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The actual signal recorded with an analytical instrument is not always a true
reflection of the analysed sample. In this thesis a further insight of the atmospheric
pressure ionisation processes electrospray (ESI) and atmospheric pressure chemical
ionisation (APCI) has been endeavoured, to provide a deeper understanding of and
ways to minimize this bias.

A response model for ESI has been modified and used to study the influence of
solvent composition on the observed mass spectrometric signal. The response model
divides the response into an analyte partitioning coefficient and an instrumental
response factor. A number of experimental parameters influencing the response
were investigated including spray position relative to the orifice, spray potential,
nebulizer and curtain gas flow rates, ionic strength and organic content of the
sprayed solution. The history of the generated droplets turned out to be of significant
importance to both the partitioning coefficients and the instrumental response factor.
Furthermore, it was found that the total ionic strength and not only the electrolyte
concentration will influence the instrumental response factor.

In addition, based on the importance of hydrophobicity and electrophoretic
mobility, a model was proposed for the ion distribution within the electrosprayed
droplets.

The coupling of an electrochemical (EC) cell to a mass spectrometric (MS)
system has been evaluated. The coupling of the EC cell to the MS was made to
decouple the cell from the high voltage circuit of the ESI. The feasibility for analyte
ionisation, sample pre-concentration and solvent exchange as well as studying redox
reaction products was shown.
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”Nu fantiserar han igen
Nu fantiserar Du igen
Vad skall Du bli när Du blir stor ?”1

Till Ulrika
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CHAPTER 1

Introduction

Mass spectrometry (MS) is a technique where charged species (ions) can be
separated and detected according to their mass to charge ratio (m/z). MS is
one of the most sensitive methods for molecular analysis and has the
possibility to give insights to the structure of the analyte. The MS instrument
also offers high selectivity in the analysis. The possibility to couple
separation techniques, e.g. chromatography, to MS further increases the
power of the technique when complex samples are to be analysed.

However, many of the used techniques may introduce systematic errors
(bias) to the analysis and the presented result may thus not be a true
reflection of the sample. For the atmospheric pressure ionisation (API)
techniques, the sample composition, e.g. solvent system, buffer and matrix
compounds, influences the ionisation and hence the analytical result. A
further complication if a separation system is coupled to MS is that the
demands and preferences on the sample for the different techniques may
differ, restricting the freedom of choice for the user.

The aim of the research presented in this thesis is to try to gain further
insights to the fundamental principles of the two most common API
techniques, atmospheric pressure chemical ionisation and electrospray
ionisation. This improved understanding could be utilised to enhance the use
of the techniques in analytical chemistry by minimising bias, improve
detection limits and minimize matrix effects, especially for complex
samples.

The intention of this summary is to give an introduction to the area of
atmospheric pressure ionisation, especially atmospheric pressure chemical
ionisation and electrospray ionisation. For discussion of my results in more
detail, see Papers I – V.
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CHAPTER 2

Atmospheric Pressure Ionisation–Mass
Spectrometry

A mass spectrometer (MS) is an analytical instrument capable of separating
charged species according to their mass to charge ratio. For a schematic
figure of the main components of an MS instrument, see Figure 1.

Figure 1. Schematic figure of the different parts of a mass spectrometer.

The mass analysers are separating ions based on a number of different
physical principles. Several types of mass analysers thus exist, e.g.
quadrupole2, time of flight3, sector4, ion trap5 and Fourier transform ion
cyclotron resonance instrument6, which can be used alone or in
combinations7. The choice of instrument type depends on the analytical
demands at hand. Important factors to consider include: mass range,
resolving power, mass accuracy, ion transmission and sensitivity, scanning
or continuous monitoring, data acquisition speed, MS/MS capability,
computer software issues, ease of use as well as economical considerations
such as price and support from the manufacturer. In this thesis work,
quadrupole instruments have been used.

Ion source Mass analyser Detector

Data handling
system

Sample introduction

Ion source Mass analyser Detector
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Sample introduction
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Historically, the formation of ions in the ion source normally occurred at
low pressure, with electron ionisation (EI) and chemical ionisation (CI) as
the most commonly used ionisation techniques. Only volatile analytes can be
analysed with these methods, and since they are rather energetic, the
ionisation commonly result in extended fragmentation of the target analytes.
This can be important for structural elucidation but is less valuable for trace
analysis in complex samples.

The basic problem in coupling liquid inlets to MS is the high gas load
that will be generated from the evaporating liquid buffer or solvent. As the
ion separation and detection require a low pressure, the pumping system of
the instrument needs to cope with the large gas volumes generated. A liquid
flow of 1 ml/min generates a thousand fold increase of gas flow at
atmospheric pressure, or about 0.2 – 1.2 l/min on evaporation, depending on
the liquid used8. Several different approaches have been reported to
overcome this problem, the most obvious being the use of low flow rates,
either by down-scaling the separation system or by splitting the flow.

Analyte enrichment interfaces, where the solvent is removed or reduced
prior to analyte introduction, was an early used strategy to cope with the
high gas load from liquids. This approach was for example, used in the
moving belt interface9. This interface soon proved unpopular as less complex
and more repeatable interface solutions were constructed. It is interesting to
note, however, that there has been a recent renewed interest in this technique
for deposition of separated analytes directly on-target in on-line matrix
assisted laser desorption/ionisation (MALDI)10.

Nebulization methods have been used both at vacuum and atmospheric
pressure to enhance liquid evaporation. The direct liquid introduction (DLI)
interface, is an example, where a liquid jet is generated at low pressure by
incorporating a restriction at the end of the introduction-capillary11,12. A
problem with low-pressure nebulization is the reduced heat transfer to the
droplets, which can result in incomplete desolvation for high flow rates.

Vestal et al. developed an introduction method, in which the liquid flow
was heated before nebulization, thus introducing the partly vaporised mist to
the ion source13. In this set-up, excess solvent was removed by an extra
vacuum pump opposite to the vaporizer. Ionisation of the vaporized analytes
then occurs by statistical fluctuations in the charge of the droplets or by gas
phase chemical ionisation.

In the particle beam (PB) interface, the liquid is pneumatically nebulized
at or near atmospheric pressure14,15. In a heated region, the generated aerosol
desolvates and forms small particles, which are separated from the solvent
by a momentum separator. The beam of particles is transferred to the ion
source at low pressure, where the analytes are ionised, usually by EI or CI.
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Fast atom bombardment (FAB) is one of the first “soft” (with little or no
fragmentation) ionisation techniques. FAB can be coupled to liquid flows in
the form of frit-FAB16 or continious flow FAB17. The sample flow is mixed
with a non-volatile matrix, e.g. glycerol, and deposited as a liquid film on a
target bombarded with a beam of 5-8 kV xenon atoms.

