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Abstract

In this work a novel method for the generation of negatively charged ions is developed.
Most analytes form stable positive ions and are thus easily accessible to mass spec-
trometric analysis, but there are a few compound classes that undergo fragmentation
when they are positively charged, for example, nitro-aromatic compounds. For these
compound classes negative ionization is desirable.

The novel method is based upon the photoelectric effect, which is the generation of
electrons by the interaction of light, in particular ultra violet (UV) light, with metal
surfaces. Thus, only negative ions are produced. This is in contrast to all other
ionization methods operating in the gas phase where both positive and negative
ions are generated, which may lead to adverse recombination reactions.

Within this work the ionization method is characterized, an optimized ionization
source is developed and several applications are shown. The ion source exhibits
short reaction times as the mixing of primary ions and the analyte containing gas
stream takes place inside the channel of an inlet capillary. Therefore, the method has
been termed capillary Atmospheric Pressure Electron Capture Ionization (cAPECI). The
short reaction times lead to kinetically controlled reaction product distributions of the
occurring ion-molecule/radical reactions and thus to mass spectra which resemble
closely the ion distribution inside the ion source. With longer reaction times, as
present in common ion sources, thermodynamically controlled product distributions
are generally obtained.

The ionization method produces solely negative ions and only a small quantity of
neutral radicals. Because of both, the short reaction times and the high selectivity
of the method, ion-transformation processes are minimized. Mass spectra with low
background signal levels and high signal-to-noise ratios are obtained.

For a deeper understanding of the processes occurring during and following ioniza-
tion, investigations were carried out with respect to:

• the photoelectric effect at atmospheric pressure

• the reaction mechanism in the negative ion mode

• the ion transmission characteristics of (modified) inlet capillaries

Work functions reported in the literature have been determined at low pressures,
thus, work functions at elevated pressures were measured during this work. At atmo-
spheric pressure the surface is covered with molecular layers of water or even oxidation
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of the surface occurs. This can alter the work function of the metals, whereby lower or
higher values than for clean surfaces might occur.

Photoelectrons are quickly captured by oxygen in air at atmospheric pressure. For
the ionization mechanism in the negative mode, depending on the electron affinity
and gas-phase acidity of the analyte, two major pathways leading from the electron
capture of oxygen to analyte ions were found. In atmospheric pressure ion sources
water is always present in the upper ppmV to low percentage range. Clusters of the
type [O2(H2O)n]– form, where n depends on the water mixing ratio. With increasing
cluster size the gas-phase basicity decreases and the electron affinity increases. Thus,
the water concentration inside the ion source is an important factor for the ionization
efficiency.

The ion transmission properties of inlet capillaries were investigated in-depth,
as ionization inside the capillary requires modifications of the capillary material.
The transmission depends on the capillary materials and the composition of the ion
containing bulk gas stream. While the presence of both ion polarities in the gas stream
always leads to stable ion currents with time, gas streams containing ions with only
one polarity can lead to charging effects if materials with different conductivities are
used for the inlet capillary assembly.

Finally, several applications of the novel ionization method were examined:

• the hyphenation with gas-chromatographic separation prior to the ionization

• product analysis of photolysis studies in atmospheric chemistry

• the desorption of analytes from surfaces

• the determination of rate constants for reactions of neutral analyte with primary
ions

In summary, with cAPECI a novel ionization method for analytes with high electron
affinity (e.g., nitro-aromatics) or gas phase acidity (e.g., phenols) has been developed.
Its high selectivity leads to good signal-to-noise ratios and thus to low detection limits.
The method was successfully applied in various research areas.
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1 Introduction

1.1 Ion Chemistry in Atmospheric Pressure Mass
Spectrometry

In atmospheric pressure ionization (API) mass spectrometry (MS) ions can undergo
several types of ion-transformation processes during their lifetime from generation
inside the ion source until detection. These ion-transformation processes alter the
ion distribution, so that the mass spectra do not necessarily reflect the analyte ion
distribution in the ion source [1–3]. Possible ion-transformation processes are:

• fragmentation or declustering by collision induced dissociation (CID) [4–11]

• reactions with neutral radicals or molecules [3, 10, 12–16]

• recombination with oppositely charged ions [17–19]

• clustering with neutral molecules [20, 21]

Recombination of oppositely charged ions normally does not change the signal
distribution in the mass spectrum, but leads to a decrease in sensitivity [17, 19]. When
reagent and/or analyte ions cluster with polar bulk molecules as for example water,
a concentration dependent cluster distribution is observed. CID processes further
downstream of the mass spectrometer decluster the analyte ions [20], so that the
initial cluster distribution cannot be deduced from the mass spectrum. These CID
processes may also lead to fragmentation of the analyte ions and thus to smaller mass-
to-charge (m/z) ratios than the precursor analyte ions. Reactions with neutral radicals
or molecules mostly yield reaction products with higher m/z ratios. While chemical
transformations by CID processes or recombination processes are often taken into
account in mass spectra interpretation, ion-molecule/radical reactions are mostly
ignored, which can lead to misinterpretation of mass spectra.

1.1.1 Common Atmospheric Pressure Ion Sources

Common ion sources for AP-MS are designed for liquid sample introduction [22]. They
have large volumes in which the ionization takes place. Inside this volume electrical
fields and fluid dynamical forces guide the ions towards the inlet of the low pressure
part of the mass spectrometer. The fluid dynamical forces are not easily predictable for
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1 Introduction

most ion sources because at least two heated gas streams are introduced orthogonally
into the ion source [23]. If the analyte is introduced as a liquid sample it is delivered
via a heated nebulizer. Inside the nebulizer a nitrogen flow is added, producing a spray
of the liquid, which transfers the analyte to the gas phase. This procedure is slightly
different if the widely used electrospray ionization (ESI) is used. However, details
of ESI sources will not be dealt with in this work [14, 24, 25]. The other gas stream
present in the ion source is a sheath gas of clean nitrogen, which envelops the inlet of
the mass spectrometer. Ionic species are pulled to the entrance of the low pressure
region of the mass spectrometer by electrical forces. The sheath gas stream ensures
that only clean nitrogen and charged species enter the mass spectrometer, while all
neutral impurities are flushed into the ion source drain. The combined volume flow
of the nebulizer and sheath gas is higher than the inflow into the mass spectrometer.
Due to the geometry of the ion source, complex gas flows form, resulting in a nearly
isotropic neutral analyte distribution and long residence times of the neutral analyte
within the ion source [23, 26, 27]. For gaseous samples, e.g., gas chromatography (GC)
coupled to AP-MS [27–29] or direct sampling of air for applications in atmospheric
chemistry [30–32], other designs are preferable, where the analyte gas stream is less
diluted.

The transport of the ions from the inlet capillary (see section 1.2 for more details)
or the sampling orifice of the mass spectrometer to the analyzer is controlled by ion
optical devices, e.g., radio frequency driven multipoles and/or electrostatic lenses [22].
While ions are guided by electrical fields neutral gas is continuously pumped.

1.1.2 Collision Induced Dissociation

The transfer of ions from the atmospheric pressure region to the first vacuum stage
(p=1 to 10 mbar) is accomplished via inlet capillaries or orifices with a hole with
small inner diameter (ID) [22]. At background pressures of 1 mbar the mean free path
of the ions in the first vacuum stage is approximately 1×10−4 m [33] and the colli-
sion frequency of each particle is around 4×106 s−1 [33], which is still sufficient for
chemical reactions to occur. However, the local pressure in the gas stream expanding
from the capillary exit is higher. At around 1 mbar the particle density is low enough
that applied electrical fields lead to high reduced field strengths (E/N, up to several
hundred Townsend1). Therefore, ions gain significant amounts of kinetic energy (Ekin)
between two collisions. Ions can undergo collision induced dissociation processes
when they collide with the bulk gas if they have gained sufficient energy exceeding
the binding energy [4, 34]. Inside the ion source the reduced field strength seldom
exceeds 10 Td (around 2500 Vcm−1 at AP), i.e., CID processes do not occur. In the
second vacuum chamber, separated from the first vacuum stage by a skimmer or
an aperture, the pressure is in the 1×10−2 mbar range [22]. In this pressure regime
high reduced field strengths are achieved even with low voltages applied to the ion

1E/N: E=electrical field strength [Vcm−1], N=molecular number density [moleculem−3];
resulting in [Vcm2]; 1×10−17 Vcm2 = 1 Townsend (Td).
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1.1 Ion Chemistry in Atmospheric Pressure Mass Spectrometry

optical devices due to the low number density of molecules. The collision frequency of
each particle is rather low with around 4×104 s−1 and the mean free path is increased
to approximately 1 mm, but nonetheless CID processes and chemical reactions are
possible [7]. During the transport of the ions to the high vacuum region of the analyzer
the pressure decreases further and ion-transformation processes become essentially
negligible. Most analyzers as for example time-of-flight (TOF) [35] or Fourier transform
ion cyclotron resonance (FT-ICR) [36] instruments do not further alter the ion distribu-
tion. In contrast, in quadrupole ion traps (QIT) [37] it is virtually impossible to avoid
significant amounts of CID processes occurring within the analyzer. In a QIT ions are
stored in a quadrupolar field previous to their ejection on the detector [37]. The ions
can only be trapped inside the quadrupolar field if they collide with a buffer gas, which
is mostly helium, argon or nitrogen, to transfer their excess energy. To establish the
quadrupolar field a radio frequency (RF) and a direct current (DC) electrical field are
necessary, whereby the ions gain kinetic energy, potentially leading to extensive CID
processes [38].

Although fragmentation of analyte ions due to collision induced dissociation is often
an unwanted side effect, it can be an important tool for the structure determination
of analyte ions [4–6] or the differentiation of molecular ions and clusters as shown by
Kambara et al. [34].

1.1.3 Ion-Molecule/Radical Reactions

Most ionization methods do not ionize the analyte directly, instead ionization occurs
by charge transfer or chemical reactions with reagent ions. The generation of reagent
ions inside the ion source is initiated by different means, e.g., by corona discharges [14,
39] or by interaction of photons with molecules [14, 40–42]. During the generation
of reagent ions most methods additionally produce large amounts of various other
ions and neutral radicals [3, 43–45]. The residence times of the neutral analyte in
common ion sources can be up to several seconds [23, 26, 27], a residence time of
ions inside the ion source up to several hundred microseconds [46, 47] caused by the
complex gas flow characteristics. During these long dwell times reactions between the
neutral or ionized analyte and ions or neutral radicals may well occur. Gas phase ion-
molecule/radical reactions are often collisionally controlled2 and can be even faster
than the calculated maximum rate constant, caused by polarizability effects [48–51].
Thus, within common ion sources thermodynamic equilibrium is reached before the
ions arrive in the low pressure region of the mass spectrometer, leading to only a few
signals of the thermodynamically most favored ions [3,38,52]. In the following the term
"thermodynamically controlled" will be used to describe these reaction conditions.
The thermodynamic equilibrium cannot be reached if the transfer times of the ions

2A collision controlled rate constant assumes that every collision of a particle leads to the specified
chemical reaction. Thus, the collision controlled value for a bimolecular rate constant corresponds
to the calculated collision frequency of a particle which is approximately 1×109 s−1 for standard
conditions [33]
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are less than a millisecond. Under such conditions the ion distribution reaching the
analyzer of the mass spectrometer is "kinetically controlled" because the fastest rates
of reaction within the ion-molecule/radical reaction scheme control which reaction
products will be recorded in the mass spectrum [3, 38].

Even though ion-molecule/radical reactions cannot be suppressed, they are mostly
neglected in the interpretation of mass spectra and additional signals are often at-
tributed to “impurities”. As early as 1983 oxygenated benzene was observed in a mass
spectrum obtained with atmospheric pressure chemical ionization (APCI) [53]. The
signals were ascribed to reactions initiated by OH radicals. In positive ion mode at-
mospheric pressure photoionization (APPI) Robb et al. [54] and Kauppila et al. [55]
observed additional signals for the analyte, [M+15/16/17]+, when toluene was used as
a so called reagent gas dopant [54, 55]. Laser ionization with a 193 nm excimer laser
resulted in the formation of the same signal distribution [3]. However, Kersten et al. [3]
were able to identify the underlying ionization mechanisms, including reaction of
neutral radicals.

1.1.4 Cluster Formation

In addition to chemical reactions where covalent bonds are broken and formed, clus-
tering reactions of reagent or analyte ions with neutral molecules may occur. A main
clustering agent is water, which is omnipresent in atmospheric pressure ion sources.
Even with extensive experimental effort a water mixing ratio in the low ppmV range is
rarely achievable inside the ion source, due to the water concentration present in most
solvents and gas cylinders. Under normal conditions, where the ion source enclosure
is exposed frequently to ambient air and nitrogen from a N2 generator is used for
nebulizer and sheath gas flow, the water mixing ratio is often in the low percentage
range [56]. As a result of the polar character of the water molecule it clusters with both
positive and negative ions. In addition to water most polar solvents used in liquid
chromatography (LC) also cluster extensively with ionic species and are abundant
with high mixing ratios in the ion source compared to the neutral and ionic analyte
molecules. Song et al. [10] reported adducts with O–, OH, O2H–, CN– and CH2CN–

when analyzing nitro compounds dissolved in acetonitrile with APCI. Ions that cluster
with water and/or solvent molecules (S) show a cluster distribution, [M(H2O)n(S)m]+/–

with the numbers n and m depending on the water and solvent mixing ratios, in the
mass spectra of thermally sampling mass spectrometers [7, 56–61]. In this context,
thermally sampling means that the thermodynamically equilibrated cluster distri-
bution, which is formed inside the ion source, is not significantly altered during the
transport of the ions through the ion optics of the mass spectrometer. High reduced
field strengths during the transfer of the clusters to the analyzer or in the analyzer itself
cause CID processes, which decrease the cluster size [7,8,56,62–64]. Cluster formation
and declustering by CID processes is shown in the following reaction scheme.

M+/−+n H2O+m S+TB −−→ [M(H2O)n(S)m]+/−+TB (R 1.1)
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1.2 Inlet Capillaries

[M(H2O)n(S)m]+/−+TB −−*)−− [M(H2O)n−a(S)m−b]+/−+a H2O+b S+TB (R 1.2)

where TB denotes a third body which takes the excess energy of the cluster reac-
tion or delivers the necessary energy for declustering reactions. The cluster sizes
can become so small that they fall below the m/z ratio range covered by common
mass spectrometers. Even though cluster formation is extensively present, ionic-
water/solvent clusters are normally not included in the ionization mechanisms of the
common ionization methods. During the 1970s and ’80s the important role of clusters
in API or chemical ionization (CI) MS was common knowledge [52, 57]. In the ion
mobility spectrometry (IMS) community [65–68] this is still the case. However, it is
only recently that the impact of cluster systems on ionization mechanisms and the
dependence of the ionization efficiency on the cluster sizes has been reconsidered
and examined for AP-MS [7, 56].

On its passage from the ion source to the analyzer the ions have to traverse different
ion optical devices and gas expansions. Most API mass spectrometers have at least
two gas expansion required. The first occurs when the bulk gas stream exits the inlet
capillary or the sampling orifice at the local speed of sound into the first vacuum stage.
Another expansion forms between the first and the second vacuum stage when it is
separated by a skimmer. Depending on the pressure difference and the distance to the
next vacuum stage different types of expansions occur. When the pressure difference
is high, adiabatic expansions or supersonic gas jets occur, which lead to cooling of
the gas stream, by transforming internal degrees of freedom of the molecules into
translational energy [69]. This cooling changes the cluster equilibrium, increasing
the cluster size. If the gas stream has to pass through a region of higher gas density,
e.g., a shock front (Mach disk) [62, 70], the collision frequency is greatly increased, the
static temperature of the gas rises and thus the cluster distribution thermalizes again.
Otherwise, a broad cluster distribution with cluster masses up to several thousand
Dalton, is observed in the mass spectrum [56, 61, 62, 71, 72].

1.2 Inlet Capillaries

In many mass spectrometers ions traverse a glass or metal capillary to reach the first
vacuum stage. The capillary is used to restrict the gas flow into the vacuum system
and lead to a reduction of the pressure from atmospheric pressure at the entrance to
some hundred millibars at its exit, while the background pressure in the first vacuum
stage is around 1 to 10 mbar as stated previously. Common inner diameters of glass
inlet capillaries used in Bruker Daltonik mass spectrometers are 0.5 or 0.6 mm. With
a length of 18 cm gas flows of 0.8 to 1.5 Lmin−1 are obtained. The gas flow through
these capillaries can be described as a fully developed turbulent choked flow [73,
74], even though a laminar flow through the capillary is assumed in the literature.
It is argued that only a laminar flow explains the good transfer efficiency for ions
through capillaries [75–77], however, this appears to be incorrect (cf. chapter 5). A flow
becomes choked if a critical pressure difference, depending on the inner diameter and
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1 Introduction

p0 [mV] p0 [mbar] p1 [mV] p1 [mbar] !p [mbar] volume flow [mV] volume flow [V] volume flow [l/min] current [pA] volume flow turb. theor. [l/min] volume flow laminar. theor. [l/min]
7562 953.6331 8455 7.5816 946.0515 2142 2.142 1.36729450894329 15 1.36422676909819 2.87447067596002
7562 953.6331 9501 8.523 945.1101 2144 2.144 1.36864732431526 14 1.36421377222075 2.87442275264673
7561 953.5067 10521 9.441 944.0657 2144 2.144 1.36864732431526 13 1.36417378201571 2.87398956470277
7561 953.5067 11447 10.2744 943.2323 2144 2.144 1.36864732431526 12.5 1.36415969277783 2.87393762022833
7561 953.5067 12262 11.0079 942.4988 2144 2.144 1.36864732431526 12 1.36414630679167 2.87388826888862
7561 953.5067 13453 12.0798 941.4269 2144 2.144 1.36864732431526 11.5 1.36412508555123 2.87381003134455 Daten
7561 953.5067 127 13.8491 939.6576 2142 2.142 1.36729450894329 10 1.36408574607032 2.87366499867598
7561 953.5067 232 27.1211 926.3856 2145 2.145 1.36932373200124 6.5 1.3636194004618 2.87194596365392 d [cm] 0.0605
7561 953.5067 288 34.1995 919.3072 2145 2.145 1.36932373200124 7.2 1.36324705583077 2.87057374991192 L [cm] 18
7547 951.7371 353 42.4155 909.3216 2145 2.145 1.36932373200124 7.7 1.36233961733097 2.86323884744104
7547 951.7371 496 60.4907 891.2464 2145 2.145 1.36932373200124 7.5 1.36073713570191 2.85734754022702 RohrströmungRohrströmung
7547 951.7371 1002 124.4491 827.288 2145 2.145 1.36932373200124 7.4 1.3505132907106 2.81988346713214 laminar turbulent
7539 950.7259 1478 184.6155 766.1104 2143 2.143 1.36797091662927 7 1.33405603807758 2.75782385573348
7539 950.7259 2009 251.7339 698.992 2138 2.138 1.36458887819936 6.3 1.3081996780564 2.66496471308051 L, d [cm]; p [mbar]L, d [cm]; p [mbar] L, d [cm]; p [mbar]
7542 951.1051 2598 326.1835 624.9216 2114 2.114 1.3483550937358 6.1 1.26965211020797 2.52982266029504
7542 951.1051 3002 377.2491 573.856 2083 2.083 1.32738645547036 6 1.23668032650145 2.4159743899839
7550 952.1163 3549 446.3899 505.7264 2022 2.022 1.28612558662546 5.5 1.18359604634551 2.2392059418368
7550 952.1163 4027 506.8091 445.3072 1950 1.95 1.23742423323476 5.3 1.12752218310374 2.0568698822708
7565 954.0123 4477 563.6891 390.3232 1858 1.858 1.17519472612442 5.1 1.06747340244178 1.87180560328737
7580 955.9083 5050 636.1163 319.792 1717 1.717 1.07982124240096 4.8 0.97700911424576 1.60548093789192
7580 955.9083 5525 696.1563 259.752 1584 1.584 0.989859020165362 4.5 0.886095737193417 1.35323652017205
7622 961.2171 5893 742.6715 218.5456 1375 1.375 0.848489813795133 3.5 0.812594485828642 1.16779279898057
7633 962.6075 6225 784.6363 177.9712 1124 1.124 0.678711484613663 0.16 0.732006055482233 0.97377363646102
7668 967.0315 7002 882.8491 84.1824 707 0.707 0.396649479559189 0.2 0.49079648623828 0.485431994222616
7712 972.5931 7712 972.5931 0 0 0 0 -0.1 0 0
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sure difference is compared with calculated values for ideal laminar and
turbulent conditions. Figure taken from [73].

the length of the capillary, is reached. In this flow state, the mass flow through the
capillary becomes independent of the downstream pressure. The equations to describe
the fluid dynamic characteristics are found in e.g. [76, 78, 79]. In previous studies the
flow through the capillary measured as a function of the pressure difference between
inlet and outlet of the capillary was compared with calculated values for laminar and
turbulent gas flows [73, 74] (see figure 1.1, equations for ideal laminar and turbulent
flow were taken from [78,80]). It is readily seen that the capillary flow existing in Bruker
Daltonik mass spectrometers matches the curve calculated for a turbulent flow at
room temperature.

The turbulent nature of the gas flow inside the capillary has been demonstrated by
experiments [38, 81, 82]. For turbulent flows the static pressure3 and the velocity along
the capillary channel have been calculated, as shown in figure 1.2 [78]. To measure the
static pressure inside the capillary, holes were drilled into the channel. The measured
values are in agreement with the theoretical values [38, 73]. Drilling holes into the
capillary channel and forming edges inside the channel would lead to turbularization

3”To distinguish it from the total and dynamic pressures, the actual pressure of the fluid, which is
associated not with its motion but with its state, is often referred to as the static pressure, [...].” [83]
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Figure 1.2: Calculated static pressure (blue, decreasing) and velocity (green, increas-
ing) gradients along a capillary with 0.6 mm ID and 1000 mbar pressure
difference for turbulent flow characteristics. Figure taken from [73].

of the gas flow if it was originally laminar. However, the mechanical modification
of the capillary does not noticeable change the flow properties or ion transmission
efficiency [38], which contradicts the assumption of a laminar flow. Measured ion
transmission efficiencies were very high even though the flow is turbulent; the ion
loss was smaller than one order of magnitude for gas streams containing ions of both
polarities (denoted “bipolar ion gas stream” in the following) [73, 84]. Measurements
of the transmission of unipolar ion gas streams have not been reported yet.

From data shown in figure 1.2 transfer times from a specific point inside the capillary
to the capillary exit can be calculated. These values are in good agreement with mea-
surements [38, 85]. Ions which are generated directly at the entrance of the capillary
have transfer times of around 1.3 ms. Compared to transfer times from common large
volume AP ion sources this is about two orders of magnitude lower [46, 47]. Replacing
a common ion source with a laminar flow ion source (LFIS) [27, 38] results in trans-
fer times of 5 ms. As stated in section 1.1.3, the occurrence of ion-molecule/radical
reactions leading to a thermodynamically controlled product ion distribution is only
suppressed if the reaction times of the ions are minimized. Shifting the ionization
process into the inlet capillary is one method to obtain transfer times which are short
enough to observe the kinetically controlled ion distribution in the mass spectrum [38].

As already mentioned, inlet capillaries are made of glass or metal, which does not
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1 Introduction

allow the application of common ionization methods inside the capillary channel
without further modifications. Modifications of the glass capillary by introducing
other materials, e.g., ultra violet transparent windows or metallic sections, require that
the capillary channel has to be interrupted. Even with extensive effort the introduction
of edges is inevitable when mounting the capillary sections. Shifting the ionization
process inside the inlet capillary is thus only possible when the gas flow through the
capillary is already turbulent.

Several ionization methods have been realized as so-called "capillary" ionization
techniques. They are denoted with the small letter "c" in front of the acronym, e.g.,
cAPPI for capillary Atmospheric Pressure Photoionization [74]. Other methods are laser
ionization [85] or chemical ionization [29, 86]. An overview of the capillary ionization
methods is given by Benter et al. [87]. For further investigations of the ion transmission
of glass and modified glass capillaries see chapter 5.

1.3 Negative Ion Mass Spectrometry

Over the past decades negative ion mass spectrometry has received considerably
less attention than positive ion MS. This is due to the much broader analyte range
accessible with positive ionization. While most molecules are easily positively charged
by removal of an electron, protonation or the attachment of positively charged ions,
only a small number of molecules form stable negative ions. Thus, most ionization
methods are optimized for positive ion generation. For the fast and mobile detec-
tion of explosives, ion mobility spectrometers are frequently used instead of mass
spectrometers. However, the same ionization methods as for mass spectrometry are
frequently used for IMS [88]. Because IMS is operated at atmospheric pressure in most
cases, the fragmentation processes that may take place in the ion optics of API-MS
cannot occur.

1.3.1 Ionization Pathways

Possible reaction channels leading to negative ions are: [89]

• electron capture (dissociative/non-dissociative)

• electron transfer

• proton abstraction

• attachment of negatively charged ions

For all of these negative ionization pathways thermal electrons4 are essential, which
are then captured by the analyte or by reactant molecules, forming reagent ions. Prac-
tically all commonly used negative ionization methods produce thermal electrons as a

4"thermal" refers to a kinetic energy of the electron which is in the range of the kinetic energy of molecules
at room temperature (RT), Ekin= 3

2 ·k ·T ; Ekin(RT) ≈ 0.04 eV.
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1.3 Negative Ion Mass Spectrometry

side product from positive ionization. For positive ionization an electron is removed
from the molecule by supplying sufficient energy to overcome the ionization potential.
These electrons posses thermal kinetic energy, which is necessary for efficient electron
capture processes (see reaction R 1.3). Direct electron capture reactions can only occur
if a molecule exhibits a positive electron affinity (EA).

M+e−thermal +TB −−→ M−+TB (R 1.3)

if EAM > 0

The electron affinity is defined as the electron binding energy of an electron in an
anion (A− → A + e−). For negative reaction enthalpies the anion is not thermody-
namically stable, giving negative electron affinities. Only molecules with a positive
electron affinity form stable negative ions via electron capture or electron transfer
reactions [90].

For many molecules thermal electron capture is a non-dissociative reaction [91–95].
Exceptions are e.g., chloro- and bromobenzenes [96, 97] or ozone [98, 99], which show
extensive dissociations when capturing thermal electrons (see reaction R 1.4).

M+e−thermal −−→ A−+B (R 1.4)

Each molecule has a characteristic electron capture cross sections that depends on
the kinetic energy of the electrons and on the electronic states of the molecule [97].
Molecules which undergo non-dissociative electron capture under certain conditions,
also exhibit cross sections for dissociative electron capture reactions at higher kinetic
energies of the electrons [97, 100].

The mixing ratio of free thermal electrons is normally relatively low compared to bulk
gas and analyte molecules. From the bulk gases which are present in AP ion sources
only some exhibit positive electron affinities such as molecular oxygen and some
oxygen containing molecules and radicals, e.g., ozone, OH radicals, carbon dioxide
and NO [101]. From all of these molecules oxygen has the highest mixing ratio in most
cases. It has an electron affinity of 0.45 eV [101] and a collisionally limited termolecu-
lar electron capture reaction rate constant of 2×10−30 cm6 molecule−2 s−1 [102] with
oxygen as third body. It follows that in air (i.e., around 20%V oxygen) thermal elec-
trons are quantitatively captured by oxygen after less than a hundred nanoseconds.
Therefore, at atmospheric pressure the direct electron capture reaction of analytes
can only be observed under very clean, oxygen-free conditions. Nevertheless, super-
oxide, O–

2, is a widely used reactant ion for electron transfer or proton abstraction
reactions [103–105]. The comparably low electron affinity which is exceeded by many
other molecules makes electron transfer processes possible.

M+O−
2 −−→ M−+O2 (R 1.5)

if EAM > EAO2
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For electron transfer reactions dissociation of the analyte can occur as well, es-
pecially for halide containing analytes; see reaction R 1.6 for fluoride containing
species [89] and R 1.7 for chloro- or bromo-containing analytes. Hydrogen or nitro-
groups can be dissociated in some cases [106–109].

M+O−
2 −−→ [M-X]−+X+O2 (R 1.6)

mainly for X=F

M+O−
2 −−→ [M-X+O]−+OX (R 1.7)

mainly for X=Cl,Br

The high gas-phase basicity (∆ Gacid) of 15.03 eV [101] makes superoxide a suitable
reactant ion for proton abstraction reactions even with molecules with moderately
acidic protons.

M+O−
2 −−→ [M-H]−+HO2 (R 1.8)

if ∆ Gacid(M) > ∆ Gacid(HO2)

Anion attachment is used to form negative ions from polar compounds. As reactant
ions mostly halide ions are used, produced by dissociative electron capture of reactant
molecules, e.g., chlorobenzene, trichloromethane or bromomethane, as shown in
reaction R 1.6 [110, 111].

M+X−+TB −−→ [M+X]−+TB (R 1.9)

However, the reaction mechanism leading from the reagent ions to analyte ions is
not yet clear in the case of negative ionization. In contrast, the mechanism leading
to protonated positive analyte ions starting from the toluene radical cation formed
by photoionization has been recently resolved [56]. It includes proton bound water
clusters formed by proton transfer to neutral water. Mixed solvent water clusters as
described in section 1.1.3 in reaction R 1.2 can also be formed. These water/solvent
clusters react with the analyte by a so-called "ligand-association/ligand-switching"
mechanism (cf. R 1.10 and R 1.11 for pure water clusters) [112–115].

M+ [H(H2O)n]++TB −−*)−− [M+H(H2O)n]++TB (R 1.10)

M+ [H(H2O)n]+ −−*)−− [M+H(H2O)n-1]++H2O (R 1.11)

In thermally sampling MS it is possible to detect the resulting analyte-water/solvent
cluster distributions, while the fragmentation processes in common mass spectrom-
eters lead solely to [M+H]+ ions of the analyte. It has also been shown that this
mechanism is not only applicable to dopant assisted atmospheric pressure photoion-
ization (DA-APPI) but to all methods which form proton bound water/solvent clusters
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1.3 Negative Ion Mass Spectrometry

during the ionization cascade, e.g., ionization induced by radioactive decay of 63Ni or
corona discharge ionization [56].

McEwen et al. [116] stated that the ionization pathway is basically the same for APPI
and direct analysis in real time (DART) in the negative mode at atmospheric pressure.
Even though it is accepted that the ionization mechanism is independent of the way
of generating thermal electrons, the ion-molecule/radical reaction cascade leading
to analyte ions is not entirely known. In the literature the formation of superoxide
in air via direct electron capture by oxygen is accepted as the first step [89, 116, 117]
and the formation of superoxide water clusters, [O2(H2O)n]–, is frequently observed.
However, when discussing the reaction pathways leading to analyte ions, it appears as
if clusters are not taken into account [103,105,116,118,119]. Most proposed ionization
mechanisms proceed via the formation of [M+O2]– adducts, which may be formed
by neutral analyte molecules and superoxide or analyte anions and neutral oxygen.
These clusters can dissociate to M– or [M−H]– ions. Other reagent ions have been
proposed, e.g., O–

4, CO–
3, CO–

4, NO–
2 or [NO2(H2O)]– [89,119,120], but these are generally

not included in the ionization pathways.
Reactant molecules that are added to the sample or introduced into the ion source

in relatively high mixing ratios to increase the ionization efficiency are often called
dopants, as for example in dopant assisted atmospheric pressure photoionization [41,
42]. They directly interact with the primary source of ionization, e.g., highly ener-
getic photons or electrons. These dopants increase the number of charge carrying
species, which ionize the analyte by chemical reactions, thus increasing the ioniza-
tion efficiency. Through the use of a dopant the ionization pathway after initial ion
generation is changed to chemical ionization resulting in identical ionization mech-
anisms for a number of methods [56]. The disadvantage of a dopant is the increase
of the density of reactive species inside the ion source, which may potentially lead to
ion-transformation processes. Additional signals in the mass spectra arising from the
dopant ion and its ion-molecule/radical reaction products are possible. When oxygen
is present during negative ionization at elevated mixing ratios it potentially acts as a
dopant.

1.3.2 Ionization Methods

A number of alternative ionization methods may be used for the generation of negative
ions in AP-MS. In the following the most relevant methods, photoionization and
chemical ionization at atmospheric pressure, are briefly introduced.

1.3.2.1 Atmospheric Pressure Photoionization

One method of thermal electron generation is the absorption of photons by molecules
as in atmospheric pressure photoionization, a widely used method for LC-MS [121–
125]. To overcome the ionization potential of most organic species by the absorption
of a single photon energies above 7 eV are necessary [101], corresponding to wave-
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lengths (λ) below 180 nm. In most cases krypton-RF lamps are used to provide light
in the vacuum ultra violet (VUV) range, with the main emission lines at 116.5 nm
and 123.6 nm corresponding to 10.03 eV and 10.64 eV, respectively. This energy is
sufficient for direct ionization of most organic molecules. Some bulk gases present
in the ion source, such as oxygen and many solvents used for LC, e.g., acetonitrile or
hexane, exhibit high absorption cross sections of around 1×10−17 cm2 molecule−1 at
these wavelengths [126–132]. The absorption of photons by those substances does not
lead to ionization since their ionization potentials are well above 10 eV. However, in
many cases very efficient photolysis occurs and thus extensive formation of neutral
radicals, increasing the probability that ion-transformation processes occur [3, 133].
The strong absorption of VUV light results in a penetration depth within the AP ion
source of just some millimeters, which decreases the ionization efficiency. Dopants
like toluene or anisole are prior added to the bulk gas flow to increase the ionization
efficiency by several orders of magnitude by increasing the number of charge carrying
species [41, 42, 54, 123]. As stated previously, the use of dopants changes the ionization
mechanism in the positive ion mode from direct photoionization to chemical ioniza-
tion. This effect is observed in the positive ion mode mass spectrum where the radical
cation, M+, is the most abundant signal for most analytes with direct photoionization,
and the protonated analyte molecules, [M+H]+, with DA-APPI [134].

