less expensrve :

e o " ! -

g . than IC, Wthh is currently used: TR apphcatlon of CE to the determmanon of amonsan : )

N TR R (f\v vy

- ) ethyl (':Srarioi crylate adheswe samples he‘lsmnot been reported in the hterature brewously

"-a o

g P o W «

SRRV - The developed CE methodh Wlthu ;jnereased separatxon effi Iciencies; low RSD values N L

5 e 3 3 S A

4w o0 ands faster: overall analy31s~t1mes dernonstrate 1ts' effectlveness gs a v1able and powerfu ’
7 - # e T \ ,

£ RS ™ al I3
Ve, gy -cm, »v»;‘,, 4_&\,‘ ,s.ﬁ,. by »,-“a i3 5,/'!1‘ g_, . wlizg “w Q;:z}‘.‘u‘"!‘,,‘n' M 5 (.,< \ir & 3 . ,e~:~ oy + r{| S f

s . altematwe Separatlon tcchniqiie. comparednto the;traditional 1C, - P S '

g bt e, '\e'f < dw TEL W Egagwy i s e .\’Wa» L Cil

i

~ = = Iy -

. T T . 3
(A TETRI s I S R AR o P E
. ¥ v PR e P £, " - Mt A ST - f - S
W SRS WPl e Rk . L . o t . L
R R b E - o H - . » . -
’ <
- . Y . 1 i i = - T T
5 ¥ . . ! oo N v, o la ¢ " .o oo Fad - B
- - 1 N - o - -
- ,’, - st b s - N N 7
T oy o , . RN s
- K P = o
- 2 N . 4 o PR s . B s N B 5 " 4 '
[N e K 1, PO A ' Gt K R . L "
* - - - ~ - - ' 3 -, w B N .
. TN 1 e o n 3o N A 4 o . ‘ Syt o,
‘Qi'l}’s' K ‘.:’h £y . ;\ - N - ' * v [ LA g .~ rr‘ >, - .yl . M - ] b [ }
o v - - - - -
. . " q° 1 e 7 " o T V no8 1 BT y - k3 "3 [ hl ‘
DGy e I 'y e S A AT . 1 . R - Ao .
’ " e B
- . . 5 - - P .
5 T N - . - f R N - .
S - f ' . N - oy oh, v PR P Ve E ety v *
adlt e L o ' e ! - “ o . - ‘ . f o
" - B - » - - - .
- “ .
. s - , y RN P -
, ! oty T a2 . e . . s Sal & S -
e e ‘ ¢ b | \‘, i~ Lo - gt ;:;: i‘{‘i T . o PR T L e
. . PR = » . B N
' N ) - . - 4
- by -
re P S T il m L £
g . - 3 vy 1A W ST e o AR N ,
o N )
) v e, ke 2
PRI P . TR T R NURRE
% T g - e =4
_ . LI
IR ) n B -
R 2, [ Mo P 5 Al
2 = -
= - . ¥ - 5
gt s . R U T P ¢ i
br:{IR Y L e , ‘h AN "&gh’ .s*“h‘“):‘*'w’ ’a s L o
- i - 3 “ < - -
2 St B b g e ww T . 3 . , P B T
he Ty S m‘j‘rq,‘w"r" L T G . PR LI RIS = 1Y RIS T T L
< -t e = n » - = 5 “ - , .
4 L ‘ - N = - .
. N L L - 5% I DU U S Y o B A ., 4 B -5
2T P e ]"L‘i‘ A A I IS R A S e S rJ A T :ﬂv
T U R S D j. Y . s
v B R TR R MY Jm ' . L] e 2, i oA
it Tl Bl e S e e T e ey
P - " = - [
: ® - - 1 T S -
e - e " [N o ot Tompox e T, 4 b Cw LT,k "
"n -.“,w B oL E;}1l\"‘ W ¥ 1" [ L A S R “;rlg AL N 41 T ¥ . q““\.x, f "
r - oo o - N 2o PG .
v METES o v - o g = o b *,e i - R o, LN
i N ‘r y . J,., ‘u‘h . W@l c{ [T B b oy ¥ L [ Py !*n e
- - 2 . 2 ‘ P - .o s wa T - -
PR T B R ST e e « G P T
P
. -
-
.
e ko
e
' aLv .ﬂ&‘
K = A .
e I &
) ) T
mji :r.‘\_g i R I
- m‘ By o
P &, 5 5 1 gy qr’?’»‘i‘n"da LR
R‘?g&k” “Lm}.a wu » e i ‘g’ ’:-_‘ﬁ B R e o E% LN 3 " 4 \
! . k ... S R o C# o Y + =
4 ik hot L g g S S Y A, e hi o By wige T S P < b LA™Y e
e oa«uwfve@we% 4 ‘“4' w’s» -:e,. r[.:_" 8N S ﬁqfﬂmmﬁ AN AL E T \tf L e ARSIl B PR
; : \ s p B by N A
A 2 . - = P - 2 .o g, o P o
[P 2ot Lt Pg a oy Y -E PR A, _5\),“_ ' by e, il
450 ﬁagﬂ ;t..,pw ku,fp p;‘m :’f 4 . "_‘ef "su K '{ Whe ¢ o-\;a:;‘ »‘}gd‘;‘ LiT - ¥ .l op T BT -‘%{: b e
N + N * N v =, - -
(1 - W 3 ol - A 7 - -
oy - . Ko R . N i TR @, Fy Lo
L . PR WL e W, o T e gF 0 e T R T L A
‘ mwﬁ:s;‘é -wﬂw ';.;‘ S B W g e g Tt O A e £l
w " y - N H " - 2 = = s
< )
" 4 5 1, 7 Byl 1. AaE o -
LB BT e z Sy rM‘& m”n T .
, 1‘% o m o] Et\:»_ e T TR S Lo A ne k"v Qi _}1 * A
- ‘3-_.' v s - - C . [ 2 o5 - %
LY G 7 T ' o L ot o B 7B 5L B
- T 8, B m o M - FPTE | [ . e 1 i L S 1 " o 4y r
e T T D o R N A AT T T T
w B . <, - M i - - T
= C = ' 3. v - . e % e
on Lt , %o 2 o e R . ”
oM gt e T e s S d e b TR i
! v ‘ —— - P ey [, - - = AT ey
Srashn e > e AR T S U TR T L ! h s ' . w,
HEC e, ﬂ\,@” e ot £ oot il L T T ' "lf‘r AR nﬁﬁ‘ - .
s S a - kD
cos N N N - 5 @k .o
R . ‘ . ¥oo L LT LN K
" év Wi Ty whe Y . w1 s A ) ) .
" Tt ' - - ' 1 " -
1o ' < - . ) ¥ = e O o ,
H > e " - = ' b o 5 s ] o
. ”?"' v e ﬁil(ntl( o i As Loy [} n LT .? ,J
i . ..
.t hay . ) . > 5 - —
4 at ., st A oo o ~ K . A, P IS TURNE RS
3 ) ey . o s o i . N
L J:_\.'i:‘*«! L, e . * . o - '
- ' PR - b ot - i L
3 " o - 2 M e 1 v [ Py
e oap o, AT oo m - oo - R ,#‘ ELakl L H, PRE R R
th e e T BT e g b 3 2 T £ Lt
B P . z , . N )

T - - B A W Al 3wy 3 o TP
Cogl B e B ey SRR I
OB e A | . N -

v = v E v - 2
! = g v - ' 3
Sl ST 3 4G s "R E v our ol v it el
Ca gt P hr e B T R N v I [ A g
g e e Bl =T - A P g s
LI I g g P S ] 3 R T N i T (LR T

O LA "f’“wg‘ el Fo Hi__d_r{ T LN v j \ , . K
“ . - - . B - 5;‘ i DR ;‘ =% o 12‘:;

4t b S E Ji e 4 e oot ey S ~ Thas ~TE T at page A&

P B R VT R WSS M I g ! J*‘fvvv g ...f,.,,:.k.F..c I3 ,,..E.,:..!;n'_ copr. w7t . z




R e e R T Sk A e e O A G R B JL s LT B
\ . - R N h s - .‘f ',ﬁ :: A‘T:"v o ‘1‘7’;}‘:,‘& e ".J J':_—b Rt 4 [ iw“ ‘L.,&P’ut'»e't aﬁ%»ﬁ S mya, B -"r v ' [ b | B
. ) - ! . ' ‘.!.,:‘rh ) ~A; I «.‘:_ g ;’: .&’ . ::,, n",f“ e ‘:1 ROTET T > - . . t:
‘ Chapter3 Develq, opment andAppllcatron DRI ' )
) E %-. 3 3 r‘?zm-l ok - o [ - :‘
P .. ) LI PRI T i o
B 3.5 Fogedtg o L : R
mh T, N ".‘ L i‘ e -, B e -
W\-f‘ . ] u: T \ j . o ] . - o, } = . \ .Jlt
o - o b R Stk aip T
L T o A novel CE method Cvas succesgfqlly developed for.‘ the\. srmultaneous R
agte ! ' ' ‘ ) o P 4
Fho, o determmatlon of morgamc and 301dlc amons whrch are present in ethyl eyanoacrylateq A
Sy £ e . PRI R
L adhesrve samples High separauor; efﬁcrenmes were obtamed for CE, Psuch as 330 000~ "l
" PRV N ey (= lv e - . B
x;: he, s - , : n ' wa o e - ) éw\’ — B i Ly ,»‘r .
T e e, S plates : or chlorrde and;*aglrso reducecl* total analysrsnt]mes, notably 23 mm for.,CE N
TR IR SRRl e 4 1» ,— 1o R 3 . . o
£ i bl - i ys % 'w E: ja i . d 3 »—,;
wcompared vvrth 454 rmn* Jfor IC 1”Ehe ‘detéétion i ts obtamed wrth IC were lower thanf L
Y d:.'é 'M»e”'«riv 4 F u?’ﬂ‘ Lh _%Z A {ﬁ’ o B & "““";WE R - H J’ L -

L .1" '

e .these determmed‘* by CE, Nevertheless the l1rn1ts r)bternedr by CE were ‘capable bf L

N N R LR e A o S
deterrmmng the expectect: vcopcentrggggs 1@ the %adhe;éi{fe s ‘ples. CE ,generates léss. - <
a* r-“ EE C n e R ';v: ot T g g T T E .3 Lt He . J':n . - 5

e

I oa e ! : e ;‘ . ": o et El A i
. Waste thanwchromatographw meth‘ods;ar_rdlrs Iso«-less expenswe than,IC, which is
C Ry o Ty UURT 5

. v ¥y Toner v

i " g 47 F e "y L'WE‘? u-.m;,«‘_u‘ m ", "" s uq ER Y e

BT E ly:used, Thé CE- th d d 1 d th h_r h ff ad :
ry H W\ " | - 1" !A 13
‘ e a -0 3 Cu:l'l'ent R U.Se e u me O eve Q e Wl ltS SS aratli)ﬂ e lClenCleS an o o
A TR AR N = 3 ] K s e o
R ‘1‘ Goaome M -'4:““'4“ ar 3»; n,_», pﬁ; r.gg* She "w',\f 1.*51.‘7 ;.; W wg‘!* "!v . " w5t & R s
; ey gL BT T a3y x, o T T otrgy
w TV . t,\-«mr by 3y 5 ' Lhpr ek 1 "
T o et rec1sronm demonstrates that’ it is-a owerful alternatlve for the s1multaneous analysis of ., .
| el Ty i eyt g il ¥ 4
- ~ L E P "" TS e : ‘r“ 'uﬁ“,ra ey Wt ol LA ,,‘., '“\‘” ' e T, -~ *
B oay g - BN T LR TR R " = S . PR ®

4 B - - ) B Ea . . e vl '

LR b, . e Wl e we \ )
X . . .
N e e e % 1norgamc and. acrdlc amonsmcomplex:mamces.. T N
s = N el 2 PR v g e o
R [ .ot ra ot ot PR Lﬁ"‘);'d e f% = = R
e o P - . Ao _ L ” B S ek
P e - L w R w I N SR R

LTI SR B = <0 - R (RN . X IS SR R L
= h . S W Gt e g b d R WY A » . ERR
A : P = TR L T ] n T L tT M v H
e ot . E B e T I ’,‘,,-1., Jn ,gt. éu.u ._?lwkt PR A, ¥

[ P U I S 0 oo - T e . = : I - .= -3

ae s B . LF Lah e ™ nas Byl w‘w”. ooe & B e Wi T

L TS [ .2 L -
T ' v > L P R S " i L ? Cx!
3 . N L5 PR . - Y M £ ow, e
e e L 3 . PR et d L 0 g ‘r”‘ R R SR ;
o SN Love mw g e . = LI I o T Y
By & - & - e B 2 7
. . > R TF- Y 1 P b T LT 2 F LY
W~ Lo . o . . . ?i-fE‘tu“ e e PRSI "] R

by L T T - g - ’ ] Ly . e

® e v 3. _ - Lo T ;f;_ T TR 4 - LA L
- L BT G "o - =

Brosey T ~ R T - o, T Bow om0 adt

: e " % £ R R Y - -

oo o e T T T o - - e Saas 2
5o LA e " LA s g gt Wy
& - - L T SRR . z " .
s . . 1, \ & . 3 o by otk
! RN s P [P, Lot w4 ‘trrwf:s« AT, "L L ¥
s, - R T P S SRS M e | - w2 SOF s S wE y'.'
b - : i - =N PR S ek o P! RN TN e s A Py 'L;L % T
e b * "5 WA Teioa v _,“‘fﬂ., e R - AR , o ee . N s T 1 ,.,- wl‘ =y
“ .o Lo, . 5 ' \v“"t f(‘u.bp~z%r & P ok (] ;_r\ L .Amp a..rJ L .