MALDI is another soft ionisation technique18, generally generating
singly charged ions, even for large biomolecules. The sample need to mixed
with a matrix on a target at low pressure, which is irradiated by a laser to
desorb and ionise the analytes. Recently an atmospheric pressure interface
for MALDI, AP-MALDI, has been presented19.

Atmospheric pressure photo ionisation is a novel ionisation method,
using an interface closely related to the APCI interface20. The ionisation is
started by a vacuum ultraviolet lamp, generating 10eV photons. Often is the
ionisation mediated through a reactive dopant, e.g. toluene or acetone.
Figure 2 shows the range of suitable analytes for three common atmospheric
pressure ionisation techniques.

Figure 2. Analyte suitability range for different atmospheric pressure ionisation
techniques.

When a mixture of gas and ions is transferred from atmospheric pressure
to the low pressure region within the MS instrument, a strong cooling
(adiabatic cooling) occurs as the mixture rapidly expands in the vacuum21,22.
If polar neutrals (e.g. water or solvent) are present in the mixture at that time,
condensation of these neutrals on the analyte ions occur. The size of the
formed clusters may then exceed the mass range of the analyser and also
lower the analyte signal by distributing it over several ion signals. In all
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modern MS instrument designed for atmospheric pressure ionisation (API),
the problem with clustering is of high concern, and is either prevented or
eliminated by different methods.

The transmission from atmospheric pressure to vacuum is the single step
where most analyte is lost in the MS instruments used today. A strong trend
to try to improve the instrumentation in this area can be seen. Smith et al.
have developed an “ion-funnel” to help focus the ions23-26.
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CHAPTER 3

Atmospheric Pressure Chemical Ionisation

3.1 General principle of APCI
Atmospheric pressure chemical ionisation is a gas phase ionisation
technique.

The most commonly used APCI interfaces consist of a sample inlet
capillary, surrounded by a coaxial nebulizer capillary. The nebulization takes
place in a heated section, in which a flow of an auxillary gas minimizes the
interactions of the analytes with the tube wall. In front of the heated tube is a
corona discharge needle, which will initiate the two-step ionisation process.
A typical APCI interface is shown in Figure 3.

Figure 3. A schematic figure of an APCI interface

The ionisation mechanism can take several different routes. In positive
mode: proton transfer, charge transfer or adduct formation (cation
attachment) may take place. In negative mode: proton abstraction, electron
capture or anion attachment is commonly obseved.

In proton transfer reactions, this means that a reagent ion with a proton
affinity lower than the analyte donates its proton to the analyte.

+ ++ + +

High voltage electrode
corona needle

LC-effluent
Nebuliser gas

Make-up gas

++ ++ + +

High voltage electrode
corona needle

LC-effluent
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Make-up gas
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Free electrons are needed in order to start the ionisation. These electrons can
be generated in different ways, most commonly by maintaining a strong
electric field with a potential difference of ~3-5 kV between a sharp needle
and a counter electrode (often the MS entrance plate) or by use of a
radioactive β-emitter, normally a 63Ni foil. The use of different plasmas (e.g.
direct current27, microwave induced28 and radio frequency29) has also been
reported.

In this thesis work, APCI was used as  the ionisation technique in paper
I, for micro-liquid chromatography (LC) APCI interface development
(unpublished work) and for supercritical fluid chromatography (SFC)-APCI-
MS analysis of antioxidants in a polymer matrix (unpublished work).

3.2 The role of APCI in analytical chemistry
APCI is an ionisation technique that is well suited for the analysis of
analytes in gases, supercritical fluids and liquids. The applicability of the
ionisation technique spans from continuous monitorings of trace impurities
in semiconductor reaction chambers to direct analys of water samples in
environmental applications as well as composition of polymeric excipients
and chiral compounds in drug distributions. The efficiency of this two-step
ionisation mechanism thus makes it a powerful tool for many applications.
In addition, simple mass spectra, no multicharging and small matrix effects
are assets that make the APCI technique attractive.

On the other hand, the signal in APCI decreases with decreased mass
flow rate, indicating that the gain in analytical performance using
miniaturized separation systems can not be fully captured by a miniaturized
APCI ion source. This will however be partly compensated by the expected
improved ion utilization and transmission in the miniaturised system, and
thus may good sensitivities also be obtained for miniaturised APCI systems.

3.3 APCI development history
The first reported use of chemical ionisation at atmospheric pressure coupled
to mass spectrometry is the work by Shahin in the mid 1960s30,31. He used a
discharge chamber with a platinum wire as anode to study ion-molecule
reactions.

In the beginning of the seventies, the group of Horning developed an
atmospheric pressure ionisation source, using a radioactive 63Ni foil to
initiate gas-phase ionisation32. Later, when they coupled liquid
chromatography to mass spectrometry, a corona discharge needle was used33-
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36. Further characterisation and improvements of the technique were done in
the late seventies and early eighties by Kambra et al37-40. During the same
period, Henion et al. developed an interface41, which later was improved by
Covey et al.42. In this interface, the liquid flow is nebulized by a coaxial gas
flow inside a heated tube.

Several attempts to make combined interfaces with both APCI and ESI
working at the same time or with rapid switching between the two
techniques have been demonstrated in the late 1990s and early 21st century43-

47. This approach has been driven by the need to create non-biased ionisation
of to the sample analytes and the desire to make the ionisation applicable to
a wider range of analytes and matrix compositions.

Developments of APCI are ongoing and, as an example, an interface
with ceramic heater to achieve better heat transfer control has recently been
presented48. In this design, a stepwise heating zone is employed to generate a
heating gradient and thus minimize the analyte interaction with the walls of
the heater. The ion source has also been designed to minimize recirculation
of the atmosphere, which otherwise causes bandbroadening.

3.4 APCI ionisation process
The primary ionisation of the surrounding atmosphere is fast, in the order of
µs, and several groups have studied the different reagent ions generated in
positive and negative ionisation mode, respectively30,31,49-51. The primary
reagent ions generally react further and the most thermodynamically
favoured (most stable) reagent ions will be formed. In a normal atmosphere
and using positive APCI this will often be protonated water clusters. These
reagent ions will subsequently be used to ionise the analytes of interest. If
the generated reagent ions are more stable than the protonated analyte, the
desired reaction will not be favoured and no ionisation of the analyte will
occur.

Sunner et al. have studied the influence of thermodynamics and kinetics
on relative analyte sensitivity in a series of papers52-54.