For the negative ion mode both ionization pathways, direct ionization or chemical
ionization via a dopant, are feasible [89, 106]. To increase the number of thermal
electrons toluene or anisole are typically used as dopants [133, 135]. Other substances
such as chlorobenzene [133], CS2 [136] or tetrahydrofuran [137] are used as dopants
in the negative mode as well. For direct ionization thermal electrons are captured by
the analyte. If the thermal electrons are mainly captured by oxygen or other reactant
gases present in the sample stream negative DA-APPI is performed. Strictly speaking,
the term negative DA-APPI means the use of one or two dopants. For thermal electron
generation a dopant species is used to increase the yield of thermal electrons and/or
another dopant is used to scavenge the electrons (e.g., molecular oxygen), resulting in
reactant ions that ionize the analytes by the mechanisms discussed previously. One has
to carefully ascertain which kind of "negative DA-APPI" is meant when different results
are compared. If oxygen is used as an electron scavenger it initiates a similar ionization
cascade in different negative ionization methods, which is explained in more detail in
chapter 4. The generation of the oxygen-water cluster system by photoionization is
accompanied by extensive formation of ions and neutral radicals inside the ion source.
As mentioned previously, this potentially leads to ion-molecule/radical reactions and
recombination reactions (cf. section 1.1).

1.3.2.2 Atmospheric Pressure Chemical Ionization

The term atmospheric pressure chemical ionization does not specify how the primary
charges are produced. In the literature APCI often refers to ionization induced by
a corona discharge. However, for all types of chemical ionization at atmospheric
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1.3 Negative Ion Mass Spectrometry

pressure (i.e., DA-APPI) in the positive ion mode, the ionization mechanism is basically
the same [56], except for the primary charge generation and the types and amounts of
neutral radicals and other primary ions generated as well.

Corona Discharge Ionization Corona discharge ionization is the most popular
APCI method. The primary charges are produced in a point to plate discharge, leading
to a plasma at the needle tip [14, 39]. The discharge induces not only primary ion
generation but also leads to the generation of a considerable amount of neutral radicals.
Positive ionization takes place by a reaction cascade beginning with nitrogen which is
ionized by electrons with high kinetic energies produced in the plasma. Reactions of
N+

2, via formation of N+
4 and H2O+, lead to a proton bound water cluster distribution

as shown in Reactions R 1.12 to R 1.16.

N2 +e−keV −−→ N+
2 +e−therm +e−keV (R 1.12)

N+
2 +N2 +TB −−→ N+

4 +TB (R 1.13)

N+
4 +H2O −−→ H2O++2N2 (R 1.14)

H2O++H2O −−→ H3O++OH (R 1.15)

H3O++H2O+TB −−*)−− [H(H2O)2]++TB (R 1.16)

The proton bound water clusters react with analytes in a “ligand-association/ligand-
switching” mechanism as described in section 1.3.2.1 in reactions R 1.10 and R 1.11 [56].
Thermal electrons are produced in the discharge plasma and are captured by the ana-
lyte or by dopants like O2. Fragmentation, recombination and ion-molecule/radical
reactions are likely to occur when the analyte enters the ionization region, due to the
high density of primary ions and neutral radicals in the plasma.

Ionization induced by Radioactive Decay The production of primary ions by
radioactive β decay is the most frequently used method in IMS [138–140]. Different
radioactive isotopes are used, e.g., 63Ni or tritium (3H). During the decay of a β emitter
a neutron decays to a proton, an electron and an antineutrino (νe)5, as described
in reaction R 1.17 for tritium [141]. The free electrons exhibit kinetic energies in
the keV range. Interaction of these electrons with molecules leads to excitation and
fragmentation of the molecule or to ionization by the emission of a thermal electron
(see reaction R 1.12). The interaction with molecules retards the electrons, but they
continue to ionize or excite molecules until their kinetic energy is such that they are
captured by molecules or until they reach the chamber wall.

3H −−→ 3He+e−Ekin≈ 5.7eV + νe (R 1.17)

5Antineutrinos are the antiparticles of neutrinos. Neutrinos are electrically neutral elementary particles
that are only affected by the weak electromagnetic force, which means that they pass through normal
matter almost without interaction. They belong to the leptons as e.g., quarks, photons or electrons [141].
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The fast electrons initiate the same reaction cascade as described for APCI in re-
actions R 1.12 to R 1.16 [56]. The excitation and fragmentation of molecules by the
electrons emitted during the radioactive decay results again in the formation of a large
number of neutral radicals in the ionization volume.

1.4 Photoelectric Effect

Generation of thermal electrons based on the photoelectric effect is a way to produce
negative primary charges without producing positively charged species, thus prevent-
ing recombination reactions. The photoelectric effect was first described by Heinrich
Hertz in 1887 [142], it was further investigated by Lenard and others [143, 144] until
1905 Einstein was able to explain the theoretical background of this effect [145]. He
was awarded with the Nobel Prize in 1922 for his theory of light as quantized photons,
marking the beginning of quantum physics [146].

The external photoelectric effect is the interaction of light with matter, where the
energy of a photon is sufficient to overcome the work function (Φ) of the material so
that an electron is emitted. On the contrary, the internal photoelectric effect describes
the excitation of electrons to the conduction band of a material. In the following only
the external photoelectric effect is considered. Photoelectric emission of an electron
can be simply explained by a three step mechanism:

1. absorption of a photon, followed by excitation of an electron to an unoccupied
state

2. transport of the electron to the surface of the bulk material

3. exeedance of the surface potential barrier and escape of the electron from the
bulk metal

The kinetic energy of the emitted electron depends on the energy difference between
the photon and the work function of the material [145, 147].

E electron = R

N A
· β ν− Φ (1.1)

with: Eelectron = kinetic energy of the emitted electron
R = gas constant
NA = Avogadros constant
β = constant (4.866×10−11 )
ν = frequency of light
Φ = work function of the material

whereby R
N A

· β is equivalent to the Planck constant, h [148]. The kinetic energy of

the emitted electron is only in the thermal range if the photon energy is near the work
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function threshold. In vacuum, electrical fields are often applied to the photoemissive
material to attract the electrons because back diffusion to the cathode would diminish
the electron current [149]. These fields accelerate the electrons so that their kinetic
energy exceeds the thermal energy range and can even become sufficient for electron
ionization (EI) [150]. As mentioned previously, at atmospheric pressure electrons with
higher kinetic energies can be captured by molecules via dissociative electron capture
reactions or can loose their kinetic energy by collisions with bulk gases until they are
scavenged by molecules with positive electron affinity.

The work function is material specific and dependent on the surface conditions, e.g.,
on the crystal face of a metal [101, 151] or the grade of oxidation/adsorption [152–156].
For metals work functions are in the range of 2.2 to 5.9 eV [101]. Alkali metals exhibit
very low work functions of 2.2 to 2.8 eV, while metals as aluminum (4.20 eV), gold
(5.47 eV) or platinum (5.9 eV, highest work function of all metals), that are stable at
atmospheric conditions, exhibit significantly higher work functions [101]. To overcome
these work functions light in the visible to VUV range is necessary. Metals as samarium
(2.7 eV [101]) and materials such as lanthanhexaboride (LaB6, 2.16 eV [157]) are also
used as photoemissive cathodes at low pressures [158, 159]. When oxygen is present,
these materials cannot be used because the oxidation of the surface and reaction with
water leads to changes of the work function or for alkali metals to the destruction
of the photoelectrode [152, 155, 156, 160]. At atmospheric pressure only metals with
high work functions are suitable photoemissive materials making the use of VUV
light unavoidable. However, even for these metals the work function changes with
time when its surface is exposed to oxygen or water. For aluminum the decrease in
the work function from the literature value was up to 1 eV when only small amounts
of oxygen were present at reduced total pressures [155]. In contrast, molybdenum
showed a maximum increase in the work function of 1.8 eV in the presence of oxygen
also at reduced total pressure [156]. Adsorption of organic molecules also alters the
work function. Frankevitch et al. [161] showed that organic layers on metal surfaces
decrease the work function of the metal by changing the electronic structure at the
metal/organic layer interface.

There are only a few work function measurements at atmospheric pressure found
in the literature [162–164]. Inumaru et al. [162] have investigated the influence of
different organic solvents on the work function of gold at ambient air. While acetone
increased the work function by 0.25 eV, other solvents, e.g., cyclohexene or ethanol,
decreased the work function by less than −0.1 eV.

From equation 1.1 it follows that with increasing photon energy the kinetic energy
of the emitted electron increases, but the amount of electrons emitted by the material
will not be affected. To increase the electron yield the intensity of the light has to be
increased. However, it is not entirely true that the electron current is independent
of the photon energy. With shorter wavelengths the quantum yield increases due to
the increasing difference between the photon energy and the work function of the
material [165–167]. Quantum yields for the photoelectric effect generating nearly
thermal electrons are in the range of 1×10−3 to 1×10−5 and increase by one or two
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orders of magnitude when the wavelength of the photons is further decreased into the
VUV range [165, 166].

As light sources various lamps or lasers operating in the near UV up to far VUV are
used. Due to the higher photon fluxes laser light can also cause electron generation
via two or multi photon photo effects [168–172]. The interaction of two photons with
an atom to overcome the work function or the ionization potential of the material was
postulated in 1929 by Göppert-Mayer [173]. However, due to the lack of intense photon
sources it was only in the 1960s, with the invention of the laser, that this postulate was
experimentally varified.

The work function can not only be overcome by photons but also by thermal energy,
this approach is called thermionic emission. It is not only used for the generation of
large quantities of electrons but also for the determination of work functions [174,175].
The most common application of thermionic emission is the use of hot metal filaments
(T > 1000 K) in the vacuum to produce free electrons [174].

Applications of the photoelectric effect are photomultiplier tubes, which make low
photocurrents measurable by converting a photon to a large amount of electrons and
photoemission spectroscopy, which is used to gain information on electronic states of
solid materials [175,176]. A more detailed description of the photoelectric effect and its
applications is beyond the scope of this work. It can be found in solid state physics and
quantum physics text books and in the literature, for example, in [147, 175, 177, 178].

1.5 Ionization Methods based on the Photoelectric Effect

Several ionization methods based on the photoelectric effect are found in the literature.
They are used to circumvent the presence of positively charged ions in the ion source
enclosure and to minimize radical formation. They can be divided in two groups;
i) those which work under vacuum conditions and ii) those which are operated at
atmospheric pressure. Generating electrons by the photoelectric effect is easier under
vacuum conditions, as stated previously, due to the stability of the photoemissive
electrode and the optical path of the UV light. When photoelectrons are generated
at low pressure the electrons are directly captured by analytes or they are used for
positive ionization, which means that they are accelerated to high kinetic energies
that allow EI [179–182, 182, 183]. Apart from ion sources for mass spectrometry or
ion mobility spectrometry, photoelectron generation has also been described as an
electron source for GC electron capture detectors (ECD) by Simmonds et al. [149]. Here,
the electrons were generated using thin gold films that were directly deposited on a
low pressure mercury UV lamp.

Most methods operating at low pressure use laser light for photoelectron generation.
The laser light is directed through the analyte gas stream, to induce direct photoioniza-
tion on a metallic surface or wire, where the photoelectrons are produced. These are
accelerated by a counter electrode to kinetic energies typically used in EI (70 eV). An
advantage of this procedure is the possibility to switch between a broadening of the ac-
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cessible analyte range compared to laser ionization and an increase in selectivity by the
introduction of single-/multi photon ionization by lasers and lamps [179,180,184,185].
Furthermore, EI with laser generated photoelectrons enables the synchronization of
pulsed analyzers such as TOF instruments with the ionization process by providing
pulsed electron beams [179, 180]. Due to the higher electron current during the pulses
increased sensitivities are obtained [180, 181, 184].

Low pressure electron capture ionization sources have been developed by the re-
search groups of Boesl [183] for use in supersonic beams and Petrucci [182, 186] for
the mass spectrometric analysis of organic compounds. The process of photoelectron
generation is the same as for photoelectron induced EI mentioned before. The tunable
kinetic energy of the electrons by tunable acceleration voltages enables efficient reso-
nance electron capture processes. Increasing the electron energy initiates dissociative
electron capture, giving further structural information on the compound. With this
method several analytes ranging from sulfur hexafluoride [182] over fatty acids [186]
to particle face organic compounds [182] were sensitively measured.

Ionization methods based on the photoelectric effect have been designed for at-
mospheric pressure applications as well. The first methods reported in the literature
were designed for ion mobility spectrometry [19, 187–190], it is only recently that ion
sources for coupling with AP-MS have been developed [119, 191]. Atmospheric pres-
sure ion sources for IMS were built to replace the common 63Ni APCI sources. Besides
the advantage of getting rid of the safety precautions associated with the radioactive
source, producing pulsed electron beams with lasers or pulsed lamps circumvent the
use of a shutter grid at the entrance to the drift tube of the IMS [19, 188]. The first
reported photoemissive ion source for IMS by Begley et al. [19] used a gold coated
silica window, that is illuminated by a pulsed xenon UV lamp on the rear uncoated
surface. This prevents the UV light from entering the drift region, which would lead to
photolysis reactions and thus neutral radical production or cause a depletion of the
neutral analyte concentration. Later UV lasers were used to generate photoelectrons,
which increased the sensitivity of the instruments, but still relied on the presence of
thin gold films with a thickness of around 20 to 100 nm on silica windows [187]. The
laser light is directed on the window at an angle that causes total reflection, so that no
light enters the ion source.

The ion source introduced by Chen et al. [191] uses VUV light of a common APPI
lamp, which is also applied for direct photoionization. The light is directed onto a
metallic grid, where photoelectrons are generated. Due to extensive ozone formation
negatively charged ozone water clusters, [O3(H2O)n]–, are the main reactant ions. For
several explosives low limits of detection were reached with this approach [191].

Photoemissive ion sources for AP-MS are rarely described in the literature. Short
et al. [119] introduced a photoemissive ion source using a UV light emitting diode
(LED) (λ = 280 or 240 nm) as photon source in combination with several different
metals in front of the orifice of a common AP mass spectrometer. Different ions
were identified as reagent ions, e.g., superoxide, CO–

3 or NO–
2, mostly as anion-water

clusters. Due to the small difference between the photon energy and the work func-
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tions of most metals resulting in small quantum yields as well as to the relatively
low photon fluxes of the UV LED this method lacks sensitivity. Furthermore, most
analyzed molecules suffered from fragmentation or ion-transformation processes,
so that additional signals were observed in the mass spectra, e.g., [M-H+90]− for
1,3,5-trinitro-1,3,5-triazacyclohexane (RDX, royal demolition explosive) [119].

The generation of photoelectrons may also be a cause for reduced sensitivities of
positive ionization methods. They are inadvertently generated when VUV light falls
on metallic parts of the ion source housing or when photons are produced in the
plasma of corona discharges for APCI. This is further illustrated for matrix assisted
laser desorption/ionization (MALDI), which shows an increase in sensitivity of two
orders of magnitude when non-metallic targets were used [161].

1.6 Proton Transfer Reaction Mass Spectrometry

Even though some analytes are more easily accessible in negative ion mass spec-
trometry several positive chemical ionization methods are used for their detection
as well. For example proton transfer reaction (PTR) mass spectromtry is widely used
for applications in atmospheric chemistry [30, 31, 192, 193] and for the detection of
explosives [32, 194]. Primary ions are generated in a hollow cathode discharge in the
presence of a defined water mixing ratio, leading to proton bound water clusters. Water
clusters are guided into a drift tube where the analyte gas stream is added. A pressure
of approximately 3 mbar is maintained inside the drift tube. At this pressure DC volt-
ages of some hundred volts across the entire drift tube are sufficient to reach reduced
field strengths of some hundred Townsend. These high reduced field strengths lead
to fragmentation of the water clusters to yield mainly H3O+. Its acidity is sufficiently
high so that proton transfer reactions with most organic molecules occur, which is not
the case for larger proton bound water clusters [195]. The high reduced field strengths
may lead to fragmentation of the protonated analyte ions as well, as these are also
accelerated by the electrical field. With PTR limits of detection in the low pptV range
have been achieved for many compounds, e.g., acetone, benzene and isoprene [31]. In
summary, most analytes that are studied in atmospheric chemistry are ionizable with
PTR-MS, but the fragmentation of analyte ions, due to the high reduced field strengths
inside the drift tube, and the non-selective nature of the method can lead to complex
mass spectra.

1.7 Analytes accessible with Negative Ionization

Analytes that are accessible with negative ion mass spectrometry or ion mobility spec-
trometry must exhibit positive electron affinities or relatively high gas-phase acidities.
Aromatic compounds with high positive electron affinities are benzenes with electron
accepting groups, e.g., halides, cyanide- or nitro-groups. Benzene itself exhibits a
negative electron affinity of approximately −1.15 eV [101]. Polycyclic aromatic hydro-
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carbons (PAH) have positive electron affinities, however, this compound class is also
favorably accessible with positive ion mass spectrometry. With resonant two photon
laser ionization (atmospheric pressure laser ionization, APLI [126, 196]) very low limits
of detection (LOD) are obtained. Thus, negative ionization of these compounds is
rarely described in the literature [197–199]. However, if the PAHs posses nitro- or
hydroxyl-groups (oxygenated polycyclic aromatic hydrocarbons, OPAH), removing an
electron from the highest occupied molecular orbital generally results thus in fragmen-
tation [200–203]. For these compounds negative ionization is advantageous as they
form stable anions [200, 202, 204, 205]. Molecules with an acidic proton, e.g., aromatic
phenols, are accessible to negative ion mass spectrometry via proton abstraction by
primary ions, e.g., superoxide or OH– (cf. section 1.3.1 reaction R 1.8).

A main application field for negative ionization is the detection of explosives [206–
209]. Explosives contain large numbers of oxygen and/or nitrogen atoms, often as
nitro-groups, resulting in positive electron affinities. A major drawback for mass
spectrometric detection is that many explosives are thermally unstable or tend to
readily undergo fragmentation reactions. Fragmentation most often occurs at the
C-NO2 bond if present in the molecule, leading to NO–

2, NO–
3 or HN2O–

6 as charge
carrying species [210–213]. The observation of these signals in the mass spectrum is
not specific for a particular explosive so that compounds cannot be differentiated. The
same ions are observed when sampling takes place in ambient air, as NO2 is always
present in low mixing ratios (up to 50 ppbV [214]). Their presence in the mass spectrum
is thus not a specific indicator that explosives are present. Furthermore, ionization
methods that use electrical discharges or plasmas for ionization, e.g., APCI initiated
by corona discharge, produce large quantities of NO–

3 and HN2O–
6 during reagent ion

formation, so that the presence of explosives does not lead to significant differences in
the mass spectrum [38,45,215]. The use of fragment ions for the detection of explosives
is not reliable, especially not for the high security standards required at airports or
other points of public interest, e.g., governmental buildings. Since most explosives
have low vapor pressures low limits of detection are necessary for negative ionization
methods.

Environmental chemistry is another important application field for negative ioniza-
tion. For example aromatic phenols are intermediates in the atmospheric degradation
of aromatic compounds [216,217]. The analysis of these species gives valuable insights
into the chemical mechanisms that are fundamental for the understanding of the
degradation processes of the atmosphere. Chlorinated compounds are ubiquitous
pollutants in water and air [214, 217]. The detection of nitro-aromatic compounds is
the most important application of negative ionization mass spectrometry in environ-
mental chemistry because of their phytotoxic and mutagenic properties. Furthermore,
they are assumed to cause damage to plants and trees [218–220]. Nitro-aromatic
compounds are directly emitted by combustion processes and by the production of
goods, e.g., explosives, dyes or drugs [221]. Apart from direct emission nitro com-
pounds are formed in situ in the atmosphere by the degradation of organic hydro-
carbons [213, 216, 217]. During the day this degradation is initiated by OH and in
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the night by NO3 radicals, respectively [210–213]. Nitro-aromatic compounds are
found in clouds, soil, rain and snow [222–224]. Their atmospheric concentration is
in the ngm−3 range [221, 225]. The importance of ortho-nitrophenols as source for
nitrous acid (HONO) as precursor for OH radicals is currently discussed [226, 227]. To
reveal the mechanism leading to the formation of HONO sensitive ionization methods
for negative ionization are necessary that do not alter the structure of the ions by ion
transformation reactions.
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As pointed out in chapter 1 most ionization methods for the generation of negative
ions have several disadvantages, such as a lack of selectivity or presence of extensive
ion-transformation processes. Due to the long reaction times in common atmospheric
pressure ion sources the analyzed product distribution is thermodynamically con-
trolled. This decreases the sensitivity towards the analytes and renders the detection of
the ion distribution present in the ion source difficult. It follows from the literature that
nearly all methods, e.g. DA-APPI, APCI and DART, both in the negative and positive
ionization mode, initiate the same reaction cascade and differ only in the extent of
neutral radical generation and formation of additional ions [56, 89]. Thus, even when
developing a novel ionization method the same reaction products are expected. A shift
in the signal distribution is only achievable by reducing the reaction time, since this
leads to the kinetically controlled product distribution an by i) reducing the amount of
neutral radicals and ii) the variety of primary ions.

The aim of this work is the development of a selective and sensitive ionization
method for the negative ion mode. The use of the photoelectric effect for the gen-
eration of electrons is a simple and elegant procedure; it ensures that only negative
ions are produced and that the number of neutral radicals is minimized. Compared
with other methods this reduces the occurrence of ion-transformation processes. For
the detection of kinetically controlled product distributions the transfer times of the
ions from their generation inside the ion source to the low pressure part of the mass
spectrometer needs to be less than 1 ms. Thus, the novel method operates inside the
inlet capillary of a mass spectrometer and is accordingly termed capillary atmospheric
pressure electron capture ionization (cAPECI).

In the available large body of literature, nearly all investigations on the photoelectric
effect have been carried out at low pressure. A first step towards a cAPECI ion source is
the investigation of the photoelectric effect at atmospheric pressure. Molecular layers
of, e.g., water, oxygen and/or other molecules, which are unavoidable at AP conditions,
potentially lead to changes of the work function. To be able to optimize the ion
source and understand the occurrence of ion transformation reactions the ionization
mechanism is determined. Water is an omnipresent species in atmospheric pressure
ion sources and participates in the ionization mechanism. Thus, the influence of the
water concentration inside the ion source is also examined. The proposed reaction
schemes are verified by theoretical ab initio calculations and kinetic simulations. Since
the photoelectric effect cannot be operated in a standard glass capillary modifications
of the capillary are unavoidable for cAPECI. The influence of these modifications,
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e.g., the combination of different materials with different conductivities on the ion
transmission properties is investigated. Using the photoelectric effect for ionization
inevitably leads to unipolar ion streams. Thus, a fundamental knowledge about the
parameters affecting the ion transmission by e.g. charging effects is necessary to build
an ion source with stable signal intensities.

Finally, applications for the new ionization method are investigated to asses the
advantages and disadvantages of the novel method. The hyphenation of mass spec-
trometry with gas chromatography is a common analytical approach for the analysis
of complex samples. Thus, cAPECI-GC hyphenation is one goal of the experimental
work for this thesis. For application in atmospheric chemistry a photolysis study is
carried out, which additionally provides a comparison with PTR-MS, a widespread
used method in this field. The detection of explosives is often done by desorption from
wipe tests. Thus, an ambient cAPECI method is developed and characterized.
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3.1 Chemicals

All chemicals were purchased from Sigma Aldrich GmbH (Seelze, Germany) in the
highest purity grade available if not otherwise stated and were used without further
treatment. All solvents were from Fisher Scientific (Waltham, MA, USA) and had
analytical or chromatographic purity. Synthetic air (80 % nitrogen, 20 % oxygen),
nitrogen and argon were purchased from Gase.de (Sulzbach, Germany) with a stated
purity of 99.999 %vol. Sulfur hexafluoride was purchased from Messer Industriegase
GmbH (Bad Soden, Germany) with a purity of 99.90 %vol.

3.2 Computational Investigations

For ab initio calculations Gaussian 03W [228] and Gaussian 09 [229] were used in
combination with the graphical user interface GaussView 4.1 [230]. Gaussian 03W
was run on a personal computer, calculations with Gaussian 09 were performed on
a UNIX based computer cluster, with 4 x 16-Core CPUs (6282SE AMD Opteron™,
Advanced Micro Devices GmbH, Dornach, Germany) and 32 x 16 GB memory. The
system was obtained from Delta Computer Products GmbH (Reinbek, Germany).
Energy calculations of molecules were carried out with the Gaussian software, to
obtain the Gibbs free energy and enthalpy corrected total energy of the optimized
geometry of a neutral or ionic molecule. Possible reaction pathways were examined,
using the energies of the ions and neutrals that are involved in the reaction to calculate
the Gibbs free energy of a reaction (∆RG). If a reaction has a positive Gibbs free energy
additional energy is necessary for the reaction to take place, whereas negative Gibbs
free energies indicate thermodynamically favored reactions. However, these reactions
may be kinetically hindered. The calculations reported in this work were carried
out using density functional theory (DFT) with the Becke-3-Parameter-Lee-Yang-Parr
(B3LYP) functional and the 6-31++G(d,p) doubly-diffuse and doubly-polarized split-
valence basis set. This functional in combination with the used basis set has been
successfully applied for many other comparable reaction systems [3, 231, 232] and
provides an optimum cost-to-benefit ratio with respect to CPU time [233].

The software package Chemked-I/II version 3.3 [234] was used for kinetic simula-
tions. It was run on a personal computer. All reactions and rate constants used for
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the kinetic simulations in this work are listed in table 3.1. Rate constants for electron
attachment reactions refer to electrons with thermal kinetic energy (cf. section 1.3).

For the kinetic simulation that determines which ions are possibly present inside
the ion source the conditions present inside the cAPECI source design 1 were used
(cf. section 3.7.5). Inside the ion source, in the ion generation region a pressure in the
range of 900 to 500 mbar is established. Thus, the kinetic simulations were carried out
at 900 mbar to obtain an upper limit. Synthetic air with a mixing ratio of 1 % water was
assumed as the main gas stream. The high water mixing ratio is realistic as the ion
source and the tubing system are frequently open and exposed to ambient air. Thus,
the starting mixing ratios for the simulation to calculate the temporal evolution of
ozone and OH radicals were 79 % nitrogen, 20 % oxygen, 1 % water and zero for ozone
and hydroxyl radicals. The starting mixing ratio for photoelectrons was set to 100 pptV.
Reactions R 3.5 to R 3.14 were taken into account in the simulation.

3.3 Ion Trap Mass Spectrometer

The instrument used for most mass spectrometric experiments was an esquire6000
quadrupol ion trap (Bruker Daltonik GmbH, Bremen, Germany). It is equipped with
a glass inlet capillary as first gas flow restriction stage from atmospheric pressure to
approximately 4 mbar. The section in which the inlet capillary is mounted is called
the ”Desolvation Stage“, as droplets coming from an ESI source should be vapor-
ized inside this stage. A skimmer is placed several centimeters behind the capillary
exit to separate the first and the second vacuum region, which has a pressure of ap-
proximately 1×10−4 mbar. Here, two octopoles and ion lenses guide the ions to the
analyzer region, in which a pressure of 1×10−6 mbar is maintained. The ions reach the
quadrupol ion trap where they are stored and ejected mass selective into the detector,
which consists of a conversion dynode and an electron multiplier [235]. The signal is
digitized, processed and displayed by the Bruker Daltonik GmbH software “Esquire
control service” version 6.1 [236]. Data processing of the raw data was performed
with Data Analysis 3.4 from Bruker Daltonik GmbH [237]. As the ion trap mass spec-
trometer was used as an analytical instrument without further modifications, detailed
information on the operating principle of the ion trap analyzer is not given here and
can be found elsewhere [37, 235].

Voltages are applied to all ion optical devices. The capillary end cap has a higher
voltage than the skimmer to focus the ions to the skimmer orifice. This can easily
lead to a reduced field strength well above 100 Td in this region, probably inducing
CID processes. A RF voltage is applied to the octopoles to guide the ions through the
second vacuum stage. The voltages needed for an efficient ion transfer through the
octopoles are sufficiently high to induce CID processes. Depending on the RF voltage
ions with a selected range of m/z ratios are transferred through the octopoles, while
higher and lower m/z ratios are discriminated. However, even if these voltages are
decreased to avoid CID processes inside the ion optics, CID free conditions cannot be
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Table 3.1: Rate constants for neutral radical and electron capture reactions.

No. Reaction Rate constant1 Absorption
cross section2 Ref.

R 3.1 O2 +e– +O2 −−→ O–
2 +O2 2.3×10−30 +++ [102]

R 3.2 O2 +e– +N2 −−→ O–
2 +N2 9×10−32 +++ [102]

R 3.3 OH+e– +N2 −−→ OH– +N2 1×10−29 +++ estd.3

R 3.4 O3 +e– −−→ O2 +O– 2×10−10 ++ [98]

R 3.5 O2 +hν−−→ 2 O(3P) 1.8×10−6 + 1.7×10−20/
<1×10−24 [238]

R 3.6 O2 +O(3P)+N2 −−→ O3 +N2 6.0×10−34 +++ [239]

R 3.7 O3 +hν−−→ O(1D)+O2 6.8×10−2 + 7×10−19/
1.1×10−17 [238]

R 3.8 O(1D)+N2 −−→ O(3P)+N2 2.6×10−11 ++ [239]

R 3.9 O(1D)+H2O −−→ 2 OH 2.2×10−10 ++ [239]

R 3.10 H2O+hν−−→ H+OH 1.2×10−5 + 6.8×10−20/
<1×10−24 [240]

R 3.11 2 O(3P)+N2 −−→ O2 +N2 1.0×10−30 +++ [239]

R 3.12 O3 +OH −−→ HO2 +O2 6.7×10−14 ++ [239]

R 3.13 HO2 +O3 −−→ 2 O2 +OH 2.0×10−15 ++ [239]

R 3.14 O2 +H+N2 −−→ HO2 +N2 1.4×10−32 +++ [239]

1Rate constants are given in + [s−1] (first order), ++ [cm3 molecule−1 s−1] (second order), +++
[cm6 molecule−2 s−1] (third order), respectively; T = 298.15 K.
Photolysis rate constants are calculated, using photon fluxes of 6×1015 photonscm−2 s−1 (λ= 254 nm)
and 1.8×1014 photonscm−2 s−1 (λ = 185 nm; 3% of the 254 nm photon flux).

2At 185 nm/254 nm; unit [cm2 molecule−1]; taken from [241].
3No rate constant was found in the literature for the electron attachment to OH-radicals. The electron

affinity of OH-radicals is much larger than that of oxygen (1.8 eV compared to 0.5 eV [101]), thus, a
slightly higher reaction rate constant than for the electron attachment of oxygen was estimated.
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obtained with the QIT analyzer. In front of the analyzer an ion lens is used to focus
the ions into the ion trap. The voltages applied to this lens are not crucial for CID
processes as the pressure in this region is sufficiently low. To trap the ions inside
the ion trap RF and DC fields are necessary, in combination with collisions with a
buffer gas (approximately 1×10−6 mbar) to “cool” the ions. Without these collisions
ions would not be trapped inside the analyzer. However, these collisions make CID
processes always possible with this mass spectrometer, even with low trap voltages,
i.e., low trapping efficiencies.

As mentioned in section 1.1.2, CID processes are used in ion trap mass spectrom-
eters for structural identification. The ion trap used for most experiments during
this work is capable of these so-called MSn experiments, whereby n is the number of
isolation and fragmentation steps. The selected ion is isolated inside the ion trap and
the radio frequency that is in resonance with this mass is then increased. This leads
to collisions with the buffer gas with higher kinetic energies, resulting in dissociation
reactions. If it is required, a dissociation fragment is isolated, activated and then
dissociated again.

With the mass spectrometer m/z ratios down to approximately 30 are accessible.
However, discrimination of the lower mass-to-charge ratio range occurs, due to the
storage characteristics of the ion trap analyzer [235]. Because of the low resolution,
only nominal mass-to-charge ratios are obtained from the mass spectra. Ions are
normally stored inside the ion trap for times between 0.01 ms and 1 s. With the normal
scan speed of 8100 m/z s−1 [235], the cooling time between trapping and the start
of the scan and the time in which remaining ions are cleared out of the trap, one
measurement cycle, is in the range of 50 to 2000 ms.

3.4 Ion Transmission Measurements

3.4.1 Setup

Ion transmission measurements of inlet capillaries were performed with a custom built
setup consisting of a vacuum recipient with ion current measurement facilities and
an airtight ionization chamber. This setup has the advantage of simulating the inlet
of a mass spectrometer without the influence of the ion optical devices and the dis-
crimination against low mass-to-charge ratios downstream of the mass spectrometer.
Figure 3.1 shows the setup of the ion transmission measurements for the ion current
detection with two electrodes, figure 3.2 depicts an overview of the measurement
setup, including data processing and gas introduction.