' . Py et R e VR AR |- B s LA . e .

e - H - . - P . 5 z [ . r o ! R
L A & R I TR R A N ¥y g ”yn’ )«a [N >
* R L AEL PR e Y LR AR VU CRTE
¥ . Y et 4 e LTRE TS S LR S b T SR "

A AL, T Lk 1 . 5
& > o PR LT T e iy
4.0 ¢ o . PR I ) v r S
B N B sy Fylm ot e ovwe T

h T . L . 4
nﬁfﬂ.ﬁ’i ot e "4 L ¢
Py - " . v N = "
T Y , AT P L
O e N R LA LA
IEFRSN : = R R T N B ra o
wp b 2 e a =% Lo s - 5
by o *‘.u N ) s ', a # o
AP g W, WL we * Cu N -
2 " . 3 '"f A—ﬁ'L =+
i Mg o e
. ] e e BT
A--n £ et 3 # -
.-mwr f“mm?":'ﬂ\f@“ 7 9= - T 2, a o Dbl

' Ky o . ‘@’ BTN »,_n‘s:.‘ e u w o e ”55‘ Pt e g *

- #.H ,,1-3‘,,, » :«..p,‘l*u-, v B 'Q 1M %u-;'-»}« A it Y - . S Ay
= - i s . N o S e O P A T LSRR S progrt
\ '.&\” !, Mh;,%n& T R N @a.uuwurgt:;- [y "“l’g R -.M’:‘ 5 owp i LR L R
E) E L = T ., v 0wt Ee . T ot

. - "y W, age [LAN ST g e ) f R
. s “‘,‘ A‘q‘. % e T T SO A cR ) crR SR T R ; e L s
iRy * ; s N . o ooacerd e W 0 P n oo G - E w, S e sk TR et e

Fe g s '*ﬁ)"u g EYRT" o S -,3;, By e e D @ S L LR 4 P h LR ;
il e {1 3 T - “ lpw b et g A et g P « T LM T e s
. - L L R OERAEL Pl Al T R TRl g T TR : Ny -

R e ||- Zety ;w‘,- ,;.é!;\jﬂ{"* " - E 2% 3 4 - - B I S PR
¢ i [ * "3 o s T £y |""rt"?n,’u}‘ »?.“,& Y vl T, N & ‘:3"”"3 Loy
'ﬂmj “ . \5,.‘, % P JOK BT fnln-; ';‘“{‘ L L T ¥ i T, v~‘|“"“ “E*‘v"‘& . T o *

RLITS O AR ¢ - ¥ £ - - Y
. - : . TN L L3, Fhitdlrae y oo
R R B M SE LUICRS S VR TR Ehegra o S
T S ", = - < N ® - o PN Y 1 o

- A n e ; o v T A f gy s K -

8 T fnw I Soar 1o gl ok b P e P gt: e § LI f",‘ A N

w0, S [ . = . [ 1 S T T 4
- .\ e, e R A P ! S W, 6 ;.f ’\St-"“f'*"'i)g "-tcr Fa d?.‘,nrz.\.w.pt oo #Fon oy e .l%" “‘% N :‘5 o

A R I A T AL A i 3 5 = [ SRR SN
- - v - . . ™ - e " .

Y @2 s i :'J'fr,.b».d'f Lo T vrwe Yy b e ~"§“, ...4 "Esﬁ L ‘,;y i’b- {';, \5»:3’; 2oy g P e e N

S n wp o o - - _ i) - ‘.‘t . - - - 3.

] 3 P ; , 7 SR TR st TR e F F e e

) -lm G, uv,i’uvf.".‘:‘(a oy Fa— 5 Vo R t? vh( ’i’ " 1‘:"‘» o ,fw t) o [ e Y & T i R

X s ; 1 ;
-t . - m o1 o 5 e T, oty LT
A P IR 2 T i"ii %" b IR0l S e *y s :
- - . [T e N
. - L g e i bk R B T L TR
Do et She ppnessid Ml s BT e TR T AR A
- A R L N
o - .o Lo¢ N [ i -
. E [F-TRRE S T [ P . . o
Tt e N ' b LT 5 .
ot B T T T L L
. - . ! oY . o I e T AP
.W? S ETaPre] ,4:.1!,4" L . L T oy g v, * ¢ " PR . Yo L
) v ' . Ny - " R
"u} wo B A b e o o = A P B .
F _ e 3 ' ' -
g o e T Tahe v Bwe ox g0 P -
5 ¢ . = - e ' -
- & b T e oy g B! e 4 i )
P T N T oot AR AR B
S P N T TR I N oA '
£ - & : - N N s y i ~ i W - i ' "
- TR . PR G L Ee e ;

NSl S S \xn_x,gat_%ua
- oo e e a s M = - Fow L [ @Ry i 139 [

Rl T M e s Lo s s T, -

L v N . - . - . v 3 T

o .t LY, T T i N T o AT ¥ .f’\‘“" R

e S TP s I f\-w r»'uﬂ—‘” A A M P Loos g

P o -, \ s . 7 £ e
R Ty wd 1’““} ng-su(mh ;}43 a8, \L ',55 W Tt e e MO e T s G2 E g fa
[P AR R AL -

pit

- D S L T o



E’g’_vr‘. PN Wm R ECASAES: 75% G mﬁ;)«-xw—: f:‘i‘w’"?"‘- e g -;T::,ln :'_: *T a;j.ygﬁ- v:Tm:ﬁj—:- —;——w- ':{ "rj:',;’\‘l; - :'I ey S e ,F. . , r‘:
o R . »T ‘f‘ IR .v;‘.‘ s b Jfl'{ s g bt e “1 “'I ' LT L
i oL . [, ’.,l‘x.-i i :“f' -;:é T R N "!'
: ' Chapter 3, Development and Applzcatton e e : - <
*{u , 3.6 REF ERENCES S A ‘ ‘ N
' " ) o N i ’* - e Y W[,‘%'..' n-\ii\ F,\:, s LUy
PR - ! IR T T wrr“ ':. ot Lo oot - ' . 2”9
e (1] Wh1taker G., chald B P}J.,‘Rzift Sy D P., Van Hoof N., Regan F., Smyth M. s
k3 . n.» 3 mY, S W'%:’ . " " ! ~ -
E N B \ s i R . Wt
LI o R., Leonard R*-G.;E]ecrmphoreszs 2006‘ Arz‘zc]e in Press i =
. ‘ ) - G d PRI r s I i A U ) i
Wi e ¥ . "
oo [2] KlncaJd B., PhD Theszs,aDubhn_ ty‘UmverSRy, 1999. ‘ ‘ -
RA e - . N 1 1
) ; , . L = -3,1.‘ . ﬁ._L“i;\\J X . . .
rus 3T . Nesterenko P Trends ‘Anal.“Chem., 2001 20,‘.311 P E e
S L L & LT T" L - - o - ‘ - e
s =k Saiw (R \i«\w-v Yot . R e
et o 4] Gennaro"”M C.,A hno S.,.J Chfoi”nd ogT..A 1997 789 ;_1_f8=1. L, T e
3 ok P S S coie B ’~’.”¢ a»*‘ Jﬁ‘ o T 4“‘:\‘»'1 " Ay feir 2798 \ff (et =l
fl ,,w(utl :1 3 »I‘nce': .7' PRI A B e - - = £ ; ) e e - K " '.,‘
B3 e TR L .H[S]vm Abd nKarun’"*Kf'J‘.y *:*;;ng,J“‘Y:,LTakeuchl T.,‘J Chromiatogr. A 2003 995 153 . 5
O TRy ¢ E JAEne ‘4“‘ g T i e s ";"'J'EA‘ Loagr oy S = bt
e Tt e deee LWty a g gl e e B = T e
: ;ﬁﬁ e e [61 . FemandeZ-Garc:la;.“R.,;vAlonso Gar01a~ -J I., Sanz-Medel A.,J Chromamgr 4, P n
o ‘?u w‘ “; e e . Loy N "'f ,lln,, R n’"f W‘ ,A,: \ .}_ . ' ) WL, . A PR f W:
e e RN 033,007 T T T L s T oE
R I i o EIE % R ;* S e s e , ‘ L
. A . Y . " ;; R B Y sl — st e P Y LT . '
S Ak T ﬁ7] Tormo'=M., Izco,,J M”‘J ,C,:hromﬂagggr_.ké, 2004, j0§3, 305, . ¢+ .. L
R R T LI o R I T A T A AT S F At . D o L
S PO [8] . Mlkkers E. P‘wEveraertsk F M.,,Verheggen, Th P. E,,_M C romaiogr,, 1979, -
,_h . ‘IQ'D{; e \*‘@:J;,_‘ ‘VA . 5 CE T" e w Lfr 1S Ap:wg L e 3\? I |€; .mw: ’: 7: K ::- ; = = ‘:. s30T -e = - , ) ‘k
mq; \\,n N : |'-:—- Sk ]69 11‘ 0 ot “' v, " i 'A"-"-a et M oo ”p:‘ B riv" Ll A S ’
\_ _:. - uf“ YIJ, - ¥ DA W 5w !\{\”ﬁm IEIL Ve 4 i.-u ,{3' N .‘* E T, R "o PRt . (?:
A e [9]* Isaaq,H J'., E!ectrophoresx&l()()ﬂj] I R e s v S S
4 P i . T s . J o Eoe :‘ﬁ,, RN R A = f;'vﬁ o vy F et B R LR
P l i [10]’<- Doblg P., Hegdg{ad I; R.,J«Cg}hj 0 @qtog. 4,1 9}923 34., jjSu%;ﬂ; I O T
LRI st L FE ST e 2oy R i dice Sl v o e Pt s e
FTR 7 [1 lm]. Paull*;jBE*, Klng Electrophoreszs 2003; 4, 1892, * 1 e N e, v
. r; .. b Db b E D e Yo B % Fol i F ey ‘,; ‘;T‘;n F el vl e xe:* moe RS TR S
TR “ [12] . Jones, W. R.,‘Jandlk« P.,AmerzcamLaborato‘ 7y, 19905 22; 51" A T AT
L , r‘ . ﬂ%?,w: Et £ ”?,. r\‘r?. h »s""t w“"ffh- ny_,,?m L ?r'"? o h o e \_1}'”7,; T ' " ?;“'f:;ﬂ B "‘; ‘7: ”E‘f - ’ te
£ o [1‘3 ones W R., Jandlk B/ Chro mazo z8 1991 ..546,,14 5; SR N P R
. L \ s e By e T8RS "'r,-i:‘.,‘;“’% i Y ] e CE R oL o
AL [1'4] IJt:)nes*i"\?v R.,J 7] drk ..,J ,_,hqfn%togr 5 199?;%608,“3‘85: O T A DT T RS
£ . S T 5 ek 2 Bt L S R o R R - : .
Lo 5 . T x . ‘S 3 . s & o ;, ', U :- t ‘; o e e P A 4.; Wt PO} NJF{
B v g e ,.,,‘,m[15].. ngrItz,,J.qS‘., J»%Ghromatogr A4,'20008 8842617, I I T
U , ‘; ) O ﬁ " ’”Hw?"l-”,gr R T :'*a“ F e If:\i-,u;qg,v"wi &sh m“u«\ -éi‘lr %, p“;‘.' L AT E. £ ‘ . J
i,;,j;'p;wr, fiae o [16] ; ,Fung,,%.,S.,,uLau‘ *K M—«Electrophoreszs 2003‘“24,‘:3224 é“,‘ A
;‘:r‘r‘:\: E -‘? T 7 2 M-T" .m 5,, B ”»- -4:?»‘ W W e ‘* ﬁ&»\hﬂ‘t o, o [ '”4" \“;'“'“uw““' R ‘“ a B Frak oew

i i‘
oy

‘w q: [17] 1ng, M., Paull B~ 'Haddad,,P R., Macka, M ﬁinalyst,QOOZ {27, *1564

DTS G XA ‘2: " 'f}' + £t "' i i\ e vl '9‘"‘“ : “"""5" N m,"\ o o0 E: ll i, g
‘ﬁ S «“*[18] Sulhvant._l _Do‘ﬁek “M.,J Chroniamgr "3'4,,,2004 1039 215 % -
L ?7’73 £- aw T z

i hsy .,",

iy

g o

A fhege

i e, o] o <, . e
. Vo) y N T W Py I | i G g :
) ' PV D L) S, oga l_gf_Ross ~G.,A 2 AChromae‘ Yoo ,k1999,.r834 65 C Bl kT ST Rl
o e L e s S = O - _‘ ) i = 2w iy . Wk .
_::.,v:u!f F u:ﬁ‘ ‘Ef'i ‘j} Hy e @‘*- Al e 1 i "' L S M" W i ““"“’5 & 3 s

% A

“
- A"

. Y“'.f,

[20]) .. wKalho,M B, KultunenaM'.,wManmnen‘ P“\KjG 'fohemosPhere, 1997 35, 1509““ ot

" W.
;.'a,«—-». “'ln;-J_ *éﬂw' =5 ;i» ,}* a@»,w tw m LT E T

[21']fi g8 "g”éb T.,@Ross G.A ,zChromatogr.!A 11999‘I83‘7,{,{723i‘1 r«”’é’ DR L ff LR T

&
- T
‘SM.’%J ‘a’,\*“ynh

1 B re Ty k) ﬂ
me e -ﬁww iF Lot e "l
‘ﬂlu !} o “\— L F "51 vi i é‘l g | )

5
E P | ,.1,—&7_’., A ‘ f .
e V: s [22] m’% Soga,‘ ’R G A., E{lg wtrophoresw}, 2001l,.22 34!18.,x Rt w e g Awp@ fa et
* \"’i""",(’ 1"1‘ "’L’MF ;‘r}""."{dv* Y wday T ” S T 4 x4 W ‘:', @ v e hr 3 .-J.' A
N : i . a I A T A e 'IJ/'L v’ E :11. '
e e [231 ‘zFung >Y.’ ivaauL lK"M*“‘ Talantd, 1998, 45,641 * sn N T TR e
o I \:u 2yt C A Foeow TR megh T Wy H g:: oy “ e A R I R SR TR ". TN ‘
. G kel Bt g PO I ) 'lt"’ FENC
o e Bt g v Chovancek(;‘M.,)ChoowP JMackan“M ﬁ"r«Elegtrophores:s, 2004 25,}_437" TR
T s ™ a'u"% [ R .ﬁ . % gy b AT ; - ‘m‘ww"“ FUE " ‘-u. L ATE e i “
apt B S Vo “ L L \ foac
T 251 W M. { F.,, Shan X; . <L1n oM.z Jo C’hromato e Af~*2003 989 "2835. Foem ) boa ol
’ 5 9 -
B e e TR e E T e _..my. A - g S R
. . f - 1‘“‘ B g M." r ﬁ [ ﬁmlt&rnfmfg" ‘&J“j haS ot ) Mﬂs ,,(—--5:;.% ""ﬁ-"w’-’m‘ e L o i -
: [26 au=€~13en J .,Preston* B, ZW merman, lyf ,iJ Chromatogr A 1997, 781 205 me vy,
- Y Ty Loy, R ¥ W Ty v . .\ Ve - o
L ! -y ) A ; Dt Uiy TRty el T ‘: .:‘m‘.r
[27] Hussa T., Slren,.H.’, K ahd T., Sqelﬁnan ’M., HautOJarw A., J Chromatogr o
e e A 1999 853 403, o At UE e G et e T e
L @ e b oo - - - . . o r
L"?} P P , . . A P \: - N .“‘ ;ﬁ o : ) . oL A 3 N T R "»,f? ..aj_, » ﬁ\‘"rﬁ f
T A L AL AN " 4 T : . P
cl*f e e e . JF g e e T s rey o e
2 i T - o - oL cx Yo
,iw.a W R P L T I T A
"‘1~“< j ’ ‘& - ) ’: — e - - . i T A& ::""
N F” ;1 A . - . ;’wa‘w PR LR i 1T s T e W I*‘ Tt J';\
e .\“‘__(' ,”_"'"5\_& F g - & A ! .. e - s 'f - OO, Y A



Chapter 3, Development and Application

[28]

[29]
(301

[31]
(32

[33]
[34]
[35]

[36]

[37]
[38]

[39]
[40]
[41]
[42]

[43]

[44]
[45]

[46]

[47]

Dabek-Zlotorzynska, E., Piechowski, M., Liu, F., Kennedy, S., Dlouhy, J. F., J
Chromatogr. A, 1997, 770, 349.