A typical proton transfer reaction at atmospheric pressure is shown
below, where RH+ is the reagent ion and B denotes an analyte:

RH+ + B ⇔ BH+ + R

The protonation of the analyte will only proceed if the gas phase basicity
(GB) for B is higher than the GB for the reagent ion RH+. The gas phase
basicity is defined as the change in Gibbs energy for the reaction below:
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B + H+ ⇔ BH+

The protonated analyte will easily cluster with solvent molecules, resulting
in the following reaction when water is used as the solvent:

H3O+(H2O)n + B ⇔ BH+(H2O)b + (1+n-b)H2O

The change in Gibbs free energy,  ∆G°, can be written:

∆G° = GB(H2O) – GB(B) + ∆G 0,n (H3O+) -∆G 0,b (BH+) (1)

It has been shown that the hydronium ion gives rise to the most stable
hydrates, indicating that the second part in the equation above will always be
positive and thus endothermic and unfavourable54. In order for the
protonation of B to occur, the analyte needs to have a GB sufficiently higher
than water to obtain a negative (exoergic) ∆G°.

According to the work by Sunner et al52-54, the response behaviour for
different analytes in proton transfer reactions can be grouped into three
different classes, called ”K”, “T” and “L”. The compounds in class “K” have
high GBs. The protonation is fast and under kinetic control. The majority of
compounds in this class is nitrogen bases with GBs > ~830 kJ/mol. The “T”
and “L” classes consist of analytes with GBs < ~830 kJ/mol, but differ in
that the “L” type compounds have much lower sensitivities than the “T” type
compounds with similar basicities. The “T” class of compounds, often
oxygen containing bases, have sensitivities increasing with increasing GB
and are formed under thermodynamic control. The “L” class compounds
having low sensitivities, consists of substances that have conjugate acids
(BH+) that form gas phase hydrates with very low stability.

The sensitivity is influenced by the gas temperatures53,55-58 and for
thermally stable analytes, it is often preferable to use high temperatures, as
this yields a shift to smaller, more reactive reagent ions53. Other important
parameters investigated in the literature includes the reagent ion plasma
density59,60, discharge current61, space charge effects62,63, the residence time
in the ion source54, the distance between the discharge needle and the
vacuum interface61 and flow dynamics64.

3.5 Miniaturisation of an APCI interface
The main reason for the drive towards miniaturisation of mass spectrometric
interfaces is the interest in reducing sample consumption. For APCI, which
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generally is found to be a mass flow sensitive technique39,61,65, a lowering of
the injected amount of sample must be accompanied by an increase in
ionisation or ion transmission efficiency if the sensitivity is to be kept
constant.

The interface previously developed at the Department of Analytical
Chemistry at Uppsala University 65,66 for OT-SFC-APCI-MS and HT-OT-
LC-APCI-MS was slightly modified for use with packed capillary micro LC
on a different MS instrument67. The needle holder was further refined and
the auxiliary gas was not used, allowing a more compact design of the
interface, as can be seen in Figure 4.

Figure 4. Miniaturised APCI interface for micro flow liquid chromatography. 1.
Liquid inlet capillary. 2. Nebulizer gas inlet. 3. Teflon needle holder. 4. Heating
wire. 5. Nebulizer capillary. 6. Corona discharge needle.

Compared to the commercial APCI interface used on the same
instrument, the sensitivity measured in mass per time for acrylamide was
improved 10 times67, but since the flow rate was decreased 1000 times, the
concentration sensitivity decreased 100 times. The increased response for the
same amount of analyte can probably be attributed to improved ion sampling
due to less spreading of the analyte ion “cloud” by space charge effects when
the needle to counter electrode distance was diminished.

The shown microLC-APCI interface worked well for dilute standard
solutions, but when samples with higher salt concentration were tried,
stability problems were encountered as the sample capillary was easily
clogged when salt precipitated in the heated end. Further developments
would thus be needed to provide improved robustness for this device.
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3.6 Liquid separation systems coupled to APCI
As APCI most commonly behaves as a mass flow sensitive method, the use
of columns able to handle large injection volumes are preferable. The
freedom of choice of mobile phases is somewhat larger in APCI than in
electrospray ionisation, as the analytes not need to be present as ions in the
liquid phase. Some solvents pose an explosion risk or are strongly toxic,
making their use more troublesome. The proton affinities (for positive APCI)
or gas phase acidity (for negative APCI) for the solvents and additives are of
great importance, as they affects the reagent ion stabilities. For instance have
methanol lower proton affinity than acetonitrile (754 kJ mol-1 and 779 kJ
mol-1, respectively68), and thus is a better choice if the analyte proton affinity
is low.
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CHAPTER 4

Electrospray Ionisation

4.1 General principle of Electrospray
Electrospray is a method where a liquid is dispersed into small charged
droplets by applying a high electric potential between a liquid in a thin
capillary and a counter electrode. The charging of the analytes normally
takes place in the liquid phase, whereupon the ions are transferred to the gas
phase. The charging of the analytes can occur in different ways: the analytes
may already be charged in solution, by adduct formation, gas-phase
ionisation or electrochemical ionisation.

Figure 5 is a schematic picture of a typical electrospray set-up in
positive operation mode.

Figure 5. Schematics of a typical electrospray set-up in positive mode.
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The spraying is often assisted by a coaxial gas flow69, called a nebulizer
gas. This modification allows the use of higher flow rates than with
conventional electrospray interfaces and also facilitates the spraying of
solvents with higher surface tensions.

In the following text, positive electrospray will be discussed unless
otherwise stated. For negative operation, all principles and terminology is
the same, but reversed.

Pneumatically assisted electrospray in positive operation mode was used
as ionisation technique in the papers I-IV, while negative electrospray was
used in paper V.

4.2 The role of ESI in analytical chemistry
The electrospray technique has gained unsurpassed acceptance as a liquid
introduction technique for mass spectrometry, after an introduction filled
with sceptisism. The mild ionisation, high ion transmission, improved
sensitivity at low-flow rates, the ability to analyse large biomolecules and
non-covalent complexes, improved mass accuracy as well as ability to use
mass spectrometers with low upper mass range due to multicharging, are all
good reasons to choose ESI as ionisation method.

With all the benefit of ESI, comes also the need to make this technique
fully reliable in analytical chemistry. Increased understanding of the
multifaceted mechanisms throughout the ESI process is the only way to
avoid biased results, discrimination and suppression. The issues that must be
addressed include everything from materials, hardware design , flow
dynamics, liquid matrix composition and electrical conditions. A combined
approach of theory and carefully designed (reduced parameter) experiments
is an approach that has been used in this thesis (Papers II – IV) to focus on
some of these aspects.