The ionization chamber was held at atmospheric pressure, volume flows of synthetic
air were added via mass flow controllers with different ranges (2 Lmin−1 and 1 mLmin−1;
El-Flow® select; Bronkhorst Mättig GmbH, Kamen, Germany). The generation of ions
was carried out with two different ionization methods: APLI inside the ionization
chamber and photoelectron production inside the cAPECI source (cf. section 3.7.5).
For APLI a KrF* excimer laser (ATLEX300, ATL Lasertechnik, Wermelskirchen, Ger-
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Atmospheric pressure chamber

Vacuum chamber
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UV lamp Deflection plate
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Figure 3.1: Schematic of the ion transmission measurement setup, consisting of a
vacuum recipient, the inlet capillary with cAPECI ion source and an atmo-
spheric pressure chamber.

many) with a wavelength of 248 nm and anisole as analyte was used. Typical laser
pulse energies were around 2 mJ with repetition rates of 10 Hz, unless otherwise stated.
The laser beam irradiated area was approximately 1×1 cm.

A constant mixing ratio of anisole was necessary to produce a constant density
of ions during the ion current measurements. This was realized by flowing pure N2
gas over liquid anisole at a fixed temperature and diluting this gas stream with the
main gas flow, resulting in mixing ratios in the low ppmV range. The liquid anisole
was held at 0◦C by putting it into a dewar flask with a water-ice mixture, resulting
in a vapor pressure of 1 mbar [101]. Most experiments were performed with a gas
flow of 1 mLmin−1 over anisole and a main gas flow of 1.4 Lmin−1 leading to a mixing
ratio of 750 ppbV. To prevent pressure changes inside the ionization chamber if the
mounted inlet capillary causes a lower gas flow than 1.4 Lmin−1 a 1 Lmin−1 flow
controller (Mass-Flo-Controller; MKS Instruments, Andover, MA, USA) was used to
monitor the required balance flow, as the difference between balance flow and adjusted
gas flow is the volume flow through the capillary.

With APLI both ion polarities are produced. To investigate the transmission char-
acteristics of unipolar ion currents the ions were separated by their polarity in the
ionization volume. An electrode was mounted inside the ionization chamber opposite
to the inlet of the capillary, which has a metalized end cap. A voltage of ± 80 V was
applied to the electrode to pull ions of the counter polarity to the electrode, ions of the
same polarity were pushed towards the grounded capillary inlet, where they enter the
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Figure 3.2: Scheme of the ion transmission measurement setup, including data pro-
cessing and gas/sample introduction. Graphic reproduced after [81]

capillary by fluid dynamical forces. For some experiments, the laser beam was blanked
out for different time periods. This was done by using a beam stop to hinder the laser
beam from entering into the measurement chamber. The laser was not switched off
during this time and all other parameters, e.g., the gas flows, were held constant.

The capillary connected the atmospheric pressure and the vacuum pressure cham-
ber. The inlet capillary was easily exchanged to examine different material combina-
tions (cf. section 3.4.2) or to mount the capillary photoelectron ion source (for detailed
information on this ion source see section 6.5).

Ionization inside the capillary ion source was the second option for ion generation.
Therefore, the inlet capillary was replaced by the cAPECI source. In this case the
atmospheric pressure chamber was only used to introduce the gas flow. As window
material served silica and LiF (both Korth Kristalle GmbH, Altenholz, Germany); silver
was used as photoemissive material, which was also exchangeable. For most exper-
iments anodized aluminum was used. The light source was a low pressure mercury
lamp (Pen-Ray®lamp, LSP035, LOT-Oriel GmbH & Co. KG, Darmstadt, Germany),
providing light with a wavelength of 185 nm for photoelectron generation (see sec-
tion 3.7.2). The ion current generated with this ionization method is purely unipolar.
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The vacuum recipient was equipped with a rotary vane pump (80 m3 h−1, Duo 060A,
Pfeiffer Vacuum GmbH, Asslar, Germany) to establish a pressure of approximately
3 mbar inside the chamber. The pressure was monitored using a pressure transducer
(Barocel 600A-1000T, Datametrics/Dresser, Wilmington, MA, USA) with a range of 1
to 1013 mbar. One or two electrodes were mounted inside the vacuum chamber
to enable the measurement of the ion current by a sensitive electrometer (617 pro-
grammable electrometer or Keithley 6430 Sub-Femtoamp remote SourceMeter, both
Keithley Instruments Inc., Cleveland, OH, USA). The output of the 617 programmable
electrometer was digitized with a multimeter (VC820, Voltcraft, Conrad Electronic
SE, Hirschau, Germany) and recorded on generic computer hardware with a custom
data recording software. The output of the 6430 Sub-Femtoamp meter was directly
recorded by generic computer hardware. In all measurements one data point per
second was recorded.

Two different measurement assemblies were applied. The first utilizes a Faraday cup
placed in front of the capillary outlet. A voltage of 100 V was applied to the metalized
end cap of the capillary to accelerate the ions towards the Faraday cup. The use of
a Faraday cup does not allow the entire separation of the ion polarities inside the
gas stream, so that probably both ion polarities reach the Faraday cup, at least partly
reducing the measured total ion current (TIC). This is not an issue if unipolar ion
currents pass through the inlet capillary, as is the case for cAPECI and APLI when the
ion polarities are separated inside the ionization chamber.

If bipolar ion streams pass through the capillary a different electrode assembly is
more suitable. Two electrodes were placed parallel to the inlet capillary directly at
the exit port of the capillary. On one electrode an adjustable deflection potential of
± 10 to 100 V was applied to direct one ion polarity towards the other electrode, while
the oppositely charged ions were pulled to the deflection electrode where they are
discharged. The other electrode is connected to the electrometer [26]. The deflection
voltage was optimized before each measurement. This setup enables the detection
of unipolar ion currents when bipolar ion streams pass through the capillary. It also
allows verification that the ion current is purely unipolar.

To examine the influence of the water mixing ratio on the transmission charac-
teristic, a capillary made of two glass segments was used. The setup was opened
between the capillary segments for a certain time period in which the measurement
chamber was constantly flushed with clean and dry air to hold the analyte mixing ratio
constant. The inlet capillary piece that is connected with the detection chamber was
flushed with air that is saturated with water. This was realized by directing synthetic
air through a bubble counter filled with water. Before the measurement started, both
capillary segments were connected again and the laser was switched on.

For all measurements shown here, normalized signals are shown. Different levels of
noise are due to variable ranges with different sensitivities adjusted at the electrometer.
The total intensities of the signals were not reproducible because the position of the
laser beam varied considerably between two measurements.
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Figure 3.3: Different inlet capillaries (f.l.t.r.): Lead oxide coated lead silicate capillary;
lead silicate capillary; completely nickel-plated borosilicate capillary; cap-
illary with nickel-plated end caps; borosilicate glass capillary. Picture taken
by David Müller [81].

3.4.2 Capillaries

With the setup described in the previous section ion transmission characteristics of
different capillary types were examined. Standard glass capillaries made of borosilicate
glass as used in Bruker Daltonik mass spectrometers have a length of 18 cm, with an
outer diameter of 6.5 mm and an inner diameter of 0.5 mm or 0.6 mm. Due to the
high cost of these capillaries (around 1000 Euro) and the need for capillaries of other
lengths, home-built glass capillaries were made from bulk stock purchased from
Hilgenberg GmbH (Malsfeld, Germany). These capillaries have identical inner and
outer diameters as the Bruker capillaries, but can be made in any desired length.
As the standard capillaries the home-built capillaries were electrochemically nickel
plated at both ends (cf. section 3.5 for details of the nickel plating process), unless
otherwise stated. The metallic end caps allow the application of acceleration voltages
to the capillary inlet and outlet. Direct comparison of standard Bruker capillaries
with home-built capillaries showed that both have identical flow and ion transmission
characteristics [38].

Capillaries of identical dimensions but made of other materials were also available
for the examination of their ion transmission properties. Figure 3.3 shows a picture
of the different capillaries used in the experiments. Capillaries with nickel-plated
end caps are the standard inlet capillaries. Home-made borosilicate glass capillaries
without metalized end caps were often used when no acceleration potentials were
required. A lead silicate capillary has a very low conductivity, even lower than that
of normal glass capillaries. They are often used as inlet capillaries in modern mass
spectrometers, since the long term stability of their ion transmission is considered
better than that of standard glass capillaries. If the lead glass is reduced in a hydrogen
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Figure 3.4: Schematic view of the adaptor to connect two capillary sections with of
the different capillary inserts (silica/metal; metal) which are positioned
between the two sections.

atmosphere, the resistance decreases by several orders of magnitude. As can be seen
in figure 3.3 lead oxide coated lead silicate capillaries also have nickel-plated end
caps. When a high voltage is applied to one or both end caps a potential gradient
is established along the capillary. It was proposed, that this gradient would lead
to a so-called "electrodynamical focusing" of the ions, which should increase the
ion transmission through the capillary [242]. However, this was never observed in
the experiments. Both capillaries were obtained from Bruker Daltonik. They may be
purchased from Photonis Inc. (Lancaster, PA, USA). The entirely nickel-plated capillary
was made in house (see section 3.7.5), the measured resistance between inlet and
outlet of the capillary was nearly zeroΩ at the outside.

To obtain an airtight connection between two or more capillary segments an adaptor
as shown in figure 3.4 was used. Between the two capillary segments capillary pieces
made of different materials, such as silica and/or metal, were added to examine the
change in the ion transmission characteristics for different materials. The capillary
pieces have a length of approximately 1 cm and an inner diameter similar to the
standard capillaries. The different capillary inserts and the adaptor to join both ends
of the insert to the two other capillary sections that make up the whole capillary
assembly are shown in figure 3.4. For the investigations a combination of silica and
metal in three variations has been used for the inserts, besides one section made of
metal (no. 3 in figure 3.4). The first variant consisted of a 1 cm long silica capillary
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covered with a metal husk as illustrated in no. 1 in figure 3.4. In the second variant the
metal husk was on the outlet end of the capillary, apart from a bore hole, completely
closed. The other side of the husk was open. With this variant the ions passed through
the silica capillary and then for approximately 1 mm through stainless steel (see no.
2 in figure 3.4). This variant did not allow the gas stream to be in contact with the
metal surface and also established a conductive contact to the adaptor. The third
insert variant was the same as the second except that the metal husk was longer than
the silica capillary on the inlet side (no. 4 in figure 3.4). With this capillary insert
variant both glass capillary sections were separated from the silica insert capillary by
metal and the gas stream passes through 1 mm metal, 1 cm silica and then through an
expanded volume surrounded by stainless steel before it entered the second capillary
section.

The adaptor was not only used to assemble capillaries consisting of different seg-
ments, but was also used to apply voltages with a laboratory power supply (High
Voltage power supply HNC3500; Heinzinger electronic GmbH, Rosenheim, Germany)
to examine the influence of external fields on the ion transmission characteristics. The
examination of the influence of voltages on the ion transmission was carried out by
putting the adaptor on an intact glass capillary and applying a voltage to it. The same
procedure was used for two capillary segments, where a voltage was also applied to
the metallic adaptor. Inlet capillaries that consisted of two glass capillary sections
and a short silica or metal segment were treated differently. The short segment was
attached with adhesive tape to the glass capillary sections and the voltage was directly
applied to the metal or the metallic husk of the segment. Instead of the adaptor a
cAPECI source was inserted between two capillary sections for some experiments. The
ion source is described in detail in section 6.5.

3.4.2.1 Numerical Simulations

Numerical simulations of the ion motion at the entrance and outlet of an inlet capillary
were carried out with the SIMION 8.1.1 [243] charged particle simulation package
in combination with the statistical diffusion simulation (SDS) algorithm [244] and
with the particle tracing module of Comsol Multiphysics version 4.4 [245]. The basic
simulation approach of both models was validated previously [246]. Both calcula-
tions used simplified two dimensional axial symmetric models of the geometry of
the capillary inlet. The Comsol model used a profile cut through the main axis of the
capillary channel, which had a diameter of 0.6 mm in both cases. The model is shown
in figure 3.5. The end cap was approximated by a nearly spherical shape. For the
Simion model a longitudinal cut was used and the end cap was simplified as a flat
electrode with a thickness of 0.8 mm and a hole of 2 mm at the end of the capillary. The
Simion model is shown in figures 5.1 and 5.2. In both models the gas flow consisted of
nitrogen at standard conditions with an uniform velocity parallel to the capillary axis.

The ion mobility in the SIMION/SDS model was estimated by the SDS algorithm for
ions with m/z 60. The capillary wall and the end cap were approximated as electrodes
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Figure 3.5: Geometry used for the Comsol simulations of the entrance and outlet of
an inlet capillary.

with an uniform electrical potential in the SIMION model. While the capillary had an
adjustable potential, the end cap was kept grounded. The gas volume was considered
as ideal vacuum for the electrical field calculation, since the permeability of nitrogen
is very close to unity.

In Comsol the viscous interaction between the ions and the background gas was
modeled by an elastic collision force. For the capillary inlet a pressure of 1013 mbar
and a resulting collision frequency of 1×109 s−1 was assumed. At the outlet, the
pressure was set to 400 mbar and the collision frequency to 0.5×109 s−1. The electrical
potential on the capillary wall was approximated in the Comsol model by an analytical
function which models the buildup of charge on the capillary wall in the inlet area. The
end cap was always grounded. The electrical gradient on the capillary was described
by a starting value of 500 to 1000 V at the inlet of the capillary (’arc length’ = 1 cm in
figure 3.6) and a scaling factor dependent on the distance of the inlet, given by the
equation f (s) = 1−exp(−(1−s) ·k), with the local coordinate at the capillary inner wall
(s) and an adjustable parameter (k). The function is plotted with different k values in
figure 3.6. As only the last centimeter of the capillary was considered in the model the
spatial parameter (s) is in the range of 0 to 1 cm. With increasing (k) values the gradient
increases, a (k) value of 100 leads to a nearly stepped course of the electrical potential.
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Figure 3.6: Analytical functions used to describe the potential on the capillary wall.
The different colors indicate different k values. A voltage of 1000 V directly
on the wall was assumed.

As gas flow velocities values between 10 to 100 ms−1 at the inlet of the capillary and
100 to 300 ms−1 at the outlet were assumed. The Comsol model was solved with the
standard solver settings.

3.5 The Photoelectric Effect at Atmospheric Pressure

To examine the photoelectric effect at atmospheric pressure a rather simple setup was
chosen. For measurements of the work functions of different metals at atmospheric
pressure a tunable light source is necessary. A frequency tripled Nd:YAG (neodymium-
doped yttrium aluminum garnet; 355 nm, 10 Hz; Spitlight 600, Innolas GmbH, Krailing,
Germany) pumped optical parametric oscillator (OPO) (VisIR2, GWU-Lasertechnik
GmbH, Erftstadt, Germany) with a second harmonic generation (SHG) stage (SHG
VisIR2; GWU Lasertechnik GmbH, Erftstadt, Germany) provided light in the range
of 205 to 412 nm. The OPO consists of a non-linear optical crystal (beta-bariumborat,
BBO) that converts the incoming laser light to two output light waves with lower
frequencies as the input light by a non-linear process. The sum of both output fre-
quencies is equivalent to the input frequency. One of the output frequencies is chosen
and frequency doubled in the following second harmonic generation stage. This
process is not very efficient and without elaborate optimization the output energy
is less than 1 mJ even though the output pulse energy of the 355 nm Nd:YAG laser
light is approximately 80 mJ. To cover a wavelength range from 205 to 412 nm two
non-linear crystals are necessary. At 257 nm the crystals are changed, which results
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Figure 3.7: Schematic of the measurement setup to determine work functions at at-
mospheric pressure.

in a step in light intensity. The intensity of the laser light was monitored with a pyro-
electric joulemeter (Orion PE 25-V2, Ophir Optronics LTD, Jerusalem, Israel). Other
experiments were carried out with a fixed frequency unfocused diode pumped solid
state (DPSS) laser (FQSS 266–50, Crylas GmbH, Berlin, Germany). The light has a
wavelength of 266 nm at a frequency of 100 Hz, with pulse energies of 50µJ per pulse.

A home-built measurement chamber was used to enable the examination of differ-
ent metals with minimal external influence, shown in figure 3.7. Inside the chamber
the metal probe plate was mounted on a polyvinyl chloride (PVC) holder, parallel to the
measurement electrode. An adjustable acceleration voltage was applied to the metal
plate (± 0 to 80 V) to accelerate the emitted photoelectrons toward the electrode plate.
The detector electrode was connected to a sensitive electrometer (602 electrometer,
Keithley Instruments Inc., Cleveland, OH, USA). The laser light was partially blanked
out with an adjustable aperture. The small laser spot was directed at the metal probe
plate through a silica window. Care was taken to avoid that the reflection of the laser
light falls onto the detector electrode. The detection electrode was made of a cable
shoe connected to the electrometer via a copper cable creating a small electrode that is
spatially adjustable. The chamber was filled with laboratory air, if not otherwise stated.
To avoid perturbances of the ion current measurements the chamber was closed,
as air drafts can easily interfer the measurements with the sensitive electrometer at
atmospheric pressure. The blind current of the electrometer was lower than 0.01 pA.

Different metals were used and had all standard technical purities. The sterling
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silver was a ten Euro coin from 2007, which has a stated purity of 92.5 %. Nickel
plating of copper and gold plating of steel was carried out electrochemically. The
surfaces were polished with abrasive paper of different grain sizes and washed in some
cases deionized water or organic solvents. Two different approaches were used for the
deposition of nickel on surfaces: one technique uses 30 g nickel chloride, 10 g sodium
hypophosphite, 55 g ammonium chloride and 100 g sodium citrate for 1 L electrolytic
solution, resulting in a pH of 8 to 9. A temperature of 90◦C is needed to obtain an
increase in nickel film thickness of 10µmh−1. This first procedure was mainly used for
the coating of the glass capillaries, as it cannot be used for aluminum, which would
slowly dissolve in alkaline solutions. Nickel will only deposit on glass capillaries if
the glass surface was mechanically roughened (sand paper, 400 grit) beforehand and
aluminum powder was polished into the roughened glass surface to provide seeding
crystals for the deposition of nickel.

In the second technique to deposit nickel on surfaces a one liter solution contain-
ing 40 g nickel sulfate, 80 g sodium acetate, 20 g adipic acid and 20 g sodium hypophos-
phite was used. As this solution is not alkaline, it was used for the deposition of nickel
on aluminum. The process took place at a temperature of 95◦C , the film growth per
hour is the same as for the first technique. This second technique was also used for
the aluminum target for the cAPECI source design 1.

Variation of the laser power density was carried out by focusing or expanding the
laser beam, using lenses or by adjusting the lamp voltage of the flash lamp pumping
the OPO-laser system. Integration of the signals to calculate the peak area was done
with Matlab version R2013a (The MathWorks Inc., Natick, MA, USA). Measurement of
ozone mixing ratios was done with a Thermo Environmental 49 O3 Analyzer (Thermo
Environmental Instrument Corporation, Waltham, MA, USA).

3.6 Reaction Mechanism in Negative Mode API-MS

3.6.1 Ionization Mechanism

For the examination of the ionization mechanism in negative mode API-MS a com-
mercial reflectron TOF (HTOF, TOFWerk AG, Thun, Switzerland) was used as mass
spectrometer, equipped with custom inlet stage and ion optics, allowing the use of an
inlet capillary for sampling at atmospheric pressure. Furthermore, the ion optics were
modified to be able to circumvent CID due to the high reduced field strength and clus-
tering reactions appearing in supersonic jet expansions. Nearly thermal sampling is
thus possible with this instrument. A schematic of the inlet stage is shown in figure 3.8.
It consists of a glass inlet capillary (ID 0.6 mm, length 18 cm, volume flow around 1.4 L).
The background pressure in the first vacuum stage was adjustable via a pressure con-
trol valve and was held constant at 5 mbar for the experiments described in this work.
At a distance of 6 mm from the capillary exit a skimmer is placed to separate the first
and second vacuum stage. The skimmer has an orifice diameter of 0.8 mm. With a
downstream pressure of 1×10−3 mbar after the skimmer and 5 mbar upstream, the
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Figure 3.8: Schematic view of the custom designed inlet stage of the TOFwerk
HTOF [7].

expansion through the orifice does not become supersonic. Thus, extensive cluster
growth in this section of the mass spectrometer is avoided. The pressure values given
for both regions are only measured near the pumps, the local pressure in the gas
stream may be considerably higher. 24 mm behind the first skimmer a second skim-
mer separates the second differential pumping region from the high vacuum region
of the mass spectrometer. The pressure in this region is approximately 1×10−5 mbar,
which means that hardly any collisions occur downstream of the second skimmer, due
to the long mean free paths of the molecules of several meters. After the ions pass
through the second skimmer an Einzel lens is used to focus the ion beam before it
enters the time-of-flight analyzer. The voltages applied to the ion optical devices are
adjustable over wide ranges.

CID processes only occur if the reduced field strengths are well above 100 Td, as
described in section 1.1.2. Between the capillary and the first skimmer voltages of
more than 100 V would be necessary to reach this value. In the region between the
skimmers voltages of up to 20 V are sufficient due to the low gas pressure. Voltages in
the range of 0 to 200 V were applied to the metalized end cap of the capillary. In all
the experiments described here the second skimmer was grounded. If CID processes
between the two skimmers were desired, voltages between 0 to 20 V were applied to
the first skimmer and to the capillary end cap. The voltage applied to the first skimmer
was always the same as that on the capillary end cap to avoid CID reactions in the
region between capillary and skimmer.

The TOF analyzer is able to measure m/z ratios down to m/z 1 with very little dis-
crimination against small masses. The instruments calibration only allows nominal
masses to be obtained from the mass spectra. The mass spectrometer setup is de-
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scribed in detail by Albrecht et al. [247]. In summary, the instrument has the following
features:

• the voltages on the focusing elements are fully adjustable to control the level of
CID processes

• it can measure down to m/z 1

• the pressures in the different pressure regions are adjustable

• the distances between capillary and skimmers are adjustable to control the
occurrence of adiabatic expansions

APLI was used to generate ions with an unfocused diode pumped solid state laser
(FQSS 266–50, Crylas GmbH, Berlin, Germany) with toluene as dopant (cf. section 3.5).
APLI was chosen for the generation of thermal electrons because only toluene cations
and thermal electrons are produced during the ionization process. Photolysis of
neutral compounds such as oxygen or water is negligible, so that neutral radical
formation can be neglected. A laminar flow ion source was mounted in front of the
capillary [27, 38]. This ion source avoids the large gas volumes present in common
ion sources and increases the light path for laser ionization, so that the ionization
volume inside the LFIS is much larger than in common AP ion sources. The volume
flow into the LFIS was kept equal to the capillary inflow by flow controllers (Mass-Flo-
Controller; MKS Instruments, Andover, MA, USA) of different ranges. The overall gas
flow was 850 mLmin−1 of synthetic air.

To demonstrate the operation two analytes were used. One that preferentially
produces radical anions, p-benzoquinone (108 Da) and one that produces mainly
[M−H]– ions, 3-methyl-2-nitrophenol (153 Da). A stream of the main gas at room
temperature over the solid analyte deposited on the wall of the laminar flow ion source
gave flows containing saturated vapor pressures of the analyte corresponding to mixing
ratios of 130 ppmV for p-benzoquinone and 56 ppmV for 3-methyl-2-nitrophenol. To
increase the number of negative charge carrying species, toluene was used as dopant.
The mixing ratio was adjusted by taking the vapor over liquid toluene by a gas stream
of synthetic air at room temperature. Then this gas stream was diluted by mixing it
with the main gas flow, resulting in a mixing ratio of 650 ppmV. These rather high
analyte and dopant mixing ratios were necessary due to the low sensitivity of the mass
spectrometer under CID free conditions. To avoid CID processes very low voltages
were applied to the ion optical elements in the inlet region, so that the focusing of the
ions by these elements was virtually non-existent. Under normal conditions voltages
of some hundred volts are applied to the capillary end cap and some tens of volts to
the skimmers.

The mass spectra recorded with the thermally sampling TOF are compared with
spectra obtained with a commercially available mass spectrometer. For this purpose, a
quadrupole ion trap, described in detail in section 3.3, was used. As stated previously,
CID free conditions are not possible with this instrument (cf. section 3.3). A cAPECI ion
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source, with silver as target material, was used for ion generation in these experiments.
The ion source is described in detail in section 6.5. Similar to APLI, cAPECI is a clean
source for thermal electrons.

3.6.2 Dinitrotoluenes

For the investigation of the ion-molecule/radical reactions of the dinitrotoluene iso-
mers two different reaction times are necessary, which means that two ionization
positions are required.Two ionization positions were achieved by using the laminar
flow ion source and a silica capillary that was partially silver plated on the inside.
Photoelectron emission was used for the production of primary ions. A comparison
between both ionization positions is shown in figure 3.9. Ionization inside the LFIS
was carried out in the same way as described in section 3.6.1. The LiF window was
mounted at the closest possible point to the inlet capillary. The transfer time of ions
from this point to the reaction free high vacuum region of the mass spectrometer is
approximately 5 ms [248]. A reduced transfer time of less than 1 ms was achieved with
the second ionization position inside the partially silver-plated silica inlet capillary.
The silica capillary (Hilgenberg GmbH, Malsfeld, Germany) had the same length as
common inlet capillaries, but had a slightly smaller capillary channel (0.4 mm) re-
sulting in volume flows of 0.75 Lmin−1. It was chemically silver plated on the inside
to provide a photoemissive material for photoelectron generation. This was done
using the “Tollens’ reagent”. For this procedure silver nitrate was dissolved in distilled
water to give a 0.6 molL−1 solution. The same volume of natrium hydroxide solu-
tion (2.5 molL−1) was added, so that silver oxide precipitates. Aqueous ammonia was
added until the precipitation redissolves. In the last step some milliliters of a saturated
glucose solution were added. This solution was gently heated, leading to a thin silver
coating on a metal target or on the channel walls when pumped through a capillary.
A detailed description can be found in [249]. Subsequently the silver was partially
removed by a wire with a diameter of 0.3 mm, so that the UV light could enter into the
capillary channel. For detailed information on this inlet capillary see section 6.4.

When ionization was performed inside the LFIS a standard glass capillary was used
as inlet stage because the ion transfer properties of the silica capillary are unsatis-
factory for ions that are produced in front of the silica capillary. The reasons for
this behavior are not fully understood, see chapter 5 for a detailed description of the
transfer characteristics of different capillary types.

A gas stream of synthetic air was mixed with a gas stream containing the vapor
of the solid analyte at room temperature. Mixing ratios in the range of 9 ppmV 4

to 28 ppbV 5 were obtained. The number of generated thermal photoelectrons was not
comparable for both ionization positions. Only a very small fraction of the UV light

4For 2,4-dinitrotoluene, vapor pressure 133 Pa at 293 K [101], main gas flow 1.4 Lmin−1, gas flow over
analyte 10 mLmin−1.

5For 3,5-dinitrotoluene, vapor pressure 0.17 Pa at 293 K [101], main gas flow 0.6 Lmin−1, gas flow over
analyte 10 mLmin−1.
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Figure 3.9: Schematic showing the two ionization positions; 5 ms position inside the
LFIS and 1 ms position inside the inlet capillary.

enters into the LFIS and is therefore used for electron generation, so only the relative
signal distribution, but not the absolute signal intensities are compared in this study.

The measurement of the signal dependence on the oxygen mixing ratio was obtained
by adding small volumes of synthetic air to the nitrogen main gas flow. The analyte
was added to a nitrogen gas flow as mentioned before. All gas flows were adjusted by
flow controllers, 10 mLmin−1 for the analyte gas stream, 50 mLmin−1 for synthetic air
and 2 Lmin−1 for the main gas flow (Mass-Flo-Controller; MKS Instruments, Andover,
MA, USA). Table 3.2 lists the used gas flows and the resulting oxygen mixing ratios for
a total flow of 1.23 Lmin−1.

To investigate the influence of sulfur hexafluoride on the ion-molecule/radical
reactions of dinitrotoluene the LFIS was used in combination with the ion trap mass
spectrometer. The photoelectric effect was used for ionization; a low pressure mercury
lamp (Pen-Ray LSP035, LOT-Oriel GmbH & Co. KG, Darmstadt, Germany) provided
UV light (for details see section 3.7). The setup is similar to that shown in figure 3.9
but with an untreated glass inlet capillary instead of a silver-plated silica capillary.
The purity of the sulfur hexafluoride used for these experiments was 99.90 %, the
main impurities being nitrogen and oxygen at a level of approximately 500 ppmV.
Water was present with a mixing ratio of approximately 10 ppmV. To remove these
impurities and water which was also present in the compressed nitrogen (purity 5.0;
[H2O]<3 ppmV) both gases were mixed and then passed through a cooling trap held
at 77 K with liquid nitrogen. The flow of both gases was adjusted with flow controllers
(Mass-Flo-Controller; MKS Instruments, Andover, MA, USA) with ranges of 2 Lmin−1

for nitrogen and 2.6 mlmin−1 for sulfur hexafluoride.
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Table 3.2: Adjusted gas flows and resulting oxygen mixing ratios.

Nitrogen
flow
[L · min−1]

Synthetic
air
[mL ·min−1]

Oxygen
mixing
ratio [%]

1.23 0 0

1.225 5 0.08

1.223 7 0.11

1.22 10 0.16

1.215 15 0.24

1.21 20 0.33

1.205 25 0.41

1.2 30 0.49

1.195 35 0.57

1.19 40 0.65

1.175 55 0.90

3.7 Ion Source Development

The development of a stable and sensitive ion source was the main aim of this work.
The detailed description of the developed ion sources and the associated setups can be
found in section 6. All measurements during the development process were done with
the ion trap mass spectrometer described in section 3.3. Ion current measurements
were performed with a sensitive electrometer (602 electrometer, Keithley Instruments
Inc., Cleveland, OH, USA). The measurement setup was the same as already described
in section 3.4.2, where the ion source substitutes the inlet capillary or is placed in front
of it.

3.7.1 Sample Introduction

Analytes, e.g., 3-methyl-2-nitrophenol, were added by flowing synthetic air or nitrogen
over the thermally equilibrated vapor over the solid analyte at room temperature.
This gas flow was then diluted with the main gas flow, consisting of the same gas as
used for the analyte delivery. All gas flows were adjusted with mass flow controllers
(Mass-Flo-Controller, MKS Instruments, Andover, MA, USA). It was attempted to keep
the total gas flow equal to the gas flow generated by the mass spectrometer. To avoid
contamination of the system with laboratory air a slightly higher inflow into the ion
source was used. The overflowing gas escaped through an overflow outlet.

41



3 Experimental

100 200 300 400 500
0

2

4

6

8

10

18
4.

9

31
2.

5
31

3.
1

36
5.

0
36

6.
3

40
4.

7

43
5.

8

wavelength [nm]

re
la

tiv
e 

in
te

ns
ity

 [%
]

253.9
100 %

Figure 3.10: Emission spectrum of the mercury Pen-Ray lamp, the argon lines that lie
in this range are not shown; adapted from [250].

3.7.2 UV Lamp

Unless otherwise stated a low pressure mercury lamp (Pen-Ray®LSP035, LOT-Oriel
GmbH & Co. KG, Darmstadt, Germany) providing light in the UV range was used for
all experiments during the ion source development. The lamp is a cold cathode UV
lamp that consists of a silica double bore tubing. The tubing contains argon at a low
pressure. Mercury droplets are present as source for Hg gas which constitutes the
UV emitting species. When the lamp is switched on the high electrical field between
the electrodes at both ends of the tube is sufficient to ionize argon and establish a
discharge arc between both electrodes. This leads to heating of the mercury droplets
which evaporate and ionize in the argon arc. When enough ionized mercury is present
the arc between the electrodes is sustained mainly by the mercury ions. It takes several
minutes until this process is established, which means that this type of lamp cannot
be switched on and be used directly, it has to "warm up" for up to ten minutes until the
arc is a bright bluish violet. The main emission of these lamps is at 253.6 nm, a second
emission in the UV range is at 184.9 nm with 3 % intensity of the 253.6 nm line. Other
emission lines are at longer wavelengths (see figure 3.10), however, none of them has
sufficient energy for the generation of photoelectrons with common metals. Mercury
has emission lines up to 435.8 nm. The emission of argon is not shown in figure 3.10,
here, the emission lines start at 404.4 nm and extend to the infrared (IR) range with
more than 800 nm, a range that is not used during this work.

A UG 5 ultraviolet band pass filter (Schott AG, Mainz, Germany, relative transmission
< 10−5 at 185 nm and 83% at 254 nm) was used to determine which of the two emission
lines contributes predominantly to the photoelectron generation. When this band
pass filter was placed between lamp and photoemissive material virtually no 185 nm
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photons reach the photoemissive material. Therefore, the recorded ion current under
these conditions, as described in section 3.4, was entirely attributable to the 254 nm
line.

3.7.2.1 Monitoring of the lamp stability

The stability of the emission of the low pressure mercury lamp was examined using two
assemblies. An avalanche photodiode (SD 200-12-22-041, Advanced Photonics, Inc.,
Camarillo, CA, USA) which was connected to a multimeter (VC820 Digital-Multimeter,
Voltcraft, Conrad Electronic SE) was used to measure the current produced inside the
photodiode by the incoming light. The multimeter was connected to a PC to record
the data. The photodiode was sensitive to the visible light range only. As is shown in
figure 3.10, the low pressure mercury lamp also has emission lines in the visible range,
all with less than 3 % intensity compared with the 253.6 nm line. It was assumed that
all emission lines have the same temporal intensity profile.