Shakulashvili, N., Faller, T., Engelhardt, H., J. Chromatogr A, 2000, 895, 205.
Johns, C., Yang, W, Macka, M., Haddad, P. R., J. Chromatogr. A, 2004, 1050,
217.

Diress, A. G., Lucy, C. A.,J Chromatogr. A, 2005, 1085, 155.

Santoyo, E., Garcia, R., Abella, R., Aparicio, A., Verma, S. P., J Chromatogr.
4, 2001, 920, 325.

Krivacsy, Z., Molnar, A., Tarjanyi, E., Gelencser, A., Kiss, G., Hlavay, I., J
Chromatogr. A, 1997, 781, 223.

Kuban, P., Kuban, P., Kuban, V., J. Chromatogr. 4, 1999, 836, 75.

Mayer, B. X., J. Chromatogr. 4, 2001, 907, 21.

Heiger, D., High Performance Capillary Electrophoresis-An Introduction,
Agilent Manual, Germany, 2000.

Macka, M., Johns, C., Doble, P., Haddad, P. R., LCGC, 2001, /9, 178.
Landers, J. P., Handbook of Capillary Electrophoresis, CRC Press, Boca Raton,
1997.

Buchberger, W., Haddad, P. R., J. Chromatogr., 1992, 608, 59.

Jimidar, M., Massart, D. L., Anal. Chim. Acta, 1994, 294, 165.

Harakuwe, A. H., Haddad, P. R., Buchberger, W., J. Chromatogr. 4, 1994, 683,
161.

Haddad, P. R., Harakuwe, A. H., Buchberger, W., J. Chromatogr A, 1995, 706,
571.

Nelson, R. T, Paulus, A., Cohen, A. S., Guttman, A., Karger, B. L., J
Chromatogr , 1989, 480, 111.

Altria, K. D., LCGC, 2002, 1.

Lide, D. R., CRC Handbook of Chemistry and Physics, 8th Ed., Taylor and
Francis, London, 2000.

Kapinus, E. N., Revelsky, I. A., Ulogov, V. O., Lyalikov, Y. A., J. Chromatogr
A4, 2004, 800, 321.

Pacakova, V., Stulik, K., J. Chromatogr. A, 1999, 834, 257.

141



Chapter Four

An Investigation of the Stability of Cyanoacrylate

Adhesive Samples Using the Developed CE method



Chapter 4, An Investigation of the stability ... . ..

4.1 INTRODUCTION

In Chapter 3, a Capillary Electrophoresis (CE) method was developed for the
simultaneous determination of some anions present in cyanoacrylate adhesives.
Cyanoacrylate adhesives are defined as substances which are capable of forming and
maintaining a bond between two surfaces. They are single component, instant bonding
adhesives that cure at ambient temperatures to form strong bonds between surfaces by
addition polymerisation initiated by adsorbed water.'! Cyanoacrylate adhesives were
first discovered by H. W. Coover, al Eastman in the 1950s, with ethyl cyanoacrylate
being one of the monomers under investigation. In 1958, Eastman Kodak produced its

first commercially available cyanoacrylate adhesive under the name Eastman 910.1%

Cyanoacrylate adhesives initially had limited success. This was attributed
primarily to two factors. Firstly, they were unstable during manufacture and storage;
and secondly, consumers were slow to recognise the advantages of these adhesives.
These problems were addressed in the 1970s with the introduction of new
manufacturers into the market and rapid growth resulted.”’! Due to their properties,
cyanoacrylates may be used in a wide range of industries. They are widely used in the
automative and electronics industry and also in household appliances. Cyanoacrylates

also have applications in medicine and dentistry.¥

In this chapter, the trace acid profile of cyanoacrylate adhesives was investigated
using the developed CE method. Preparation of the adhesive samples was performed

using liquid-liquid extraction (LLE).
4.1.1 Cure Chemistry of Cyanoacrylate Adhesives

Cyanoacrylate adhesives consist of a mixture of the following elements:
monomers, initiators, accelerators and inhibitors / stabilisers. They also contain some
performance enhancing components such as modifiers, plasticisers, fillers and
thickeners. The monomer is normally the principal component in the mixture and forms
the backbone of the resulting polymer. An initiator will start the reaction, which forms

the polymer, i.e., “curing” reaction. Accelerators and inhibitors are used to control the
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curing rate. An accelerator, will as its name suggests, speed up the curing process, while

an inhibitor will stop the curing reaction completely.

Monomers in cyanoacrylate adhesive formulations are classified according to
their odour; either high or low. Low odour monomers are less volatile but more
expensive. Examples of low odour monomers include B-methoxyethyl cyanoacrylate
and P-ethoxyethyl cyanoacrylate. However, due to their faster cure profile and lower
costs the more volatile (hence higher odour) esters such as methyl and ethyl

cyanoacrylate are the most widely used.”!

As cyanoacrylates consist mainly of the monofunctional monomer, (Fig. 4.1),

they are able to homopolymerise rapidly at room temperature and do not require large

amounts of co-reactants.'®

CN
p o
H2C —_—
~Sc=0
/

Figure 4.1 The structure of a cyanoacrylate monomer, where R denotes an alkyl group, for

example methyl, ethyl or butyl™™

Cyanoacrylates are known to cure either by a free radical or an anionic
mechanism; however, the latter mechanism has attracted more attention due to the ease
of initiation and the rapid rates of polymerisation that occur." The reactivity of
cyanoacrylates is caused by the presence of the cyano and carbonyl groups, two strong
electron-withdrawing groups, on the oi-carbon atom. This leaves the C=C double bond
vulnerable to attack by weak bases (e.g. water). This mechanism is initiated by the
presence of a weak base, on the surface of the materials being bonded.”® The cure
process for the anionic polymerisation of cyanoacrylates consists of three steps,

initiation of the reaction, propagation and termination as shown in Fig. 4.2.
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Step [: Initiation

CN CN
HC=—=C + B —=B—CH;/—C

CO,R CO,R W

Step 2. Propagation

CN CN CN CN
/ / / /.
H,C=—C + B—CH,—CG —— B——CH,—C—CH;—G
CO,R COR CO,R CO,R @
Step 3: Termination
CN CN Ch
/ / Lo
B—CHz—c—fCHz——CHr—c——}n—c + H
AN AN AN
CO,R CO,R CO,R
CN CN CN
’ / /
——=B—CH;—G—CH,~—CH,—C CH
N AN AN
CO,R CO,R CO,R &

Figure 4.2 The cure mechanism for cyanoacrylate adhesives™

Generally, any anion present on the surface of the substrate can act as an
initiator for polymerisation. Epoxides and secondary and tertiary amines have been used

as cure initiators for cyanoacrylate adhesives.’”!
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The rate of reaction can be terminated either by chain transfer or the addition of
a strong acid. In chain transfer the polymer chain attacks another species to form an
inert polymer and a new anion, which will initiate the growth of a new polymer chain.
The addition of a strong acidic gas (e.g SOj;, BF3) will complex the anion and slow
down or terminate the polymerisation.'” These acidic gases can also be employed as
inhibitors, in order to improve the stability of the cyanoacrylate adhesives during
storage. Alternative non-volatile acidic inhibitors, such as benzene sulphonic acid or p-

toluene sulphonic acid (p-TSA, Fig. 4.3), have also been employed.

Figure 4.3 Structure of organic acid mhibitor p-TS4

The curing process for cyanoacrylates can be accelerated by the addition of
crown cthers, oligomers of poly (ethylene) oxide or prodands.[7] Accelerators do not
affect the overall stability of cyanoacrylate adhesives. At low temperatures, the
humidity is decreased, which reduces the amount of water available for the cure process
and therefore reduces the curing rate. In order to improve the curing rate, accelerators
such as crown cthers may be added. The addition of crown ethers increases the amount

of water available and therefore the rate of cure is enhanced !

Other components present in cyanoacrylates include modifiers, which are added
to adhesives in order to obtain the desired physical property and appearance required.
Some examples of modifiers are tougheners and plasticisers. Tougheners are added to
enhance the resistance and strength of adhesives, whilst plasticisers (e.g. aliphatic
diesters and alkyl phthalates), reduce brittleness.!”! As cyanoacrylate adhesives consist
of numerous components, both a sensitive and selective method for their analysis is

required.
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A flow chart, Fig. 3.1, illustrating the cyanoacrylate production process is shown
in Chapter 3. In Figure 4.4 the production process for cyanoacrylate adhesives is shown
in greater detail. The condensation of the alkyl cyanoacetate with formaldehyde, results
in a prepolymer that by heating is depolymerised into a liquid monomer, (crude
monomer). For the reaction to occur smoothly, the base catalyst is removed by the
addition of appropriate acids (e.g. phosphoric acid, sulphuric acid). The crude monomer
undergoes a purification process, i.e. a distillation, whereby impurity anions will be
removed. This distillation results in the formation of a pure monomer. Upon exposure to
air, the pure monomer cures and forms strong bonds between surfaces by the addition
polymerisation initiated by adsorbed water. The addition of a free radical inhibitor, e g.
hydroquinone, prevents the monomer undergoing a free radical polymerisation during

storage.

O
I | Condensation
NC —CH, —C—OR + HO CH, O H >
Base eg.
Cyanoacetate Formaldehyde piperidine
where R denotes an alky]
group (e g. methyl, butyl)
CN CN CN
H—1C—CH,—C H > CH,—C >
150-200°C Nco.r Distillation
COR CO.R Depolymerisation 2
L _n
Prepolymer wheren=5-6 Crude monomer

Pure monomer + Glutarate residue

Figure 4.4 Schematic of the cyanoacrylate manufacturing process
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As previously discussed in Chapter 3, a wide range of inorganic and acidic
anions may be present at different stages of the production process, such as sulphate,
nitrate and formic acid. In order to maintain the quality of the product, a sensitive and

selective method for their quantification is required.

CE has recently emerged as a powerful analytical separation technique for the
determination of small charged species, such as inorganic anions and organic acids %!
due to its low sample consumption and rapid and highly efficient separations., In
Chapter 3, a suitable sensitive and selective CE method was developed for the
quantification of inorganic and acidic anions at different stages of their production
process. This method is also suited to the analysis in the B-methoxyethyl cyanoacrylate

adhesives production process.
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42  SCOPE OF RESEARCH

The analysis of p-methoxyethyl cyanoacrylate adhesives, at different stages of
their production process (i e. crude monomer, distillation residue and pure monomer
samples) was performed using the developed CE method. Sample pre-treatment was
performed using LLE with chloroform. The solubility of the adhesives was investigated
using various organic solvents, ¢ g hexane, dichloromethane, and chloroform and the
optimum sample preparation method was determined. The trace acid profile of the
cyanoacrylate adhesive was investigated using the optimised CE method from Chapter

3.
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4.3 MATERIALS AND METHODS
4.3.1 Instrumentation

4.3.1.1 Capillary electrophoresis separations

Capillary electrophoresis separations were performed as described in Chapter 3

in Section 3.3.3.1.
4.3.2 Chemicals

Chloroform (650471, Chromasolv grade) was purchased from Sigma Aldrich
(Dublin, Ireland). High Performance Liquid Chromatography (HPLC) grade chloroform
:was abtained from Labscan Ltd. (Dublin, Ireland). All other chemicals were of reagent
grade and as described in Chapter 3 in Section 3.3.2. Cyanoacrylate adhesive samples

were obtained from Henkel Technologies (Irl.) Ltd.

4.3.3 Procedures
4.3.3.1 CE Background electrolyte (BGE) preparation

Electrolytes were prepared using deionised water. All electrolyte solutions
consisted of a sodium chromate electrolyte and an electroosmotic flow (EOF) modifier.
A stock solution of 50 mM sodium chromate was prepared, from which a 15 mM
sodium chromate solution was obtained by dilution of the stock with deionised water.
The EOF modifier employed was cetyltrimethylammonium bromide (CTAB). A
concentration of 1 mM CTAB was prepared by dilution of a stock solution with
deionised water. The pH of the unbuffered electrolyte was adjusted to 8.5 using 1 mM
sulphuric acid (H280s). The BGE consisted of 15 mM chromate, 1 mM CTAB at pH
8.5. All electrolyte solutions were filtered with 0.45 pm swinny filter (Gelman Nylon
Acrodisc, 4438) prior to use.
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4.3.3.2 Preconditioning of the CE separation capillary

Separation capillaries were preconditioned as described in Chapter 2 in Section

2.3.3.3.

4.3.3.3 Quantification of Analytes in the Adhesive Sample

The quantification of analytes in the adhesive samples was performed as

described in Chapter 3 in Section 3.3.3.5.

4.3.3.4 Adhesive sample preparation

Adhesive samples were prepared as described in Chapter 3 in Section 3.3.3.6.

using HPLC and Chromasolv grade chloroform.
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4.4  RESULTS AND DISCUSSION

In this investigation, the analysis of B-methoxyethyl cyanoacrylate adhesives
was performed using a developed CE method.""® Samples were taken from the crude
monomer, which on distillation produces the pure monomer and the residue remaining
from the distillation was also analysed, as shown in Fig. 3.1. In the crude monomer
sample, the analytes determined were chloride, sulphate, methyl sulphonic acid (MSA),
cyanoacetic acid and di(methoxyethyl)phosphate (DMEP). The same analytes were
present in the distillation residue. In the pure monomer sample the presence of chloride,
sulphate, formic acid, cyanoacetic acid and MSA was determined. The
electropherograms obtained are shown in Fig.’s 4.5-4.7. The % recovery of chloroacetic
acid (internal standard) for each sample analysis was obtained and determined to be in

the region 77-84%, as shown in Table 4.1.