4.3 Electrospray development history
What is believed to be the first description of electrospray phenomenon is a
short description of an experiment with statical electricity in the famous
book “De Magnete” by W. Gilbert, in which he described what was then
known in the fields of magnetism and electricity70.

“Corpus vero ducit ipsum manifesto in aquae globula gutta posita supra siccum;
nam succinum appositum in conuenienti distantia, proximas conuellit partes, et
educit in conum” W. Gilbert, “De Magnete”, London, 1600
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In 1745, the German scientist G. M. Bose wrote about observations of
phenomena with liquids when electrical potential was applied to a glass
capillary71and around the same time L’abbé J. - A. Nollet performed some
experiments on human blood and electricity, which could be regarded as
electrospray72.

In the early 20th century, electrospray was described by Burton and
Wiegand73 and later more thoroughly by Zeleny74-76. Electrospray was
mainly put to use as an effective painting technique, but in the 1960s and
early 70s Dole et al. reported the first use of electrospray as an ion source for
mass spectrometry77,78. Dole and his group analysed macro-ions
(polystyrene) using a rather crude mass spectrometer. Evans and co-workers
used an ionisation technique closely related to ESI, but with the ion source
operating at a lower pressure79. This so called electrohydrodynamic mass
spectrometry (EHMS) technique had problems with solvent evaporation due
to the low energy amount in the ion source. In the late 1970s Thomson and
Iribarne used a technique related to electrospray based on charge induction
by an external electrical field80,81. In the beginning of the 1980s, the groups
of Fenn22,82 and Alexandrov83,84 independently used electrospray to generate
gas phase ions for mass spectrometric detection successfully for the first
time. In 1987 Bruins et al. introduced pneumatically assisted electrospray or
Ionspray, in which a nebulizing gas helps forming the charged aerosol69.

An important discovery, dramatically increasing the interest in
electrospray ionisation, was the possibility of achieving multiple charging,
reported by Fenn et al. in 198885. This made it possible to analyse peptides,
proteins and other large molecules on cheaper, more common mass analysers
with limited mass range.

In the mid 1990s Wilm and Mann developed a method, later named
Nanospray ,to generate electrospray using low flow rates (nl min-1)86.
Barnidge et al. improved this technique to obtain longer lifetimes of the ESI
emitters by using glued conducting particles as the electric contact on the
tips87 compared to the deposited metallic films previously used.

The development of ESI interfaces is still an active area. Recent
research is e.g. aimed at interfacing nl min-1 flow rate separations to on-line
nanospray ESI, dual or multiple ESI emitters88-90 working together to
increase the throughput of samples or to increase the sensitivity and
combined APCI and ESI interfaces (se chapter 3.3).

4.4 Electrospray ionisation process
The mechanism of ESI can be broken down to include three main steps:
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1 The formation of charged droplets at the tip of the spray capillary.
The charging of the droplets is due to the action of the applied electric
field between the capillary tip and a counter electrode. A charge
separation takes place and an enrichment of ions of the same polarity as
that of the emitter will occur at the emitter. If the field is strong enough,
a so-called Taylor cone will protrude and a small liquid filament or jet is
established, from which small highly charged droplets are generated in a
fine mist.

2 Evaporation of solvent from the droplets.
When the charged droplets travel towards the counter electrode, their
radius will decrease as the solvent evaporates, but their charge remains
constant. At a certain point, called the Rayleigh limit, the Coulombic
force overcomes the surface tension of the liquid and the droplet will
undergo fission into several offspring droplets. This so-called
Coulombic fission can be repeated in several cycles, leading to very
small highly charged droplets.

3 The formation of gas phase ions.
The actual mechanism for the transfer from solvated ions to gas phase
ions is not fully understood and has been under discussion for a long
time. Two main theories have been suggested, the charged residue
mechanism (CRM) and the ion evaporation mechanism (IEM). Lately it
has been suggested that both mechanisms apply, but for different types
of analytes.

4.4.1 ESI droplet formation
When a strong electrical field is applied to a conducting liquid emerging
from a capillary, a charge separation will be induced. Two forces will act
upon the liquid, namely coulombic attraction and dipole attraction. If the
liquid has enough conductivity, an electrophoretic motion will transport the
cations (in positive mode) towards the field’s strongest point, the capillary
tip surface, while the anions will migrate away from the surface. This
rearrangement of charge (charge separation) will generate a force within the
liquid, counteracted by the surface tension. The liquid will therefore start to
form a cone, often called a Taylor cone91, at the capillary tip. At sufficient
high potentials, when the shear force is becoming stronger than the surface
tension, a liquid jet will emerge, from which charged droplets will be
ejected.

The potential needed to generate a stable electrospray can be estimated
using this equation92:
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Von = A1(2γrccos(θ)/ε0)1/2ln(4d/rc) (2)

Von = electrospray onset voltage (V)
A1 = dimensionless constant ~0.5-0.7
γ = surface tension (Nm-1)
rc = capillary radius (m)
θ = half angle of the Taylor cone apex
ε0 = electrical permittivity in vacuum (C2N-1m-2)
d = spray needle – counter electrode distance (m)

The shape of the emerging cone can be used to divide the spraying into
different operating modes, the most common nomenclature used to name
these modes is the one introduced by Cloupeau93. For mass spectrometric
use, the “cone-jet” mode is the most suitable, due to its good stability and
narrow drop size distribution. If a too high potential is used, electrical
discharge can be initiated. The discharge onset potential is lower for
negative electrospray94,95, rendering the spraying of solutions with high
water content (high surface tension) in negative mode more troublesome. If
discharging occurs, a loss of analytical signal or lower signal to noise ratio is
often noted. Gas phase reactions, which in some cases can be detrimental to
the analysis, take place, and it has been reported that the discharge may
reduce the electrical field near the capillary tip due to space charges, and
thus interferes with the droplet formation.93,96. The onset of discharge can be
prevented or shifted to higher field strengths by changing the atmosphere at
the tip or by adding additives to the sprayed solution. Gases or additives that
can capture electrons, like O2, SF6 or chlorinated hydrocarbons, are normally
used for this purpose92,94,95.