A VUV spectrometer (ARC VM-502, Acton Research Corporation, Acton, MA, USA)
[251] was used for the monitoring of the 184.9 nm and 253.6 nm emission lines. The
light emitted by the lamp passed through a LiF window into an evacuated chamber
(1×10−6 mbar) with an optical grid, which selected the wavelength that reached the
detector (photomultiplier tube, R955, Hamamatsu Photonics K. K., Hamamatsu City,
Japan). The signal was amplified by a factor of 1000 and then digitized by a multime-
ter (VA18B, V&A, ELV Elektronik AG, Leer, Germany) and recorded using a personal
computer.

3.7.3 Laminar Flow Ion Source

The LFIS was introduced by Barnes et al. in 2010 [27, 38]. A profile view of the laminar
flow ion source is shown in figure 3.11. The source is made of an aluminum tube
with an inner diameter of 4 mm that is nickel plated for some experiments. It was
built for gaseous sample introduction and is tightly attached to the inlet capillary. To
facilitate a laminar gas flow through the ion source a cone shaped reduction of the
inner diameter to 0.8 mm is implemented at the end of the LFIS. As the inner diameter
of the capillary channel is 0.6 mm the gas flow remains laminar until it reaches the
inlet capillary [38]. The volume inside the laminar flow ion source is small in contrast
to common ion sources. As the LFIS has no drains the entire inflow into the ion source
is pumped into the mass spectrometer. The neutral analyte is not diluted by high
gas flows as in common ion sources. A lithium fluoride window is mounted close to
the cone at the end of the metal tube. A flute is drilled into the LiF window to match
the tube channel. For ionization, the low pressure mercury lamp or an APPI krypton
discharge VUV lamp (Waters Corporation, Milford, MA, USA) is placed above the LiF
window. The transfer time from this point to the high vacuum region of the mass
spectrometer, where reactions are negligible due to the low collision frequencies, is
approximately 5 ms [248].
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Figure 3.11: Setup of the measurements with the LFIS, with sample introduction and
inner profile of the laminar flow ion source.

The laminar flow ion source was originally built for atmospheric pressure laser
ionization. The laser is coupled into the ion source coaxially through a silica window,
leading to a long ionization path of approximately 20 cm that gives rise to high ioniza-
tion efficiencies. The sampling tube is used to supply the analyte, while maintaining
a laminar flow. The LFIS was not used with APLI during this work except for the
examination of the ionization mechanism in the negative ion mode as described in
section 3.6.1. For the development of an ionization method based on the photoelectric
effect the upstream part of the LFIS is used for sample introduction through the sam-
pling tube and the UV lamp was placed on top of the LiF window near the capillary
duct.

3.7.3.1 Metal Coated Windows

Metal coating of silica windows was carried out in the group “Experimental Physics
- Condensed Matter” of Prof. Dr. Frahm at the University of Wuppertal. Both, physi-
cal vapor deposition (PVD) and sputtering were used to form thin films on the silica
windows. For PVD the target was introduced into a high vacuum chamber (pressure
around 1×10−6 mbar). A sample scoop made of tungsten, filled with pellets of the
coating metal was conductively connected with a high current power supply inside
the vacuum chamber. The metal was evaporated by electrical heating of the tungsten
scoop. The metal vapor deposited on all cooler surfaces inside the vacuum chamber
and on the walls of the chamber itself, so that a thin metal film also formed on the
window. The film thickness is directly proportional to the time the target is exposed to
the metal vapor. The film thickness was not determined experimentally, the PVD pro-
cess was stopped when the window was optically intransparent. For the experiments
described in section 6.3.1 copper was used as the metal.
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Figure 3.12: Photograph of the silica inlet capillary with casing to match the capillary
socket in the mass spectrometer and a common Bruker Daltonik inlet
capillary made of lead silicate glass.

3.7.4 Silica Capillary

To generate photoelectrons inside the inlet capillary, the common glass capillary was
replaced by a silica capillary (Hilgenberg GmbH, Malsfeld, Germany) of the same
length (18 cm). This was necessary as glass is not transparent for UV photons which
are mandatory for the photoelectric effect as the work function of most metals falls
into the UV range. The inner diameter of the silica capillary (0.4 mm) was slightly
smaller than that of common inlet capillaries, resulting in a choked flow of approxi-
mately 0.75 Lmin−1. The silica capillary had a slightly smaller outer diameter of 4 mm
compared to 6.5 mm for common glass capillaries. As the silica inlet capillary was
supposed to replace the glass inlet capillary, metal casings of 3 cm length, with an
outer diameter of 6.5 mm and an inner diameter of 4.1 mm were plugged on both ends
of the silica capillary and made airtight using two-component adhesive. The casing
had a 0.7 mm bore drilled into the end face that matches the capillary channel. To
provide a photoemissive material, the capillary channel was chemically silver plated
as described previously in section 3.6.2. After this treatment the capillary channel
was fully silver plated. To enable entry of the UV light into the capillary channel so
that it can fall on the silver surface for the production of photoelectrons, the silver
mirror was partly removed mechanically using a wire with a diameter of 0.3 mm. As
this procedure is not reproducible, all measurements were conducted with the same
silica inlet capillary. Figure 3.9 shows a schematic view of the partly silver-plated silica
capillary. A photograph of an unplated silica capillary with the metal casings is shown
in figure 3.12.

3.7.4.1 Branched Capillary

In a second capillary ion source the ion generation region and the analyte introduction
were separated. The transfer time from the region where reagent ions and the neutral
analyte were mixed to the nearly collision free vacuum region in the mass spectrometer
was as short as possible. An unmodified glass inlet capillary was used to deliver
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Figure 3.13: Schematic view of the branched capillary.

the analyte and to guide the mixed gas into the mass spectrometer. This had the
advantage that the modified ion source directly fits into the desolvation stage of the
mass spectrometer. Primary ion production took place by photoelectron generation
inside a silica capillary that was partially silver plated on the wall of the capillary
channel (see figure 3.13). The low pressure mercury UV lamp was used as light source.
The silica capillary was connected to the glass capillary at a distance of 5 cm from
the exit end of the capillary. At this point, a wedge shaped opening was drilled in
the glass capillary. One end of the silica capillary was ground down to form a wedge-
shaped counterpart. Both capillaries were joined together with adhesive chemically
setting cement (No. 31, Liquid No. 31A; Sepp Zeug GmbH & Co. KG, Böblingen,
Germany), which is a mixture of silica powder and modified sodium silicate solution.
Flow controllers (Mass-Flo-Controller; MKS Instruments, Andover, MA, USA) were
used to adjust the analyte gas stream through the glass capillary (10 mLmin−1) and
the main gas flow of synthetic air (1.4 Lmin−1) through the silica capillary.

3.7.5 cAPECI Design 1

An ideal ion source generates reproducible ion currents and furthermore, a cAPECI
source should have an exchangeable photoemissive material. This was not the case
for the silver-plated silica capillary. The custom built cAPECI source partly replaced
the common glass inlet capillary, but used capillary segments at both ends to match
the overall length of a normal inlet capillary. Thus, it was compatible with the capillary
mount of the mass spectrometer, which allowed the combination with common ion
sources and analyte supply techniques. Figure 3.14 shows a schematic view of the ion
source. It consisted of an aluminum housing, with sockets at both ends for an airtight
attachment of the capillary segments. An insert made of aluminum was attached to
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the housing with a sealing ring. The attachment did not result in any additional gas
volume. Plates made of different photoemmissive materials could be mounted on
the insert. A flute was milled into these plates which had a similar diameter as the
capillary channel 0.6 mm A UV transparent window made of silica, lithium fluoride
or sapphire (all: Korth Kristalle GmbH, Altenholz, Germany) was mounted on top
of the photoemissive material. To complete the capillary channel, a flute was also
milled into the window with the same diameter as in the photoemissive material. The
combination of the flutes formed a channel through the ion source, similar to the
capillary channel. However, also windows without flute were used, forming only a half
channel and gave similar results. Gas flows of 938 mLmin−1 for a complete capillary
channel inside the ion source and 909 mLmin−1 for a half channel were measured.
The window was mounted onto the photoemissive material by a cover plate and sealed
with a silicone flat gasket. Thus, the capillary channel went straight through the ion
source and the capillary segments. In the following this setup is referred to as cAPECI
design 1.

The insert was designed to ensure that the photoemissive material was easily in-
terchangeable, as can be seen in figure 3.15. Different materials were used as pho-
toemissive materials. For some metals the plates were directly made of the specific
metal (e.g., aluminum, copper, steel or silver), other metals were electrochemically
or chemically applied to the target plates. Nickel was chemically deposited on an
aluminum target as described in section 3.5. To deposit gold on the silver plate, a
cyanide free gold electrolytic solution was used (gold electrolyte, Conrad Electronic
SE). An electroplating device (Conrad Electronic SE) was dipped into the electrolytic
solution. The electroplating device and the workpiece were connected to the posi-
tive and the negative pole of a power supply. The same procedure, but with a silver
electrolyte solution (Conrad Electronic SE) was used for silver deposition on metal
targets. Another way to deposit silver on surfaces was the use of the Tollens’ reagent as
described in detail in section 3.6.2.

Samarium is a lanthanide that has a low work function of 2.7 eV [101]. It is not stable
in air because of surface oxidation, however, samarium oxide Sm2O3, may also have
a comparatively low work function. To examine its characteristics as photoemissive
material for the cAPECI ion source it was physically vapor deposited on a copper target.
The physical vapor deposition was carried out as described in section 3.7.3.1. The film
thickness was not determined experimentally, the PVD process was stopped when the
copper surface was visibly coated with samarium. The metalized target is shown in
figure 3.16.

Another promising material with a low work function was a tungsten inert gas
welding electrode that was alloyed with a lanthanide to reduce the work function of
the composition (Techweld Multistrike®, Huntingdon Fusion Techniques Limited,
Burry Port, UK). It was not stated which lanthanide was used for the alloy, but the
manufacturer quotes a work function of 2.9 eV [252]. Tungsten has a work function
of 4.35 eV [101], the work function of an alloy lies somewhere between the work func-
tion of the pure metals [253,254]. However, the exact dependence of the work function
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Figure 3.14: Schematic view (top) and photograph (bottom) of the capillary ion source
design 1 for atmospheric pressure electron capture ionization developed
during this work.

on the composition has to be found experimentally [253, 254]. The electrodes had a
diameter of 2.4 mm. To use them as a photoemissive material in the cAPECI source
design 1 one of the aluminum targets was modified by drilling a channel with a diame-
ter of 2.5 mm through it, in a way that the flute that was intended to be the capillary
channel is slightly opened, as is shown in figure 3.16 (left). In this setup both the
tungsten-lanthanide electrode and the aluminum, which was still part of the capillary
channel serve as photoemissive materials. An increased photoelectron yield should
have been measurable compared to the target consisting fully of aluminum. To ver-
ify this, a non-photoemissive material (polyvinyl chloride coated cable) of the same
diameter as the electrode was used for one measurement instead of the tungsten-
lanthanide electrode. In this case, only the aluminum from the capillary channel walls
provided photoelectrons, giving a photocurrent reduced by a factor of 3.

The capillary channel that was milled in the metal target has a length of 4.9 cm. In
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Figure 3.15: Picture of the insert of the cAPECI source design 1 with an aluminum
plate as photoemissive material, Left: mounted; right: disassembled.

an attempt to increase the photoelectron yield the capillary channel on the target was
to lengthened, as is shown in figure 3.17. As photoemissive material aluminum was
used. The length of this capillary channel was 2.5-fold that of the commonly used
channel length. For this target a window without flute was used, as it would be difficult
to match the curved channel in the target. However, not only the illuminated capillary
channel was lengthened, but also the transfer time of ions through the capillary ion
source.

To provide a surface that does not chemically change with time an anodized alu-
minum target with a normal channel length was made. The aluminum target was
placed in a 20 % sulfuric acid solution and was attached to the negative pole of a
laboratory power supply (PS3030, Conrad Electronic SE). Typical anodization currents
were 1 A per 90 min for every 10 cm2 surface. During the anodization the solution is
cooled by an ice bath. The thickness of the aluminum oxide layer is directly propor-
tional to the electrolysis time until the layer thickness saturates and the layer growth
stops. The aluminum target was anodized sufficiently long to reach the maximum
aluminum oxide thickness. To close the pores of the aluminum oxide surface, the work-
piece was placed in a distilled water bath with a temperature of 100◦C for one hour.
The conductivity of the anodized aluminum surface was measured with a multimeter
(Voltcraft VC820, Conrad Electronic SE).

Besides the photoemissive target, an entire cAPECI source design 1 was anodized
to have the same conductivity on all surfaces that were in contact with ions. The
anodization process was the same as described for the aluminum target. For this
ion source a sapphire window (Korth Kristalle GmbH) was used instead of a silica or
lithium fluoride window.
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Figure 3.16: Picture of the modified aluminum insert to use the tungsten electrodes as
photoemissive material (left) and of the samarium-plated target directly
after the PVD process (right).

Figure 3.17: Picture of the aluminum target with a 2.5-fold increased capillary channel
length.

3.7.6 cAPECI Design 2

The second cAPECI source design avoided the necessity of modifying the inlet capillary,
but maintained the advantage of short transfer times. This had been achieved by
moving the ion source upstream of the inlet capillary and by separating ion generation
and analyte introduction. Figure 3.18 shows the layout of the new ion source. The
analyte was added to the gas stream with the primary reactant ions at a point where
the diameter of the ion source is similar to the capillary channel 0.6 mm. Thus, the gas
velocity at this point was already large, resulting in short transfer times of the ions from
the mixing region to the high vacuum region of the mass spectrometer. The primary
ion generation took place by photoelectron generation by the interaction of the UV
mercury lamp with anodized aluminum as photoemissive material. An airtight sealing
of the UV lamp was ensured by a sealing ring. The inner side of the tubular ion source
was used as photoemissive material; this had the advantage of using the entire light
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Figure 3.18: Schematic setup and picture of the cAPECI source design 2.

that was provided by the mercury lamp, in contrast to the cAPECI source design 1,
which used only a small fraction of the UV light. The tubular ion source had an inner
diameter of 8 mm. Synthetic air or other gases were introduced as the main gas flow.
The reactant ions were formed with the main gas components by electron capture
processes. At the end of the main tube containing the UV lamp the inner diameter
was conically narrowed to 0.6 mm. The 0.6 mm channel was 1.5 cm long. For most
experiments the main gas stream was in the range of 1 to 1.5 Lmin−1, while the analyte
gas stream was 1 to 10 mLmin−1. The inlet capillary of the mass spectrometer was
attached airtight to the ion source in the same way as in the cAPECI source design
1. Gas flows were adjusted using flow controllers of 2 Lmin−1 for the main gas flow
and 10 mLmin−1 for the analyte gas stream (Mass-Flo-Controller; MKS Instruments,
Andover, MA, USA).

3.7.6.1 Comparison of Transfer Times

To examine the influence of the transfer time on the extent of ion molecule/radical
reactions and therefore also on the signal distribution obtained with this ion source,
a second ion source was designed. As can be seen in figure 3.19 mixing of the main
gas stream, containing the primary ions and the analyte gas stream took place before
the inner diameter of the ion source is reduced. Thus, the transfer time from this
point to the high vacuum region of the mass spectrometer was significantly increased.
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Figure 3.19: Schematic setup of the cAPECI source design 2 with a longer transfer
time.

Ionization was carried out in the same way as in the cAPECI source design 2, i.e., with
a UV mercury lamp in combination with anodized aluminum. With this ion source
the photoemissive material was exchangeable, as it was inserted into the ion source
as a tube with an inner diameter of 9 mm, an outer diameter of 1.2 cm and a length
of 4.8 cm. Different materials were investigated: silver, copper, aluminum, anodized
aluminum, nickel-plated aluminum and gold-plated silver. The strongest photoemis-
sion signal was obtained with anodized aluminum as photoemissive material. The
introduction of gases and the attachment to the mass spectrometer inlet capillary were
as already described for the ion source in section 3.7.6. Variation of the oxygen mixing
ratio of the gas stream passing through the ion source was accomplished by mixing
different amounts of synthetic air to pure nitrogen. The volume flow of synthetic air
was adjusted by a 2 Lmin−1 mass flow controller. This led to oxygen mixing ratios
between some ppmV and 20 %. The mixed gas was also used to deliver the analyte.

3.8 GC-cAPECI-MS Hyphenation

A GC coupling with the novel ionization method was built, by means of a custom GC-
transfer line [255]. A schematic view is shown in figure 3.20. The GC used for all experi-
ments described in this work was an Agilent 7890 A (Agilent Technologies Inc., Shang-
hai, China) with a multi purpose column (Zebron ZB-5HT Inferno™, 30 m, 0.25 mm
inner diameter and 0.25 mm film thickness (Phenomenex Inc., Torrance, CA, USA).
The heated transfer line was used to deliver the GC capillary from the GC oven to
the ion source. It was held at a constant temperature of 350◦C , unless otherwise
stated. A microprocessor controlled PID (proportional integral derivative) controller
was used for temperature control of the transfer line. The transfer line is described in
detail by Schiewek [255] and Klink [256]. The transfer line was tightly attached to the
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Figure 3.20: Schematic setup of the cAPECI-GC coupling with custom built GC-
transfer line and heated cAPECI source.

cAPECI ion source. The GC capillary ran straight through the transfer line and ended
directly in the ion source cone. A sheath gas flow of nitrogen in the range of 100 to
500 mLmin−1 enveloped the analyte gas stream from the GC, which was normally set
to 1.5 to 3 mLmin−1. As described in section 3.7.6 for the cAPECI source design 2, the
region for primary ion generation was separated from the sample introduction. Pri-
mary ions were generated in the main gas stream of synthetic air via electron capture
of photoelectrons, as described previously (see section 3.7.2). The tube dimensions
were the same as for the cAPECI source design 2 (see section 3.7.6). The main gas
stream was mixed with the analyte gas stream coming from the GC in a region of
the ion source were the inner diameter was already reduced to the dimension of the
capillary channel, enabling short transfer times of the analyte ions, which results in a
strongly reduced extent of ion-molecule/radical reactions. To prevent condensation
of the analyte coming from the heated GC capillary, the ion source was also heated to
approximately 150◦C by a temperature controlled heating cartridge that is placed on
top of the transfer line holding fixture. The temperature was controlled by a resistance
thermometer (PT100) connected to a PID device that regulates the resistance heating
elements (Horst GmbH, Lorsch, Germany).

GC injection was done manually with a 10µL syringe (Model 701, Hamilton Messtech-
nik GmbH, Höchst, Germany) with an injection volume of 1µL. The temperature of the
injector was held constant at 350◦C throughout the measurements. Splittless injection
was used. The temperature program and other settings of the GC oven were selected
for the individual measurements, but mainly two programs were used, as shown in
table 3.3. The first (“fast run” in table 3.3) was used for samples containing only one or
two analytes, since the separation efficiency was not crucial. The other temperature
program (“separation” in table 3.3) was used for more complex samples, i.e., samples
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Table 3.3: Temperature programs for GC-cAPECI experiments.

Fast Run Separation

Capillary flow [mLmin−1] 1.5 1.5

Initial temperature [◦C ] 80 60

Initial time [s] 0.5 0.5

Temperature rate [◦C min−1] 30 6

Final temperature [◦C ] 350 350

Final time [s] 1 5

containing several analytes.
A slightly modified second cAPECI ion source for the coupling with GC was com-

pared with the ion source described above. In this ion source the gas stream directions
were changed, so that the main gas stream, containing the primary ions, went straight
through the ion source and into the inlet capillary. The analyte gas stream coming
from the GC was added at an angle of 90°. This arrangement had the advantage that
the largest gas stream did not have to change direction after the reagent ions were
generated. All other parameters were held constant. A nitro-aromatic-explosive mix
investigated was purchased from Dr. Ehrenstorfer GmbH (Augsburg, Germany).

These two GC-cAPECI setups were compared to ionization inside the inlet capillary
as applied in the cAPECI ion source design 1 (see section 3.7.5). The ion source
described above was used for the tight attachment of the transfer line and the transition
from the transfer line to the inlet capillary.

3.9 Atmospheric Chemistry Studies

Before atmospheric chemistry studies were carried out, the performance of the cAPECI
source was compared with a common ionization method, proton transfer reaction
ionization. As cAPECI source the partly silver-plated silica capillary was used, which is
explained in detail in section 3.7.4.

Proton transfer reaction mass spectrometry was performed with a PTR-HRTOF-
MS (Ionicon Analytik GmbH, Innsbruck, Austria), which has a resolution in the
1×104 range. The PTR-MS was used without further modification. A schematic view
of the hollow cathode ion source and the PTR-drift-tube is shown in figure 3.21 a). A
hollow cathode discharge generates proton bound water clusters, [H(H2O)n]+, from
water vapor that is introduced into the ion source. The proton bound water clusters
are directed into the drift tube where the analyte gas stream is added. The gas inflow
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Figure 3.21: Schematic view of the PTR ion source and drift tube.

into the PTR sampling line is approximately 300 mLmin−1, from which only a small
fraction is fed into the drift tube. Inside the drift tube a pressure of 3 mbar is estab-
lished. A homogeneous electrical field inside the drift tube is established by applying
a DC gradient over the concentric electrode rings inside the drift tube. The voltage
applied to the drift tube can be varied over a wide range, resulting in reduced field
strengths of 0 to 200 Td. This is necessary to decrease the cluster size of the proton
bound water cluster distribution. H3O+ has the highest acidity of all proton bound
water clusters and is able to protonate most analytes. However, not only the mean
cluster size decreases due to the field strength inside the drift tube, but analyte ions are
also affected. This potentially leads to fragmentations and thus to additional signals
in the mass spectrum. The optimization of the reduced field strength in terms of
ionization efficiency and minimization of analyte fragmentation is required. For all
measurements described in this work a reduced field strength of E/N = 130 Td was
used. PTR and cAPECI measurements were performed simultaneously from the same
sample line. A detailed description of the PTR used for these experiments is given by
Sonderfeld [257].

Figure 3.22 shows the two setups used a) for the comparison of the different ioniza-
tion methods and b) for the photo-oxidation study. For the comparison measurements
the solid or liquid analyte was put into a bubble counter that was held at a con-
stant temperature. The synthetic air gas stream was flown over the analyte. The flow
contained the saturation vapor pressure of the analyte and was adjusted by a flow
controller (Mass-Flo-Controller; MKS Instruments, Andover, MA, USA) to 2.5 Lmin−1.
The gas stream was divided into three different sample lines, going to the PTR-MS
(300 mLmin−1), to the ion trap for cAPECI measurements (0.75 Lmin−1) and the bal-
ance to a Fourier transform infrared spectrometer (FTIR; Nicolet Nexus, Thermo Scien-
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tific, Waltham, MA, USA). The FTIR spectrometer was used to measure the absorption
of the sample over a broad wavenumber range (4000 to 600 cm−1). It is coupled to
a long path absorption White type multi reflection optics set to a total path length
of 32.8 m housed in a photoreactor leading to sensitivities in the ppmV range. Spectra
were obtained by co-addition of 128 scans over a period of 2 minutes. The FTIR setup
is described in detail by Barnes et al. in [258].

The FTIR was also used for concentration linearity measurements. As the sensitivity
of the instrument does not allow measurements in the sub-ppmV range, the PTR-MS
was used for mixing ratio determination for lower concentrations. This procedure is
possible as the PTR-MS shows a good linearity over large mixing ratio ranges, as widely
reported in the literature [193, 259]. The range in which FTIR and PTR were able to be
used simultaneously is sufficient for the precise determination of all the mixing ratios
investigated for the mass spectrometric measurements. In addition the mixing ratio
of the analyte can be calculated using the saturation vapor pressure as described for
the comparison measurements, however this approach does not take wall losses into
account. These may significantly affect the actual mixing ratio present in the system
particularly for low analyte mixing ratios. As the determination of the exact mixing
ratio was not crucial for the comparison measurements, the mixing ratios were thus
calculated for this type of experiment. Furthermore, the use of the FTIR would have
been experimentally much more demanding since the recording of calibration curves
for each analyte would have been necessary.

Figure 3.22 b) shows the setup used for the photo-oxidation study. The experimen-
tal setup of the photoreactor and the FTIR system has been described in detail by
Bejan et al. [226], so that only a brief description is given here. A 1.12 L glass tube
(length 45.3 cm, inner diameter 5.6 cm), which was conically shaped at both ends
was used as photo-oxidation reactor. It was surrounded by six super actinic fluo-
rescent lamps (20 W, length 57 cm, TL/05, Koninklijke Philips N.V., Eindhoven, The
Netherlands), which emit light in the range of 290 to 460 nm with a maximum emis-
sion at λmax = 360 nm. The glass reactor and lamps were mounted in an aluminum
housing, which was equipped with a fan to keep the temperature constant during
the measurement. As analyte 2-methyl-3-nitrophenol was used. The analyte was
delivered by flowing a synthetic gas stream over the solid analyte resulting in a gas
stream containing the saturated vapor pressure of the analyte. This stream was diluted
with synthetic air to a constant mixing ratio of some hundred ppbV. Previous experi-
ments have shown that this analyte needs a comparatively long irradiation time until
photo-oxidation products are observed. Thus, a reaction time of approximately 22 min
within the photoreactor was adjusted by using only a low gas stream of 50 mLmin−1

from the reactor and diluting it afterwards with a synthetic air make up gas stream
of approximately 1.1 Lmin−1 to match the total gas stream needed for both mass
spectrometers. This gas stream was split for the direct and simultaneous comparison
of PTR (0.3 Lmin−1) and cAPECI at the ion trap (0.75 Lmin−1). The mixing ratio of
2-methyl-3-nitrophenol was too low to allow comparison measurements with the
FTIR.
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Figure 3.22: Schematic view of a) the experimental setup for the linearity measure-
ments and the comparison of PTR and cAPECI and b) the photo-oxidation
measurement setup.

3.10 Determination of Reaction Rate Constants

The determination of rate constants were made with the cAPECI source design 1 mounted
at the ion trap mass spectrometer. Silver was used as photoemissive material. Syn-
thetic air and the analyte mixing ratio were adjusted with flow controllers, as described
in the previous sections.

Monte Carlo simulations were carried out with the Reaction Simulation (RS) exten-
sion for the charged particle solver Simion [243] [26, 65, 260] to calculate the concen-
tration evolution of superoxide and the reaction products during the reaction. The
parameters used for the simulations are described in section 7.3.
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Figure 3.23: Schematic view of the desorption APECI source.

3.11 Desorption APECI

A desorption APECI (DAPECI) source was constructed using the anodized aluminum
tube and the UV mercury lamp described in section 3.7.6 and a custom extension,
which is shown in figure 3.23. At the downstream exit of the tube in which the photo-
electron generation was performed, the inner diameter was conically reduced to 1 mm
to increase the gas velocity and to decrease the spot size of the emitted gas. Gas flows
of 1 to 1.5 Lmin−1 synthetic air were adjusted with a 2 Lmin−1 flow controller (Mass-
Flo-Controller; MKS Instruments, Andover, MA, USA). The gas stream was directed
onto a target on which the analyte was applied. Plates made of stainless steel or glass
were used as targets for most experiments; also desorption from skin was carried out.
Different analytes were each dissolved in hexane or ethylacetate and the resulting
solutions were applied to the target in 10µL droplets. After drying of the solvent, the
targets were investigated using desorption APECI. The distance between the DAPECI
source and the target was varied to find the optimum position; the same optimization
was performed for the distance between target and inlet capillary. Some targets were
placed on a heated metal block (around 100◦C ) to increase the vapor pressure of the
analytes. This setup was compared with desorption by a gas stream of synthetic air
that was directed onto the target in front of the inlet capillary. The setup was basi-
cally the same as that described above, the only difference being the Pen-Ray lamp
switched off. Which desorption method was used is indicated in the description of the
measurements in section 7.4.
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4 Ionization Mechanism in Negative
Mode API-MS

While the ionization mechanisms in positive ion mode mass spectrometry are largely
clarified, the reaction mechanisms leading to negative ions at atmospheric pressure is
still open to debate (cf. section 1.3.1). As stated in the introduction, the presence of
primary ion water clusters for most negative ionization methods is widely accepted,
but as the examination of these species is difficult with commercially available mass
spectrometers their role in the mechanism is not yet known. In commercially available
mass spectrometers the voltages applied to the ion optical devices are sufficiently
high to allow distinct CID processes to occur. These high voltages are necessary to
increase the ion transfer efficiency from the atmospheric pressure ion source to the
high vacuum region where the analyzer is located. Furthermore, due to adiabatic
expansions between regions of different pressures, cluster growth can easily occur.
Thus, the observed cluster distribution is mostly shifted from the thermal cluster
distribution obtained with standard instruments. Furthermore, the cut off of small
m/z ratios is common for these instruments and cannot be easily circumvented,
but the reagent ions of interest are present in this mass region. The experiments
described in the following were therefore carried out with a thermally sampling mass
spectrometer [247] to examine the ionization mechanisms in the negative ion mode
under relatively clean conditions and with oxygen as the electron capturing species [7,
261]. With this instrument mass spectra are obtained that closely resemble the ion
distribution in the ion source (see sections 1.1.2 and 1.1.4).

4.1 Verification of Thermal Sampling

To verify that the custom ion optics of the mass spectrometer are indeed nearly ther-
mally sampling, the well described proton bound water cluster system, [H(H2O)n]+,
was examined in the positive ion mode. This system is ideal for a validation of the
properties of the mass spectrometer: The ions are easily formed under the present
conditions, the cluster distribution is easily varied by both CID and adiabatic gas
expansions and the kinetics of this system are well known.

Formation of the cluster system was achieved using the same conditions applied for
the examination of the negative ionization mechanism, i.e., laser ionization of toluene
at atmospheric pressure, described in section 3.6.1. The use of a corona discharge
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Figure 4.1: a) Primary ion distribution in the positive ion mode for APLI of toluene with
roughly 500 ppmV water mixing ratio. b) Calculated cluster distribution
(500 ppmV water, standard conditions).
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4.2 Reagent Ions

for ion generation gave similar results. As expected, the proton bound water cluster
distribution showed a high dependence on the water mixing ratio present in the ion
source and on the voltages applied to the ion optics. Furthermore, a dependence on the
pressure of the first two vacuum stages was observed, when the pressure difference and
the distances between the skimmers were adjusted in a way that adiabatic expansions
penetrated through the orifice. A detailed description of the proton bound water
cluster system examined with this instrumental setup is given by Albrecht et al. [247]
and Klee et al. [56]. The upper mass spectrum in figure 4.1 shows an exemplary cluster
distribution for a pressure of approximately 3 mbar in the first pumping stage and
a voltage of 5 V applied to the first skimmer while the second skimmer is grounded.
A thermal cluster size distribution is observed. The signal at m/z 92 corresponds to
the toluene radical cation. The water mixing ratio is about ppmV as the ion source
was opened frequently and no efforts were made to lower the water mixing ratio, e.g.,
by flushing the source with the boil-off of liquid nitrogen. The lower panel of the
figure shows a calculated signal distribution, using the rate constants from Kebarle
et al. [57] and Lau et al. [262]. A water mixing ratio of 500 ppmV and a mixing ratio
of 100 pptV (at standard conditions) for the initial charge carrying species, H3O+, were
assumed, which is reasonable for the given conditions. Only cluster sizes up to n = 6
were considered, as rate constants for the cluster growth and the reverse reaction for
larger clusters were not available in the literature.

The comparison of the measured and the calculated cluster distribution clearly
shows that thermal sampling is achieved with this setup, as the observed and calcu-
lated intensities of the cluster signals are nearly identical. Thus, the instrument is
suitable for the examination of the ionization mechanism in negative ion mode.

4.2 Reagent Ions

Initially, the reagent ion distribution obtained from the ionization of toluene by APLI
was studied. Nitrogen, oxygen and water were present in the ion source, as synthetic air
was used to provide a clean gas stream and water is inevitably present in atmospheric
pressure ion sources. Figure 4.2 a) shows the primary ion distribution when only back-
ground water is present (around 0.05 %V) and a voltage of −3 V is applied to the first
skimmer. This voltage is not sufficient to induce CID processes but leads to a signifi-
cant increase of the ion transmission. A thermal superoxide water cluster distribution,
[O2(H2O)n]–, is observed, with cluster sizes up to n = 3 and the maximum at n = 2. In
addition an O–

4 signal is present. The water cluster distribution is in agreement with
kinetic simulations using rate constants known from the literature [263]. As expected
no signal that corresponds to the dopant molecule was detected. Toluene exhibits a
negative electron affinity (EA =−1.11 eV [101]) and a very low gas-phase acidity [264].
A weak signal at m/z 32, corresponding to O–

2, is observed with an intensity of ∼0.07 %.

61



4 Ionization Mechanism in Negative Mode API-MS

Dependence of the Signal Distribution on the Water Mixing Ratio Similar to
the proton bound cluster distribution, the superoxide cluster distribution is highly
dependent on the water mixing ratio inside the ion source as predicted by the kinetic
simulations. Figure 4.2 shows the primary ion distribution with a) less than 500 ppmV
water present and b) with 0.2 % water added. All other conditions were held constant
for both measurements.

On addition of water, the cluster maximum shifts from n = 2 to n = 3 and cluster
sizes up to n = 5 appear. When the water mixing ratio is further increased, the cluster
distribution shifts to even higher cluster sizes, in agreement with the kinetic model.