‘The quantification of the anions in the samples was performed using both the
internal standard method and by peak spiking as described in Section 3.4.4 in Chapter 3,
using the developed CE method. The concentrations of the analytes determined and the

varjous analytes present within the samples are presented in Table 4.2.

4.4.1 Sample preparation procedure

The anions expected to be present in the adhesive sample include chloride,
sulphate and cyanoacetic acid. In order to quantify these anions using CE the adhesive
sample must be present as an aqueous solution. Therefore, a sample pre-treatment
process was required. In this study sample pre-treatment was performed by LLE. LLE is
one of the most extensively studied sample preparation techniques due to its simplicity
and convenience. In LLE, sample constituents are extracted into an aqueous phase from
a water-immiscible organic phase. Organic solvents employed include diethyl ether,
hexane and chloroform." In this study, for the analysis of adhesives, LLE was
performed using chloroform as the organic phase and the internal standard, chloroacetic
acid as the aqueous layer. A blank LLE extraction, i.e. of chloroacetic acid, was
performed in triplicate and from a known standard the % recovery of chloroacetic acid

for each sample analysis was obtained, and are shown in Table 4.1.
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Table 4.1 The % recoveries and % Relative Standard Deviation values (%RSD) obtained for

analysis of B-methoxyethyl cyanoacrylate adhesives. Operating conditions as in Fig. 4.5

Crude monomer 77.3 4.4
Distitlation residue 795 32
Pure monomer 84.2 1.4

Triplicate LLE’s were carried out for each sample. Once extracted each sample
was analysed in triplicate by CE. Typical electropherograms of B-methoxyethyl
cyanoacrylate adhesive samples are illustrated in Fig.’s 4.5-4.7. The distillation of the
crude monomer is a purification process that removes any impurities and results in the

production of the pure monomer.
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Table 4.2 The concentrations of the analytes determined for the various stages of the production

process for fi-methoxyethyl cyanoacrylate adhesive samples

Crude monomer 313+14 1.9
Distillation residue Chloride 60.5+3.4 47
Pure monomer 944+1.1 121
Crude monomer 44.6+ 3.7 83
Distillation residue Sulphate 823430 3.7
Pure monomer 226+1.5 6.6
Crude monomer MSA N/A
Distiliation residue MSA® MSA N/A
Pure monomer 22.5+£06 2.6
Crude monomer 11.3+0.85 7.5
Distillation residue Cyanoacetic acid None detected N/A
Pure monomer None detected N/A
Crude monomer > 100 N/A
Distillation residue DMEP > 100 N/A
Pure monomer None detected N/A
# Not quantified by CE
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The concentrations of the analytes chloride, sulphate and DMEP, in the crude
montomer sample were expected to be present at a higher level than those in the pure
monomer sample, as shown in Table 4.2. This is because the crude monomer sample
was prior to the distillation stage, i e, the purification of the sample. As the pure
monomer was subjected to a distillation, the sample contained less analytes (DMEP not
present in pure monomer), and the absorbance response was lower for this sample, as

illustrated in Fig. 4.7 and Table 4.2.
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Figure 4.5 CE analysis of a f-methoxyethyl crude monomer. The components have been
identified as follows (1) chloride, (2) sulphate, (3) MS4, (4) cyanoacetic acid, (5) chloroacetic
acid, internal standard and (6) DMEP Separation voltage -10 kV, pressure injection 0.5 psi/ 5
s, with mdirect UV detection at 254 nm. BGE. 15 mM chromate, 1 mM CTAB at pH 8.5.

Separation temperature 25 'C. Effective capillary length 0.50 m
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The concentration of chloride in the crude monomer sample was determined to
be 31.3 pg ml”! whereas in the pure monomer sample this was reduced to 9.4 pug ml™.
There was a decrease, too in the amount of sulphate determined in the crude monomer
sample to the final pure monomer sample, i.e, a reduction of 49% from the crude
monomer sample to the pure monomer sample, This demonstrates the effectiveness of

the manufacturing method in the removal of impurities from the adhesive.
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Figure 4.6 CE analysis of a S-methoxyethy! distillation residue. The components have been
identified as follows (1) chloride, (2) sulphate, (3) MSA, (4) unidentified peak, (3) chloroacetic
acid, internal standard, (6) DMEP and (7) unidentified peak. All operating conditions as m
Figure 4.5, indirect UV detection at 254 nm Effective capillary length 0.50 m

156



Chapter 4, An Investigation of the stability ... ... ...

1200
(6)

__ 1000 -
2 )
£ 800 - -
® @)
= BOg -
% ey (3)
S 400 - WW
(3]
&
9 200
Q0
<

0 =)

0 2 4 6 8 10 12 14
Migration time (min)

Figure 4.7 CE analysis of a f-methoxyethyl pure monomer. The components have been
identified as follows (1) chloride, (2) sulphate, (3) formic acid, (4) MSA, (5) cyanoacetic acid
and (6) chloroacetic acid, internal standard. All operating conditions as in Figure 4.5, indirect

UV detection at 254 nm. Effective capillary length 0.50 m

4.4.2 Chloride determination

The presence of chloride in the sample was initially thought to be due an artefact
of sample pre-treatment. In order to investigate this, a range of solvents were employed
to dissolve the cyanoacrylate sample, such as hexane, dichloromethane and toluene.
However, none of these solvents provided satisfactory extractions and chloroform was
employed for all extractions, as this was the only solvent, which enabled the full

dissolution of the adhesives.
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The analysis of the adhesives was also performed using a higher grade of
chloroform, (Chromasolv), and the % recoveries obtained for both grades of chloroform
were comparable, 73-85%, with slightly reduced %RSD values obtained with HPLC
chloroform, Table 4.3.

Table 4.3 The % recoveries obtained for analysis of S-methoxyethyl cyvanoacrylate adhesives

using Chromasolv chioroform Operating conditions as in Fig 45

Crude monomer 73.4 4.9
Distillation residue 73.2 52
Pure monomer 85.7 26

The influence of Chromasolv chloroform on the concentration of chloride in the
adhesive samples was also investigated, as shown in Table 4.4. A decreased quantity of
chloride was determined with the higher grade of chloroform for the distillation residue
and crude monomer samples, with no chloride detected in the pure monomer sample.
For the distillation residue sample, this was as a direct result of a reduced % recovery,
with a higher %RSD obtained with Chromasolv chloroform than the % recovery
obtained with the HPLC grade. It can also be concluded that the reduced quantity of
chloride in the sample was due to the increased quality of chloroform in the sample pre-

treatment,
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Table 4.4 Chioride concentrations determined for the fi-methoxyethyl cyanoacrylate distillation
residue with HPLC and Chromasolv grade chloroform. Operating conditions as in Fig. 4.5

Sample

Crude monomer 313+14 31.1+14
Distillation residue 605+34 498+ 4.7
Pure monomer 94+1.1 None detected

4.4.3 Stability of cyanoacrylate adhesives

The stability of the adhesive samples was investigated over a three-year period
using CE. As previously stated, CE is an ideal method for the analysis of anions due to
its low sample consumption and its rapid and highly efficient separations."”) Fig.’s 4.8~
4.10 illustrate the trace acid profiles obtained for the analysis of the f-methoxyethyl
cyanoacrylaie adhesive samples within this time frame. The acid profiles from year 1
and year 2 are similar and therefore the profiles from year 1 and year 3 are shown in
Fig.’s 4.8-4.10. From this it was apparent that firstly, the concentration of the analytes
decreased from the first year of analysis, for example in the crude monomer sample, the
concentration of sulphate decreased from 44.6 pg ml™ in year 1, to 12 ug ml? in the
final year. It was also evident that there were extra unidentified peaks in the
electropherograms, and that some analytes had been eliminated from the final year
analysis, such as chloride, sulphate and cyanoacetic acid, in the crude and pure
monomer samples. This suggests that the adhesive sample had destabilised over time,
possibly due to the addition of the process acids during the production. Therefore, this

illustrates that the methoxyethyl adhesive samples were stable over a two-year period,
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after which degradation of the sample occurred. From Fig. 4.10, it was found that the
acid MSA was generated over time. This was expected as the acid MSA is a by-product

of extended storage over time.
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Figure 4.8 B-methoxyethyl cyanoacrylate crude monomer stability over a three year period. The
components have been identified as follows (1)} chloride, (2) sulphate, (3} unidentified peak, (4)
MS4, (5) cyanoacetic acid, (6) chloroacetic acid, miernal standard, (7) unidentified peak, (8)
unidentified peak and (9) DMEP. The year 3 electropherogram is offset by 1000 mAU. All
operating conditions as i Figure 4.5. Effective capillary length 0.50 m

From these investigations it was found that, using CE, the efficiency of the
manufacturing method in the removal of impurities from the adhesive could be
monitored. The ability of CE to effectively monitor the cyanoacrylate production
process was illustrated. Moreover, CE was shown to be suitable for the in-depth

stability studies of the adhesives in question.
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Figure 4.9 f-methoxyethyl cyanoacrylate distillation residue stability over a three-year period.
The components have been identified as follows (1) chloride, (2) sulphate, (3) MSA, (4)
unidentified peak, (5) umdentified peak, (6) chloroacetic acid, internal standard, (7)
unidentified peak, (8) DMEP and (9) unidentified peak. The year 3 electropherogram is offset
by 1000 mAU. All operating conditions as in Figure 4.5. Effective capillary length 0.50 m
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Figure 4.10 f-methoxyethyl cyanoacrylate pure monomer stability over a three-year period.
The components have been identified as follows (1) chloride, (2) sulphate, (3) formic acid, (4)
MS4, (5) cyanoacetic acid, and (6) chloroacetic acid, internal standard. The year 3

electropherogram is offset by 750 mAU. All operating conditions as in Figure 4.5. Effective
capillary length 0.50 m
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4.5 CONCLUSION

A simple and reproducible sample preparation method was developed and
successfully applied to the analysis of cyanoacrylate adhesives. Chloroform was
determined to be the optimum solvent for their extraction as it enabled full dissolution
of the sample. A comparison was made between two grades of chloroform, HPLC and
Chromasolv, and the optimum method developed with HPLC grade resulted in
decreased % RSD values, <8% and large % recoveries, 77-84%. The presence of
chloride in the pure monomer sample was determined to be an artefact of the sample
preparation procedure. The relationship between the type and concentration of the trace
acids present in the cyanoacrylate adhesive and the stability and performance attributes
of the adhesive was monitored. Samples were shown to be stable for 2 years, after
which degradation occurred. This investigation illustrated the capability of CE as a
powerful alternative for the simultaneous analysis of inorganic and acidic anions in a
cyanoacrylate matrix. The efficiency of the production process was demonstrated and

shows its effectiveness in the purification of the adhesive samples.
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5.1 INTRODUCTION

From the previous chapters, the advantages and applicability of Capillary
Electrophoresis (CE) were demonstrated for the analysis of industrial samples. The CE
method developed, with its high separation efficiencies and precision, illustrated its
ability for the simultaneous analysis of inorganic and acidic anions in adhesive samples.
Taking into account the advantages of CE and also its low solvent usage, the separation
technique was applied to the analysis of another complex matrix, i.e., rat plasma. CE
has been widely reported in the determination of pharmaceuticals in biological matrices,
such as anthracyclines in plasma samples.!"™? Anthracyclines are antibiotics that are
regularly used in the treatment of cancers, such as l{mg and ovarian cancers.
Daunorubicin (DAN) and doxorubicin (DOX) were the first identified anthracyclines
and are isolated from pigment producing Streptomyces species.l’] Due to the cardiotoxic
nature of these anthracyclines, epirubicin (4’-epidoxorubicin) is one of a series of
anthracyclines produced that has fewer side effects.!! Epirubicin (EPI) differs from

doxorubicin in the orientation of the 4’OH group, as shown in Fig. 5.1.

Aglycone
Rz
O
Daunosamine, CH3
sugar group R; R; R Ry
Rs Daunorubicin ~ QCHj, H OH CH;
NH,

Doxorubicin OCH; H OH OH

Epirubicin OCH; OH H OH

Figure 5.1 Structures of the anthracyclines, daunorubicin, doxorubicin and epirubicin
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All anthracyclines have a tetracycline ring structure with an amino sugar group,
daunosamine, attached by a glycosidic link. The anthracyclines have proton-accepting
quinone carbonyl groups and proton donating phenolic groups on adjacent rings that

allow them to behave as electron accepting and donating species.”’

The chemotherapeutic activity of anthracyclines has been attributed to three
functions. Firstly, binding to DeoxyriboNucleic Acid (DNA) through intercalation.
DAN contains two electroactive sites; the aglycone moiety intercalates between the n
stacked base pairs of DNA and daunosamine binds to the major groove of the DNA
double helix, stabilising the normally reversible topoisomerase 11 DNA complex. Fig.
5.2 represents the DNA helical structure. As a result of intercalation, DAN forms strong
bonds with DNA and hinders the synthesis of DNA.[*! The intercalation of DOX has

also been reported.”!

Major
groove

Figure 5.2 Representation of the DNA double helical structure, with n stacked bases shown in

grey and the sugar phosphate backbone m blue!'”

Anthracyclines also bind to cell membranes, modifying their fluidity and ion
transport."'] The cell is a highly functional unit whose membrane components have a
number of functions. It is a highly protective functional unit, which regulates transport

between the extracellular and intracellular layers. The survival of the cell is dependent

167



Chapter 5, Analysis of Anthracyclines ... .. ...

upon maintaining the difference between these two layers and any change, which alters
the fluidity and ion transport of cell membranes, can be detrimental to the cell. Finally,
the quinone structure is highly susceptible to generation via one-electron reduction of
the semiquinone radical. This radical results in the production of oxygen radicals and

hydrogen peroxide (H,0,), which are both cardiotoxic and may lead to cell death.['?!