For flow rates higher than a few µl min-1, the force from the electrical
field is in it self often not strong enough to nebulize the liquid flow without
causing electrical discharge. Pneumatically assisted ESI is generally
employed when the flow rate is too high to get a stable spray, but is still
often referred to as ESI. When a nebulizing gas is used, the drop size and
velocity will differ from unassisted ESI and a focusing effect will act on the
generated droplet mist 97

The size of the generated droplets has been experimentally determined
by several techniques such as phase Doppler anemometers 98-100, differential
mobility analysers and aerodynamic size spectrometers101-103. Normally
optical detectors have been employed, and therefore the detection has been
limited to droplets larger than a few hundred nm. This discrimination has
made proper modelling and full understanding of the droplet formation
difficult, illustrated by the following statement104:
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“Furthermore, although electrospray models yield functional forms for the
droplet diameter, or more properly for the characteristic diameter of the jet,
the differences between the predictions of conflicting models are
comparable to the accuracy with which droplets can be experimentally
sized. Thus, the same experimental data seem to fit different theories
equally well.” M.Gamero-Castaño and V. Hruby, J. Fluid Mech., 459,
2002, p246

4.4.2 Solvent evaporation from ESI droplets
The charged droplets will shrink when they are moving towards the counter
electrode due to solvent evaporation. The required energy for the
evaporation is provided by the thermal energy of the surrounding
atmosphere. In interfaces designed to operate at high liquid flow rates,
heating of the interface or the gases is generally provided. Since the charge
is constant, the electrostatic repulsion of the charges at the surface of the
droplets increases as the radius decreases. Finally, the droplets become
unstable and undergo fission. The condition at which the electrostatic
repulsion is equal to the surface tension can be calculated from the Rayleigh
equation:

qRy = 8π(ε0γR3)1/2 (3)

qRy = charge of droplet (C)
R = droplet radius (m)

The fission that takes place at the Rayleigh stability limit, often referred to as
Coulombic fission or Coulomb explosion, has been observed for special
solvent systems, and has been described as “uneven fission”105 or “droplet-
jet fission”106. The fission process resembles that seen in the “cone-jet” mode
in electrospray. The droplet deform by making an elongation, from which
several small offspring droplets are ejected. For the system studied by
Gomez and Tang98, it was reported that 15% of the charge from the parent
droplet was lost in the fission, but only 2% of the mass. It was also reported
that the offspring droplet’s radius was about a tenth of that of the parent
droplet, thus the fission generates approximately twenty offsprings. After the
fission, the droplets continue to shrink, and may also undergo one or several
new “droplet-jet fissions”.

When the solvent evaporates from the droplets, the properties of the
droplets can/will change with respect to e.g. pH, viscosity, surface tension
and hydrophobicity.
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Zhou et al. have studied pH and solvent fractionation within electrospray
plumes by laser-induced fluorescence spectroscopy107,108.

4.4.3 ESI gas phase ion formation
The last step in the electrospray ionisation process, the transfer of ions from
the liquid phase to the gas phase, takes place from such small droplets that it
is currently not possible to observe this step by direct methods. There are
two main theories that have been put forward to explain this step, the
Charged Residue Model (CRM) and the Ion Evaporation Model (IEM).

The CRM, proposed by Dole et al.77 in the late 1960s and later extended
by Röllgen109,110 and co workers, can be phrased:

“By using electrospray it was thought that the drops on evaporation of the
solvent would become electrically unstable and break down into smaller
drops until possibly drops containing only one macromolecule per drop
would result. On further evaporation of the solvent it was hoped to obtain
electrically charged intact gas-phase macromolecules”
M.Dole et al. J. Chem. Phys. 49, 1968, p2240.

The IEM, proposed by Iribarne and Thomson80,81 in the mid 1970s,
suggests that when the droplets have shrunk to a given size (<10nM), direct
emission of ions from the droplets becomes possible.
The reader is refered to e.g. a recent issue of Analytica Chimica Acta
devoted to the ion formation in electrospray111.

4.4.4 The electrolytic nature of ESI
An ESI set-up can be thought of as a controlled current electrolytical cell112.
The electrical circuit can be followed in this way: From the positive terminal
of the power supply to the analyte solution via an oxidation at the metallic
contact, through the gap separating the electrodes, to a reduction process at
the counter electrode and back to the negative terminal of the power supply,
see Figure 5.

As already stated in section 4.4.1, the electrophoretic charge separation
is responsible both for the droplet generation and charging of the droplets.
The continuous loss of one ion polarity (cations in positive ESI) in the
charged droplets, and thus the build-up of opposite charge in the spray
capillary, must be neutralized. This neutralization involves an
electrochemical oxidation (in positive mode) of components of the working
electrode (spray capillary) and/or one or more of the species in the solution,
leading to an electron flow to the high-voltage supply. At the counter
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electrode, a reduction takes place, thus completing the circuit. In accordance
to Kirchhoff’s current law, the current measured at the spray capillary, or the
counter electrode, is equal to the rate of charge separation in the solution and
the amount of charge leaving the spray tip (the droplet’s excess charge) can
therefore be calculated.

Although the knowledge of the involvement of electrolytic processes in
the operation of electrosprays is old, no details of its implications are
mentioned in the literature before the 1970s. In 1974, Evans and co
workers79 discussed the electrolytic process in Electrohydrodynamic mass
spectrometry (EHMS), a technique closely related to ESI, but operating at
lower ion source pressure. In a review written 1986, Cook reported on the
electrochemical reactions in EHMS, and noted that the electrochemical
reactions in an electrospray ion source “presumably” were similar to the
ones in EHMS113. In 1991, Kebarle’s group reported that electrochemical
reaction products from the metal spray capillary could be detected in gas
phase by ESI114. This work was also the first to characterize the electrolytic
nature of ESI in formal electrochemical terms. In the 1990s and early 21st

century, Van Berkel and his group have studied the electrochemistry and
electrochemical ionisation in more detail112,115-126.

4.5 Electrospray response models
One significant area of research in fundamental studies of ESI involves the
question of how the instrumental response depends on the analyte
characteristics. It is known that the response can differ considerably for
analytes that have identical solution concentrations127-131. A general
observation has been that analytes with high affinity for the surface of the
ESI droplets have higher ESI responses105,128-134. Iribarne et al. observed an
increased response for non-polar analytes and it was suggested that this was
a result of the preference of non-polar analytes for the droplet – air interface.
Non-polar analytes would thus enter the gas phase more easy than analytes
present in the droplet interior, and consequently have a higher responses132.

Tang and Kebarle studied alkali metal ions and quaternary alkyl
ammonium ions, and developed a theory, describing the ESI response in
terms of evaporation rates from the droplets105,128,135. A relationship between
the solvatisation and the ESI response was found. When more complex
molecules (e.g. cocaine and heroin) were analysed, the evaporation rates
were not sufficient to describe the response, and surface activity was also
included in the model128.