The reactivity of the superoxide water clusters changes with the cluster size. The
electron affinity increases with increasing cluster size, as calculated from the Gibbs
free enthalpies obtained from experiments [265] or theoretical calculations [266]. The
results are in agreement with ab initio calculations carried out during this work. The
latter also show that the gas-phase basicity of the larger clusters decreases significantly.
The ionization efficiency decreases when the water mixing ratio in the ion source is
increased because charge transfer or proton abstraction reactions are less likely to
occur.

This effect is directly observed when the water mixing ratio inside the ion source
is varied and the normalized signal intensity of the analyte signal peak is monitored.
Figure 4.3 shows the normalized signal intensity of the [M−H]– signal of 3-methyl-2-
nitrophenol (3M2NP) for water mixing ratios from 0.2 to 1.9 %, measured with the ion
trap mass spectrometer. It is clearly evident that the signal intensity decreases drasti-
cally as the water mixing ratio is increased. The water mixing ratio is around 100 ppmV
in pure synthetic air. For mixing ratios higher than 1.5 % the ionization efficiency
decreases almost to zero. This experiment strongly supports the assumption that
the water mixing ratio is a crucial parameter for the ionization efficiency of negative
ionization methods when oxygen is used as reagent gas.

Measurements with the ion trap mass spectrometer and cAPECI source design 1 (see
section 3.7.5) with different water mixing ratios gave similar results. To compare the
sensitivity for different water mixing ratios, a 5 Å molecular sieve was placed upstream
of the ion source gas inlet. Water is efficiently captured by the molecular sieve so
that the water mixing ratio inside the ion source was considerably reduced compared
to ambient air. Since an exact water mixing ratio was not measured only qualitative
conclusions are drawn in the following.

Figure 4.4 shows the extracted ion chromatogram of the [M−H]– ion of 3-methyl-
2-nitrophenol when measured in ambient air (0 to 5.5 min) and when the molecular
sieve was used to reduce the water mixing ratio (5.5 to 10 min). Reducing the water
mixing ratio inside the ion source results in an increase of the signal intensity by a
factor of 3. The signal peak at the beginning of the measurement with the molecular
sieve (at 5.5 min) is attributed to charging effects on the capillary walls which are
described in detail in chapter 5.
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Figure 4.2: Superoxide cluster distribution when a) no additional water is present
in the ion source (≤ 500 ppmV) and b) with 0.2 %V water added under
otherwise similar conditions.
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Figure 4.3: Dependence of the normalized signal intensity of the most abundant
[M−H]– signal of 3-methyl-2-nitrophenol on the water mixing ratio.

A comparison of the mass spectra of 3-methyl-2-nitrophenol for the two different
water mixing ratios inside the ion source is shown in figure 4.5. A decreased water mix-
ing ratio results in a highly increased signal intensity of the [M−H]– ion. However, for
elevated water mixing ratios, as in ambient air (lower panel of figure 4.5, around 1.5 %
water) additional signals appear in the mass spectrum. The [M+O2]– signal is present
in the spectrum even when the level of CID processes is increased. The other two
signals at m/z 137 and 167 are attributed to ion molecule reactions which were not
further investigated.

Ionization via the Photoelectric Effect A low pressure mercury UV lamp was used
to provide photons for photoelectron generation (see section 3.7.2). The main wave-
lengths emitted by this lamp are 254 nm and 185 nm in addition. Thus, ozone is
generated by photolysis, when oxygen is present in the ion source. When water is
present, hydroxyl radicals are generated by photolysis of water as well. The primary
ion distribution may be shifted to these radical ions when ionization takes place via
the photoelectric effect and not by laser ionization. To asertain if this is the case kinetic
simulations were performed.

The corresponding reactions are shown in R 3.5 to R 3.14. Many of the radicals and
reaction products cause ion-transformation processes. However, a short reaction
time can minimize their occurrence in the mass spectra, as stated previously. The
ion-molecule/radical reactions and photolysis products can also act as primary charge
carrying species. These products can alter the ionization mechanism described in
the following in which superoxide, O–

2, is the main reagent ion. In the following, an
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Figure 4.4: Extracted ion chromatogram of the [M−H]– signal of 3-methyl-2-
nitrophenol measured in ambient air (0 to 5.5 min) and when the water
mixing ratio is reduced by a 5 Å molecular sieve (5.5 to 10 min).

estimation based on kinetic data is made to investigate to what extent these radicals
play a role as electron capturing species. As ion source the cAPECI source design 1 was
assumed (for further details regarding the simulation conditions see section 3.2).

The kinetic simulation predicted a linear increase of the hydroxyl and ozone mixing
ratio. Ozone is produced relatively fast with a rate of 2×1013 moleculecm−3 s−1 com-
pared to 4×1012 moleculecm−3 s−1 for OH radicals. The residence time of molecules
in the irradiated area in the cAPECI source design 1 is 400 µs. This is the maximum
photolysis time. The mixing ratios of ozone and hydroxyl radicals present inside
the reaction volume within this time (see figure 4.6) were 6.7×109 moleculecm−3

and 1.8×109 moleculecm−3, respectively, corresponding to mixing ratios of 270 pptV
ozone and 380 pptV hydroxyl radicals. Compared to these values oxygen is present in
a 1×108 fold excess.

In a further simulation the electron capture process was also taken into account
(reactions R 3.1 to R 3.4). A mixing ratio of 100 pptV for the thermalized photoelec-
trons was assumed, which represents an upper limit as the experimentally determined
electron mixing ratios were considerably lower. The simulation resulted in concentra-
tions of 2.4×109 moleculecm−3 s−1 for O–

2 and essentially zero for O– and OH–. Their
concentrations only start to rise after several microseconds. Provided the charge
transfer from O–

2 to OH is feasible, which is speculated to be highly efficient because
of the higher electron affinity of OH compared to O2 [101], along with a collision
controlled reaction rate constant of 1×10−9 cm3 molecule−1 s−1, an OH– concentra-
tion of 5.3×106 moleculecm−3 after 400 µs results. Even in this case O–

2 is in 500-fold
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Figure 4.5: Mass spectra of 3-methyl-2-nitrophenol recorded with the ion trap mass
spectrometer for two different water mixing ratios: Low water mixing ratio
due to the use of a 5 Å molecular sieve (upper panel) and ambient air
(approximately 1.5 %, lower panel).
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Figure 4.6: Concentration profiles obtained from kinetic simulations of O3 and OH
when 20 % O2, 79 % N2 and 1 % water are present.

excess.

The kinetic simulations clearly show that even when a low pressure mercury lamp
is used for ionization the only important reactive species is O–

2 with air as carrier gas.
The low concentrations of ozone and hydroxyl radicals generated cannot compete
with oxygen molecules in electron capture reactions to any significant extent.

4.3 Formation of Molecular Anions

To examine the ionization mechanism leading to M– ions, p-benzoquinone (108 Da)
was chosen as analyte, due to its high electron affinity (1.9 eV [264]). In figure 4.7
a) the thermally sampled mass spectrum of p-benzoquinone is shown. A mixing
ratio of approximately 130 ppmV p-benzoquinone was present in the ion source. The
high mixing ratio of the analyte leads to low intensities of the reagent ions in this
mass spectrum. Besides the distribution of reagent ion clusters, the M– of the analyte
and an analyte water cluster, [M(H2O)]–, are observed. The analyte anion has the
highest abundance. There are three signals (m/z 142, 217 and 249) in the spectrum
which are not easily explainable. The signal at m/z 142 could possibly be ascribed to
[M(H2O)+O]–, but as this signal was not observed in all other mass spectra it is more
likely that it is not attributable to the analyte. For both signals at higher masses neither
the intensity nor the m/z ratio change with the voltage applied to the first skimmer,
which makes it most likely that these signals are due to contaminations in the ion
source and not to cluster or adduct ions.
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Figure 4.7: Mass spectra of p-benzoquinone in a) the absence of CID processes (−3 V)
and b) when −10 V are applied to the first skimmer.
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Collision Induced Dissociation In figure 4.7 a thermally sampled mass spectrum
is compared with a spectrum recorded with a slightly increased level of CID in the
mass spectrometer inlet stage. This was achieved by applying a voltage of −10 V to the
first skimmer. The increased kinetic energy in the second vacuum region gives rise to
CID processes, which lead to a decrease in cluster size. The mass spectrum shows only
superoxide clusters of size n = 1 and n = 2. With a voltage of −10 V the analyte water
cluster abundance is decreased to approximately 5 % of the initial intensity and the M–

signal becomes the only intense signal in the mass spectrum. The unidentified signals
at higher masses remain unchanged. The signal at m/z 142 has shifted to m/z 141
which contradicts the notion that it is assigned to an [M(H2O)+O]– ion. The spectrum
under increased CID conditions is very similar to the results obtained with the com-
mercially available ion trap mass spectrometer, were CID processes inevitably occur.
Here, M– is the only signal recorded. A significant difference between the spectra from
both intstruments is the superoxide peak that is not observed with the ion trap mass
spectrometer, due to the cut off of low mass-to-charge ratios.

The base peak in the mass spectrum is the analyte anion even under CID-free
conditions. This strongly supports the notion that the ionization mechanism leading
to M– does not proceed via adduct formation with primary charge carrying species.
No analyte-oxygen adduct ions are observed under any of the conditions employed
during these experiments. Direct charge transfer is thus the most likely ionization
pathway:

M+O−
2 −−→ M−+O2 (R 4.1)

Small superoxide water clusters may also lead to charge transfer, depending on the
electron affinity of the analyte. For p-benzoquinone, the reaction with O–

2 is exothermic
by −1.45 eV1, therefore no additional energy is necessary for this reaction to proceed.
The analyte-water adduct is thus most likely formed after the charge transfer to ben-
zoquinone from superoxide has taken place. As water exhibits a negative electron
affinity, a benzoquinone anion and a neutral water molecule are the reactants for the
cluster formation. This reaction scheme is also supported by ab initio calculations,
shown in the values of the Gibbs free energies of the reactions.

M– +H2O −−→ [M(H2O)]– ∆RG =−0.21 eV ( R 4.2)

[M(H2O)]– +H2O −−→ [M(H2O)2]– ∆RG =−0.17 eV ( R 4.3)

Dependence on the Water Mixing Ratio As stated previously, the increase of the
water mixing ratio leads to a shift of the cluster distribution to larger cluster sizes.
Furthermore, when p-benzoquinone is present, the analyte water cluster distribution,
[M(H2O)n]–, is also shifted to larger water cluster sizes. This is seen in figure 4.8 with a

1As calculated from the values found in [264], ab initio calculations gave a value of −1.61 eV.
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Figure 4.8: Mass spectrum of p-benzoquinone when 0.2 % water is present in the ion
source.

water mixing ratio of 0.2 % present. The signal with the highest abundance shifts from
M– for relatively dry conditions (see figure 4.7 a) approximately 0.05 %) to the smallest
analyte-water cluster and the cluster with n = 2 is observed as well. The superoxide
water cluster distribution also shifts to larger cluster sizes, as expected.

Ambient Air With the ion source developed during this work it should be readily
possible to detect analytes in laboratory air. Thus, the thermal ion distribution of
laboratory air was also studied for p-benzoquinone, as shown in figure 4.9. Due to
the comparably high water mixing ratio in laboratory air, the cluster distribution
for the reagent ion clusters and the analyte water clusters is shifted to larger cluster
sizes. Both, the superoxide water cluster distribution and the analyte water cluster
distribution exhibit a maximum at n = 3. In figure 4.9, the light blue curve traces the
distribution of analyte water clusters. For this cluster type, even clusters with more
than five water molecules are observed. The dark blue curve traces a second water
cluster distribution at higher mass-to-charge ratios with a maximum at m/z 234. The
signal at m/z 216 is possibly due to the [M(H2O)6]– ion and thus associated to the
first cluster distribution (light blue dotted curve) or to the p-benzoquinone dimer,
[M+M]–. This dimer may be the starting point for the second distribution, i.e., dimer
water clusters of the type [M+M(H2O)n]–. However, as the TOF instrument did not
allow controlled CID experiments, the identification of these signals was not possible.
The increase of the voltage applied to the first skimmer from −3 V to −15 V gave no
conclusive results.
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Figure 4.9: Mass spectrum of p-benzoquinone measured in ambient air.

4.4 Formation of Deprotontated Anions

While analytes with high electron affinities form mainly M– signals in the negative ion
mode, analytes with a high gas-phase acidity form [M−H]– ions when oxygen is used
as primary charge carrying species. To examine the ionization mechanism 3-methyl-2-
nitrophenol was chosen as a representative analyte (molecular mass of 153 gmol−1).

Under nearly CID free conditions, i.e., −3 V applied to the first skimmer, the mass
spectrum shown in figure 4.10 is obtained. Due to the lower mixing ratio of the analyte
compared with the p-benzoquinone experiment, the abundance of the reagent ion
clusters is much larger than in figure 4.7. Furthermore, O–

2 and O–
4 signals are observed.

Three signals are assigned to the analyte, i.e., an analyte oxygen adduct, [M+O2]–,
an analyte dimer, [M+M−H]– and an analyte dimer oxygen adduct, [M+M+O2]–. In
contrast to p-benzoquinone, there are no adduct signals that contain the analyte and
water molecules. While [M−H]– is the most intense signal for this compound with
commercially available mass spectrometers, no such signal is observed under nearly
CID free conditions.

A hypothetical pathway leading to [M−H]– ions is a reaction cascade similar to the
“ligand-switching/ligand-association” mechanism, that has been confirmed for many
ionization methods in positive ion mass spectrometry (cf. reactions R 1.10 and R 1.11
in section 1.3.1) [56, 112–115]. This is also the case in NI-MS, if one of the following
reactions take place:
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Figure 4.10: Mass spectrum of 3-methyl-2-nitrophenol under CID free conditions.

M+ [O2(H2O)n]−+TB −−*)−− [M+O2(H2O)n]−+TB (R 4.4)

M+ [O2(H2O)n]− −−*)−− [M+O2(H2O)m]−+ (n-m)H2O (R 4.5)

with TB denoting a third body reaction partner. The cluster ions then dissociate to
the [M−H]– ion through CID processes inside the ion optics of the mass spectrometer.
When this mechanism is valid, analyte oxygen water clusters should be observed under
CID free conditions. However, these clusters are not observed in the mass spectra,
which strongly supports that this mechanism is not a major pathway.

Even though there is no [M−H]– ion signal present in figure 4.10 the dimer signal
at m/z 305 is formed. The most likely explanation for the occurrence of this ion is
the decomposition of [M+M+O2]– to [M+M−H]– and HO2 which takes place even
at the very low voltages applied to the first skimmer. This assumption is supported
by the fact that, even under the comparably high CID conditions of common mass
spectrometers, [M+M+O2]– cannot be observed in the mass spectrum, while both of
the other analyte signals are present, i.e., [M+O2]– and [M+M−H]– (see figure 4.12).

Another possible rate leading to [M+M−H]– is the dissociation of the analyte oxygen
adduct to [M−H]–, which then clusters with a neutral analyte molecule. However,
[M−H]– is virtually absent in the mass spectrum and in addition the mixing ratio of
the analyte is comparably low. Furthermore, the ratio of both signals does not show a
dependence on the mixing ratio of 3-methyl-2-nitrophenol.

There are two possible reaction pathways leading to the signal with the highest
abundance that includes analyte molecules, [M+O2]–: adduct formation of the neutral
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analyte with superoxide ions and direct charge transfer from superoxide to the analyte
followed by adduct formation of the analyte anion with neutral oxygen. The absence
of a M– signal in the mass spectrum does not necessarily exclude the second reaction
pathway as oxygen is in large excess over the analyte ions with a mixing ratio of approx-
imately 20 %, which shifts the reaction to the side of the adduct. In the investigation of
the ionization of trinitrotoluene by 63Ni-βradiation by Daum et al. [267] both pathways
are proposed to take place simultaneously. Ab initio calculations carried out in this
work support these reaction pathways.

Another hint on the ionization pathway is the absence of analyte oxygen water
clusters. Adduct formation only takes place with superoxide and not with superox-
ide water clusters. Alternatively all water molecules leave the cluster when cluster
and analyte react. However, this is energetically not favored as shown by ab initio
calculations. Furthermore, the ionization efficiency decreases drastically when the
superoxide water cluster size increases (see figure 4.3), which merely rules out this
pathway. An increase of the water mixing ratio present in the ion source only shifts
the superoxide cluster distribution to larger cluster sizes and decreases the ionization
efficiencies of the analyte.

Collision Induced Dissociation The increase of the voltage applied to the first
skimmer increases the level of CID processes during the transfer of the ions. Fig-
ure 4.11 demonstrates this effect of mass spectra of 3-methyl-2-nitrophenol. Due to
the change in ion transfer efficiency the intensity of each spectrum is normalized to
the largest signal. With increased CID the superoxide cluster distribution is shifted to
the bare superoxide signal. The decrease of the total reagent ion intensity is due to the
instrument’s ion transmission characteristic. It decreases for small mass-to-charge
ratios when the voltages applied to the ion optical devices, e.g., skimmers, is increased,
while the overall ion transmission improves.

More interesting is the shift of the recorded analyte signals: while a slight increase
of the voltage applied to the first skimmer to −7 V does not change the mass spectrum
significantly, a further increase to −10 V leads to the appearance of the [M−H]– signal
and a decrease of the dimer oxygen cluster. With higher voltages, the intensity of this
signal decreases to zero, supporting the assumption that the stability of this ion is
comparably low. For extensive CID, the [M−H]– signal is the most abundant signal,
the dimer and the analyte oxygen adduct are present only with a very low intensity.
This observation supports an ionization mechanism that proceeds via the dissociation
of [M+O2]– by CID processes2 for the formation of the [M−H]– signal. The mass
spectrum with extensive CID (−20 V) is nearly identical to the mass spectrum of this
compound obtained with the commercially available ion trap mass spectrometer
shown in figure 4.12. Standard settings for this instrument were selected for the
recording of this spectrum. The superoxide signal is not observed with the ion trap
due to the low mass-to-charge ratios cut off.

2DFT calculation yield an energy of 0.71 eV necessary to dissociate the [M+O2]– to the [M−H]–.
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Figure 4.11: Mass spectra of 3-methyl-2-nitrophenol for different extents of CID. Volt-
ages of a) −7 V, b) −10 V, c) −15 V and d) −20 V were applied to the first
skimmer.
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Figure 4.12: Mass spectrum of 3-methyl-2-nitrophenol recorded with the ion trap
mass spectrometer.

When 2-methyl-4-nitrophenol is used as analyte similar signal patterns are obtained
with the ion trap mass spectrometer. This indicates that the formation of oxygen
adducts is not due to an “ortho effect” caused by the ortho position of the hydroxyl-
and nitro-groups. The position of substituents on the aromatic ring is known to affect
the reactivity of the aromatic analyte [226].

The proposed ionization mechanism leading to [M−H]– derived from the experi-
mental results mentioned, which are supported by ab initio calculations is as follows:

M+O−
2 +TB −−→ [M+O2]−+TB (R 4.6)

[M+O2]−+TB −−→ M−+O2 +TB (R 4.7)

[M+O2]−+TB −−→ [M-H]−+HO2 +TB (R 4.8)

M−+O2 +TB −−→ [M+O2]−+TB (R 4.9)

For elevated analyte mixing ratios reactions R 4.10 and R 4.11 must also be taken
into account.

[M+O2]−+M+TB −−→ [M+M+O2]−+TB (R 4.10)

[M+M+O2]−+TB −−→ [M+M-H]−+HO2 +TB (R 4.11)
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Figure 4.13: Mass spectrum of 3-methyl-2-nitrophenol in laboratory air.

Reactions R 4.7 and R 4.8 only proceed when additional energy is delivered. For
CID free conditions [M+O2]– is the most abundant signal in the mass spectrum and
[M−H]– upon CID. For higher mixing ratios, dimer clustering with oxygen and the
[M+M−H]– signal are observed under essentially CID free conditions. With com-
mercially available instruments, i.e., CID processes inevitably occur during transfer
thus only the [M+M−H]– cluster is present, as the stability of the [M+M+O2]– ion is
insufficient.

With the ion trap mass spectrometer the same ion distribution is obtained for other
representatives of this compound class. For typical levels of CID in transfer stages the
[M−H]– signal has the largest intensity. The analyte oxygen adduct and the [M+M−H]–

signal are also observed, especially when the voltages applied to the ion optics and
inside the ion trap are reduced. The ionization mechanism is most likely applicable to
the entire compound class.

Ambient Air The mass spectrum of 3-methyl-2-nitrophenol in laboratory air was
recorded (see figure 4.13). A voltage of −7 V was applied to the first skimmer. The water
mixing ratio has been comparably high during this measurement as the maximum of
the superoxide water cluster distribution is at n = 4 and even clusters with n = 6 were
observed. Many more identifiable signals occur compared with the spectrum recorded
in synthetic air. The most abundant signal is the [M+M−H]– signal at m/z 305, fol-
lowed by the [M+M+O2]– signal. In addition to the signals observed in synthetic air,
one cluster distribution and several other signals are observed. The cluster distri-
bution consists of the [M+O2+(H2O)n]– progression which may be abundant due to
the strongly increased water mixing ratio. However, in synthetic air this cluster type
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was not observed even for high water mixing ratios. Furthermore, signals assignable
to [M+M−H+O]–, [M+M−H+H2O]– and [M+M+M−H]– are present. The trimer ion
signal is due to the relatively high analyte mixing ratio, but the mechanism leading to
the other ions remains unclear and needs further investigation. In addition signals
occur that cannot be assigned to a specific ion, for example, the signal at m/z 474
and the following three signals (cf. figure 4.13), which may be an [3M−H+On]– cluster
distribution. Therefore, no rational on the formation of these ions is given here.

In the literature, reagent ions other than superoxide and O–
4 are proposed when

ionization takes place in laboratory air, since for example, OH–, CO–
2 or water clusters

of these ions [89, 119, 120]. However, none of these ions were observed in laboratory
air, the ionization mechanism in laboratory air should be similar to that proposed for
the measurements in synthetic air.

4.5 Dinitrotoluenes

Ionization of the different dinitrotoluene isomers is reported in the literature with
various ionization methods. The use of different ionization methods leads to different
signals particularly for 2,4-dinitrotoluene, with the M– or the [M−H]– as main signals.
All other dinitrotoluene isomers show the M– signal for nearly all experimental con-
ditions [104, 268–270]. The result for 2,4-dinitrotoluene is surprising as it does not
contain an acidic proton.

When 2,4-dinitrotoluene is ionized with cAPECI both ions are observed. The signal
ratio is highly dependent on the transfer time. Different reaction times were realized
using two different ionization positions. For ionization inside the inlet capillary the
reaction time is less than 1 ms. When the ionization takes place inside an ion source
that is attached to the inlet capillary, the reaction times are considerably higher. The
second ionization position is inside the laminar flow ion source, close to the entrance
of the inlet capillary, leading to a reaction time of approximately 5 ms.

Ionization of 2,4-dinitrotoluene inside the inlet capillary leads to the expected M–

ion, while ionization inside the laminar flow ion source in front of the capillary results
in the [M−H]– signal, as shown in figure 4.14. Furthermore, in addition to the [M−H]–

ion, a signal at higher mass-to-charge ratios is observed in the mass spectrum for the
longer reaction time, probably due to oxidation reactions [3].

Why 2,4-dinitrotoluene behaves differently than the other dinitrotoluene isomers is
rationalized in terms of the Gibbs free enthalpies of reaction for the proton abstraction
and electron capture, respectively. The Gibbs free enthalpies for these reactions were
obtained from DFT calculations. The electron capture reaction is a feasible route for all
isomers, but 2,4-dinitrotoluene has the most favorable Gibbs free enthalpy of reaction
for the proton abstraction with −0.92 eV compared to the other isomers (−0.75 eV and
0.04 eV).

The measurements shown in figure 4.14 were carried out in synthetic air. As ex-
pected, in purified nitrogen only the M– signal is observed independent of the reaction
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Figure 4.14: Mass spectra of 2,4-dinitrotoluene with a) 1 ms and b) 5 ms reaction time.
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Figure 4.15: Measured signal intensities of the M– and the [M−H]– of 2,4-
dinitrotoluene as a function of the oxygen mixing ratio.

time. When small amounts of oxygen are added to the nitrogen gas stream, the inten-
sity of the [M−H]– increases slowly for the longer transfer time. The dependence of
the normalized signal intensities of both ions on the oxygen mixing ratio are shown in
figure 4.15. Up to a mixing ratio of approximately 0.5 % the intensity of the [M−H]–

signal increases and then remains constant. Surprisingly, the intensity of the M– signal
also increases slightly when small amounts of oxygen are added (around 0.1 %). When
the oxygen mixing ratio is further increased, the intensity decreases again.

The formation of the M– signal of 2,4-dinitrotoluene in pure nitrogen is ascribed to
direct electron attachment, as no species that could capture the thermal electrons and
as primary charge carrying species are present in this case.

2,4-DNT+e−thermal +TB −−→ 2,4-DNT−+TB (R 4.12)

As stated in the previous section and according to Daum et al. [267], the following
reactions are involved in the formation of [M−H]– when oxygen is present with 5 ms
reaction time:

2,4-DNT+O−
2 −−→ 2,4-DNT−+O2 (R 4.13)

2,4-DNT+O−
2 +TB −−→ [2,4-DNT+O2]−+TB (R 4.14)

2,4-DNT−+O2 +TB −−→ [2,4-DNT+O2]−+TB (R 4.15)
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4 Ionization Mechanism in Negative Mode API-MS

It is proposed that the oxygen adduct is quantitatively converted to [M−H]– by CID
processes inside the ion optics of the ion trap. The formation of superoxide water
clusters is not taken into account in the kinetic simulation. As mentioned before,
the water clusters exhibit a lower reactivity with respect to charge transfer or proton
abstraction compared to bare superoxide. Thus, these species serve as a charge sink
and are not explicitly considered.

The system, described by reactions R 4.12 to R 4.15, is described by kinetic simu-
lations to determine the ratio between the rate constants. Reactions R 3.1 and R 3.2
are used for the description of the generation of O–

2. In the simulations, mixing ratios
of 200 ppbV for 2,4-dinitrotoluene and 500 pptV for thermal electrons are assumed.
The rate constants of the electron capture reactions of oxygen were taken from the
literature, as stated in table 3.1. Rate constants for the other four reactions including
2,4-dinitrotoluene are estimated based on literature data and were iteratively adjusted
to give a similar dependence of the signal intensities as for the experimentally ob-
tained distribution shown in figure 4.15. From the simulations, which are depicted in
figure 4.16, the following rate constants were calculated:

Reaction R 4.12 4×10−32 cm6 molecule−2 s−1

Reaction R 4.13 5×10−12 cm3 molecule−1 s−1

Reaction R 4.14 1×10−31 cm6 molecule−2 s−1

Reaction R 4.15 2×10−34 cm6 molecule−2 s−1

Oxygen mixing ratios lower than 0.1 % are naturally possible in the simulations
but not in the experiments. Except for this mixing ratio range the simulated signal
distribution for the addition of small amounts of oxygen is similar to that obtained by
the measurements, with the rate constants given above. This strongly suggests that the
proposed reaction scheme is a reasonable representation of the processes occurring.
The rate constants determined in this study have a considerable uncertainty, as the
mixing ratios for the thermal electrons and the analyte are only roughly estimated from
the experimental conditions. The determination of exact values for the rate constants
is subject to further investigations.

Sulfur hexafluoride has a considerably high thermal electron capture rate constant
of 2.5×10−7 cm3 s−1 [271]. When small amounts of SF6 are added to a nitrogen gas
stream and ionization takes place with cAPECI, the main ion observed in the mass
spectrum is SF–

6 (m/z 146). The use of synthetic air leads to a competitive situation
between oxygen and sulfur hexafluoride for the electron capture. Due to the higher
electron affinity (1.05 eV for SF6 and 0.451 eV for oxygen) and the higher rate constant
for the electron capture reaction, SF–

6 is formed preferably to O–
2. This effect is observed

when 2,4-dinitrotoluene is used as analyte, only small amounts of oxygen are present
in a clean nitrogen gas stream and a considerably long reaction time of the ions
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Figure 4.16: Dependence of the M– and the [M−H]– of 2,4-dinitrotoluene on the oxy-
gen mixing ratio obtained by kinetic simulations.

exists. In this setup, 2,4-dinitrotoluene forms [M−H]– due to proton abstraction by
superoxide (see section 4.5). When small amounts of sulfur hexafluoride are added,
the ion distribution shifts to the M– ion as SF–

6 acts as electron transfer agent and
does not posses a sufficient gas-phase basicity for proton abstraction from the analyte.
Figure 4.17 shows the mass spectra when 0.5 % oxygen and 0.08 % sulfur hexafluoride
are mixed into the nitrogen gas stream at a transfer time of 5 ms.

The oxygen mixing ratio is considerably high and should be sufficient to form the
[M−H]– ion of 2,4-dinitrotoluene. However, the small amount of sulfur hexafluoride is
enough to hinder the formation of superoxide and thus formation of the deprotonated
analyte. The signal at m/z 146 corresponds to the SF–

6 ion. The signal at m/z 124 is
also attributable to sulfur hexafluoride. In the literature a reaction between sulfur
hexafluoride and water is reported which leads to the formation of the SF4O– ion [16].

SF−
6 +H2O −−→ SF4O−+2HF (R 4.16)

The identity of the signal at m/z 124 as SF4O– ion was confirmed by MSn experi-
ments. Fragmentation of the m/z 124 signal yields solely a signal at m/z 105 and the
difference in the mass-to-charge ratio can readily be explained by the loss of a fluorine
atom.
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Figure 4.17: Mass spectrum of 2,4-dinitrotoluene with 5 ms transfer time when SF6
(0.08 %) and oxygen (0.5 %) are present in a nitrogen gas stream.

4.6 Summary and Outlook

The ionization mechanism in the negative ion mode under comparably clean condi-
tions was examined using dopant assisted APLI with a custom built quasi-thermally
sampling mass spectrometer. Adiabatic expansions inside the ion optics of the mass
spectrometer are minimized and collision induced dissociation processes are con-
trolled, leading to mass spectra that are close to the ion distribution inside the ion
source.

With synthetic air, the primary charge carrying species was identified as superoxide,
O–

2 which subsequently forms water clusters, [O2(H2O)n]–. At mixing ratios present
in atmospheric pressure ion sources O–

4 was also observed. It is shown that the water
mixing ratio is a crucial factor for the ionization efficiency of the instrument, as larger
clusters are formed at higher mixing ratios which are less reactive. Furthermore, the
voltages applied to the ion optics govern the level of CID processes and thus have large
influence on the observed signal distribution.

With increasing CID the cluster distribution shifts to smaller cluster sizes. When an-
alyte ions are present, M– or [M−H]– become the most intensive signals. The reaction
pathways leading to these analyte ions were determined. Ab initio calculations for
ion-molecule/radical reactions were carried out to examine, which reaction pathway
is energetically most favored and fully support the experimental results. For the for-
mation of the M– ion of analytes with high electron affinity and low gas-phase basicity,
direct electron transfer from superoxide and probably small superoxide water clusters
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is assumed. After M– is formed, cluster formation with water may occur, with the
size of the cluster distribution depending on the water mixing ratio inside the ion
source. The generation of [M−H]– ions takes place via [M+O2]– adducts. When the
voltages applied to the ion optics are sufficient for CID processes to occur, the adducts
dissociate to [M−H]– and HO2 or to M− and neutral oxygen. The M– quickly reverts
to the oxygen adduct due to the high oxygen mixing ratio inside the ion source. Thus,
the M– is not observed in the mass spectra. For higher analyte mixing ratios dimer
or even trimer ions occur. These are present as oxygen adducts or dissociate to the
[Mn+M−H]– ion, as these clusters do not exhibit a high stability.

Two representative analytes were used during these experiments, thus, further
investigations should be carried out with a broader range of analytes. Furthermore,
the rather complex signal distribution in laboratory air needs to be examined in more
detail. Other ionization methods, e.g., APPI or APCI, produce a large amount of
different neutral radicals during the ionization process, for example, OH-radicals. An
investigation whether or not these radicals participate in the ionization mechanism
would make an interesting research study.

The examination of the signal distribution of 2,4-dinitrotoluene for different ion
transfer times and different oxygen mixing ratios with cAPECI gave valuable insights
into the ionization mechanism at atmospheric pressure and confirms the proposed
pathways. For reaction times ≤ 1 ms, the M– ion was the main signal at all conditions.
When the reaction time was considerably longer, i.e., 5 ms, M– was the only observed
ion in pure nitrogen. Adding small amounts of oxygen led to the occurrence of the
[M−H]– signal. For mixing ratios higher than 0.5% oxygen, the signal intensity did
not increase further. Adding small amounts of sulfur hexafluoride to this gas stream
resulted in a shift to the M– ion of the analyte even for longer reaction times. Sulfur hex-
afluoride captures the thermal electrons instead of oxygen, so that proton abstraction
reactions from the analyte are no longer possible.