DAN and DOX are both known to cause myelosuppression and cardiotoxicity,
which is the dose limiting factor for these drugs.m] There is an ongoing discussion
about the best schedule for anthracyclines, as reduced acute cardiotoxicity was
determined with prolonged infusions compared to bolus injections.!'"*! The dose regimen
of anthracyclines is dependant upon the age, size and gender of the patient. The
potential for DOX cardiotoxicity is age related, and younger children are at a higher
risk."™ DOX (40-50 mg m?) was administered in combination with docetaxel (50-75
mg m™) to patients with breast cancer and resulted in an overall remission of 71-81%.
The use of EPI in combination with docetaxel’® and also in combination with
vinorelbine and 5-fluorouracil!'? was also reported in the treatment of breast cancer.
The therapeutic concentrations of anthracyclines are in the range 5-50,000 ng m!™” and
Fig. 5.3 illustrates a pharmacokinetic (PK) profile for DOX and its metabolites in

p]asma.“s]

Both DAN and DOX are active against acute leukaemias; however, DOX has a
wider range of activity against solid human tumours such as tumours of the breast, lung,
ovary and bladder. It is most effective against sofi-tissue sarcomas in adults.!*) DAN
and DOX are administered intravenously and metabolised in the liver to their active

metabolites daunorubicinol and doxorubicinol./!

EPI, meanwhile, possesses similar response rates to DOX in small cell lung and
ovarian cancer. There are fewer incidences of cardiotoxicity associated with EPI and it
is also less myelotoxic. It is also administered intravenously and is rapidly and
extensively metabolised by the liver and red blood cells.!*! The cardiotoxicity of these
drugs is related to the concentration of the dose administered and anthracycline induced
cardiomyopathy is frequently irreversible and could potentially result in clinical
congestive heart failure.””) As a result, sensitive methods for their analysis, in different

biological matrices, are required.
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Figure 5.3 Pharmacokinetic profile of DOX and its metabolites doxorubicinol, 7-
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The peak plasma concentrations of anthracyclines play an important role in their
cardi(itoxicity.[”] The anthracyclines, DAN, DOX and EPI, are highly protein bound in
plasma, (60-90%).12"! Therefore, methods for the determination of the free drug and
bound drug concentrations are required. Separation techniques, such as High
Performance Liquid Chromatography (HPLC) and CE, have been used for protein
binding studies, and also in drug stability and PK and metabolic studies. U224 1y this
section, the analysis and separation of anthracyclines will be discussed in detail in

Section 5.2 and alternative methods for their analysis will be also be outlined.
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5.2  ANALYSIS OF ANTHRACYCLINES

The determination of anthracycline antibiotics has been reported in the literature
using both HPLCP®*2¥ and CE.2*2Y DAN, DOX and EPI are most suited to analysis
by fluorescence and electrochemical detection due to their native electroactive and
fluorescent properties.*'**! The HPLC methods of determination are discussed in

Section 5.2.1.

5.2.1 HPLC Analysis

HPLC, coupled with electrochemical (EC), fluorescence and laser-induced
fluorescence (LIF) is regularly employed for the detection of anthracyclines in
biological fluids.****¢! The EC detection of anthracyclines was possible due to the
presence of oxidisable (phenolic) and reducible (quinone) functional groups. In Section
5.2.1.1, the determination of these anthracyclines with HPL.C-EC detection is discussed

in detail.

5.2.1.1 HPLC-Electrochemical (HPLC-EC) detection

The simultaneous separation of the anthracycline DAN from its metabolites (e.g.
daunorubicinel and daunorubicin-aglycone) in human plasma was demonstrated by
Akpofure et al., with electrochemical and fluorescence detection.®” In this method, the
separation of all analytes was achieved in less than 25 min., with DOX employed as the
internal standard. HPLC coupled with EC detection was also applied for the separation
of DOX from its metabolites and also DAN from its metabolites in plasma samples.””
From their detection limits, calculated as three times the noise level, this method was

reported to be five times more sensitive than the previous method proposed by

Akpofure et al.®”

The separation of six anthracycline antibiotics in plasma, was reported by Riley
using a reversed-phase column.”!! For this method a short column was employed (7.5
cm) which resulted in shorter analysis times (10 min.) and also improved sensitivity,

with detection lmits between 1 and 2 ng ml™ obtained.
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More recently, Ricciarello et al.,P® demonstrated the use of an amperometric-
coulometric detection, with two working electrodes for the determination of EPI, DOX
and their principal metabolites, as shown in Fig. 5.4. This method was applied to the
analysis of EPI, with DOX as the internal standard, in human plasma. Quantitation
limits, calculated at S/N =3, of 1 ng ml” were obtained for all analytes under

investigation.
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Figure 5.4 HPLC separation with EC detection of an extract of blank plasma containing (1) 12
ng ml™ of 13-S-dihydroepirubicin, (2) 40 ng mI'* of EPI and (3) 29.8 ng mI'* of DOX B9

"The methods of analysis discussed in Section 5.2.1.1 demonstrate the ability of
electrochemical detection for the determination of anthracyclines in biological
samples."®*® An alternative mode of detection employed for their analysis is
fluorescence. Fluorescence detection is ideal as anthracyclines possess native
fluorescent properties and therefore do not require derivatisation. HPLC coupled with

fluorescence detection is discussed in Section 5.2.1.2.
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5.2 1.2 HPLC-Fluorescence detection

The analysis of anthracyclines and their metabolites in different biological

{25,27,39-42] se ,[43-45] urine[32,46-50] [51]

matrices, such as plasma, rum and murine specimens
was performed by fluorescence detection. Fluorescence detection provides 1000 times
more sensitivity than absorption spectroscopy and is ideally suited for the therapeutic
monitoring of anthracyclines.®>***] The first report of the analysis of DAN and its
metabolite daunorubicinol in plasma was published by Hulhoven and Desager in
1976.%71 In this method, their simultaneous separation and quantification was achieved
by HPLC-fluorescence with detection limits of 10 ng ml” obtained. The liquid
chromatographic analysis of DOX and its metabolites in biological fluids was also
achieved by Israel et al., with picomolar limits of detection (LOD) achieved.®’!
Coupled-column liquid chromatography has also been applied to the analysis of EPI and
its metabolites in plasma with an excitation and emission wavelengths of 445 nm and
560 nm respectively, as illustrated in Fig. 5.5. The method developed was applied to the
pharmacokinetic monitoring of EPI and its metabolites in biological samples, such as

human plasma.”*®

A technique for the extraction of anthracyclines from biological fluids, which
enabled their HPL.C-fluorescence analysis, was developed by Robert.*® This extraction
technique was applied to the analysis of both plasma and serum samples. A method was
developed for the quantification of cellular concentrations of DOX, with good linearity
and reproducibility obtained.’”] Fluorescence detection was also successfully applied to
the analysis of DOX and its metabolites, in serum samples with detection limits in the

[58-60] [61]

ng ml ™! range obtained, in plasmal and in hospital samples.
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Figure 5.5 HPLC separation with fluorescence detection for (4) EPI and its metabolites where,
1 =FEPI(12.4 ng ml'), 2 — epirubicinol (16.4 ng ml’), 3 = epirubicin aglycone (11.2 ng mi?), 4
= epirubicmol aglycone (12.8 ng ml’), 5 = 7-deoxy epirubicinol aglycone (16 0 ng mi’), (B)
Patient’s plasma 15 min. after chemoembolisation, concentrations are 1 = 40.6 ng ml”’, 2 = 3.8

ngml',3=53ngml’, 4=28ngml" and 5 = 7.1 ngmi’ ¥

The HPLC fluorescence analysis of DOX and EPI and their respective
metabolites was reported by Nicholls ef al.**! This method enabled low LOD’s in serum
(1 ng ml") and sample preparation was performed by SPE onto Cs Bond-Elut
cartridges. The use of a microbore column for the analysis of DOX has been reported
which allows for enhanced sensitivity and resolution and also results in reduced solvent
consumption and waste generation as compared to conventional packed columns.%
The plasma concentrations of EPI and its metabolites were determined by HPLC
coupled with fluorescence detection. The method developed was successfully applied to
the analysis of human plasma samples taken during a 96 hour infusion of EPI in a
patient with multiple myeloma.®¥ Recently, a method was developed for the
simultaneous analysis of DOX and its metabolite doxorubicinol in parrot plasma.l®’
Fluorescence detection was also was employed for the separation of DOX and DAN in

urine with detection limits in the low picogram level obtained.®*
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HPLC-fluorescence detection was also applied to the sensitive and selective
analysis of DOX, pirarubicin and doxorubicinol in serum. Doxorubicinol is a major
metabolite of DOX and as it also causes cardiotoxic effects, a method to detect both of
these analytes was desired. Low LOD’s (2 ng m!i™) and limits of quantification (LOQ)
(0.5 ng ml'l) were obtained.!”) Recently, a method was developed for the detection of

EPI and epirubicinol in plasma and saliva.l®

The analysis of anthracyclines has also been reporied using ultra-violet (UV)
and mass spectrometry (MS) detection, which are discussed in Sections 5.2.1.3 and

5.2.1.4 respectively.

5.2.1.3 HPLC-Ultra violet (HPLC-UYV) detection

A method was developed by Eksborg et al., for the liquid chromatographic
determination of DAN and daunorubicinol in plasma from leukaemic patients.[*® The
separation of DAN and DOX from their respective metabolites was performed,
incorporating sodium dodecyl sulphate (SDS) into the mobile phase.[*” The addition of
SDS into the mobile phase enabled the separation of eight anthracycline derivatives,
with improved resolutions, in an isocratic run. Recently, a HPLC method was developed
for the simultaneous determination of seven anthracyclines, with high precision and

accuracy obtained. The detection limits determined were in the range 42-128 ng ml™.*¥

The determination of bound and free DOX in methacrylamide polymer-drug
conjugates was performed by Configliacchi et al., incorporating a diode array
detector.’®®! Polymer-drug conjugates, which possess reduced toxicity and have
improved availability at the tumour site, are at the forefront of cancer chemotherapy.
Linearity of the method was achieved between 1 and 50 pg ml™ with detection limits of
0.5 ug mi™ obtained. However, the LOD’s obtained with UV detection do not represent
the PK levels required for the analysis of DOX in plasma, Fig. 5.2. The LOD obtained
from this method is sensitive to g ml™ concentration levels; however, this does not
reflect the therapeutic concentrations (5-50,000 ng ml™) of these antibiotics in

biological matrices.
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Despite the limitations of UV detection, with respect to sensitivity, it has been

[69]

regularly been applied to the analysis of anthracyclines in plasma,'™ spiked human

(701 - [72]

plasma, " in blood and urine/" and for hospital samples.

3.2.1.4 HPLC Mass spectrometry (HPLC-MS) detection

The simultaneous analysis of the anthracyclines DAN, DOX, EPI and
idarubicin, and their respective metabolifes, in human serum, was performed using
HPLC-electrospray mass spectrometry.”””! The compounds were detected in the selected
ion monitoring mode, using for quantitation ions m/z 291 for idarubicin and
idarubicinol, m/z 321 for DAN and daunorubicinol, m/z 361 for DOX and EPI and m/z
363 for doxorubicinol. The anthracycline aclararubicin was employed as the internal
standard, with m/z of 812, as shown in Fig. 5.6. Low LOD’s were obtained (e.g 0.5 ng
ml™ for DAN and 1 ng ml" for DOX) and the developed method was successfully
applied to the simultaneous separation of anthracyclines in serum. Recently, a liquid
chromatography-tandem mass spectrometry method was developed for the trace

determination of these anthracyclines in urine."

CH
H3C\ / 3
N OH
0 0 0
o) 0 0
CH, CH, CH,

Figure 5.6 Structure of the internal standard, aclarubicm!™
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A liquid chromatography-tandem mass spectrometry (LC-MS/MS) method was
developed to identify and quantify DOX in e.g., rat plasma. Low LOQ’s of 1.44 ng ml™
were obtained and the method was linear over the PK relevant range (0.728-58,300 ng
ml™)."*! LC-MS/MS was also applied to the analysis of DAN in rat plasmal™, the
determination of a prodrug and the active metabolites of DOX"”! and EPT in human

[78] wwith detection limits of 0.1 ng mi™ achieved,

plasma

HPLC is the most prevalent method of analysis of anthracyclines. However, CE
has recently been employed and offers advantages over the traditional chromatography
methods, namely reduced sample volumes and waste and rapid separations. Their

analysis by CE is discussed in Section 5.2.2
5.2.2 CE Analysis

The most common mode of detection for CE analysis of anthracyclines is
fluorescence. As previously discussed in Section 5.2, the analysis of anthracyclines is
ideally suited to fluorescence detection due to their native fluorescent properties and the
sensitivity of fluorescence enables the therapeutic monitoring of DAN,"1 DOX ! and
EPLI'® Recently, the analysis of anthracyclines by CE coupled with EC has been

reported, which is discussed in Section 5.2.2.1.

5.2.2.1 Capillary Electrophoresis-Electrochemical (CE-EC) detection

During the extensive literature search for this study, the analysis of
anthracyclines by CE-EC was only reported by one research group. In this paper the
analysis of the anthracycline DAN by CE coupled with amperometric detection was
reported.””! A carbon disk electrode was used as the working electrode (WE), and the
electrochemical behaviour of DAN was initially investigated by cyclic voltammetry
(CV) in phosphate buffer solution (pH 7.8, 0.15 M). A typical CV of DAN is shown in
Fig. 5.6.

In buffer solution only, no anodic peak was observed; however, after the
addition of DAN an anodic peak with a peak potential of 0.66 V was detected. This
peak was attributed to the oxidation of the double phenolic groups (-OH) on DAN, as
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illustrated in Fig. 5.1. From the hydrodynamic voltammogram of DAN, a peak potential

of 0.95 V was employed as the detection potential for subsequent analysis,*)
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Figure 5.6 Cyclic voltammogram of DAN at carbon disk electrode in phosphate buffer (pH 7.8,
015 M, WE) Reference Electrode (RE): Ag/AgCl (0 03 mM KClj, Auxiliary Electrode (AE):
platinum electrode. (A) Buffer solution and (B) 2 x 107 M DAN. Scan rate 0.1 Vs %/

The optimum separation conditions were determined to be 0.95 V detection
potential, a separation voltage of 8 kV, electrokinetic sample introduction of 8 kV for
10 s employing a phosphate buffer solution (pH 7.8, 0.15 M). A detection limit of 4.5
pg ml™ was obtained and this method was successfully applied to the determination of

DAN in human urine, without any sample modification.*”!