Bruins et al. have suggested that the saturation of the signal often
encountered at high analyte concentrations (usually around 10-5 M)128,129,136
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is caused by the limited space available at the droplet surface136-139. When the
surface of the droplets is completely filled with analyte ions, further ion
ejection is inhibited for the ions trapped in the interior of the droplets. In
support of this theory is the observation of multimer formation, the extent of
which increases at high concentrations136. The crowding of the analyte ions
at the surface could facilitate the formation of multimers.

Enke has developed the equilibrium-partitioning model, in which the
analyte response is dependent on the droplet surface concentration of the
analyte and an instrumental response factor140. The surface concentration is
governed by the competition between the analyte and electrolyte for a fixed
amount of excess charge on the droplet surface140-143.The model was further
developed and the effects of different ion strengths were discussed in
subsequent papers141,142. In the original form, the equilibrium-partitioning
model is unable to account for the history of the droplets. In an extended
model, the influence of uneven fissioning of the electrosprayed droplets has
been included 143 Recently, the ESI responses for peptides have been
correlated with parameters such as non-polar surface area129 and reversed
phase LC retention time131.

In paper II, Enke’s partitioning model140 was rearranged in order to
decrease the number of experiments needed to determine the partitioning
constants. With the new equations, only one analyte signal needed to be
recorded, which decreases the risk for bias from different sampling
conditions and instrument transmissions for different analytes.

Zhou and Cook have recently presented a model, which includes the
effects of ion-pairing, electrophoretic mobility and surface activity130.

4.6 Surface partitioning in electrosprayed droplets
Solution chemistry plays an important role in the electrospray ionisation
process. However, it has usually been difficult to predict the effects of
changes in solvent composition on the ESI response as a large number of
parameters influence the analytical ion signal. For example, parameters
heavily dependent on the choice of solvents and additives, such as volatility,
surface tension, viscosity, conductivity, ionic strength, dielectric constant,
electrolyte concentration and pH will all influence the analytical ion signal.
Furthermore, properties of the analyte including pKa, hydrophobicity,
surface activity, ion solvation energies and gas-phase basicity will also
influence the analytical ion signal.

The chemical composition of the electrosprayed solution will or could
also change significantly during the spray process due to, for example,
charge separation144, electrochemical redox reactions114,119 and ion mobility
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differences130,145. A characterization of the spray plume including a study of
the evolution of the charged droplets has been undertaken and factors such
as charge enrichment146 and solvent evaporation105 have been investigated.
Furthermore, Zhou and Cook107 and Fenn and co-workers147 have
investigated solvent fractionation in the spray for binary solvent mixtures
and have found, as expected, that the droplets became enriched with the less
volatile solvent as it travels towards the counter electrode.

 The gas-phase ions that are finally sampled by the entrance aperture
(orifice) of the mass spectrometer will be influenced by the above
parameters in a complex manner. It is reasonable to assume that a high ion
sampling efficiency is obtained only in a small volume in front of the orifice.
Therefore, the evolution of the droplets from the initial charged droplet
formation, close to the spray tip, to the point where the droplets start to
release gas-phase ions will be important as well as their location relative to
the sampling region.

 Factors such as space charge effects62,63,148 at high spray currents and
mobility differences between droplets and ions could induce sampling
discrimination effects. The use of a co-axial flow of gas, i.e. nebulizing gas,
in the spray device, is a common way to assist the charged droplet formation.
The gas flow rate together with the electric field strenght will influence the
initial size of the droplets97 and their residence time in front of the orifice,
which will make the picture of the spray process even more complex.

4.6.1 Determination of the ion distribution within electrosprayed
droplets
The excess charge generated in the electrospray process can be assumed, due
to charge repulsion, to reside at or near the generated droplets surface. As
mentioned in chapter 4.5, Enke has developed a response model for two
component systems with permanently charged analytes. It assumes
competition among the charged species for the limited excess charge at the
droplet surface. The partitioning between the interior, ion-paired phase and
the charged surface phase of the droplets is important for the relative ESI
response. The equilibrium constant can be written:

(4)

 The fraction of excess droplet charge converted to gas phase ions is denoted
ƒ and the fraction of ions detected by the instrument is denoted P, see Figure
6.
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The excess charge concentration [Q] can be calculated from the measured
total electrospray current, I, by dividing it with the liquid flow rate, L, and
Faradays constant, F.

Figure 6.Schematic figure of the distribution and transfer of ions from
electrosprayed droplets

An equation with experimentally determinable parameters was formulated in
paper II:

(5)

RE = Electrolyte response
CE = Concentration of electrolyte in the sample
CA = Concentration of analyte in the sample
The superscript 0 indicates a parameter for a solution without analyte

In order to obtain the KA/KE value, two different standard solutions need to
be analysed, one with only one component (denoted the electrolyte, E) and
one with the electrolyte and another specie (the analyte, A) present in equal
concentrations. Compared with the method from which it was derived, this
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method has several advantages, including the need for a reduced number of
analysed samples, a smaller risk of memory effects for instrumental bias
when the responces for different compounds are compared.

A number of experimental parameters important for the determination of
the ion distribution have been investigated in paper III. The investigated
parameters were spray position relative to the orifice, spray potential,
nebulizer and curtain gas flow rates, ionic strength and organic content of the
sprayed solution. The spray position was found to have a large influence on
the instrumental response factor. The response for the larger ions decreased
significantly more than the response for the smaller ions when the
electrospray needle was moved laterally away from the sampling orifice.
One suggested hypothesis proposed to explain this behaviour includes a
dependence on the gas phase ion mobility.

For the nebulizer and curtain gas flows and the ion source temperature
more complex dependencies were found. These parameters will influence
the initial drop size, the residence time in the ion source for the droplets, the
solvent evaporation rate and the spreading of the ESI plume in the ion
source. This will lead to differences in the fission process and ion release for
the droplets (the history of the droplets), making comparisons of different
experiments difficult.