Kinetic simulations were performed to describe the reaction system and to deter-
mine the ratio of the reaction rate constants. For the simulation, the direct electron
capture of 2,4-dinitrotoluene, electron transfer from superoxide to the analyte, adduct
formation of neutral analyte with superoxide and adduct formation of the negatively
charged 2,4-dinitrotoluene with neutral oxygen were taken into account. Using itera-
tively optimized rate constants, an oxygen dependence of the signal distribution was
calculated which is similar to that obtained experimentally. This agreement supports
that the reaction scheme is reasonable. However, exact values for the rate constants
need to be determined in future studies, as the mixing ratios of electrons and the
analyte were only roughly estimated.
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Inlet capillaries made of glass or metal are widely used as first pressure restriction
stages in AP-MS. They guide the ions from the ion source at atmospheric pressure to the
first vacuum stage held at some millibars. However, the dynamics of ion transmission
through these capillaries is not fully understood.

In previous studies the gas flow through the standard glass capillaries used in Bruker
Daltonik mass spectrometers was identified as fully developed turbulent. It is generally
assumed in the literature that the gas flow through capillaries is laminar, regardless
of the specific inner diameter and length of the capillary, as ions that collide with
the wall are assumed to be neutralized. However, ions that pass through the inlet
capillary almost certainly collide with the capillary walls due to molecular diffusion
regardless of the flow state in the capillary, i.e., turbulent or laminar. In turbulent gas
flows the molecular diffusion is negligible compared to the turbulent mixing. In all
cases molecular diffusion is the lower limit for the number of collisions of molecules
with the walls. This number is calculated using the velocity of the diffusion described
by the Einstein-Smoluchowski relation [272]. The mean distance of diffusion of each
molecule is given by:

x =
p

2 ·D · t (5.1)

with: x = distance of diffusion
D = diffusion coefficient
t = time

The diffusion coefficient is pressure and temperature dependent. While the temper-
ature inside the capillary remains constant to our knowledge, the pressure decreases
throughout the capillary. As a mean pressure 500 mbar is assumed (see figure 1.2). The
diffusion coefficient is calculated using the following equation.

D = 1

3
·λ · v̄ (5.2)

with: λ = mean free path
v̄ = mean velocity

With a mean velocity of 460 ms−1 (assuming a mean molecular weight of 30 gmol−1)
and a mean free path of 200 nm a diffusion coefficient of 0.303 cm2 s−1 is calculated.
As most ions are larger than the normal constituents of air, their diffusion coefficients
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should be slightly smaller. With this diffusion coefficient and a transfer time through
the capillary of 1.2 ms, equation 5.1 gives a distance of 0.3 mm for the molecular
diffusion of each molecule. Thus, the collision probability with the wall of ions that
are at the center axis of the capillary is very high, i.e., most ions will collide with the
walls, but not all. However, as stated before, this calculation only specifies the lower
limit of collisions with the walls and does not take any other mixing processes into
account. Thus, in turbulent gas flows the number of collisions of ions with the walls
should be much higher.

At atmospheric pressure both metal and glass surfaces are covered with water [273–
275] and other air constituents [273]. The water coverage is highly dependent on the
relative humidity of the surrounding gas. In most atmospheric pressure ion sources
the water mixing ratio is in the high ppmV up to the percentage range. The water
coverage at normal conditions is at least one or two molecular layers [276]. In a
turbulent gas flow the ions collide several times with the water layer on the capillary
surface. However, the ion transmission through an inlet capillary is surprisingly high,
up to 50 % for a bipolar ion gas stream through a glass capillary with an inner diameter
of 0.5 mm and a total length of 18 cm [73, 277].

Ion currents in the low picoampere range are measured with an electrometer with
the experimental setup used for both cAPECI and APLI. A signal of 2×10−13 A corre-
sponds to an ion current of 1.25×106 s−1 elementary charges. The transfer time of
ions through the capillary is 1.2 ms for a capillary with 18 cm length. Thus, the total
number of charges traveling within the inlet capillary is 1500 ions for a continuous
ionization method as cAPECI. For APLI a pulsed laser beam is used for ionization. The
ion pulses that pass through the inlet capillary must contain a higher concentration
of ions to generate the same mean ion current. The laser pulse has a duration of
approximately 10 ns, but the ion pulse broadens to experimentally determined widths
of 25 to 75 ms. A typical repetition rate for the experiments carried out during this
study is 10 Hz. A typically shaped ion pulse is not symmetric, the maximum number
of ions that are traveling inside the capillary is thus much higher than 1500 ions, but
nevertheless the number of ions that are traveling within the inlet capillary is small. At
considerably higher repetition rates the ion pulses merge into a virtually continuous
ion current [47, 278]. From the small number of ions that are traveling the capillary
follows that potential gradients and other disturbances can severely affect the ion
population.

Ion transmission measurements of unipolar ion gas streams for various inlet capil-
laries and for capillaries composed of different materials show that charging effects are
likely to occur, but not for bipolar gas streams. In the following sections two possible
consequences of charging effects are described in detail. These are the signal peak
slope at the beginning of the measurement and/or the lack of long term signal stability.
Bipolar ion gas streams never showed any of these effects regardless of the material
combinations or of the capillary pretreatment.

Virtually all ionization methods used for atmospheric pressure mass spectrometry
generate both positive and negative ions. Which ion polarity passes through the

85



5 Ion Transmission Measurements

capillary into the mass spectrometer is determined by the voltages applied within
the ion source. Only one polarity is attracted by electrical fields towards the capillary
entrance through the bulk gas inside the ion source. In most AP mass spectrometers
purely unipolar ion gas streams pass through the inlet capillary, however, in most
cases the long term stability is not affected. The signal peak at the beginning of a
measurement should occur with common mass spectrometers, but is seldom observed.
The reason for this is not yet known. Charging effects gain importance for composite
capillaries that consist of materials with different conductivities. These effects are
described in detail in the following sections, where mostly unipolar ion gas streams
were used in the experiments.

5.1 Ion Transmission of Different Materials

5.1.1 Intact Inlet Capillaries

Inlet capillaries are made of different materials as described in sections 1.2 and 3.4.2.
Two different effects from surface charging are observed when unipolar ion gas streams
pass through inlet capillaries. The ion signal often declines over time and often a
relatively short signal pulse is observed at the beginning of the measurement. A
hypothesis for the explanation of the behavior of different inlet capillaries and for
the observed charging effects is given, followed by a description of the experimental
evidence for this rational.

5.1.1.1 Qualitative Ion Transmission Model

The central factor for the model to explain the charging effects occurring in inlet
capillaries is the electrical conductivity of the capillary material. The inner capillary
wall is generally covered with water, but also with oxygen and other molecules. While
the conductivity of many capillary materials is rather low, the conductivity inside the
water layer at the capillary wall may be higher by some orders of magnitude. However,
different capillary materials also behave differently, indicating that the thickness of
the water layer is determined by the capillary material. Glass and silica have many
free OH groups from silicate on the surface, which means that water can easily form
hydrogen bonds to the surface. The lead oxide coated lead silicate capillary has a layer
of reduced lead silicate glass on its surface where all molecular groups are present
in their reduced form. Thus, hydrogen bonds are not preferentially formed, leading
to thinner water layers. Ions that enter the water layer do not see the capillary wall,
they therefore do not necessarily get neutralized, but lead to an overall charging of the
water layer. It is assumed that some of the ions move through the water layer to the
capillary wall or to the ends of the capillary where they get discharged. The capacity of
the water layer to absorb ions depends on the thickness of the layer and the polarity
of the ions. For bipolar ion gas streams no effective potential will form, as positively
and negatively charged ions enter the water layer. If unipolar ion gas streams pass

86



5.1 Ion Transmission of Different Materials

through the capillary, the effective charge inside the water layer increases as more
ions enter the water layer. Ions that approach the charged water layer are influenced
by the resulting electrical fields, so that the inflow of ions decreases with increasing
potential. Furthermore, with increasing potential the number of ions that reach the
capillary wall or the end caps and discharge increases. After some time an equilibrium
establishes in which the number of ions discharging and entering the water layer is
identical. The equilibrium potential is dependent on the thickness of the water layer,
the conductivity of the capillary, the flow of ions into the water layer, the potential
applied to the end caps.

If these processes would be the sole influences on the ion transmission, the ion cur-
rent would differ significantly from the ion signals shown in the following section. At
the beginning of a measurement many ions would enter the water layer as its effective
charge is initially low, resulting in a low ion transmission. The ion transmission would
then increase with time as the potential of the water layer increases and the number
of ions entering the water layer decreases. When equilibrium is established, the ion
transmission would remain constant. However, this behavior is not observed in most
experiments, which means that an additional process must be involved.

A further process influencing the ion transmission of an inlet capillary is a conse-
quence of the other process noted above. When the effective charge of the water layer
increases, a potential will form between the capillary with low conductivity and the
highly conductive metallic end caps at each end of the capillary. In the following it is
assumed that both end caps are grounded. Naturally, this is not the case in common
mass spectrometers, but was the case for nearly all the experiments carried out with
the measurement chambers described here (cf. section 3.4). However, if a voltage
is applied to the end cap, the model is still applicable, only the potential difference
between capillary and end cap changes. The potential difference between capillary
and end cap is assumed to be in the range of 500 to 1000 V. This value is rationalized
by the observation that this is the voltage range which is applied to the glass of an
inlet capillary without changing the ion current that passes through the capillary. The
experiments leading to this assumption are explained in detail in section 5.3. When
the conductivity of the capillary material and the end cap differs and the water layer on
the capillary surface is charged by absorbed ions a potential gradient will form, leading
to an electrical field at the entrance and the outlet of the capillary. This electrical field,
when sufficiently strong, influences ions that come close to the inlet of the capillary.
Without electrical fields ions near the entrance are dragged into the capillary duct by
viscous flow forces. With increasing potential difference and increasing slope of the
potential gradient between capillary material and end cap an increasing number of
ions are discharged at the end cap. The potential gradient depends on the conductivity
of the capillary material. A steep gradient will result for materials with a low conduc-
tivity. Materials with a high conductivity, such as the lead oxide coated lead silicate
capillary, will only generate a flat potential gradient, which will have a lower influence
on the ions.

Numerical simulations of this process were carried out with the Simion and Comsol
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Figure 5.1: Numerical simulation with Simion of the influence of a potential gradient
on the ion motion at the entrance of an inlet capillary. The potential of the
capillary is set to a) 150 V, b) 250 V and c) 350 V.

programs. A variation of the potential, the gradient slope and the gas velocity in a
reasonable range (see section 3.4.2) show that sufficiently high electrical fields can
force charged molecules onto the grounded end cap, reducing the number of ions that
enter the capillary. This result is given by both calculation methods. An exemplary
calculation with Simion is shown in figure 5.1. The parameters for this simulation
are an ion mass-to-charge ratio of 60 , a velocity of the inflowing gas of 80 ms−1 and a
pressure of 1013 mbar. The metallic end cap has a potential of 0 V in the simulations
shown. Three different potentials on the capillary wall are assumed, i.e., a) 150 V,
b) 250 V and c) 350 V. As seen, a voltage of 350 V is sufficient to quantitatively deflect
all ions from the capillary entry port. When the gas velocity is decreased a lower
potential or a lower electrical gradient is necessary to force ions on the metallic end
cap. The numerical model shows that the model described above is in principle
reasonable.

Furthermore, the simulations showed that ions are not deflected at the exit port
of an inlet capillary. The pressure at the end of the capillary is considerably lower,
the gas density is comparatively low and the ion mobility is increased. However, the
gradient between capillary material and metallic end cap does not lead to a deposition
of ions on the end cap, as can be seen in figure 5.2. For this Simion simulation a
gas velocity of 300 ms−1, which may be higher in reality, an ion mass-to-charge ratio
of 60 and a pressure of 400 mbar is assumed. The potential is 0 V on the metallic end
cap and 1000 V on the inner wall of the capillary. The black lines in figure 5.2 depict the
potential lines. The ion stream is narrowed at the material boundaries and broadens
in the vacuum region. The charging effect has a considerable influence on the ion
transmission of an inlet capillary only at the entrance of the capillary.
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Figure 5.2: Numerical simulation with Simion of the influence of a potential gradient
on the ion motion at the outlet of an inlet capillary.

At the beginning of a measurement the potential on the capillary wall is low, so that
ions enter the inlet capillary without hindrance. As the potential increases until the
equilibrium between charge uptake of the water layer and discharge of ions is estab-
lished, the number of ions that enter the inlet capillary decreases. When equilibrium
is reached a constant potential is established and the ratio of ions entering the inlet
capillary and colliding with the end cap remains constant. This process leads to an
ion transmission behavior which reaches a constant intensity after a time period of
decreasing signal. The time until the equilibrium is reached is strongly dependent on
the used material.

5.1.1.2 Experimental Results

The long term stability of the ion signal for a constant analyte concentration is an
important characteristic of an inlet capillary, as a varying signal intensity with time
renders analytical quantification measurements difficult. Common borosilicate glass
inlet capillaries show excellent long term stabilities for unipolar ion gas streams. How-
ever, external influences from electrical fields disturb the ion transmission and even
signal drop outs occur. These effects are described in detail in section 5.3. The reduced
form of the lead silicate glass prevents signal drops due to electrostatic fields and also
has a sufficiently good long term stability. However, the unreduced lead silicate glass
capillary does not provide a constant signal intensity over longer time periods. The
upper panel of figure 5.3 shows the ion current through the lead oxide coated lead
silicate capillary over 80 min, in the lower part of the figure a long term ion signal
stability of the lead silicate capillary is shown.
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Figure 5.3: Long term behavior of the lead oxide coated lead silicate glass capillary
(upper panel) and the lead silicate glass capillary (lower panel). For the
lead silicate capillary the laser beam was blanked out for different time
periods to observe the signal recovery.
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Figure 5.4: The same measurement as shown in the lower panel of figure 5.3, but
without the periods where the laser beam was blanked out, resulting in a
continuous signal intensity-time profile.

Even though the lead oxide coated lead silicate capillary shows a signal peak at
the beginning of the measurement, the signal remains constant after an adjustment
period of approximately 30 min. Periods of this length only occur during the first
measurement of a day, the signal intensity of later experiments remains constant
after considerably shorter time periods. The high noise of this measurement is due
to the low ion current and the associated high amplification of the electrometer to
measure in the low picoampere range. The low signal intensity is not caused by a
poor transmission efficiency of the inlet capillary, but from the adjustment of the laser
beam inside the ionization chamber and the low voltages applied to focus the ions
onto the capillary entrance.

The transmission through the lead silicate capillary shows a distinct decline with
time. As lead silicate has the lowest conductivity of all materials used, the time until
the equilibrium is reached is very long. In the first thirty minutes the signal decreases
stronger than the signal through the lead oxide coated lead silicate capillary. However,
the most striking difference in the observed ion transmission is that the signal decay
does not stop in the case of the lead silicate capillary after a short initial period. Instead,
the signal decays over the entire experiment of more than seven hours to approxi-
mately 60 % of the initial signal intensity. During the measurement, the laser beam was
blanked out for different time periods to examine whether the signal recovers when no
ions pass through the inlet capillary. With blocked laser beam, ions inside the water
layer should reach the capillary wall or the metallic end caps and get discharged while
no additional ions enter, keeping the effective charge inside the water layer constant.
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Figure 5.5: Close up view of the normalized initial signal peak with a standard glass
capillary after different blank out times of the laser light.

This should lead to an increase in ion transmission efficiency compared to the ion
transmission before the laser beam was blanked out, but the signal intensity should
recover to the previous level quickly as the potential forms again. This is exactly what
is observed (figure 5.3), the signal starts at a higher intensity when the laser is switched
on again compared to the signal intensity just before the laser beam is blanked out.
The signal recovery is dependent on the time the laser beam is blanked out.

Even though the signal recovers after a period in which no ions pass through the
inlet capillary, the signal decay remains the same as is shown in figure 5.4. Here, the
time periods in which the laser beam was blanked out have been removed, the vertical
lines indicate where the laser beam was blocked in the previous experiment. After
each break the signal recovers slightly but the signal decreases quickly to the intensity
that would be observed without the blanked out period. Except for the signal peaks
after the breaks, the signal is described well by a combination of two exponential terms
of the general form f (x) = a ·exp(b ·x)+c ·exp(d ·x)1, indicating that the overall signal
behavior is not affected by the disruptions.

An initial peak was observed for all materials used during this study of unipolar ion
gas streams, even when the signal intensity became constant after some time. One
example is shown in the upper part of figure 5.3 in the signal intensity-time profile for
the lead oxide coated lead silicate capillary. The size and the duration of the initial

1The exact form for the non-normalized data shown is f (x) = −0.07982 ·exp(−3.14 ·10−3 · x)−0.304 ·
exp(1.54 ·10−4 ·x), with a correlation coefficient of R2 = 0.9967.
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peak depends on different parameters, e.g., the capillary material. For the lead oxide
coated lead silicate capillary the initial peak is always rather long with several minutes.
Even intact glass capillaries, which are commonly used in mass spectrometers, showed
a short signal peak at the beginning of many measurements, especially for the first
measurements of each day or when the laser beam was blanked out for some time. The
intensity of the initial peak is dependent on the time the laser beam was blanked out,
i.e., on the time period where no ions pass through the inlet capillary. This is shown
in figure 5.5. For this experiment, a standard glass capillary with APLI as ionization
method was used, the laser beam was blanked out for time periods between 20 and
600 s. Figure 5.5 shows the moving average of the data points as the fluctuation of the
signal intensity during each measurement was too high to yield a clear presentation of
all ion signals in one figure. Furthermore, the data is normalized as the total signal
intensity varied between the measurements.

A short dark time does not lead to an initial signal peak (see yellow line ’20 s’ in
figure 5.5), but already a doubling in time (’45 s’) leads to an apparent initial signal peak.
With increasing time the height of this peak increases, however, with dark times longer
than 600 s no further significant increase in the peak occurs (not shown here). While
the peak area increases with the dark time, the decay time until the signal reaches a
constant intensity is apparently similar for all five profiles and is thus independent of
the dark time of the laser light. However, the transmission efficiency after the initial
peak declines is still relatively high with 93 % of the highest signal intensity of the initial
peak for the longest dark time. The constant decay time is rationalized as follows:
Short dark periods barely change the potential gradient and the ratio of ions that enter
the inlet capillary remains almost constant. Furthermore, the effective charge of the
water layer reduces the number of ions that enter the layer to reach the equilibrium
potential. The equilibrium state is thus only reached very slowly. If the time period
in which no ions enter the inlet capillary is longer, most of the charges inside the
water layer are lost. Thus, the potential that hinders ions entering the inlet capillary is
low, which means that many ions pass through. Some of the ions entering the inlet
capillary move into the water layer. This increases the potential and increases the
number of ions that are discharged. The increase of the potential leads to a decrease
in the number of ions that enter the capillary.

The peak area is proportional to the number of surface charges that drain from
the inner wall of the capillary during the dark time. The longer no charges enter
the capillary, the more surface charges drain from the walls. Figure 5.6 shows the
integrated areas of the initial peaks for different time periods in which the laser was
blanked out. As seen in this figure, the drain of charges does not proceed linearly
with time, but reaches saturation for longer dark times, most likely because nearly all
charges are eventually removed.

Different dark times are associated with different starting concentrations of charges
at the wall before the first ions pass through the capillary. This situation corresponds
to the variation of starting concentrations carried out in the field of reaction kinetics to
determine the rate constant of a second order reaction. Even though the exact reaction
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Figure 5.6: Dependence of the integrated peak area of the initial signal peak on the
laser blank out time period.
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Figure 5.7: Determination of the pseudo-first order rate constant for different starting
concentrations that are proportional to the blank out times.
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Figure 5.8: Determination of the second order rate constant by the pseudo-first order
rate constants and the starting concentrations, represented by the inverse
blank out times.

pathway is not known, a second order reaction is assumed, with one concentration in
large excess over the other, representing a pseudo-first order reaction condition2. The
decreasing part of each signal intensity-time profile from 5.5 has been taken and the
natural logarithm of the respective signal intensity divided by the initial signal intensity
plotted against time (figure 5.7). The slope of the linear regression of each data set
corresponds to the pseudo-first order rate constant for that particular dark time. These
pseudo-first order rate constants were then plotted against the concentration, as
shown in figure 5.8 yielding the second order rate constant. The dark times correspond
to an inverse concentration, as longer dark times lead to a smaller number of charges
that remain at the capillary wall.

As long as the process of charge deposition at the wall and the loss process of ions
inside the surface water layer is not fully understood the determined rate constant
is of little use only. However, the knowledge that the process has an overall reaction
order of two may be helpful for the further investigation of the processes involved.

5.1.2 Composite Capillaries

Due to the turbulent gas flow inside the capillary, the construction of an inlet capillary
consisting of several segments, potentially made of different materials, is possible
without severely affecting the transmission efficiency. However, the use of different
materials can lead to charging effects, which are described in the following sections.

2The treatment of second order reactions is explained in standard kinetics textbooks, for example [279].
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Figure 5.9: Buckled inlet capillary with a metal capillary piece between two glass
capillary segments, fastened with adhesive tape.

When capillary segments are combined the segments must be assembled airtight.
This was achieved by two different means, i) using an adaptor that presses the seg-
ments together and ii) using adhesive tape that is wrapped around the point of contact
of two segments. The adaptor forces the capillary segments to result in a straight
alignment, while the adhesive tape allows moderate bending, as shown in figure 5.9.
Even with a slight bend the ion transmission through the inlet capillary is still suffi-
ciently high. The metal capillary piece is grounded. In the bent section the volume
increases between the capillary channels, which means that the gas velocity decreases
and the dwell time of the ions in this volume is strongly increased. However, the ion
transmission efficiency is hardly affected compared to the same setup with a straight
alignment; the same holds true for the occurrence of charging effects. The results
obtained using either the adhesive tape or the adaptor were basically identical.

The influence of contact resistance at the contact point of two materials with differ-
ent conductivities was examined. For this investigation capillaries were assembled
with segments made of different materials but with approximately the same inner
diameters. While nearly all material combinations gave good ion transmission effi-
ciencies, the signal intensity-time profiles differ significantly. Figure 5.10 shows the
normalized ion transmission for different combinations of capillary segments. These
consist of two segments of standard glass capillaries and a metal segment in between
two glass capillary segments or a silica segment that is cased by a metal husk. In all
cases the metallic adaptor was grounded. The signal intensity-time profile with an
intact standard glass capillary is also shown for comparison. The ionization condi-
tions were not reproducible after modification of the setup. Additionally, the gas flow
through the capillary differs for the different inlet capillaries, thus a comparison of the
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Figure 5.10: Ion transmission signal with time for different combinations of capillary
segments compared to a standard glass capillary.

absolute signal intensities was not possible.

As mentioned above, standard glass capillaries lead to an initial signal peak when
an unipolar ion gas stream starts passing through it. This was also the case for all the
inlet capillaries that were assembled using different segments.

The long term signal intensity is remarkably different for the capillaries. Except
for the capillary that contained the silica segment, all segment combinations showed
a long term signal stability that was comparable to an intact glass capillary. A PVC
segment led to similar results (data not shown). The absolute signal intensity with a
PVC segment however is considerably lower than with all other materials used. For
the capillary with the silica segment the signal did not reach a constant value even
after 45 min, indicating that the equilibrium of a constant potential at the capillary
wall is only reached very slowly. For some material combinations the long term
transmission through inlet capillaries is not influenced by charging effects. This is
easily understandable for an additional brink as in the inlet capillary made of two glass
capillary segments which does not provide a transition between materials of different
conductivity. However, when the relative humidity inside the capillary is considerably
high, this could change the transmission characteristics, as a water layer with a higher
conductivity than the capillary material in this brink may increase the transport of
charges from the capillary surface to the grounded metal of the adaptor.

With the insertion of a metal segment the conductivity inside the capillary changes
considerably. However, these different conductivities do not lead to charging effects,
which may be due to the higher conductivity of metal compared to glass. Charges
that reach the wall of the metal segment get discharged and as the metallic segment is
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Figure 5.11: Normalized transmission curves with initial signal peak after different
blank out times of the laser light with a metal capillary section between
two glass capillary segments.

grounded by the adaptor, no electrostatic potential is formed with time. A potential
gradient should be formed between glass and metal. However, the reason that ions are
not influenced may be that a water layer on the metal surface balances the conductivity
of both materials and prevents the formation of a gradient or that the gradient forms,
but the ions are not forced to move in the direction of the wall. It is not possible to
simulate the ion motion inside the capillary with numerical methods because the
boundary conditions are still unknown. Thus, it is speculated which processes are
responsible. For the transition from glass to metal the gradient may have the same
influence on the ions as shown in figure 5.2 for the outlet of the capillary, which means
that the ion gas stream is constricted by the electrostatic fields. The potential gradient
at the transition from metal to glass should have a similar effect as shown in figure 5.1,
but it is reasonable to assume that the ions are traveling fast enough to cross the
electrostatic field without the deposition of a considerable number of ions on the
wall. However, the behavior of this capillary assembly needs further investigations for
deeper insights.

The initial peak when using a capillary with a metal segment is similar to that
observed with a common glass capillary. Figure 5.11 shows the dependence of the
initial peak on the time period in which no ions pass through the capillary before a new
measurement is started. The dark times were varied between 60 to 600 s (normalized
data are shown). In contrast to the glass capillary, even a dark time of 60 s does not
lead to an initial signal peak. However, the time period after which nearly all charges
are removed from the wall, identified by the stagnating size of the initial signal peak

98



5.1 Ion Transmission of Different Materials

is approximately 600 s for both capillaries. The time after which a constant signal
intensity is reached is the same for all three dark times. With around 6 min this time
is approximately doubled compared to the decay time for the glass capillary. This
may be due to the lower total ion intensity that passed through the metal capillary,
as determined by the position of the laser inside the ionization chamber. Whether or
not the different decay times depend on the material or on the ionization conditions
needs to be further investigated.

Only the capillary with the silica segment shows a signal decay over a long time.
To investigate the influence of the material transition in more depth, three different
silica/metal segments were used. The results are shown in figure 5.12 together with
their ion transmission signals. The three signal intensities are normalized to the
highest signal intensity. The highest intensity occurred for the silica segment that
had a husk made of metal, but where the silica protrudes on both sides, so that the
ions are not exposed to metal. Initially the signal increases slowly until it reaches a
constant intensity after approximately 10 min. This signal behavior is similar for the
silica segment were the silica protrudes only on one end of the metal husk (light blue
curve). The signal increases less steep than for the segment described before, but
also reaches a constant signal intensity. A signal intensity-time profile with an initial
peak and a signal decay with time has only been observed for the third segment used,
where the silica is inside the metal husk but the husk is a little longer than the silica
piece. The ions pass from the glass capillary through a hole inside the metal husk
with the same inner diameter as the capillary channel. After they pass through the
silica capillary piece there is a larger volume were the metal husk protrudes for some
millimeters before they reach the glass capillary.

The observation that the signal intensities remain constant after some time for two
of three silica segments and only one segment shows a signal peak at the beginning of
a measurement is inconsistent with the previous measurements with silica segments,
where a signal decay and an initial peakis observed in most cases. The slowly increasing
signal for two of the silica segments may be due to a thicker water layer on the walls
(cf. section 5.2). However, the effects are not yet fully understood and capillaries that
contain silica have always shown unpredictable signal behavior with time. In depth
investigations of silica capillaries and silica containing capillaries are planned for the
future.

5.1.2.1 Signal Drop Outs

In a segment, where the silica protrudes on both sides of the metal husk (dark blue
curve in figure 5.12), random signal drop outs occurred during a measurement (see
figure 5.13). Surprisingly they occurred after an alteration of the setup and remained
until the setup was modified again.

To examine this effect different approaches were used to intentionally induce drop
outs. This was finally achieved by wrapping adhesive tape around the metal husk, so
that the metal was no longer in contact with the grounded metal of the adaptor. The
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Figure 5.12: Normalized ion transmission-time profiles for different silica/metal cap-
illary segments between two glass capillary segments.
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Figure 5.13: Randomly occurring signal drop outs with an inlet capillary that consisted
of a silica segment between two glass capillaries.
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Figure 5.14: Intentionally caused signal drop outs which occurred when the metallic
husk of the silica segment was wrapped with adhesive tape to prevent
contact between the metal and adaptor.

drop outs are shown in figure 5.14. Most striking is that they show exactly the opposite
signal shape to that obtained for the randomly occurring drop outs. Here, the signal
intensity starts with a signal peak after a drop out, after which the signal intensity
decreases slowly until the next drop out occurs. The drop outs that were observed
after isolating the metal husk from the adaptor show a slowly rising signal after a drop
out. The drop outs occur more or less periodically in each case. For the intentionally
induced drop outs the first two signal recoveries have significantly different slopes
than the following which have all very similar slopes.

While the reason for the difference in the peak shapes is not yet understood, a
qualitative explanation for signal drop outs is that the resistance between the metal
husk and the grounded adaptor is considerably increased, due to the adhesive tape or
to an assembly where the metal is not in direct contact with the adaptor. When the
contact resistance is increased, the charges residing on the capillary wall cannot drain
easily. If the accumulated potential is high enough to overcome the contact resistance
the surface is abruptly discharged. The different peak shapes may be due to different
ways in which the charges are removed from the surface. Possible explanations are
i) that the adhesive tape is no longer isolating for high potentials, ii) that the charges
drain by an electrical breakdown through the air between the metal and adaptor or
iii) that the charges are transported from the silica capillary to the glass capillary and
then to the adaptor where they drain.

Similar signal drop outs were observed with a commercially available time-of-flight
mass spectrometer equipped with a common glass capillary and APLI as ionization
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Figure 5.15: Signal drop outs that occurred randomly with a TOF mass spectrometer
equipped with a common glass capillary and APLI as ionization method.

method [81]. These signal drop outs are shown in figure 5.15. The reason for these
signal drop outs, which occurred prior to the investigations of the capillaries described
here, is still not fully understood. It was not possible to force these effects to occur
intentionally. However, a reason may be that the glass capillary has a high contact
resistance at some point, maybe at the transition from the glass capillary to the end
cap. The signal drop outs occurred mainly when high purity gases passed through the
capillary for a longer time period. This leads to a thinner water layer that electrically
connects the glass and metal, resulting in an increased contact resistance. When the
potential on the capillary wall reaches a critical value a discharge occurs.

To avoid these signal drop outs at the measurement chambers, a borosilicate glass
capillary was completely nickel plated at the outside. This conductive coating has
no influence on the transmission characteristics of the capillary. The signal intensity
and the long term stability were comparable to that of a common glass capillary with
and without nickel-plated end caps. The nickel-plated capillary could not be used
in the mass spectrometer, because different voltages are applied to both ends of the
capillary. The manufacturer of the mass spectrometer showing signal drop outs, rec-
ommended the use of a lead oxide coated lead silicate capillary instead of a common
borosilicate glass capillary to suppress these effects. This supports the assumption
that the conductivity affects the occurrence of drop outs, as the conductivity of the
lead oxide coated lead silicate capillary is considerably higher than that of the glass
capillary, so that the charges can drain much more easily.

102



5.1 Ion Transmission of Different Materials

0 20 40 60 80 100 120 140 160 180
0

0.2

0.4

0.6

0.8

1

time [min]

re
la

tiv
e 

in
te

ns
ity

 [a
. u

.]

Figure 5.16: Signal intensity-time profile of the cAPECI source design 1 recorded with
the quadrupolar ion trap.

5.1.3 cAPECI Source Design 1

The initially designed cAPECI source in its standard configuration consisted of two
glass capillary segment, an aluminum housing, a lithium fluoride window and a
photoemissive plate made of silver or anodized aluminum. Consequently, there are
several transitions where materials with rather different conductivities are in contact,
which may lead to significant surface charging. The generation of photoelectrons with
UV light, may also be a source for fluctuating signal intensities with time, thus the ion
source was used with both, ionization inside the ion source and ionization with APLI
in front of the capillary ion source.

Figure 5.16 shows the dependence of the signal intensity with time for ionization
inside the cAPECI source recorded with the Bruker Daltonik ion trap. The normal-
ized total ion current is shown, the signal intensity of the monitored extracted ion
chromatograms showed a similar behavior. The signal intensity decreases over the
whole measurement period of about 3 h by around 70 %. However, upon ionization
in front of the inlet capillary containing the cAPECI source, the signal behavior is
similar, indicating that the signal decay with time is not caused by the photoelectron
ionization method, but again by charging effects due to the material transitions as
described in the previous section.

When ionization in front of the capillary with APLI is used, the number of ions
passing through the cAPECI source is readily adjusted. This can be seen in figure 5.17
where the number of ions is adjusted by varying the repetition rate of the laser. For
higher repetition rates the signal intensity-time profile is similar to that obtained with
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Figure 5.17: Ion transmission signals for laser ionization in front of the cAPECI source
design 1 for different repetition rates.

ionization by cAPECI. The half life period is considerably shorter, but this may be due
to the larger number of ions that pass through the capillary with APLI compared to
cAPECI. It is striking that the signal intensity for repetition rates of 150 and 200 Hz is
considerably lower than that for 100 Hz. This effect was observed for all APLI measure-
ments. This may be caused by space charge effects inside the ionization volume. Even
though it looks as if lower repetition rates lead to a less distinct signal decay and nearly
constant signal intensities with time after one run (see the black line for 10 Hz) the
ratio of the ion loss is the same for all repetition rates. The signal intensities do not
reach a constant value even after an hour of measurement. The ratio of signal inten-
sity after 30 min and initial signal intensity is approximately 0.4 for all five repetition
rates. Laser ionization in front of the capillary leads to a higher transmission ratio.
After 40 min the signal has still not reached a constant intensity, but the decrease in
signal intensity is comparatively slow. When all five transmission-time profiles are
scaled to the same initial intensity they are nearly identical, which indicates that the
underlying charging effect does not change with the number of ions passing the inlet
capillary. Thus, space charge effects do not affect the ion transmission. Furthermore,
the ratio of charges that are deposited on the wall to the number of charges that drain
remains the same over the range of repetition rates.