The application of Laser Induced Fluorescence (LIF) detection to the analysis of

anthracyclines is discussed in Section 5.2.2.2.
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5.2.2.2 Capillary Electrophoresis-Laser-Induced Fluorescence (CE-LIF) detection

The simultaneous separation of DAN, DOX and EPI in human plasma was
obtained using CE-LIF detection with a phosphate buffer (100 mM, pH 4.2). An argon-
ion excitation Jaser of 488 nm was employed. The buffer was modified with 70%
acetonitrile (ACN), which decreases the interaction with the capillary wall and
improved both the peak shape and resolution of DAN, DOX and EPIL The addition of
ACN also decreased the conductivity of the buffer and therefore resulted in reduced
heat generation inside the capillary. Detection limits of all three anthracyclines were

reported in the range of 125 — 250 pg m1™, ")

The therapeutic monitoring of DAN, DOX, idarubicin and their metabolites was
obtained by CE-LIF detection for their therapeutic monitoring in human plasma with
LOQ of 2 ng ml" obtained.®™ Based on work previously carried out by Hempel ef
al. ®Y idarubicin was employed as the internal standard, as shown in Fig. 5.7, The
method developed enabled the monitoring of DOX plasma levels for several days after
dosing,® and in a recent method by Hempel et al., the quantification of DAN and
daunorubicinol in plasma was developed, which enabled their accurate determination in

small sample volumes with concentrations as low as 2 ng ml™.!

Figure 5.7 Structure of the internal standard, idarubicin where R, is OI functional group ! sl
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Recently, the determination of free and liposomal associated DAN (daunoxome)
in plasma was performed. Plasma samples were pre-ireated by solid-phase extraction
with Sep-Pak Cs cartridges. Low LOQ’s were obtained (1 pug mI™) which is within the
acceptable range for PK analysis of this drug.®™ In another application of LIF, the
stability of DOX and idarubicin in heparin plasma and whole blood was performed and
it was determined that DOX and idarubicin concentrations decrease rapidly with

time.!*

In a comparison of HPLC-LIF with CE-LIF, the latter was determined to be a
more sensitive technique in the detection of DAN and enabled the monitoring of the
kinetics of DAN release in Kaposi sarcoma.™ The simultaneous separation of DOX,
DAN and idarubicin was performed using a borate buffer which contained 30% ACN.V!
The presence of ACN in the buffer improved the separation and also helped decrease
the conductivity of the buffer. This method was applied to the analysis of the three
anthracyclines in serum samples, as shown in Fig. 5.8. Detection limits of less than 0.9

ng ml™! were obtained.
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Figure 5.8 CE-LIF separation, excitation laser 488 nm, of a serum sample spiked with (1)-
DAN, (2)-idarubicin and (3)-DOX. (25 ng mi ). Separation voltage 15 kV. Pressure mjection
(3.45 kPa/5-15 s). Electrophoretic buffer 100 mM borate, pH 9.5, 30% ACN. Effective capillary
length 0.5 m x 75 um internal diameter (i d ). /"
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MEKC and CEC have also been coupled with LIF for the detection and
quantification of DOX in cell extracts, single cells, individual nuclei and plasma. 3+
The LOD’s were in the zeptomole (102! mole) range that enabled the detection of a
larger number of metabolites, which will aid in the identification of more efficient and
less harmful chemotherapeutic agents. The fluorescence detection of DOX in plasma
was also performed using pressurised capillary electrochromatography (CEC)®”! with

detection [imits of 1.7 ng ml™ obtained.®”

‘The application of UV detection to the analysis of anthracyclines is discussed in
Section 5.2.2.3. UV detection is a universal mode of detection and is regularly

employed for method development.
5.2.2.3 Capillary Electrophoresis-Ultra violet (CE-UV) detection

In the search for literature for the analysis of anthracyclines by CE-UV only one
paper was found. In the analysis of anthracyclines, UV detection is primarily used for
method development, due to the lack of sensitivity associated with it. However,
sweeping techniques have been incorporated with UV, to further enhance the sensitivity

of the separation.[sgl

Using a sweeping preconcentration step, the anthracycline antibiotic DOX was
analysed and quantified incorporating SDS in the buffer electrolyte. The sweeping step
preconcentrates a long injected zone of cationic anthracyclines into a narrow zone of
negatively charged SDS micelles. The application of this step reduced adsorption of the
anthracyclines on the capillary wall, improved the reproducibility of the migration times
and the sensitivity of detection. Under these conditions, positively charged
anthracyclines migrate towards the zone of SDS micelles. On the boundary of these
zones, anthracyclines are solubilised by SDS micelles and the analytes migrate in
reverse polarity to the detector. As the sensitivity is enhanced, this method was
successfully applied to the determination of therapeutic levels of DOX in real plasma
samples. However, there were limitations with this method, which undermined its
applicability as a practical CE method. This method did not allow for the simultaneous
separation of DAN and DOX and an excessively large sample volume was required for

analysis (approx. 10 pl).%¥
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3.2.2.4 Alternative methods of analysis

The analysis of DOX hydrochloride by visible spectrophotometry has been
reported using four sensitive visible spectrophotometric methods, e.g the first method
was based upon the oxidation of the drug with Fe(IIl) to produce Fe(Il). All of the
methods developed resulted in concentration measurements, which were reproducible

within a Relative Standard Deviation (RSD) of 1%.%]

The fluorescence characteristics of DAN and DOX were investigated by
Karukstis et al., in order to assess their distribution in cell membranes.””! Fluorescence
detection of DOX was also performed using a fibre optic based fluorescence sensort’!
and by excitation-emission matrix fluorescence and multi-way analysis.”” With the
fibre optic sensor, detection limits of 0.057 pg ml' were obtained which were
comparable with traditional fluorescence methods of analysis.”™ The feasibility of the
quantitative determination of DOX by surface-enhanced Raman spectroscopy was
performed by Loren et af ¥ This method has illustrated the potential of quantifying

DOX in complex sample matrices without sample pretreatment.*!
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5.3 SCOPE OF RESEARCH

Fundamental to this research is the development of a method for the separation
and quantification of anthracyclines that occur in biological matrices, e.g serum and
plasma in real time. This will allow for a more accurate and individualised dose
regimen. CE has been selected as the separation method as it offers rapid and efficient
separations and generates little solvent waste. Most importantly, analysis by CE requires
small sample volumes and this is ideal for the detection of anthracyclines as they are

carcinogenic and extremely toxic.

In this work, UV detection was employed for the development of the separation
of DAN, DOX and EPI in a single run. A comparison of detection limits was performed
using both CE-LIF, and CE-EC, with improved detection limits obtained with LIF
detection. The CE method developed was applied to the analysis of plasma samples,
using various sample preparation steps, such as acetonitrile precipitation and vacuum
ultrafiltration (VUF), for the detection of free drug. The determination of bound drug
was performed in rat plasma samples using microdialysis with CE-LIF. This method
was illustrated to be capable of real time monitoring of DAN, DOX and EPI at

therapeutic levels in plasma samples.
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5.4 MATERIALS AND METHODS

5.4.1 Instrumentation

5.4.1.1 CE-Ultra violet (CE-UV) separations

All separations were performed on a home built capillary electrophoresis
system, equipped with CZE 1000R high voltage power supply (Spellman High Voltage
Electronics, NY, USA). The capillary inlet and electrical connections were housed in a
Plexiglas safety container with fitted safety interlock. Detection was supplied by UV-vis
detector (Thermo Electron Spectra System UV 1000) at 234 nm with a 1 mm flow cell
modified for CE. Polyimide-coated fused silica capillaries, (Polymicro Technologies
Inc., Phoenix, AZ, USA) of 50 um internal diameter (i.d.) were employed. The effective
length of the capillary utilised was 0.60 m, with a total length of 0.70 m. Sample
introduction was performed electrokinetically (17.5 kV) for 5 s. Data acquisition was
performed using Chrom and Spec (version 1.5) software. All analysis with the home

built system were at ambient temperature.

5.4.1.2 CE-Electrochemical (CE-EC) separations

Electrochemical detection was facilitated by LC-4C amperometric detector
(Bioanalytical Systems, West Lafayette, IN, USA). A carbon fiber, 33 um i.d. WE,
Ag/AgCl RE and platinum (Pt) wire AE were employed. Data acquisition was

performed using Lab View (version 5.1) software.

5.4.1.3 CE-Laser-Induced Fluorescence (CE-LIF) separations

All separations were performed on a Beckman P/ACE MDQ instrument
(Fullerton, CA, USA), equipped with a modular ZetaLIF 2000 LIF detector
(Picometrics, Toulouse, France). A He/Cd 442 nm (33mW) laser with an emission
wavelength of 490 nm was employed for all sample analyses (Omnichrome).
Polyimide-coated fused silica capillaries, (Polymicro Technologies Inc., Phoenix, AZ,
USA) of 50 um i.d. were employed. The effective length of the capillary utilised was 0.

60 m, with a total length of 0.70 m. Sample introduction was performed
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electrokinetically (5 kV) for 5 s. Data acquisition was performed using 32 Karat

(version 5.0) software.
3.4.1.4 HPLC-Ultraviolet (HPLC-UV) separations

The HPLC system consisted of a Varian ProStar 230 solvent delivery module,
and a Varian ProStar 310 UV detector module (Palo Alto, CA, USA). The system was
opetated using Varian ProStar 6.0 chromatography software. A Waters Spherisorb
ODS2 reversed phase column (4.0 x 250 mm, particle size 5 pm, Waters Millipore,
Milford, MA) was employed. An isocratic elution was employed at a flow rate of 1.5 ml
min™. All sample analyses were carried out using UV detection at 230 nm with a

deuterium lamp.,
5.4.1.5 Electrochemical analysis

Cyclic voltammetry experiments were performed on CHI 1000 potentiostat
(Austin, TX, USA) with CHI 1000 software. A carbon fiber, 33 ym i.d. WE, Ag/AgCl
RE and Pt wire AE were employed.

5.4.1.6 UV-vis analysis

All UV spectra were obtained on Cary Win UV, dual beam with 2 nm

resoluiion,
5.4.2 Chemicals

HPLC grade methanol (MeOH) and ACN were purchased from Labscan Ltd.
(Dublin, Ireland). All other chemicals were of reagent grade. Sodium dodecy! sulphate
(436143, SDS,) sodium dihydrogenphosphate (22,9903) and sodium hydroxide
(48,0878, NaOH) were obtained from Sigma Aldrich (Tallaght, Dublin). Boric acid
(B0394), daunorubicin hydrochloride (1D8809), doxorubicin hydrochloride (D1513), 2-
hydroxy propyl B-cyclodextrin (389145), methyl B-cyclodextrin (M7564), alpha (o)-
cyclodextrin  (C4642), sodium chloride (S9625), potassium chloride (31,0123),
magnesium chloride (M4880), calcium chloride (C8106), sodium dihydrogen phosphate
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(22,990-3) and disodium hydrogen phosphate (S9763) were obtained from Sigma
Aldrich (St. Louis, MO, USA). Epirubicin stock standard was provided by the National
Institute of Cellular Biotechnology (N.I.C.B.), D.C.U. Sulfobutyl butyl ether (SBE),4 B-
cyclodextrin was provided by the University of Kansas, Lawrence, KS. Deionised water
was {reated with a Hydro Nanopure system to specific resistance > 18 MQ cm

(Millipore, Bedford, MA, USA).
5.4.3 Procedures

3.4.3.1 CE Background electrolyte (BGE) preparation

Electrolytes were prepared using deionised water. Three BGE solutions were
prepared, which consisted of a borate electrolyte and a chiral selector. A stock solution
of 200 mM boric acid was prepared, from which a 105 mM boric acid solution was
obtained by dilution of the stock with deionised water. The chiral selectors employed
were 2-hydroxy propyl B-cyclodextrin, alpha (a)-cyclodextrin and sulfobutyl butyl
ether (SBE)s B-cyclodextrin. Concentrations of 1.75-7 mM 2-hydroxy propyl (-
cyclodextrin, 5 mM a-cyclodextrin and 5 mM sulfobutyl butyl ether (SBE)s -
cyclodextrin were prepared by dilution of stock solutions with deionised water. The
electrolyte consisted of 30:70 ACN:electrolyte. The pH of the electrolyte was adjusted
to 9.0 using 1 M NaOH. Once the buffer was prepared, it was necessary to filter using

0.22 um swinny filter before use.

5.4.3.2 Preconditioning of the CE separation capillary

The separation capillaries were preconditioned as described in Chapter 2 in
Section 2.3.3.3.

5.4.3.3 Preparation of HPLC mobile phase

The mobile phase for HPLC-UV was prepared by mixing buffer A (phosphate,
pH 2.0) with SDS in the range 0.2-0.4%, with solvent B (MeOH:ACN, 50:50). The
composition of the mobile phase was buffer A:solvent B= 40/60.”* All mobile phases
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were vacuum filtered using 47 mm Pall Nylaflo nylon membranes with 0.45 pm pore

size and stirred overnight prior to use to ensure complete degassing.

5.4.3.3 Preparation of plasma samples

The analysis of anthracyclines was performed in rat plasma samples. Biood
samples were centrifuged (Fisher Scientific, Microcentrifuge 235C) at 4000 g for 10
min. The supernatant layer (plasma) was removed and transferred to microcentrifuge

vials (Fisher Scientific, NC966056) for analysis.
3.4.3.4 Determination of free drug by Vacuum ultrafiltration (VUF)

Ultrafiltration probes were made from polyacrylonitrile (PAN) membrane (250
pm i.d, 150 pm outer diameter (0.d.) with a molecular weight cut off 30 kDa, Filtral AN
69HF, 10 mm). The PAN membrane was cut at an angle and to both ends of this;
polyimide tubing (175.3 um i.d., 223.5 pm o.d., 15 cm, Microlumen, Tampa, FL.) was
inserted. This was UV cured in place by UV glue and lamp (ELC-450 UV Light
System).

Once the polyimide tubing was UV cured, both ends were placed in tygon
tubing (Norton Performance Plastics) and also UV cured in place. The probe was now
successfully made and threaded through a hub assembly (Bioanalytical Systems, West
Lafayette, IN, USA). The hub assembly consisted of a needle, through which the tygon
tubing was threaded, into the sample collection container. Sample collection was
performed under vacuum, using a BD vacutainer (Fisher Scientific, 366397, 10.25 x 64
mm, 3 ml draw). The probe was placed in the plasma sample and samples were left
overnight in fridge. The flow of the sample through the tubing was determined to be
0.25 ml/hr. Once the samples were filtered, they were stored in microcentrifuge tubes
(Fisher Scientific, NC966056) at —20 °C until required.