The effect of the ionic strength of the sample solution on the response
was investigated and was found to have a large influence on the instrumental
response factor Pƒ and the surface-partitioning coefficient KA/KE.
Experiments with tetramethylammoniumchloride (TMeACl) and deuterium
labeled tetramethylammoniumchloride (TMeACl-d12) were performed. It
was first established that the partition coefficients for the two compounds
were similar, indicating that equal competition between them for the charge
would be expected. In a second series of experiments, the concentration of
the electrolyte, either TMeACl or TMeACl-d12, was kept constant at 1 µM
while the concentration of the analyte, the other form, was varied from 1 µM
to 2 mM. Under the assumption that no competition occurred between the
analyte and electrolyte and that their mobilities do not differ, the measured
electrospray current were divided between them according to their
concentrations in the bulk solution. From these experiments, instrumental
response factors for both labeled and unlabelled TMeA+ were calculated and
compared with Pƒ-values calculated from pure standards.
In Figure 7a, it is shown that the Pƒ value for TMeA-d12+ is increased in the
samples with constant concentration of deuterium labeled TMeACl and
increasing concentration of TMeACl. This proves that the Pƒ value is not
dependent on the analyte concentration but changes with the total ionic
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 Figure 7. a Instrumental response factor for solutions (100% methanol)
containing only TMeA+ ( ) and solutions containing both TMeA+ ( ) and
TMeA-d12+ ( ) obtained with a constant concentration of deuterium labeled
TMeACl (1 µM) and varying concentration of TMeACl.  b The droplet surface
partitioning coefficient (KA/KE) for tetrapenthylammonium as a function of the
ionic strength. The solvent contained 50% methanol.

strength in the solution. Figure 7b shows the KA/KE for
tetrapentylammoniumbromide as a function of the total ionic strength.

It has been reported that the size of the initial droplets in ESI is a
function of the ionic strength (conductivity)92,149-151. One possible
explanation for the change in KA/KE with ionic strength is that as the ionic
transport to the surface of the droplets decreases in importance when the
initial droplet size decreases (and the surface/volume ratio increases) as an
increased number of ions from the bulk solution initially comes closer to the
liquid-air interface.

When the methanol content of the solution was changed, KA/KE changed
as is shown in Figure 8a. If only surface activity was governing the surface
partitioning, the KA/KE value would be expected to increase with decreased
methanol content. It can be assumed that both the electrophoretic mobilities
and the surface activities are influencing the partitioning, and in paper IV
this hypothesis was investigated in more detail. The retention factors for the
test substances for different solvent compositions were determined by LC-
ESI-MS. The hydrophobic interactions of the analytes with the octadecyl
carbon chains were assumed to reflect the surface activities for the
compounds. The electrophoretic mobilities were determined by capillary
electrophoresis(CE)-ESI-MS.

By combining the equations of Cech et al.152 and Zhou and Cook130, an
equation to which experimental LC and capillary electrophoresis (CE) data
could be fitted was obtained:
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ω = ion dissociation coefficient
k = retention factor
µ = electrophoretic mobilitiy
α , β , χ , δ = coefficients

Fitting experimental data to eq. 6 revealed the presence of a larger relative
importance of the mobility when the methanol content was low, in
agreement with the expectations associated with the presence of larger initial
droplets.

Upon altering the solvent composition, at two ionic strength levels, for
tetrapentylammoniumbromide, the surface partitioning coefficients shown in
Figure 8b was obtained. It can be assumed that the importance of
electrophoretic migration for the transport of analyte to the surface will
decrease for a higher ionic strength, as a larger number of analyte ions will
be near the droplet surface at the time of the droplet formation.

Figure 8. a) The droplet surface partitioning coefficient (KA/KE) for different
tetraalkylammonium compounds as a function of methanol content in the
electrosprayed solution. The compounds are denoted using the following
symbols:  TEtA+ ,  TPrA+ ,  TBuA+ and X TPeA+. b) The droplet surface
partitioning coefficient (KA/KE) for tetrapentylammonium ion as a function of
the solvent composition for two different ionic strength, 0.15 mM and

1.5mM.
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CHAPTER 5

Chemical manipulation to enhance API
detection

In order to increase the mass spectrometric response or signal stability,
several different techniques to chemically change the analyte or its
environment have been utilised. As already discussed in section 4.6, changes
in solvent composition can have a large influence on the detected signal. In
this chapter some other approaches are briefly reviewed and discussed.

Chemical manipulation can be made in all different steps of an analytical
mass spectrometric detection method, from the sample collection, through
the different stages of sample pre-treatment and separation up to the sample
introduction (ionisation) and detection steps. The reasons for the
manipulation can vary, but common denominators for all these include the
need to avoid the introduction of bias and not to harm or complicate the
following steps in the analytical chain. Furthermore, it is desirable not to
make the method too complicated, time consuming or expensive.

In paper I, adduct formation was employed in order to improve the ESI
response for acrylamide. In paper V, the possibilities of using
electrochemistry to manipulate the analytes were explored.

5.1 Adduct formation and complexes
Already in the first electrospray experiments with mass spectrometric
detection, adduct formation was the intended charging mechanism. In Dole’s
pioneering work with polystyrene macro-ions, sodium adduction was
responsible for the charging of the analytes77. In positive ESI adduct
formation with Na+ and K+ is often seen, as these cations are present in
rather high concentrations in solvents and glassware.
Li+ or Ag+ adduction have been employed for special types of analytes, e.g.
unsaturated hydrocarbons, which have high affinity for silver ions153.
Stefansson et al. added primary amines to generate complexes in order to
prevevent multimer formation and nonlinear calibration curves for
artemisinin 154.
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ESI is a mild ionisation, rendering it possible to analyse non-covalently
bonded complexes without loss of their structural integrity. This is of great
interest in the rapidly growing field of proteomics.

5.2 Make-up flow or sheath-flow
A simple way to change the properties of the solvent system is to add a
make-up flow or a sheath-flow to the liquid before or at the API ion source.
These techniques have been used to change the pH, alter the surface tension
and change the hydrophobicity of the solvent. If the solvent required by the
separation system is incompatible or unsuitable for the ionisation method or
the MS instrument, the make-up liquid can be added after the separation
step, with minimal loss of separation resolution.

The sheath-flow method was first reported by Smith el al. and was in
that application used to increase the flow rate to increase the stability of a
capillary electrophoresis system and provide the electrical contact in the ESI
emitter155.

Another related method to alter the chemical properties of the solvent or
the ionisation atmosphere is to use a reactive gas to nebulize the sample. As
already mentioned in chapter 4.4.1, O2 or SF6 have been used to decrease the
risk for discharges in ESI, and thus enabling higher field strengths.
Alternatively, CO2 can be used, and as an interesting side effect, several
groups have reported on an increase in analyte response156-159. The increase
in response could possibly depend on the change of pH in the droplets, more
effective nebulization of the liquid, the possibility to use a stronger electrical
field to generate the droplets or changes to the ion source atmosphere.

5.3 Derivatization of the analyte
Derivatization is the change of a species by the introduction of covalent

bonds, by which the chemical structure of the analyte is changed. This can
be performed by adding or removing a part of the structure, or by
rearrangements of its structure. The derivatization can either be done offline
(prior) or online with respect to the detection.