Dependence on the Pretreatment of the Inlet Capillary During the variation of
the repetition rates the signal evolutions were not fully reproducible. When a lower
number of ions passed through the capillary prior to the next measurement, the
transmission signal had a shape as shown in figure 5.17. When a measurement with
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Figure 5.18: Ion currents in dependence on the number of ions that passed through
the capillary prior to the measurement caused by different repetition
rates of the laser.

a higher repetition rate was performed beforehand, a signal slowly increasing with
time was recorded. A systematic study of this behavior is shown in figure 5.18, where
the measurements with the same repetition rate are shown in the same color. It is
clearly seen that the shape of the signal is highly dependent on the pretreatment
of the capillary. Considering the light blue curves, representing the measurements
carried out with 50 Hz, a decreasing signal intensity with time is observed when the
previous measurement was carried out at 10 Hz, but a slowly increasing signal intensity
is recorded when the prior repetition rate was set to 100 Hz. They are always higher
for the measurement in which the number of ions is increased. However, it is most
probable that both measurements reach the same equilibrium signal intensity if the
measurement period would have been extended.

The different signal shapes are in agreement with the model describing the charging
effects presented at the beginning of this section. The condition inside the capillary
when pretreated with a lower ion current is similar to the situation when the laser
beam was blocked for some time. When the measurement starts, the number of
charges on the walls is lower than the equilibrium concentration according to the
selected ion current. Thus, as mentioned before, the potential is low enough and more
ions pass into the capillary as it would be the case in the equilibrium state, resulting
in a decreasing signal intensity with time (see the first three signal-time profiles in
figure 5.18). In the opposite case the potential inside the inlet capillary is higher than
that corresponding to the equilibrium of the specific repetition rate. When a smaller
number of ions passes through the inlet capillary, the drain of ions from the wall is
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Figure 5.19: Dependence of cAPECI ion currents on the pretreatment of the inlet
capillary by variation of the laser repetition rate.

higher than the number of ions that are deposited on the walls. The potential on the
wall slowly decreases until the equilibrium is reached, resulting in a slowly increasing
signal intensity with time.

Upon ionization with cAPECI, the signal evolution also shows a dependence on
the number of ions that passed through the capillary previous to the measurement.
Since the number of ions is not reproducibly adjustable with the cAPECI source, APLI
was performed with different repetition rates in front of the ion source. Figure 5.19
shows the signal evolutions of the cAPECI source for four different mixing ratios
of ions that passed through the capillary before the measurement started. All four
signals show an initial signal peak and a slowly decreasing ion current with time.
After around 30 min the signal intensities of the four profiles reach approximately
the same value. This indicates that an equilibrium state has been reached and that
the equilibrium potential that forms on the capillary wall is independent of the ion
“pretreatment” of the capillary. However, the time required before the equilibrium
is established differs considerably. With lower number of ions that pass through the
capillary prior to the cAPECI measurement, the initial signal peak height and the time
until the equilibrium state is reached increases. This is explained in the same way
as the effects shown in figure 5.18. When a low number of ions passed through the
capillary before the UV lamp was switched on, the number of charges on the wall is
lower than it would be in the equilibrium state of the photoelectron ionization. Higher
amounts of ions, as for example, when the capillary was pretreated with APLI at a
repetition rate of 150 Hz, led to shorter equilibration times. For these conditions, the
number of charges on the wall is close to the equilibrium value for the ionization with
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Figure 5.20: Ion transmission intensity-time profiles for APLI, cAPECI and the simul-
taneous combination of both methods.

cAPECI, resulting in only a short time until the signal intensity becomes constant.

Combination of Ionization Methods A combination of both ionization methods,
laser ionization in front of the inlet capillary and the generation of photoelectrons
inside the cAPECI source was carried out in different ways. While cAPECI always leads
to negative ions, the ion polarity with APLI is selected. Figure 5.20 shows the ion
transmission from the combination of photoelectron generation and a purely negative
ion stream from laser ionization. The ion current of APLI was adjusted so that it was
in the same range as that resulting from cAPECI. The black curves, corresponding to
laser ionization and the dark blue curves, representing photoelectron ionization, show
the expected transmission evolution for an inlet capillary containing a cAPECI source
design 1. When the measurement is started with photoelectron generation and laser
ionization follows, the transmission evolution looks very similar, indicating that it is
solely dependent on the number of ions passing through the inlet capillary, but not on
the ionization method.

The combination of both ionization methods, i.e., the light blue curves in figure 5.20,
leads to an increase in intensity as expected because the number of ions is roughly
doubled. However, the relative intensity is larger than the sum of both individual
signals. The number of ions is increased compared to the previous measurement
when both ionization methods are used simultaneously, so the transmission shows an
initial peak at the beginning.

APLI is a pulsed ionization method, while cAPECI generates ions continuously.
To determine which of both ionization methods has a larger impact on the signal

107



5 Ion Transmission Measurements

0 50 100 150 200
0

0.2

0.4

0.6

0.8

1

repetition rate [Hz]

re
la

tiv
e 

in
te

ns
ity

 [a
. u

.] 

 

 

Laser + Lamp
Laser

Figure 5.21: Dependence of the relative intensity of the laser signal and the signal
of both laser and photoelectron generation on the repetition rate of the
laser.

amplification the repetition rate of the laser was varied. The relative intensity from the
combination signal of lamp and laser correlates with the dependence of the laser signal
on the repetition rate, as shown in figure 5.21. However, the difference between both
signal intensities is a constant factor, except for the signals obtained from a repetition
rate of 10 Hz. Thus, the ions generated by photoelectrons add a constant number to
the variable APLI signal when a certain threshold of ions is present. The reason for this
effect may be that the ions generated by cAPECI increase the transmission through the
capillary ion source for externally generated ions, by charging the surfaces in a way
that leads to a higher transmission.

When only positive ions generated by APLI pass through the capillary and the UV
lamp is switched on and negative ions are detected an amplification of the signal is also
observed. Figure 5.22 shows the dependence of the ratio of the sum of cAPECI signal
when positive ions pass through the capillary to the pure lamp signal on the repetition
rate of the laser. With increasing repetition rate of the laser, an increasing number of
positive ions is mixed into the continuous negative ion stream. The ion stream inside
the capillary becomes more and more bipolar with higher repetition rates, resulting
in an increased ion transmission. The ratio plotted in figure 5.22 reaches a constant
value for higher repetition rates. It was shown previously that the ion cloud becomes a
nearly continuous ion stream inside the capillary for high repetition rates [47]. Thus,
bipolarity is nearly continuously established for higher repetition rates, leading to
the highest possible transmission for a certain number of negative ions, due to the
minimization of charging effects, which lower the transmission of unipolar ion streams.
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Figure 5.22: Dependence of the amplification of the negative cAPECI signal on the
repetition rate of the laser for the generation of positive ions.
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Figure 5.23: Dependence of the amplification of the positive ion signal by negative
ion generation with cAPECI on the laser repetition rate.
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For low repetition rates, the bipolarity of the ion gas stream is only given during the
ion pulses generated by APLI.

Amplification of the measured ion current also occurs for the positive ion current
generated by laser ionization. As the amount of negative ions from the cAPECI source
remains constant for all measurements, independent of the repetition rate of the laser,
the amplification factor is nearly the same for all adjusted repetition rates. This is seen
in figure 5.23 where the ratio of the positive ion current when the UV lamp is switched
on to the purely positive ion current is plotted against the repetition rate. Despite
a small variation, the amplification is constant over the whole repetition rate range.
It should be emphasized that the positive ion signal certainly shows an increasing
signal intensity with an increased repetition rate, but this dependence is the same
for the purely positive ion current and the bipolar ion current when negative ions are
generated with cAPECI, resulting in a constant amplification factor for all repetition
rates.

5.1.3.1 Temperature Dependence

The experiments described in the previous section suggest that the influence of the
ionization method on the transmission signal is small because similar initial peaks
and long term transmission evolutions are obtained for ionization with cAPECI and
APLI. However, during cAPECI the UV lamp heats up considerably, leading to a heating
of the ion source, which may lead to changes in the transmission characteristics.
The change in temperature potentially changes the surface covering with molecules,
which may influence the capability of the photoelectrons escape to the gas phase.
Whether or not this causes a decreasing signal intensity with the run time of the
cAPECI source is investigated by heating the source to different temperatures. The
resulting ion current for different temperatures of the source is shown in figure 5.24.
With increasing temperature, the ion current decreases significantly. However, the
heating of the ion source also leads to an increase of the viscosity of the gas that passes
through it. This effect has been observed before, when the total gas flow through an
inlet capillary was measured as a function of the temperature of the capillary [85]. The
decrease of the ion current should be similar when ionization is performed in front of
the capillary. This would lead to an increased viscosity with rising temperature, but
a changing surface coverage would not have an influence on the ionization process.
Figure 5.25 shows the dependence of the ion current generated with APLI on the source
temperature. Here, the signal also shows a strong dependence on the temperature.
At approximately 150◦C the signal decreased to around 10 % compared to the signal
at room temperature. This is roughly the same value as for ionization with cAPECI,
indicating that the change of the gas flow due to the increase in viscosity potentially
covers other effects that may be caused by a variation of the source temperature.
Furthermore, even though the relative intensity changes with increasing temperature
no variation in the signal intensity evolution with time was observed.

When a cAPECI measurement begins, the lamp needs some time to reach its working
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Figure 5.24: Photoelectron transmission signal for different temperatures of the
cAPECI source design 1.

0 1 2 3 4 5 6 7 8
0

0.2

0.4

0.6

0.8

1

time [h]

re
la

tiv
e 

in
te

ns
ity

 [a
. u

.]

100 °C

150 °C

room
temperature

50 °C

Figure 5.25: Transmission signal of ions generated with APLI for different tempera-
tures of the cAPECI source design 1.
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temperature. The ion source also heats up, which takes a considerably long time, as
it is relatively large compared to the heat output of the lamp. During this time it is
possible that the decreasing signal intensity with time is caused by the heating of
the metal, resulting in an increase in viscosity and thus on a reduction of the total
gas flow through the inlet capillary. Replacing the window inside the cAPECI source
by a metal plate made of brass and performing APLI in front of the inlet capillary
allowed to investigate the heating of the source due to the lamp without the generation
of photoelectrons. The resulting ion transmission when the lamp was switched on
was constant and did not show a declining signal intensity with time. The constant
signal, even though the cAPECI source is included, is understandable as the ion source
consists only of metal and does not contain a silica or lithium fluoride window which
are necessary for photoelectron generation. Experiments with the different capillary
segments between two glass capillary pieces yielded a similar result; a signal decay
with time was only observed with the silica capillary segment.

5.2 Dependence on Relative Humidity

For all capillary types the signal evolution of the first measurement of each day and
after larger modifications of the setup differed significantly from later measurements.
It is therefore very likely that the amount of water inside the capillary significantly
influences the ion transmission.

Figure 5.26 shows the signal evolution for two experiments. Two capillary segments
were connected and attached to the ionization or detection chamber. The capillaries
were separated and individually flushed with different gases. The detailed description
of the setup is given in section 3.4. In the first experiment, dry air was flown through
the capillary that was connected to the detection chamber, before the capillaries were
assembled (green curve). In the second experiment, water saturated air was used to
flush the capillary for two minutes (blue curve). When dry air was used, the signal is
similar to measurements where only the laser beam was blanked out (see figure 5.5).
The decay time for the initial peak is longer with approximately 5 min, but that may
be due to the lower number of charges that passed through the capillary. The use of
humid air changes the signal-time profile drastically. The ion signal is first detected
after about 3 min. The signal rises for one minute and reaches a constant value without
a considerable signal peak at the beginning.

The drastic change of the ion transmission signal when humid air is used confirms
the assumption that the different result for the first measurement of a day is due to the
change in the water concentration inside the capillary, as the measurement chambers
were held open over night in most cases. Possible reasons for the changes are i) that
the transmission of ions through the capillary is hindered until the film thickness of
the water layer is thin enough or ii) that the water layer must take up a certain number
of charges such that the repulsion of the potential formed by these charges is high
enough to allow ions to pass through the capillary.
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Figure 5.26: Ion transmission-time profile after dry or humid air passed through the
second part of an inlet capillary consisting of two glass capillary segments.

5.3 Application of Voltages

External electrical fields may also disturb the ion transmission and signal drop outs
may occur. High statical electrical fields near the capillary are easily generated by
touching the capillary or by electrostatically charged plastic parts. In both cases, the
electrostatic voltage cannot be quantified. As the systematic investigation of these
effects would involve extensive investigation, only a brief overview over the influence
of electrical fields on the ion transmission is given in the following.

To examine the influence of electrical fields on standard inlet capillaries, the adaptor,
normally used to assemble inlet capillaries from different segments, was pushed onto
the capillary with a voltage applied. With increasing voltage the ion current measured
with the ion trap decreased. However, the level of the signal decrease depended on
the respective polarities of the voltage and the ion current. Figure 5.27 shows the
influence of the polarity of the electrical field on the negative total ion current. The
ion gas stream through the capillary is purely negative (cf. section 3.4). When a voltage
of −6 kV is applied, the signal decrease is much larger than when a positive potential of
the same value is applied. Two observations are striking: Firstly, the signal regenerates
after the voltage is applied and the signal was dropping to zero. Secondly, the shape
of the signal regeneration is different if a positive or a negative field is applied. The
signal regeneration is much larger for the negative ion current when the electrical
field is negative. After the voltage is applied, no ions pass through the capillary for
approximately 10 min, then the total ion current increases almost to the value when
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Figure 5.27: Dependence of the negative TIC of a common glass capillary on the
voltage applied to a metallic adaptor that was placed over the capillary.

the adaptor is grounded. When the applied voltage polarity is changed a regeneration
of the intensity occurs, but not to the same extent. Furthermore, the signal-time profile
when a positive voltage is applied differs significantly to that of the negative voltage.
The signal not only decreases and then increases again after some time, but shows a
signal peak after the voltage is switched on. Subsequently the signal decreases and
starts to recover after some time. Voltages of more than ±9 kV resulted in the complete
disappearance of the signal, which did not recover even after an extended time period.

When two capillary segments were assembled to an inlet capillary with the adaptor
and a voltage is applied similar effects were observed. However, the main differ-
ence is the voltage that is needed for a vanishing signal intensity. This was approx-
imately ±4 kV, which is less than half of the voltage that is necessary for an intact
capillary. With a metallic capillary segment between the glass capillary pieces the
influence of the voltage on the ion transmission is further increased. In this case, a
voltage of ±3 kV is sufficient to prevent ions passing through the capillary. Figure 5.28
shows the dependence of the negative and the positive total ion currents on the voltage
applied to the metal segment. Again, the polarity of the electrical field in relation to the
polarity of the ions is important for the extent of the signal decrease. In contrast to the
intact capillary, the ion current with the opposite sign to the polarity of the field shows
a higher transmission when a voltage is applied. A voltage of −1 kV on the adaptor
leads to a large signal decrease by more than a factor of ten for the negative ion current.
The ion current of the positive ions is only halved. With a voltage of 1 kV the signal
intensities switch and the negative ion current is much larger than the positive ion
current. Voltages higher than ±1 kV lead to a disappearance of the ion current for ions
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Figure 5.28: Dependence of the voltage applied to the metallic capillary segment
between two glass capillary segments on the total ion current.

of the same polarity.

With a silica capillary segment inside a metal husk mounted between two glass
capillary segments the effect of applying a voltage on the metallic adaptor is signifi-
cantly different. Firstly, the voltage that is needed to decrease the ion current to zero
is less than ±1 kV. Secondly, as can be seen in figure 5.29, the signal intensities of the
negative and positive ions when the capillary is grounded are very different. A voltage
of −100 V leads to a decrease of the positive TIC by a factor of three and to an increase
of the negative TIC by a factor of three, so that both TICs have then almost the same
intensity. For voltages higher than ±300 V the signal intensities decrease again.

The influence of electrical fields on the ion transmission of differently composed
capillaries is yet not fully understood. For an intact capillary, the static electrical field
must have a considerably high voltage to influence the ion transmission. It must pass
through the glass to influence the number of charges on the inner wall of the capillary
to the extent that no ions pass through. When the inlet capillary is composed of two
glass capillary segments, the voltage that is necessary to decrease the ion current
to zero is lower. The electrical field influences the ions more pronounced as it i)
passes through the air between the contact surface of the two segments and ii) at
normal conditions, the glass surface at the contact area of the capillary is covered with
water and other molecules, so that the conductivity is enhanced. The ions are easily
discharged at the metallic adaptor through this surface layer. The introduction of a
metallic capillary segment decreases the required voltage further. The electrical field
does not have to penetrate through insulators or air to influence the ions inside the
capillary channel by changing the surface potential as the voltage is directly applied
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Figure 5.29: Dependence of the ion current through an inlet capillary containing a
silica segment on the applied voltage.

to the metallic segment. However, the very low voltage that is necessary to deflect all
ions when a silica capillary segment is introduced into the inlet capillary does not fit
to the assumptions described above. Silica has a high electrical resistivity, so that it
should show a behavior that is similar to glass. The two transitions of materials inside
the capillary facilitate the influence of the electrical field, but that does not explain
the factor of ten in the voltages between the capillary assembly. An explanation may
be that the metallic husk was a little larger than the silica capillary piece at one side,
which resulted in an increase of the volume in this section. This decreases the gas
velocity and the ions are influenced to the same extent by lower voltages.

The experiments were carried out with unipolar and partially bipolar ion currents.
When both TICs are shown in the figure, the ions of different polarities pass through
the capillary consecutively within some milliseconds, due to the voltages applied
inside the ion source. This time is not long enough to change the surface potential
significantly, so that a bipolar surface coverage is assumed. However, the observations
when voltages are applied to different capillaries do not differ considerably for each
polarity if a unipolar or quasi-bipolar ion current passes through the capillary.

For an intact inlet capillary, the negative ion current is larger when a negative voltage
is applied to the outside of the capillary. The electrical field changes the equilibrium
potential on the capillary wall. After the potential is changed nearly all ions that enter
the inlet capillary are forced into the surface layer. When the number of charges
approaches the new equilibrium potential, more and more ions pass through the inlet
capillary until the maximum potential is reached. The ion current recovers to nearly
the same intensity as before with the new equilibrium potential. This behavior is
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Figure 5.30: Dependence of the normalized negative ion current of an inlet capillary
containing two glass capillary segments and a metal capillary segment on
the voltage applied to the metal segment; recorded with the measurement
chambers.

not consistent with the explanation given in the previous section, as it was assumed
that the equilibrium signal intensity depends on the surface potential. It may be
the case that the number of surface charges is only changed in the area where the
voltage is applied, so that the potential at the inlet of the capillary remains unchanged.
Thus, the number of ions entering the capillary is constant during the measurement
and the signal decrease is caused by a high intake of ions into the surface layer. For
combined inlet capillaries, the applied voltage causes the same effect, but as ions
can get discharged at the metallic adaptor through the contact surfaces, an enhanced
potential leads to similar effects as described above for the inlet of the capillary. This
means that the decrease of ions is caused by the changed potential at the capillary
wall and that the signal does not recover because the enhanced potential leads to a
deflection of the ions towards the walls where many are discharged.

When the experiment with voltage applied to the metallic capillary segment between
to glass capillary segments was carried out with the measurement chamber, the results
were not in agreement with that obtained with the mass spectrometer. Figure 5.30
shows the negative ion current where different voltages are applied to the metallic
capillary part. A positive electrical field leads to a larger decrease of the transmission
than a negative voltage applied to the metal. Thus, the dependence on the voltage
polarity is exactly the opposite to the behavior with the ion trap. The reason for this
effect is not understood and is a topic for further investigations.
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5.4 Summary and Outlook

Even though the results obtained by the measurements described in this chapter did
not yield a comprehensive explanation for the observed effects, the investigation of the
ion transmission characteristics gave crucial insights for the utilization of composite
capillaries.

Experiments were carried out with a setup, which mimics a simplified desolvation
stage of a mass spectrometer. The experiments showed that the gas flow inside the
inlet capillary is fully developed turbulent for the conditions prevailing in Bruker
Daltonik mass spectrometers. Calculations of the minimal molecular diffusion inside
the capillary were carried out showing a large number of ions collide with the capillary
wall during transport through the capillary in both, laminar and turbulent gas streams.
Ions that reach the wall are not necessarily discharged. The surface of the capillary is
covered with a layer of water and other molecules with a thickness which is dependent
on the capillary material.

It was shown that the ion transmission-time profiles are different for unipolar and
bipolar ion streams. Bipolar ion flows are barely affected by modifications of the inlet
capillary, only the external application of voltages results in a change of transmission
efficiency.

The model to describe the charging effects that occur when unipolar ion gas streams
pass through different kinds of inlet capillaries describes most experiments fairly
accurately. A fraction of the ions that are transported through the inlet capillary enter
the water layer always present at the capillary wall. These charges result in the built-up
of a potential; the magnitude is dependent on the material of the capillary and the
amount of water in the gas stream. A potential forms between the capillary material
and the metallic end caps, which were grounded under most of the experimental
conditions. Some of the ions inside the surface layer discharge at the end caps. In
the equilibrium state, the intake of ions at the water layer and the number of ions
that are discharging is constant. The potential between the capillary and end cap
influences the inflow of ions at the entrance of the capillary, by forcing a fraction of
the ions toward the end cap instead of following the fluid dynamical forces. Numerical
simulations support this assumption. The fraction of ions that does not enter the
capillary, but follows the electrical field to the end cap as determined by the electrical
gradient and the velocity of the inflowing gas. At the exit of the capillary the ion stream
is not affected significantly. During the time in which the potential increases the
number of ions that enter the capillary decreases. This process leads to a signal peak
at the beginning of the measurement. For materials where the equilibrium is only
slowly reached the signal slowly decreases with time. Both effects were observed in
the experiments.

The signal peak at the beginning of the measurement was present in nearly all
experiments with unipolar ion streams, even when using standard glass capillaries.
For these capillaries, the signal intensity-time profile of the initial peak follows second
order kinetics. The size and the decay time of the initial signal peaks are dependent on
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the capillary material.
While the initial signal peak was observed in nearly all experiments for different

materials, the long term stability was considerably changed. While a constant signal
was reached for most materials, the lead silicate capillary and composite capillaries
containing silica segments exhibited a signal decline over the whole measurement
period. Other composite capillaries, containing metal or PVC segments did not show
this behavior. This was also the case for the cAPECI source design 1 when the window
was exchanged with a metal plate. A lack of long term stability is thus potentially
related to materials with a very low conductivity, indicating that the equilibrium is
only slowly reached in such circumstances.

The conductivity of the capillary material and especially the contact resistance
between two materials are important factors for the occurrence of charging effects.
Furthermore, signal drop outs may occur when the contact resistance between two
materials becomes to high. Signal drop outs were observed for an inlet capillary
containing a silica segment. The signal drop outs were then forced intentionally, by
isolating the metallic husk of the silica segment from the grounded adaptor, which has
been used to obtain an airtight connection between the capillary segments. There is a
considerable difference in the transients of the signal drop outs, one being almost the
inverse to the other. The reason for this behavior is not yet fully understood. Similar
drop outs occurred with a commercial mass spectrometer. Generally, signal drop
outs are caused when there is a high resistance between the capillary (or a part of
the capillary) and a material with a high conductivity. In such cases, the potential
increases up to a certain value and discharges suddenly.

Both charging effects, the initial signal peak and the long term stability are inde-
pendent of the applied ionization method. The signal evolutions are identical for
both laser ionization in front of the capillary and photoelectron generation inside
the cAPECI source. The ionization method, developed during this work, provides a
constant number of ions with time, however the design of the ion source is a crucial
parameter for the long term stability.

The intensity and shape of the initial signal peak is highly dependent on the pre-
treatment of the capillary, particularly on the number of ions that passed through
the capillary prior to the actual measurement. When a lower number of ions passed
through the capillary during the previous measurement, the signal showed an initial
signal peak followed by a slowly decreasing signal intensity with time. In contrast,
when the number of ions prior to the measurement was high the signal rose slowly to
the equilibrium signal intensity. It was assumed that in both cases the signal intensity
reaches the same value after a sufficiently long time period. As mentioned before,
the number of charges inside the water layer and the potential between capillary and
materials with a high conductivity, e.g., the metallic end caps, determine the signal
evolution. When the potential at the beginning of the measurement is higher than
that in the equilibrium state, a smaller number of ion enters the inlet capillary at the
beginning than during the further course of the measurement.

Laser ionization was used for both, negative and positive ion generation. The com-
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bination of a selected ion polarity generated by APLI and the negative ions generated
by cAPECI inside the capillary ion source yielding surprising results. The amplification
of the purely negative signal was higher than the sum of both individual signals. The
amplification of the positive APLI ion current is readily explained as the combination
with the negative ions generated by cAPECI results in a partially bipolar ion current,
which was more stable and had a higher signal intensity compared with unipolar ion
streams in previous measurements. However, the combination of two negative ion
streams also led to an amplification of the ion signal. The signal intensity showed a
dependence on the repetition rate of the laser. For higher repetition rates, the cAPECI
ion stream added a constant offset to the ion current generated by laser ionization.
The reason for this amplification is still not fully understood, it may be the case that the
ions generated inside the cAPECI source reduce the loss of ions generated in front of
the capillary within this source. To examine this effect in detail further investigations
will be carried out.

In atmospheric pressure ionization the amount of water is always high when no
special drying procedures are applied. As the capillary always has a water layer on
the inner wall, the influence of the water mixing ratio on the transmission of ions
was investigated. When a gas stream with an increased water mixing ratio passed
through the capillary prior to the measurement, the ion signal needed several minutes
to appear. The signal evolution was rising to exact the same signal level as for dry
gas. A possible explanation is that all ions are forced to enter the water layer at the
beginning in order to charge it or that the surface layer needs some minutes to become
thin enough.

External heating of the cAPECI ion source increases the viscosity of the gas leading
to a decrease in gas volume that passes through the capillary. However, this is not
the reason for the decreasing signal intensity with time, which was often observed
for the cAPECI source, as the increase in temperature did not lead to a decreasing
signal intensity with time. Other effects, as the regeneration of the surface at different
temperatures were not observed, due to the large influence of the change in total gas
flow.

The influence of the application of voltages to capillaries made of different materials
is a large field to investigate and was only briefly touched on in this work. The voltage
level that needed to be applied until the ion signal vanished varied considerably for
different capillaries. While for intact glass capillaries ions were able to pass through
until the voltage reached approximately 9 kV, capillaries containing a metal segment
only needed around 2 kV until the ion current dropped to zero. Astonishingly, the
voltage was lowest for a capillary containing a silica segment. The reason for this
behavior is not fully understood.

For intact glass capillaries, the signal recovered after some time when a voltage was
applied. A total recovery was only observed when the applied voltage had the same
polarity as the ions passing through the capillary. For the opposite polarity, the signal
also recovers, but reaches only a small fraction of the initial intensity. When a metallic
segment is introduced, the negative TIC is decreased more than the positive TIC
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when a negative voltage is applied and vice versa. As mentioned before, the behavior
of the capillary containing the silica segment is not understood when voltages are
applied. When a negative voltage of only a hundred Volt is applied, the positive
TIC decreases, while the negative TIC increases. Experiments at the measurement
chambers gave results which are not in agreement with those obtained with the ion
trap mass spectrometer. This topic will be investigated in detail in the future.

The transmission measurements with inlet capillaries containing silica segments
were also not fully reproducible. The signal intensities did not always show a decrease
with time, but an increasing signal intensity in the first minutes of the measurement
followed by either a constant or very slowly decaying signal intensity with time. With
the cAPECI source containing a lithium fluoride or silica window, the signal intensity
showed a decreasing signal with time for all measurements. Thus, further investiga-
tions on inlet capillaries containing silica segments are necessary to understand the
various processes leading to this behavior.
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An ion source which uses the photoelectric effect for the generation of ions was
developed. The ion source should have the following characteristics:

• generation of solely negative ions

• long term stability

• short reaction times between reagent ions and neutral analyte

• good sensitivity and selectivity

Furthermore, the ion source should ideally be made of readily available materials,
easy to handle and not involve the use of potentially dangerous components, e.g.,
radioactive sources or high voltages.

Four ion sources were iteratively developed during this work, each source improving
the disadvantages of the previous one. Figure 6.1 gives an overview over the devel-
oped ion sources (for details see sections 3.7.3 to 3.7.6.1), including a variant of the
cAPECI source design 2 with longer reaction times. These sources are described in the
following.

6.1 The Photoelectric Effect at Atmospheric Pressure

Work functions of metals are generally measured under high vacuum conditions. In
the ionization method that was developed during this work, ionization takes place
at or near atmospheric pressure. Thus, work functions of different metals were also
determined at such pressure. The influence of different conditions, e.g., the oxidation
state of the surface, organic substances on the surface or different laser powers, on
the work functions and signal intensities is examined. This is important as all metals
exhibit a surface layer of water and other molecules at atmospheric conditions. The
photoelectrons generated by the photoelectric effect have to pass through this layer to
escape into the gas phase, where they are captured and measured. The thickness and
the molecular composition of the surface layers will thus influence the measured work
function (cf. section 1.4) [89, 280].
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Figure 6.1: Overview about the different ion sources developed during this work.
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Table 6.1: Work functions of different metals at atmospheric pressure, measured in
synthetic air (accuracy ± 0.05 eV).

Work Function [eV]
Metal Measured Literature [101]
Aluminum 4.17 4.06-4.28
Titanium 4.34 4.33
Lead 4.23 4.14-4.25
Tantalum 4.35 4.0-4.80
Copper 4.37 4.48
Nickel-plated copper 4.37 5.04
Gold 4.37 4.74-5.31
Gold-plated steel 4.37 4.74-5.31
Sterling silver 4.62 4.25-4.74

6.1.1 Tunable Laser System

The work functions reported in table 6.1 were measured at atmospheric pressure in
synthetic air. For most metals, the measured work function and the value found in the
literature, determined under vacuum conditions, are in good agreement. Due to the
different measurement conditions the work functions found in the literature exhibit
generally a broad range, thus, a correlation between measured and literature values
is not surprising. However, two results are striking: Firstly, nickel-plated copper and
copper have the same work function. For gold-plated steel, this effect is not observed,
which shows the same work function as pure gold. Secondly, the work function of gold
differs significantly from the literature value. The investigation of this second effect
will be discussed later in this section. Photoelectron generation with a nickel surface
should be possible up to 246 nm. However, even with 284 nm photons electrons are
detected. A possible explanation is that a thin nickel layer allows photons to pass
through and reach the copper atoms, which then eject photoelectrons. For gold-plated
steel a different result is obtained. Here, the work function is the same as for gold. As
is shown later, gold behaves differently than the other metals, which may also explain
this effect.

The airtight measurement chamber could be evacuated to approximately 1.3 mbar.
Work functions measured under this condition are perfectly in agreement with the
results measured at atmospheric pressure. However, the signal intensity and especially
the peak shapes are significantly different under reduced compared to atmospheric
pressure as seen in figure 6.2. In this figure, each grid line of the y-axis corresponds
to a signal intensity of 100 mV recorded with the oscilloscope. The upper channel
shows the laser trigger pulse to which the photoelectron signal (lower channel) is
synchronized. The signal intensity of each signal is determined relative to the base line
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Figure 6.2: Photoelectron signal transients at 266 nm with 80 V acceleration voltage
recorded under different pressures: a) 0.7 mbar, b) 7 mbar and c) 985 mbar.
The upper channel shows the trigger pulse of the laser, the lower one the
photoelectron signal. On the y-axis one grid line represents 100 mV.
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of the specific channel. As the intensity recorded with the oscilloscope depends on the
amplification factor of the electrometer, a direct comparison of signal intensities and
peak areas is difficult. With different amplification factors adjusted at the electrometer,
the peak shape also changes. An increase of the measurement range from 1×10−7

to 1×10−9 A broadens the signal considerably. Thus, the measurement range should
not be changed, if possible, when signal shapes or signal intensities are to be compared.
In figure 6.2 the signals at reduced pressure (a and b) are recorded with an amplification
of 1×10−7 A, while the signal at atmospheric pressure was too small to be recorded
in this measurement range, so that a range of 1×10−8 A was used. The broadening
of the signal is therefore not only attributable to the increased pressure, but also to
the measurement system. However, the broadening of the signal is already observed
when the signals at 0.7 mbar and 7 mbar are compared. Not only a broadening of
the formerly very sharp photoelectron signal is observed for increased pressures, but
also two individual signals. The first signal remains sharp and rather small, while a
broader peak overlaps. A possible explanation is that at low oxygen concentrations
the first sharp signal is assigned to a photoelectron peak, while the broader signal
is produced by superoxide ions. As these two species exhibit drastically different
electrical mobilities, they are detected as individual signals. With increasing pressure,
the sharp signal disappears, as all photoelectrons are captured by oxygen during their
passage from the photoemissive material to the measurement electrode.