186



Chapter 3, Analysis of Anthracyclines .. ... ...

35.4.3.5 Determination of bound drug by microdialysis

Microdialysis probes were made as in Section 5.4.3.4, with the exception that
only one end of the polyimide tubing was inserted into tygon tubing (Norton
Performance Plastics, 1 cm) and this was UV cured in place. The tygon tubing was
inserted into a syringe needle, which was placed on a CMA/100 microsyringe pump
(CMA/Microdialysis AB, Stockholm, Sweden). The probe was perfused with an
artificial Cerebrospinal Fluid (aCSF) solution (147 mM NaCl, 3 mM KCi, 1 mM
MgCly, 1.3 mM CaCl,, 0.2 mM NaH,PO, and 1.3 mM Na,HPOQ, dissolved in deionised
water) at a flowrate of 2 pul min™'. Microdialysate samples were collected in plastic vials

and analysed at 10 min. intervals.
5.4.3.6 Preparation of stock solutions and standards

Stock solutions of DAN and DOX (2 mg ml™) were prepared in MeOH and
stored at —20 °C. Stock solutions of EPI (2 mg ml™) were prepared in water and stored
at 4 °C and were stable for one month. From this stock solution of EPI, a 1 mg ml™
standard was prepared in methanol and stored at -20 °C. Standards of known

concentration were prepared by dilution of the stock standards with 10:90 ACN / buffer.
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3.5 RESULTS AND DISCUSSION
5.5.1 Development of CE separation

The choice of electrolyte is critical to the success of separations by CE. Based
on work reported by Perez-Ruiz ez al., a borate buffer was employed.l”! It is essential
that the pH of the electrolyte approximates to the pK, of the electrolyte, which for borate
was 9.24.P4 All anthracyclines possess a sugar amino group, daunosamine, which
undergoes protonation, and phenolic groups which are liable to ionisation in alkaline
media. The pK, values of the anthracyclines are shown in Table 5.1, From the pK,
values, it is evident that DOX has a higher pK, than its epimer. As a result, under
physiological conditions, a higher proportion of DOX will be in the ionised form and
therefore its uptake by cells will be reduced. In contrast EPI, will have a higher
proportion of non-ionised drug than DOX at any pH. The implication of this is that EPI
will penetrate cells more easily than DOX under the same conditions. DOX and EPI
differ in the configuration of the 4’0OH group. In DOX, this group undergoes hydrogen
bonding with the amino, NH, group. This interaction allows for the ionisation of the

NH, group and therefore gives DOX a higher pK, than EPL"? !

Table 5.1 The pK, values for DAN, DOX and EPI®

DAN ' 8.43,8.5
DOX 8.22,8.34
EPl 7.7, 8.08
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The order of migration was determined to be DAN, DOX and EPI. A pH of 9.0
resulted in the greatest resolution (R) between DOX and EPIL, (R = 0.3) and was
therefore used in subsequent optimisation of the separation, Fig. 5.9. As DOX and EPI
are epimers of each other, they migrate at very similar times, and as a result baseline
resolution was not achieved using conventional CE. In order to improve the resolution

between these analytes, a chiral selector was added to the electrolyte, Section 5.5.1.1.
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Figure 5.9 CE separation with direct UV detection at 234 nm for the analysis for the analysis
(1) DAN (95 pg ml), (2) DOX (100 pug ml"), and (3) EPI (100 ug ml"). Separation voltage
17.5 KV, electrokinetic injection 17.5 kV / 5 s. Buffer: 105 mM borate, 30% ACN, pH 9.0.
Effective capillary length 0.60 m.

5.5.1.1 Addition of chiral selectors

Cyclodextrins (CD) are the most regularly employed chiral selectors in CE.P®
They are non-reducing oligosaccharides consisting of six, seven or eight glucose units,
which correspond to a-, - and y-respectively.””! These are known as the native CD’s
that are capable of forming inclusion complexes with other hydrophobic molecules. Fig.

5.10 illustrates the structure of B-CD. Native CD’s may be derivatised with hydrophobic
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(e.g. methyl or propyl) or hydrophilic groups (e.g. sulphate, phosphate) which improves

further the complex forming ability and selectivity towards certain analytes.[*®!
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Figure 5.10 Structure of f-cyclodextrin (reproduced from www.chembimk.com)

d,[99’100] and in order

The use of charged CD’s as chiral selectors has been reporte

; to help in the separation of DOX and EPI, the addition of a charged and derivatised CD
was investigated, as illustrated in Fig. 5.11. In the analysis of the anthracyclines with
the charged CD, the separation of DOX and EPI was improved somewhat but baseline

resolution was not obtained, (R=0.6), as shown in Fig. 5.11.

Alpha (o) CD was added to the electrolyte and its effect on the separation is
shown in Fig. 5.12. Poor peak shape of DAN, DOX and EPI was obtained with a- CD,
and following this, their analysis was performed with varying concentrations of the

derivatised CD, 2-hydroxy propyl B-CD.
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Figure 5.11 Effect of the addition of chiral selectors on the separation of (1) DAN (95 ug ml™),
(2) DOX (30 ug ml'), and (3) EPI (20 ug ml’'). Separation voltage 17.5 kV, electrokinetic
injection 17.5 kV /' 5 s with direct UV detection at 234 nm. Buffer: 105 mM borate, 5 mM SBE,
B-CD, 6 mM methyl 5-CD, 30% ACN, pH 9.0. Effective capillary length 0.60 m
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Figure 5.12 Effect of the addition of a chiral selector on the separation of (1) DAN (95 ug ml”),
(2) DOX (30 pg ml’), and (3) EPI (20 ug mi'). Separation voltage 17.5 kV, electrokinetic
injection 17.5 kV'/ 5 s with direct UV detection at 234 nm. Buffer: 105 mM borate, 5 mM a-CD,
30% ACN, pH 9.0. Effective capillary length 0.60 m
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Derivatised CE’s are suited to the analysis of anionic and cationic compounds
and the effect of the addition of the CD 2 hydroxy-propyl B-CD, in the range 1.75-7
mM on the resolution of the anthracyclines was studied, the results of which are shown
in Fig. 5.13. The solubility of the CD was reached at 7 mM and above this concentration
the CD was not soluble in deionised water. It was found that the optimum concentration

of 2-hydroxy propyl B-CD was 3.5 mM and therefore this was employed for subsequent
work, Fig. 5.14.
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Figure 5.13 Graphical illustration of the resolution calculated at various concentrations of 2-

hydroxy propyl f-CD. Unless stated otherwise all operating conditions as in Fig 5 9
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Figure 5.14 Optimised CE separation of (1) DAN (95 ug ml™), (2) DOX (30 ug ml”), and (3)
EPI (20 pg ml h). Separation voltage 17.5 kV, electrokinetic injection 17.5 kV / 5 s with direct
UV detection at 234 nm. Buffer: 105 mM borate, 3.5 mM 2-hydroxy propyl §-CD, 30% ACN, pH
9.0. Effective capillary length 0.60 m

3.5.1.2 Optimum separation conditions

From the resolution values calculated, the optimum separation conditions
determined were 105 mM borate, 30% ACN, 3.5 mM 2-hydroxy propyl B-CD, pH 9.0, a
separation voltage of 17.5 kV. Sample introduction was performed electrokinetically
(17.5 kV / 5 s). From a study of the UV spectra, direct detection at 234 nm was

employed, as shown in Fig.’s 5.14 and 5.15, for their determination.
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Figure 5.15 UV spectra of DAN (28 ug ml'), DOX (29 ug ml’) and EPI (29 ug ml’), in
electrolyte. Buffer electrolyte was 105 mM borate, 3.5 mM 2-hydroxy propy! -CD, 30% ACN,
pH 9.0

The CE-UV method developed was then applied to the analysis of rat plasma

samples.

5.5.2 Application to plasma samples
5.5.2.1 Direct injection of plasima samples

For real time monitoring, it was preferred that minimum sample pre-treatment
was carried out. As a result, the direct injection of rat plasma spiked samples of
anthracyclines was investigated, Fig. 5.16. However, it was evident from this
investigation that the length of analysis was greater (35 min.), and the separation of
DOX and EPI was not obtained. This was a direct result of the extensive protein binding
of anthracyclines.” Therefore, for the analysis of anthracyclines in plasma, a sample
preparation step was required, which would remove the protein content from the sample
without affecting the anthracyclines. In this work, vacuum ultrafiltration (VUF) was

employed, Section 5.5.2.2, to investigate the free drug concentration.

194



Chapter 5, Analysis of Anthracyclines ... ...

8
— Plasma spiked with mix (2) +(3)

564 Blank plasma

<

2

c 4

3

3

©

8 2]

Q

8

< 0 1

5 10 15 20 25 30

Migration time (min}

Figure 5.16 Analysis of rat plasma spiked with (1) DAN (95 ug ml™), (2) DOX (100 ug ml”),
and (3) EPI (100 ug ml'') All operating conditions as in Fig. 5.14, direct UV detection at 234
nm. Effective capillary length 0.60 m. The spiked plasma trace 1s offset by 2 AU

3.5.2.2 Vacuum Ultrafiltration (VUF) of plasma samples

The driving force for VUF sampling is the application of a vacuum, to pull the
bulk solution into the ultrafiltration probe.l'® An illustration of the VUF process is
shown in 5.17. The polyacrylonitrile (PAN) membrane contains tiny pores, which
allowed smaller molecules, e.g. DOX and EPI, to flow through the probe. DOX and EPI
were carried with the bulk flow of the solution. The PAN membrane employed had a
molecular weight cut off of 30 kDa. The application of VUF to the analysis of free drug

concentration of anthracyclines has not been reported previously in literature.

195



Chapter 5, Analysis of Anthracyclines ... ... ...

VACUUM
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Figure 5.17 Illustration of the VUF process, showing the flow of smaller molecules and water

through the PAN membrane (veproduced from www.bioanalytical.com)

The plasma samples were spiked with known concentrations of DAN, DOX and
EPI prior to VUF, Fig. 5.18. However, free drug concentrations of DAN, DOX and EPI
were not detected using VUF coupled with CE-UV as shown in Fig. 5.18. Therefore, a
more sensitive mode of detection was required, which would reflect the therapeutic
concentrations (5-50,000 ng ml™) of anthracyclines in plasma.[w] Anthracyclines are
electroactive species that possess electron donating phenolic groups and an electron
accepting quinone group,'” and as a result the potential of applying eclectrochemical

detection, which is a rapid and inexpensive technique, to their analysis was investigated.
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Figure 5.18 CE analysis of rat plasma spiked with DAN (95 ug ml''), DOX (100 ug mI'} and
EPI (100 pg ml”) prior to VUF. No analytes were detected. Unless stated otherwise all

operating conditions as m Fig.5 14, with direct UV detection ar 234 nm. Effective capillary
length 0.60 m. The spiked plasma sample is offset 2 AU

5.5.3 Electrochemical (EC) detection

There is only one report in literature on the CE-EC analysis of anthracyclines. In
this paper, the electrochemical detection of DAN was performed using a carbon disk
electrode as the WE. In this research, on-column detection with a cellulose acetate
decoupler and a carbon fiber WE was employed. An illustration of the electrochemical

detection employed is shown in Fig. 5.19.

In EC detection, it is necessary to separate the separation (pA) and detection
current (pA). This is achieved on-column with the addition of a decoupler. The working
electrode is inserted into the capillary and the distance between this and the decoupler
must be controlled, too short and the resistance is too high and too long and band-
broadening starts to occur. However, most decouplers cannot shunt all of the current
with the most effective decouplers maximising their surface area. With on-column CE-

EC low LOD’s have been reported. (10210
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I H|

Figure 5.19 Illustration of an electrochemical cell with an on-column decoupler and carbon
fiber WE, (33 um i.d )"

An electrochemical characterisation of the anthracyclines was performed using
cyclic voltammetry. Cyclic voltammograms (CV) were performed for each individually
and are shown in Fig. 5.20. From Fig. 5.20, it was found that each of the anthracyclines

are electrochemically active and undergo irreversible oxidation between 0.2 and 0.6 V

vs Ag/AgCl.
1e-8
—— DAN
G - § —— DOX
—— EPI
< -1e-8 -
B
5’ -2e-8
-3e-8
-4e-8 : : : .
| 0:6 04 0.2 0.0

Voltage (V)
Figure 5.20 CVs of DAN, DOX and EPI in buffer electrolyte of 105 mM borate, 3.5 mM 2-

hydroxy propyl 3-CD, 30% ACN, pH 9.0, with carbon fiber WE vs. Ag/AgCI RE at a scan rate
of 50 mV s
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As DAN, DOX and EPI are never administered together, the optimisation was
initially carried out with DAN and DOX, with DAN as the internal standard.**'Also, as
DOX and EPI were not present in the same sample, the CD was removed from the
buffer electrolyte. A hydrodynamic voltammogram (HDV) was performed to determine
the optimum detection potential for their separation, as illustrated in Fig. 5.21. A
detection potential of 300 mV was employed and the optimum separation is shown in
Fig. 5.22.