Both electrospray and APCI are non-universal ionisation techniques and
certain classes of analytes can thus not be detected unless their structure is
first modified.

For electrospray, the analytes of interest need to be either ionic in
solution or possible to charge by adduct formation, electrochemical reactions
or gas phase reactions. Furthermore, the sensitivity for the charged analyte
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will depend on the properties, e.g. hydrophobicity and ion mobility, of the
analyte.

The most common derivatization methods used for ESI is the
incorporation of some more easily charged functionality to non-chargeable
analyte.
Several different approaches can be found in the literature. Some more
general approaches can be found in a series of papers by Van Berkel et al.160-

162.
Another possibility is to introduce an electrochemically active site to the

analyte, which then can either be oxidised or reduced by the electrospray
process163.

As the hydrophobicity is important for the surface partitioning, and thus
the response in ESI, methods to add surface active functions to analytes have
been employed.

Another use for derivatization is to change the fragmentation pattern for
collision induced fragmentation experiments and thereby gain more or
different structural information. Examples are found in peptide
analysis164,165, metabolic research166 and carbohydrate chemistry167.

5.4 Electrochemical reactions
As already been noted in chapter 4.4.4, electrochemical reactions constitute
an inherent part of the electrospray process, which can be used to ionise
electrochemically active analytes. In this section, the use of electrochemical
(EC) reaction cells, operated on-line with API MS (located before the “ion
source”), is discussed.

The coupling of an electrochemical (EC) cell to mass spectrometry is an
analytically powerful combination when studying electrochemically active
compounds as well as electrochemical reactions Although the first reported
successful coupling of EC to MS was by Bruckenstein and Gadde168 in the
early 1970s, problems in interfacing liquid phase techniques with MS
impeded the development of this combination of techniques for a long period
of time. During this period it was only possible to study reactions involving
volatile species by EC-MS. In the middle of the 1980s Hambitzer and
Heitbaum made the first analyses of nonvolatile species using thermospray
ionisation169. Subsequently the EC/TSP-MS technique was further developed
by the group of Brajter-Toth and co-workers170-179, who also coupled it to
liquid chromatography (LC)173,176and tandem MS (MS/MS)172 Another
method that has been more recently used to enable EC-MS studies of volatile
species is particle beam ionisation170,171,173,175,177-182.
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While the earlier work on EC-MS couplings were limited to volatile
species, the advent of electrospray ionisation 183 has provided a new
powerful means to study a wide range of compounds by EC-MS. In ESI, the
ionisation is mild with little or no fragmentation,and there is no need to heat
the solvent. In addition, multiple charging is also seen in ESI. This is
important as it enables studies of electrochemical reactions involving e.g.
large biomolecules. With ESI, there is also the possibility to study non-
covalently bonded complexes.

The coupling of EC to ESI-MS was, however partly delayed by the
problems encountered with matrix effects when traditional types and
concentrations of electrolytes suited for EC were used. Since the 1990s,
several groups have reported on systems enabling EC/ESI-MS. Bond et al.184

used a simple two-electrode EC system to study metal-
diethyldithiocarbamate complexes. Cole and coworkers have designed an
EC/ESI-MS interface in which the ESI emitter was used as the EC counter or
working electrode in a three-electrode system185185,186.The advantage of the
latter set-up was the small dead volume of the EC cell that made it possible
to quickly (with a delay of about 2 s) detect the electrochemical reaction
products after their formation. A complication of this system was the
coupling of a controlled potential EC experiment with the controlled current
electrolytic process inherent in the ESI process119. This mixed process makes
the interpretation of the experiments difficult. Van Berkel and coworkers187-

190 have in a series of important reports investigated the coupling of EC cells
to ESI-MS188-190. In addition to studying the electrochemical nature of ESI
and the coupling of EC and ESI-MS, Van Berkel and coworkers have clearly
demonstrated the possibility to use electrochemical reactions for the
ionisation of a range of neutral compounds. The latter authors have shown
that EC/ESI-MS can be used to monitor the products of electrochemical
reactions and that the electrochemical cell can be used for potential
controlled sample preconcentration and clean up for both inorganic and
organic analytes. Bruins and coworkers have used EC-ESI-MS191 to mimic
metabolic oxidation while Brajter-Toth et al.192 recently described the use of
a miniaturized two-electrode EC cell coupled to ESI-FTICR MS to enhance
the ionisation efficency for triphenylamine.

In paper V, a novel coupling between a thin layer EC flow cell and ESI-
MS has been described. The EC cell is positioned close to the ESI emitter,
and is decoupled from the ESI high voltage by a isolation transformer. The
EC cell was modified to minimize influences from reactions at the counter
electrode. This set-up has been used to study the oxidation of a drug
(Olsalazine), which previously has been found to involve chemical follow up
reactions. It is also demonstrated that uncharged thiols can be detected in
ESI-MS after spontaneous adsorption on a gold working electrode followed
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by oxidatively desorption to yield sulfinates or sulfonates. This adsorption
and potential controlled desorption has been used for the preconcentration of
µM concentrations of 1-hexanethiol as well as for desalting of solutions
containing µM concentrations of thiols. These results indicate that an on-line
coupling of an electrochemical cell to ESI-MS provides promising
possibilities for sample preconcentration, matrix exchange (including
desalting) and ionisation of neutral compounds such as thiols.
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CHAPTER 6

Concluding remarks

Analytical chemistry utilizing liquid separations coupled to mass
spectrometry is an area that is continuously finding new fields of uses and
new demands involving challenging applications are continuously raised.
Today, the analysed samples commonly contain components, complexity
and concentrations that require further development and maybe also a
combination of ionisation and vaporisation techniques to provide accurate
sample transfer to the mass spectrometer.  These techniques are in many
ways still the bottlenecks of the analysis and while novel ionisation
techniques are being developed, it should be recognised that the successful
APCI and ESI techniques will become even more powerful as more
knowledge is gained regarding their process and construction.

APCI and ESI are both controlled by chemical processes that still need
to be further understood and tamed for the techniques to be optimally
utilized, developed and simplified. This thesis aimed to make a small
contribution to this development, and to encourage further curiosity in the
exciting chemistry of API MS.

The strong trend towards miniaturization of liquid separation techniques
in combination with mass spectrometry will continue, due to the need to
analyse small sample sizes, provide time-resolved monitoring of varying
processes, and to make on-line combinations of sample preparation,
separation and detection. The need to miniaturize the API source will have
both positive and negative implications. In this thesis, some obstacles and
possibilities are shown. Further development is encouraged in this direction
to maybe make sample preparation and separation an integrated part of the
ion source.
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