A comparison of the LOD’s determined with UV and EC detection is illustrated
in Table 5.2, The LOD’s were calculated from the blank plus three times the standard
deviation. However, EC detection did not facilitate the therapeutic monitoring (5-50,000
ng mi') of the anthracyclines because of the LOD’s obtained. Therefore, it was
necessary to apply an alternative mode of detection with even lower LOD, ie.
fluorescence, to their analysis. Anthracyclines possess native fluorescence and their

analysis by fluorescence is widely reported, 1128

Table 5.2 The LOD’s and LOQ’s calculated for DAN, DOX and EPI for UV and EC detection

% RSD
DAN 14.0 2.8 2.1
DOX 12.0 7.3 1.2 2.9
EPI 13.6 5.7 N/A N/A
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Figure 5.21 Hydrodynamic voltammogram of DAN (5.6 ug ml') and DOX (2.9 ug ml') with
carbon fiber WE vs. Ag/AgCl RE. Buffer: 50 mM borate, 10% ACN, pH 9.0. Effective capillary
length 0.65 m
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Figure 5.22 CE separation with EC detection at a detection potential of 300 mV vs. Ag/AgCI
RE of (1) DAN (5.6 ug ml') and (2) DOX (2.9 ug ml’) with carbon fiber WE. Separation
voltage 17.5 kV, electrokinetic injection 17.5 kV / 5 s. Buffer: 50 mM borate, 10% ACN, pH 9.0.
Effective capillary length 0.65 m
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5.5.4 Laser-Induced Fluorescence (LIF) detection

Fluorescence detection is ideal as anthracyclines possess native fluorescent
properties and therefore do not require derivatisation.”*” Using the conditions
optimised for UV detection the analysis of DAN, DOX and EPI was performed and is
illustrated in Fig. 5.23,
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Figure 5.23 CE-LIF separation, excitation laser 442 nm of (1) DAN (5 6 ug mi™’), (2) DOX (5.8
ug ml’) and (3) EPI (8.7 g ml). Separation voltage 17.5 kV, electrokinetic injection 5 kV/ 5
s. Buffer: 105 mM borate,3.5 mM 2-hydroxy propyl S-CD, 30% ACN, pH 9.0. Effective
capitlary length 0.60 m

A comparison of the LOD’s determined with UV, EC and LIF detection are
illustrated in Table 5.3. Improved detection limits in the range of 150-1400 ng ml™ were
obtained with LIF detection, which were low enough to allow for the therapeutic
monitoring of the anthracyclines. However, the LOD’s determined were not capable of
detection in the 5-150 ng ml™ range. The developed method was applied to the analysis
of plasma samples. Using microdialysis, the extent of protein binding in plasma was

performed, Section 5.5.5,
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Table 5.3 The LOD s calculated for DAN, DOX and EPI for UV, EC and LIF detection

DAN 14.0 2.8 1.4
DOX 120 1.2 0.3
EPI 13.6 N/A 0.15

5.5.5 Determination of protein binding in plasma

The extent of protein binding of drugs in plasma has previously been determined
using ultrafiltration and equilibrium dialysis.['"'%) CE requires a small sample volume
for analysis, and is therefore an ideal separation technique to couple to microdialysis,
which produces only a few pl of sample. Microdialysis is a membrane based sampling
technique, which is based upon the concentration gradient alone, i.e., either an electrical
field or an ionic strength gradient across the membrane. The dialysate contains the
sample under investigation, so the sampled system may be a living system or even a
portion into which the microdialysis probe is inserted. The probe is perfused slowly
with a sampling solution, (the perfusate), whose ionic strength and pH are close to that
of the system under investigation. The flow rate was maintained by a syringe pump, and
in this study, the perfusate employed was an aCSF solution, which is a saline solution.
The dialysis membrane, i.e., the polyacrylonitrile (PAN) membrane, which had a
molecular weight cut off of 30 kDa, was permeable to small molecules, (e.g. DAN,
DOX and EPI), but did not allow macromolecules such as proteins to pass through. A
digital image of the PAN membrane employed (10 mm) is illustrated in Fig. 5.24.
Analytes that diffuse through were collected into a collection vial.'®! VUF differs from

microdialysis in that a vacuum is constantly applied to the probe, in contrast for
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microdialysis sampling a solution is pumped through the probe at a constant flow rate.
The coupling of CE to microdialysis for the determination of protein binding of

anthracyclines in plasma has not been reported in the literature previously.

'
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Figure 5.24 Digital image of a microdialysis probe

Initially, the % recoveries of DAN, DOX and EPI were obtained in plasma and
in an aCSF solution, Fig.”s 5.25 (A) and (B). % recoveries were calculated according to
literature methods.""™! From these % recoveries, the estimated protein binding obtained
was in the 25-45%. However, from literature it is known that the % protein binding of
anthracyclines is higher, between 60-90%,?!! therefore in order to verify this result, this

experiment should be repeated.
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Figure 5.25 (4) % recoveries obtained for DAN (56 ug ml I), DOX (58 ug ml 1) and EPI (58 ug
ml') in plasma.(B) % recoveries obtained for DAN (56 pg mi "), pox (58 pg mi-1} and EPI (58
Lz mi I) in aCSF. Flow rate 2 l min”’, samples collected every 10 min. Separation conditions

as in Fig 5.23
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5.5.6 Comparison of CE method with HPLC-UV

The CE method developed was compared with HPLC, the separation technique
regularly employed for the analysis of anthracyeclines.****®! Based on a literature
method, the analysis of DAN, DOX and EPI was performed, with UV detection.!*s! A
chromatogram showing their separation with various amounts of SDS in the mobile
phase is illustrated in Fig. 5.26. It is evident from Fig. 5.26 that increasing the content of
SDS reduces the length of analysis from 30 min. to 18 min. The analysis time is similar
to CE; however, increased sample volumes were required for analysis by HPLC (ul),
compared to nl volumes required for CE. The anthracyclines are carcinogenic and
highly toxic, therefore CE is an ideal separation technique as the small sample volume

required reduces the exposure to them.
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Figure 5.26 HPLC separation with UV detection at 230 nm of (1) DOX (58 ug ml’), (2) EPI
(58 ug ml') and (3) DAN (56 ug ml'). Mobile phase prepared by mixing the buffer A
(phosphate, pH 2.0, with either 0.2 % or 0.4 % SDS), with solvent B (mixture of MeOH:ACN,
50-50). The composition of the mobile phase was buffer A:solvent B = 40/60. Flow rate 15 ml

min!
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5.6 CONCLUSION

A CE method was successfully developed for the separation of the anthracyclines
DAN, DOX and EPI coupled with UV, EC and LIF detection. Detection limits in the
range of 12-14 ug ml™' were obtained with UV detection. The CE-UV method was
applied to the analysis of rat plasma samples, using VUF for the determination of the
free drug concentration. However, due to the extent of plasma protein binding of
anthracyclines, no free drug was detected. Improved detection limits (150-1400 ng m1™)
were obtained with LIF detection, which were capable of monitoring the therapeutic
levels (5-50,000 ng ml") of anthracyclines. The degree of plasma protein binding of
anthracyclines was determined using microdialysis, however, the results obtained
conflicted with literature data. Nonetheless the potential of this technique for the real
time monitoring of plasma samples with on-line microdialysis coupled with CE was
demonstrated. Microdialysis is suitable for coupling to CE as it generates sample
volumes that are ideal for CE analysis. There is the capability too for the miniaturisation
of CE, which will further reduce the waste generated and also potentially enable point
of care testing. The CE method developed was compared to HPLC, and further
demonstrates the advantages of CE for their analysis, The exposure to the
anthracyclines, which are carcinogenic and extremely toxic, is significantly reduced
through analysis by CE.
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Chapter 6, Conclusions .. ... ...

6.1 COMPARISON OF ELECTROPHORESIS Vs CHROMATOGRAPHY

The separation principles of clectrophoresis and chromatography are very
different. However, they are complementary techniques, e g. separation in CE is
dependant upon the size to charge ratio of the analyte ion; in contrast, HPLC is based
upon the hydrophobicity of the analytes. In the preceding four chapters, a comparison
was made between these modes of separation. The limitations and advantages of both

techniques are outlined below.

6.1.1 Sample matrix

The application of Capillary Electrophoresis (CE) to the analysis of complex
matrices, such as plasma samples, was demonstrated. For the real time monitoring of
anthracyclines in plasma, it is preferred that minimal sample pre-treatment was carried
out. The feasibility of analysing plasma samples without sample pre-treatment was
demonstrated using CE, and with further method development the direct injection of
plasma could potentially be applied to the determination of anthracyclines in plasma.
This possibility does not exist for chromatographic techniques and so the superior

ruggedness of CE is a major advantage for plasma analysis.

Microdialysis is a sampling technique, which removes the need for a separate
sample pre-treatment step. The degree of plasma protein binding of anthracyclines was
determined using microdialysis. The potential of this technique for the real time
monitoring of plasma samples with on-line microdialysis coupled with CE was also
demonstrated. This highlights another advantage of CE over chromatographic
techniques, which are not as readily amenable to microdialysis coupling, and therefore

not as suitable for real time monitoring.

In the analysis of cyanoacrylate adhesives, preparation of the adhesive samples
was performed using liquid-liquid extraction. This sample pre-treatment was required
for the chromatographic analysis of the samples too. In this study, as a sample pre-
treatment was required for both separation techmiques, neither mode of separation

offered distinct advantages in the analysis of adhesives.
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6.1.2 Sample volume

The exposure to the anthracyclines, which are carcinogenic and extremely toxic,
is significantly reduced through analysis by CE, as nl sample volumes are required for
analysis by CE, compared to pl sample volumes required for analysis by High
Performance Liquid Chromatography (HPL.C). The anthracyclines are carcinogenic and
highly toxic, and therefore CE is an ideal separation technique as the small sample

volume required reduces the exposure to them.

The sampling technique, microdialysis, was applied to the analysis of
anthracyclines, and this is an ideal sampling technique for coupling to CE as it generates
sample volumes that are suited for CE analysis. There is the capability too for the
miniaturisation of CE, which will further reduce the waste generated and also
potentially enable point-of-care testing, Also, the cost of removal of waste generated
through either the chromatographic analysis of industrial or clinical samples is

decreased due to the reduced waste generated by CE.
6.1.3 Length of Analysis

The CE method developed for the analysis of anthracyclines was compared with
HPLC, the separation technique regularly employed for the analysis of anthracyclines.
The length of analysis in this study was similar to CE; however, the coupling

microdialysis to CE should help improve the temporal resolution of the analysis.

The electrophoretic analysis of ethyl cyanoacrylate adhesives, resulted in high
separation efficiencies, such as 330,000 plates m ~1 for chioride, and also reduced total
analysis times, namely 23 min. for CE compared with 45 min. for lon Chromatography
(IC). The application of CE to the analysis of the irgacure was also shown and
demonstrated its ability as an alternative mode of analysis with increased separation
efficiencies obtained, 2130 plates m™” with HPLC and 411,280 plates m™ with CE. A
reduced total analysis time of 6 min. was also achieved with CE, with the potential of
applying higher separation voltages to further reduce the analysis time. CE therefore

resulted in a superior analysis time when compared to both HPLC and IC.
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6.1.4 Detection Methods

Detection modes, such as fluorescence, electrochemical (EC) and mass
spectrometric (MS) detection, were successfully applied to the analysis of industrial and
clinical samples with both CE and HPLC. Ultra-violet (UV) detection is the preferred
mode for method development; nevertheless, it does not enable the therapeutic
monitoring of pharmaceuticals in biological matrices. However, UV is still an important
mode of detection both for method development and also for the analysis of samples
where the LOD’s are not the deciding factor, such as in the analysis of inorganic and

acidic anions in cyanoacrylate adhesives.

For the analysis of anthracyclines, UV, EC and Laser-Induced Fluorescence
(LIF) detection was employed. Tmproved detection limits (150-1400 ng ml™") were
obtained with LIF detection, which were capable of monitoring the therapeutic levels
(5-50,000 ng m!™) of anthracyclines. Therefore, for anthracycline analysis, LIF was

shown to be the preferred mode of detection.

The application of HPLC coupled with MS detection enabled the structural
elucidation of the irgacure and it was determined that the irgacure undergoes free
radical curing reaction. The structural elucidation was not possible with any of the other

modes of detection used in this thesis.
6.1.5 Conclusion

In this work, electrophoresis was compared with chromatography in terms of the
matrix of the sample to be analysed, the volume of sample required, the length of
analysis developed and the detection methods preferred. CE was clearly demonstrated
as an alternative mode of separation capable of equalling, and in many cases improving

on the corresponding chromatographic analysis.
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7.1 APPENDIX 1a — MS Parameters for APCI-MS

Mode

Mass Range mode

Ion Polarity

Ion Source Type

Current Alternating Ion Pol

Alternating Ion Polarity

Detector & Block Voltages

Multiplier Voltage
Dynode Voltage
Scan Delay
Skimmer 1 Block
Skimmer 2 Block

Tune Source

Trap Drive

Skim 1

Skim 2

Octopole RF Amplitude
Octopole Delta

Lens 1

Lens 2

Octopole

Capillary Exit

Cap Exit Offset

HV End Plate Offset
Current End Plate

HV Capillary

Current Capillary

Dry Temp (Measured)
Dry Gas (Measured)
Nebuliser (Measured)

Std/Normal

Positive
APCI
N/A
N/A

1750V
7.0kV
0 us
1000V
3000V

383
150V
64V
91.0 Vpp
205V
3.2V
-46.1 V
238V
65.0V
500V
993V

2177.151 nA

2828V

77.214 nA

326 °C

8.02 l/min

30.34 psi

218

Trap

Scan Begin 50.00 m/z
Scan End 1000.0 m/z
Averages 20 Spectra
Charge Control On

ICC Target 20000
ICC Actual 16261
Accumulation Time 5215 us
Max. Acc. Time 30000 ps
MS/MS Manual Mode

Fast Calc On

ISTD Off
MS/MS Automatic

Auto MS/MS Off
Rolling Average

Rolling On

Compressed Spectra

Compressed Spectra Off
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APPENDIX 1b-IC Gradient method

0-2 0 20 50 150
3 0 775 75 150
4-5 0 75 100 150
6 17 667 167 150
7 33 583 233 150
8 50 500 300 150
9 75 375 400 150
10 100 250 500 150
11 125 125 60 0 150
12 150 00 700 150
13 162 00 685 150
14 175 00 675 150
15 188 00 662 150
160 200 00 650 150
170 300 00 550 150
180 400 00 450 150
190 500 00 350 150
200 600 00 250 150
210 700 00 150 150
2225 800 00 50 150
260 0 800 50 150

219




Chapter 7, Appendices ... ... ...

7.3

Publications

“The Potential of Capillary Electrophoresis for the Analysis of Inorganic and
Acidic Anions in Cyanoacrylate Adhesives”

Electrophoresis, Article in Press, 2006

Gillian Whitaker, Brendan J. Kincaid, Nicole Van Hoof, Fiona Regan, Malcolm
R. Smyth, Raymond G. Leonard

“An investigation into the stability of cyanoacrylate adhesives using capillary
electrophoresis”

Intl. J. of Adhesion and Adhesives, Manuscript in preparation

Gillian Whitaker, Brendan J. Kincaid, Nicole Van Hoof, Fiona Regan, Malcolm
R. Smyth, Raymond G. Leonard

“4 Study of the Mechanisms of Oxidative DNA Damage by Nickel”

Free Radical Biology and Medicine, Article in submission 2006
Michele Kelly, Gillian Whitaker, Blanaid White, Malcolm. R. Smyth
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