Influence of Different Gases When the measurement chamber is filled with gases
other than oxygen, it is expected that although the peak shape may change, the signal
intensity should show the same pressure dependence compared to synthetic air. How-
ever, this is not the case. Figure 6.3 shows the photoelectron signal at 266 nm with an
acceleration voltage of 80 V and a measurement range of the electrometer of 1×10−7 A
in the presence of helium as background gas . The signal at reduced pressure is nearly
ten times larger than the signal at elevated pressure. In air the signal under vacuum
conditions was approximately a hundred times more intense than at atmospheric
pressure. Furthermore, even though the signal intensity decreases with increasing
helium pressure, the peak shape does not change significantly, i.e., no broadening is
observed.

The use of sulfur hexafluoride leads to a different effect. With increasing SF6 pres-
sure the signal peak becomes broader and looses intensity. At a pressure of approxi-
mately 260 mbar the signal is no longer observed, even when the measurement range
is decreased from 1×10−7 to 1×10−10 A. A decrease in signal intensity may be explain-
able by the formation of SF–

6, which is a comparably large ion and thus has a low ion
mobility. However, this can not explain the disappearance of the signal at higher SF6
pressures, as the formed ions will not disappear but reach the measurement electrode
at a later time than smaller ions.

For argon a similar behavior is observed. At an argon pressure of 800 mbar, the
photoelectron signal has decreased to zero under otherwise similar conditions as
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Figure 6.3: Photoelectron signals at 266 nm with 80 V acceleration voltage recorded
under different helium pressures of a) 0.7 mbar and b) 976 mbar. On the
y-axis one grid line represents 100 mV.

described previously for sulfur hexafluoride and helium. As argon does not react with
the photoelectrons this effect is not easily explainable. The diffusion coefficient of
thermal electrons in argon is three times higher than that of electrons in helium1 [281],
so that the signal should be even more confined at the same reduced electrical field
strength as in helium. Astonishingly, the same behavior is observed with increased
nitrogen pressures, when the signal is no longer observed for pressures above ap-
proximately 400 mbar. Nitrogen also does not react with electrons and there is no
obvious reason as to why the generated electrons vanish. To examine the reason for the
disappearance of the signal at enhanced pressures further investigations are needed.
During this study maximum acceleration voltages of 80 V were applied, it is possible
that the signal may be observed with higher acceleration voltages. The generated
photoelectrons may return into the metal surface if the acceleration voltage is not able
to pull the electrons away from the surface.

When the pressure is increased and the acceleration voltage is kept constant, the
reduced field strength decreases from 125 Td at 1.3 mbar to 0.16 Td at 1013 mbar. To
test if this influences the shape or the intensity of the photoelectron signal different
acceleration potentials were applied at the same pressure. The results of this experi-
ment are shown in figure 6.4. For the signal peaks at 80 to 60 V acceleration voltage,
one grid unit of the y-axis corresponds to 10 mV, while for the lower three acceleration
voltages, 50 to 30 V, one grid unit corresponds to only 5 mV, which means that these

1For a reduced electrical field of approximately 0.21 Td (80 V acceleration voltage and an electrode
distance of around 1.5 cm), an electron drift velocity of 1.5×103 ms−1 in helium and 1.75 ms−1 in
argon and diffusion coefficients to mobility ratios, D/µ, of 6×10−2 V for helium and 2×10−1 V for
argon, a diffusion coefficients of 45 cm2 s−1 for electrons in helium and 175 cm2 s−1 for electrons in
argon is obtained. The values for the electron drift velocity and the diffusion coefficient to mobility
ratios were taken from the data in Pack et al. [281].
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Figure 6.4: Signal shapes at 970 mbar synthetic air with different acceleration voltages
between the electrodes, separated by 2 mm. One grid in the x-axis corre-
sponds to 100 µs, in the y-axis to 10 mV for 60 to 80 V and 5 mV for 30 to
50 V acceleration voltage.

signal peaks have only half of the intensity of the other signals. In the x-axis one
grid unit corresponds to 100 µs for all signals. It can be seen that the general signal
shape does not change much with increased acceleration voltage. However, the signal
intensity increases considerably resulting in a clearer distinction of the two peaks that
compose the detected signal. This supports the assumption that the photoelectron
signal in enhanced argon pressures may be observed at higher acceleration voltages.

Influence of the Surface Properties An important factor affecting the work func-
tion and the signal intensity is the chemical surface state and structure of the metal
surface. Aluminum shows an extensive oxidation of its surface in a relatively brief
time period. Thus, the examination of the signal dependency on the oxidation of the
surface has been mostly studied with aluminum and was compared with silver. Its
surface is only slowly oxidized with time. An aged aluminum surface, which means a
completely oxidized surface, exhibits a 400 times lower signal intensity compared to
freshly polished aluminum. When a freshly polished surface oxidizes, only during one
night the signal intensity decreases by a factor of two. Silver also shows a dependence
of the signal intensity with the surface condition, but the decrease in intensity between
a freshly cleaned and an aged surface is only 25 %. Even though these measurements
were performed at approximately 2 mbar the comparison of the signal intensities
should be approximately transferable to atmospheric pressure.

The second part of this examination regards the dependence of the work function
on the surface condition. While freshly polished aluminum exhibits a work function
of 4.12 eV (301 nm), oxidized aluminum did not show a photoelectron signal for wave-
lengths longer than 285 nm. Leaving the freshly polished aluminum in laboratory air
over night led to a work function threshold of 4.25 eV (292 nm). Silver always shows
the same work function of 287 nm, independent of the age of the surface. Copper has a
slowly reacting surface with time compared to aluminum. With an old, unpolished sur-
face the work function was measured to be 4.38 eV (283 nm), polishing of the surface
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Table 6.2: Signal intensities at 266 nm for silver and aluminum for water and toluene
on the metal surface.

Solvent Relative signal intensity
Aluminum Silver

“clean” 1 1
Water 0.4 0.4
Toluene 10 8

resulted in a small increase of the work function to 4.35 nm (285 nm).

The change of signal intensity or work function due to solvents on the surface of
a photoemissive material is reported in the literature, for example, by Inumaru et
al. [162], Hubert et al. [155] and DeRenzi et al. [282]. There, the work function changes
significantly when organic materials cover the metallic surface. Different solvents gave
changes of the signal intensity in the range of −98 to 73 % and a change of the work
function of −0.09 to 0.25 eV [162]. Reasons for the changes were identified as i) solvent
clusters that form stable negative ions which transport electrons to the measurement
electrode, ii) molecules at the surface that form stable anions which decrease the
photoelectron current and iii) the ionization of molecules or clusters that contribute
to the measured ion current. However, in the experiments carried out during this work,
the application of water and organic solvents on the surface of aluminum and silver
did not result in changes of the work function, but had a large impact on the signal
intensity, cf. table 6.2. Water vapor on the metal surface decreased the signal intensity
for both metals nearly equally. In contrast, toluene vapor on the metal surfaces led to
an increase in the photoelectron yield for both metals.

There are possible explanations for these effects: UV light is used for photoelectron
generation and water is able to absorb this wavelength range with an absorption cross
section of 4.7×10−20 cm2 molecule−1 at 295 nm [283], reducing the generation of pho-
toelectrons. Furthermore, a water layer may hinder the electrons from escaping into
the surrounding gas phase. Toluene has a different effect as its ionization potential
is attainable by resonant enhanced two photon ionization with the wavelength used
in this experiment (266 nm). Thus, the enhanced measured ion current may be due
to ionization of toluene instead of photoelectron generation. If that notion is correct
would be easily verifiable since a positive ion current should be also detectable. How-
ever, this was not done in the present experiments, so that further investigations are
needed, which should also cover a broader range of organic solvents.

Enhanced Laser Power Density Another factor that potentially influences the
recorded signal is the intensity of the laser beam interacting with the photoemissive
material. Firstly, the shape and intensity may be affected. Secondly, an increased laser
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Figure 6.5: Dependence of the measured work function threshold on the laser power
density for copper and gold.

intensity may influence the work functions.
When the measured ion current is entirely the result of the photoelectric effect,

which means that photons interact with the metal atoms and electrons are ejected,
the work function should not be dependent on the laser power. However, at enhanced
laser powers different effects possibly occur. These are, i) the two photon photo effect
(2PPE), where a photoelectron is generated by two photons instead of one and ii)
second harmonic generation, where a photon with a doubled frequency is generated
by two primary laser photons. Figure 6.5 shows the dependence of the ion current on
the laser power density for copper and gold for laser power densities in the range 0.56 to
1200 kWcm−2. The measured work function of copper barely changes with increasing
laser power. In contrast, the work function threshold of gold increases from 4.98 eV
(249 nm) to 4.32 eV (287 nm), when the power density is increased from 50 kWcm−2

to 600 kWcm−2. While the work function at low power densities is in agreement with
the literature values, an enhanced laser power density leads to measured ion currents
much higher than those found in the literature for gold.

Gold There are several possible explanations for the decreased work function of gold,
including the effects mentioned above. However, the ion current that is detectable
at wavelengths above the work function threshold cannot be due to a decrease in
the work function, as the work function is a material specific value which can only
be changed by changing the chemical structure of the surface of the photoemissive
material.

The energy of photons with 287 nm (4.32 eV) is much lower than the ionization po-
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tential of all the molecules that are possibly present inside the measurement chamber.
Within the power density range used, resonance enhanced two photon ionization is
only capable of ionizing aromatic species. This effect is ruled out as the signal intensity
with gold with this specific wavelength is the same i) in laboratory air, ii) after intense
cleaning of the measurement chamber and iii) in synthetic air or nitrogen with a purity
of 99.995 %. To ionize molecules one photon with sufficient energy is required. This
photon may be formed by second harmonic generation of the 287 nm photons on the
metal surface [284–287]. The quantum yield of SHG is reported to be small, 1×10−9

to 1×10−11 [285]. However, the resulting ion current should be measurable with a
sensitive electrometer. When VUV photons of the doubled frequency are formed, they
should be able to ionize impurities that are inside the measurement chamber. When
second harmonic generation of the incoming laser beam, followed by ionization of
impurities in the gas phase is the reason for the detectable ion current, the signal
should not be greatly affected when a lithium fluoride window is mounted in front of
the gold electrode. While photoelectrons generated on the metal surface are not able
to pass through the window, VUV photons in the range of 140 nm generated on the
metal surface should pass through it and should then lead to ionization of molecules.
However, the results of this experiment are not fully conclusive. Although the signal
intensity with 287 nm was considerably lower (2 to 10 times) when a LiF window was
mounted in front of the gold electrode, it was still observed. A positive ion current was
also detectable. If the normally recorded signal was completely caused by photoelec-
trons, no signal should be observed. Furthermore, the VUV light should photolyze
oxygen and thus lead to generation of ozone inside the chamber. An ozone analyzer
was used to prove if SHG takes place by measuring the ozone mixing ratio inside the
measurement chamber. It has a stated limit of detection of 2 ppbV, but even for very
high laser power densities no ozone signal above the normal background level was
observed, indicating that SHG is negligible.

To further test if the signal comes from generated VUV photons, the laser beam was
positioned such that no light impinged on either electrode. An ion current signal was
still observed, which was up to ten times smaller than the signal measured when the
laser directly irradiated the metal surface. Table 6.3 shows the relative signal intensities
for different wavelengths and laser beam paths, i.e., the laser beam is directed to the
electrode or not. For wavelengths longer than the work function threshold and low
laser power densities, an ion current is only observed when the laser beam is directed
to the electrode. In this case only a negative ion current is detected. When the gold
electrode is not directly irradiated, no ion current signal is observed. Increasing the
laser power density results in an increase in signal intensity for the negative ion current
and a small positive ion current is also detected when the laser beam is directed on the
gold electrode. Directing the laser beam between the electrodes results in a decrease in
the negative ion current, which is most likely due to the missing photoelectron current,
while the positive ion current remains more or less constant. With a wavelength larger
than the work function threshold of gold, e.g., 283 nm, only very small signals are
observed in both cases when the power density is low. A higher power density gives
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Table 6.3: Dependence of the signal intensity on the wavelength, the laser power
density and the pathway of the laser beam.

Wavelength Power density Directed on electrode Not directed on electrode
[nm] [kW·cm−2] rel. intensity rel. intensity

negative positive negative positive
235 0.5 0.83 0.02 0.01 0.01
235 200 1 0.42 0.39 0.49
283 5 0.06 0.04 0.07 0.03
283 600 0.78 0.80 0.75 0.84
312 3 0.0 0.0 0.0 0.0
312 2000 0.0 0.02 0.01 0.01

roughly the same signal intensity independent of ion polarity and the orientation of
the laser beam. Further increase of the wavelength does not give any ion currents,
even for very high laser power densities. An ion current that is fully attributable
to photoelectron generation is thus only detected for wavelengths lower than the
literature value of the work function and low power densities.

The ion current which is detected when the LiF window is mounted between both
electrodes is very likely not caused by second harmonic generation of VUV photons, as
it has the same value as when the laser beam is directed between both electrodes. Even
when the measurement chamber is evacuated to a pressure of approximately 1 mbar
and the laser beam is directed in a way that it does not irradiate the electrodes negative
and positive ion currents are measurable. As single laser photons are not able to ionize
molecules directly, the source for the measured ion current remains unknown.

Another possible explanation is the two photon photoelectric effect, which is re-
ported to occur at elevated laser power densities [168, 169, 172, 284, 287]. As in the
case at second harmonic generation, this effect would lead to a quadratic dependence
of the signal intensity on the laser power density. However, the dependence of the
integrated signal peak area on the laser power density shows a similar behavior for
wavelengths below and above the work function threshold, 235 nm and 283 nm, re-
spectively (see figure 6.6). Furthermore, the measured signal intensity does not change
significantly when the laser beam is not directed to the electrodes.

For a power density range up to 400 kWcm−2 both measurements show a linear
dependence of the peak area with the power density. For higher laser power densities,
the results for 283 nm are not fully conclusive, due to a high variation of peak areas for
power densities between 400 to 800 kWcm−2. The signals at very high power densities
do not fit to a quadratic dependence of the peak area. The anomalous behavior of gold
is still not understood and further investigations are needed.
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Figure 6.6: Dependence of the integrated peak area on the laser power density for two
wavelengths, one with an energy above (235 nm) and one below (283 nm)
the work function threshold of gold (4.77 eV; around 260 nm).

6.1.2 Low Pressure Mercury Lamp

The use of a low pressure mercury lamp, providing photons at mainly 254 nm, corre-
sponding to 4.88 eV, should provide photoelectrons with most metals, as the energy is
almost always well above the work function. Furthermore, the lamp provides photons
with 185 nm with an intensity of 3 % of the main emission at 254 nm. However, with
a band pass filter, that has a relative transmission of ≤ 1×10−5 at 185 nm and 0.83
at 254 nm, between lamp and metal no photoelectron current was detectable with
any of the metal used. This indicates that the ion current measured without the band
pass filter is fully attributable to the emission at 185 nm. The differences between
these experiments and the experiments described in the previous section, where a
wavelength of 254 nm was sufficient for photoelectron generation for all the metals
tested, are the photon density of the light source and the voltage applied between the
measurement electrode and the photoemissive electrode.

The application of −200 V on a silver electrode resulted in a measurable ion cur-
rent when photons with 254 nm irradiate the metal. A possible explanation is that
molecules on the surface, that are always present at atmospheric pressure, hinder the
ejection of electrons from the metal into the air. Besides this, for metals less noble
than silver an oxidized layer will quickly form at atmospheric pressure. Photoelectrons
are emitted by the metal and possibly need sufficient kinetic energy to pass through
the surface layer, as discussed in the literature for organic layers [288] or layers of
water [289]. With 254 nm the emitted electrons exhibit a kinetic energy of 0.14 eV in
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the case of silver as the photoemissive material, while 185 nm photons lead to kinetic
energies of 1.96 eV. A voltage that pulls the electrons from the metal towards the
measurement electrode may also facilitate the transition through the surface layer.

6.2 Light Source

For the generation of electrons by the interaction of photons and photoemissive ma-
terials a light source that provides UV photons is required. The quantum yield of the
photoelectric effect is rather low, as stated in section 1.4, but it increases when the pho-
ton energy becomes sufficiently larger than the work function. However, for photons
with an energy higher than approximately 7 eV single photon ionization of organic
compounds becomes possible, resulting in unwanted positive ion generation. When
the photon densities are sufficiently high, e.g., with lasers, multi photon ionization can
take place even for photon energies of less than 7 eV and can lead to the generation of
positive ions. Furthermore, an ideal light source should provide a constant continuous
number of photons.

A Pen-Ray low pressure mercury lamp was chosen as a light source since it combines
all of the desired properties. This lamp provides light with a main emission line
at 254 nm and a minor emission line at 185 nm, which has an intensity of 3 % of the
main line (see emission spectrum, figure 3.10). Even though the energy of the 254 nm
photons (4.88 eV) should be sufficient to overcome the work function of most metals,
only the 185 nm emission generates photoelectrons as stated in the previous section.

The 6.7 eV energy of the 185 nm photons, is not high enough for single photon
ionization of the compounds typically present in atmospheric pressure ion sources.
Photon densities of 6×1015 photoncm−2 s−1 at 254 nm are not sufficient to allow multi
photon ionization. Thus, positive ion generation will not take place when the Pen-Ray-
lamp is used as a light source. This was verified by measuring the positive ion current
with the measurement chambers using a sensitive electrometer (see section 3.4). The
measured current was in the same range as the background signal of the instrument
in the positive mode. Furthermore, with the mass spectrometer no ions were observed
in the positive ion mode when this lamp was used for photoelectron generation.

Low pressure mercury lamps are commonly used to generate ozone. The depen-
dence of the amount of ozone produced on the oxygen mixing ratio is shown in
figure 6.7. It was measured for a gas flow of 1 Lmin−1 with the cAPECI source design 2
(see section 3.7.6 for details on the ion source and section 3.5 for details on the ozone
measurement). The ozone mixing ratio increases slowly until an oxygen mixing ratio of
approximately 2 % is reached. For higher oxygen mixing ratios the ozone mixing ratio
continue to increase linearly. When synthetic air is used as carrier gas, 20 % oxygen is
present inside the ion source, resulting in the production of a steady state mixing ratio
of 1.6 ppmV ozone.
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Figure 6.7: Measured ozone mixing ratio in dependence of the oxygen mixing ratio
inside the cAPECI source design 2.

6.2.1 Calculation of the Photolysis Rate

In most of the ion sources described in the following sections the analyte was also
irradiated by the UV-light of the Pen-Ray-lamp. The energy of the photons is not
sufficient for photoionization, but potentially induces photolysis, which would reduce
the mixing ratio of the neutral analyte. In the following an estimation is made of the
amount of analyte molecules which are photolyzed. 3-methyl-2-nitrophenol is used
as analyte

First of all, the photolysis frequency at the main wavelengths emitted by the UV
lamp (i.e., 254 nm and 365 nm) must be determined.

Jλ =σ ·φ · I (6.1)

with: Jλ = photolysis frequency at wavelength λ

σ = absorption cross section
φ = quantum yield
I = photon flux

The absorption cross sections at both wavelengths were obtained from absorp-
tion measurements in the liquid phase where 3-methyl-2-nitrophenol was dissolved
in dichloromethane [226, 290]. Values of σ254nm = 4.31×10−18 cm2 molecule−1 and
σ365nm = 4.40×10−18 cm2 molecule were obtained from the spectra. To determine
the upper limit of the photolysis frequency a quantum yield of 1 moleculephoton−1

was assumed for the analyte photolysis for both wavelengths. Photon fluxes of both
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wavelengths were calculated from the light intensity data provided by the lamp man-
ufacturer, I254nm = 6×1015 photoncm−2 s−1 and I365nm = 3.4×1014 photoncm−2 s−1,
respectively [250]. With these values photolysis frequencies for both wavelength are
calculated to J254nm = 2.586×10−3 s−1 and J365nm = 1.496×10−3 s−1.

Typical mixing ratios are in the ppbV-range, thus, a mixing ratio of 10 ppbV was as-
sumed, which corresponds to a density of 1×1011 moleculecm−3 under the conditions
of the experiments. The rate of reaction is given by

− d [M ]

d t
= [M ] · Jλ (6.2)

where [M] denotes the concentration of the analyte. Insertion of the concentra-
tion and the photolysis frequency results in 2.6×109 moleculecm−3 s at 254 nm and
2.6×109 moleculecm−3 s at 254 nm.

To calculate the total amount of photolyzed analyte, the irradiated time is a crucial
factor. Ionization inside the cAPECI source design 1 is considered in the following
(section 6.5). In this design, the irradiated area has a length of approximately 5 cm.
With figure 1.2 a mean velocity in between an axial capillary position of 5 and 13 cm
of 125 ms−1 is calculated, giving a transfer time through the irradiated area of 400 µs.
The amount of photolyzed analyte is calculated to 1.03×106 moleculecm−3 at 254 nm,
5.98×104 moleculecm−3 at 365 nm and 1.09×106 moleculecm−3 in total. This corre-
sponds to 0.0011 % of the analyte, i.e., a negligible photolysis loss.

The photolysis at 185 nm should also be taken into account, but unfortunately
no absorption cross sections were available for the VUV range from the literature.
However, the contribution of this wavelength to the amount of photolyzed molecules
is assumed to be small, since the relative intensity of the emission at this wavelength
is 3 %. Even with a photolysis frequency a hundred times higher than that at 254 nm
the percentage of photolyzed molecules would be only doubled.

6.2.2 Lamp Stability

An important characteristic of the light source is its long term stability. To have a
constant ion signal, the quantity of emitted photons with time should be constant.
Therefore, the stability of the emissions at 185 nm and 254 nm were monitored. For
both emissions a VUV spectrometer was used (see section 3.7.2). Figure 6.8 shows the
signal intensity with time for three measurements of the 185 nm line.

After a short period in which the signal intensity increases at the beginning of the
measurement, all three measurements show a decrease in the signal intensity with
time. The lamp heats up during the first minutes until the mercury inside the lamp
housing is completely evaporated and the maximum emission intensity is reached.
The decrease of the signal intensity with time is not readily explainable. However,
if this signal behavior is caused by a decrease in the photon emission with time the
signal intensity should recover when the lamp is switched off for a certain time period.
The resulting light intensity signal is shown in figure 6.9. It is clearly seen that the
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Figure 6.8: Intensity of the 185 nm emission line of the Pen-Ray-UV lamp with time.
Three measurements are shown.

signal does not recover, even when the lamp is switched off for 160 min. Thus, the
decreasing emission intensity with time cannot be caused by a decrease in the photon
emission, but must be due to the instrumental setup. This assumption was confirmed
by a measurement where the power supply of the photo multiplier was switched off
for different time periods (see figure 6.10). When the photomultiplier was switched
on again, a regeneration of the signal intensity was observed. The reason for this
behavior is currently not known but tentatively attributed to the age of the employed
photomultiplier.

Because of this behavior a photodiode was used to monitor the 365 nm emission
line. With the assumption that the emission intensity-time profile is identical for all
emission lines this setup was an alternative approach to monitor the lamp intensity.
With the modified setup, the light intensity signal remained constant with time, as is
shown in figure 6.11 for three measurements. The different intensity of each data set is
caused by a different orientation of the photodiode to the UV lamp. The measured
photo current shows a peak in the first seconds, most probably due to electrical
disturbances induced by switching on the UV lamp. After the transient period the
signal intensity is constant except for small fluctuations.

All experiments shown in the following were carried out with the described light
source.
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Figure 6.9: Emission intensity-time profile of the 185 nm line when the lamp is
switched off for 80 min and 160 min.
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Figure 6.10: Emission intensity-time profile when the power supply to the photo multi-
plier of the VUV spectrometer was switched off for different time periods.
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Figure 6.11: Emission intensity of the 365 nm line with time, recorded with a photodi-
ode. Three measurements are shown.

6.3 Laminar Flow Ion Source

The first ion source was made of existing parts and was mainly used to characterize
the generation of ions by the photoelectric effect (cf. section 6.3). A laminar flow
ion source, described in detail in section 3.7.3 was used. Photoelectron generation
inside the LFIS takes place near the capillary duct. However, transfer times to the high
vacuum region from this point of ionization are rather long, approximately 5 ms, which
probably leads to additional signals in the mass spectra due to ion-molecule/radical
reactions. An example for a mass spectrum obtained with this setup is shown in fig-
ure 6.12. As expected, for 2-nitrophenol in synthetic air the [M−H]– signal has the
highest abundance, but additional ion signals are observed. These are the deproto-
nated dimer ion, [M+M−H]– , and oxygenated analyte molecules. The observed ion
signals are expected due to the high concentration of oxygen radicals produced by the
UV lamp and are in agreement with the proposed ionization mechanism for negative
ionization at atmospheric pressure (see chapter 4).

As mentioned in section 1.1.2, the voltages applied to the ion transfer optic inside
the mass spectrometer have a large impact on the recorded mass spectrum, as they can
shift the signal distribution of the mass spectrum to a large extent. All measurements
shown in this work were carried out with optimized voltage settings, so that the degree
of fragmentation of the analyte ion was minimized and the signal intensity of the
M– or [M−H]– was maximized. According to the ionization mechanism proposed in
chapter 4 this means that for analytes with a phenolic OH groups the deprotonated
dimer ion and the [M+O2]– adduct ions are fragmented to [M−H]– inside the ion
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Figure 6.12: Mass spectrum of 2-nitrophenol in synthetic air with ionization by photo-
electron generation inside the laminar flow ion source.

optics.

Recording the mass spectrum of 2-nitrophenol in pure nitrogen leads to a mass
spectrum with M– as the only signal. However, the signal intensity is reduced by a
factor of ten compared to the spectrum in synthetic air.

The UV lamp is positioned perpendicular to the LiF window, thus only a very small
fraction of the emitted photons are used for photoelectron generation inside the ion
source. Furthermore, the distance between the window and photoemissive surface
is 4 mm. The near VUV light is absorbed to a large extent by oxygen during its passage
through the ion source before it interacts with the metallic surface2. Both effects result
in low sensitivities for this ion source.

When the lamp is placed upstream inside the laminar flow ion source, where the
laser would be coupled with the ion source (cf. figure 3.11 in section 3.7.3), the entire
quantity of emitted photons is available for photoelectron generation and the distance
to the ion source walls is reduced. However, the large increase in the transfer time from
the place of ion generation to the inlet capillary leads to mass spectra that show many
additional signals and are not very useful (see figure 6.13). Apart from the [M−H]– and
the [M+O]– ions at m/z 138 and m/z 154, respectively, the remaining signals cannot
be assigned to the analyte and have not been identified.

2The absorption cross section of oxygen at 185 nm is 3×10−19 cm2 molecule−1 [291]. With an oxygen
molecule density of 5×1018 moleculecm−3 and a layer thickness of 4 mm, the Beer-Lambert law [33]
gives a transmission of 54.88 %.
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Figure 6.13: Mass spectrum of 2-nitrophenol in synthetic air when ionization takes
place upstream inside the LFIS.

6.3.1 Metal Coated Windows

To reduce the concentration of oxygen atoms and ozone inside the laminar flow ion
source the LiF window inside the LFIS near the capillary duct was replaced by a silica
window, which has a thin metal coating on the side facing the ion source volume (cf.
section 3.7.3.1). Irradiation of this window with the UV lamp produces photoelectrons
inside the LFIS and no light penetrates into the ion source. Therefore, no photolysis of
oxygen takes place, which would lead to oxygen atoms and ozone production.

While the mass spectra obtained with this setup show much less additional signals
under constant conditions, the sensitivity is much lower than with direct photoelectron
generation inside the LFIS. Figure 6.14 shows the mass spectrum of sulfur hexafluoride
in nitrogen, when a copper coated silica window is used. In addition to the SF–

6 ion at
m/z 146, the SF–

5 ion is observed at m/z 127. The third signal at m/z 89 is most likely
caused by impurities from previous measurements. The fact that SF–

6 is the primary ion
in the photoelectron mass spectrum indicates that the generated electrons are actually
thermalized. For electron attachment with electrons that exhibit a kinetic energy
of more than 0.3 eV, SF–

5 is preferably formed [100]. When SF–
6 is formed by thermal

electron capture, the energetically excited ion SF–
6
∗ is generated in the first step. It is

then quenched to the stable ion by collisions with background gas particles, which
is only possible at enhanced pressures [100]. This demonstrates, that photoelectron
generation is a soft ionization method under the given conditions.

Interestingly, ions were only observed with this setup when a low voltage was ap-
plied to the metal coating. This may be due to a fast charging of the layer when
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Figure 6.14: Mass spectrum of sulfur hexafluoride in nitrogen obtained with photo-
electron generation from a copper coated silica window.

photoelectrons are ejected from the metal, as the coating has a thickness of only sev-
eral nanometers, possibly necessitating the delivery of new electrons from an external
source. When the laminar flow ion source was used, no voltages were needed for
photoelectron generation. However, the LFIS was always conductively connected to
the mass spectrometer so that electrons could be delivered to the ion source from the
point of generation along the potential gradient.

The signal intensities obtained with the coated windows are generally very low. To
increase the sensitivity with this setup a laser with a wavelength of 266 nm is used for
photoelectron generation instead of the UV lamp. This is possible, as the light does
not penetrate the laminar flow ion source, due to the coating of the window. Thus, it is
not able to induce multi photon ionization of aromatic compounds. Even though the
sensitivity is increased by several orders of magnitude by the use of a laser, the metal
coating was damaged after only a few laser pulses. No difference of the stability of
the metal coating between both coating methods, PVD and sputtering, is observed.
Increasing the thickness of the metal coating results in a better stability with respect
to laser light irradiation, but leads to a drastic decrease in sensitivity.

6.4 Silica Capillary

The transfer time of at least 5 ms inside the laminar flow ion source inevitabely leads
to ion-molecule/radical reactions. Reduction of the transfer time is possible when
ionization takes place inside the inlet capillary, as was shown by Kersten et al. [38, 74].
For photoelectron generation a silica inlet capillary was used, which was partially
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Figure 6.15: Mass spectrum of sulfur hexafluoride in synthetic air obtained with ion-
ization within the partially silver-plated silica capillary.

silver plated on the inner capillary wall (for details see section 3.7.4).
Figure 6.15 shows a mass spectrum of sulfur hexafluoride measured in synthetic

air with the partially silver-plated silica capillary. In contrast to the mass spectrum of
sulfur hexafluoride shown in figure 4.17, where the SF–

6 ion at m/z 146 and the reaction
product SF4O– ion at m/z 124 are present, this spectrum only shows the molecular
anion of sulfur hexafluoride. The absence of ion-molecule/radical reaction products
is most likely due to the shorter reaction times.

Almost none of the experiments performed with this ion source reveals any frag-
mentation or product signals from ion-molecule/radical reactions. The M– or [M−H]–

ions are the only signals in the mass spectra. In agreement with the proposed reaction
mechanism in chapter 4, the deprotonated dimer ion, [M+M−H]–, and the oxygen
adduct ion, [M+O2]–, are observed for analytes containing a hydroxyl group. However,
by the adjustment of the level of CID processes occurring inside the transfer stage of
the mass spectrometer, i.e., the voltages applied to the capillary end cap, the skimmer
and the trap drive, the intensities of these signals can be minimized to virtually zero.

A major drawback of this ion source is the inhomogeneous silver surface on the
inner wall of the capillary, which is due to the manufacturing process. Thus, the
positioning of the UV lamp is a crucial factor for the amount of generated electrons. It
varies significantly for different positions and unfortunately positioning of the lamp
was not reproducible. The ion current inside the capillary was measured at every
centimeter along the capillary axis with a sensitive electrometer. The results are shown
in figure 6.16. The bars represent the number of ions generated at each position,
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Figure 6.16: Measured ion current along the silica capillary axis (bars) and the sum of
the ion currents up to the specific positions (line). The entrance of the
inlet capillary is at 0 cm, the exit into the mass spectrometer at 18 cm.

the line depicts the sum of the ion current at the specific position. It is shown that
most ions are generated between 10.5 and 13.5 cm and hardly any ions are generated
in the first part of the capillary. From 14.5 cm onwards the capillary is inside the
measurement chamber, thus no ion current can be measured in this range. Normally,
the lamp was positioned in the range of 9.5 to 13.5 cm where most ions are generated.
Rotation of the capillary along the main axis was found to lead to a different ion
current distribution. A second capillary was partially silver plated in the same way
gave a completely different ion current distribution as expected. Thus, reproducible
amounts of ions are not generated with this ion source.

A second drawback of this ion source is that in the first measurement of each day or
after modifications of the setup the signal does not appear immediately after switch-
ing on the UV lamp. It only appears after several minutes or when a 127 nm VUV-
photoionization lamp is positioned in front of the capillary duct producing a large
number of ions. This indicates that a charging of the capillary channel is necessary,
which means that a certain number of ions had to enter the inlet capillary before ions
are able to pass through it.

Furthermore, the signal intensity decays with time, which occurrs even though the
mixing ratio of the analyte and all other conditions were held constant. An example
of this signal decay is shown in figure 6.17. The signal drop outs in the measurement
are due to touching, i.e., grounding the capillary. As long as the capillary is grounded
the signal disappears, when the finger is removed the signal recovers instantaneously.
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Figure 6.17: Decreasing signal intensity with time for ionization within the partially
silver-plated silica capillary.

Only after very long time periods when the capillary is grounded constantly the signal
recovers slowly. The signal decay varies for different measurements, but after a time
period of 60 to 120 min the signal intensity always decreases to approximately 20 % of
the maximum intensity.

The characteristic feature of this ion source is the ionization inside the inlet capillary
by an electron capture mechanism at atmospheric pressure. Thus, the method is
termed capillary Atmospheric Pressure Electron Capture Ionization and is abbreviated
to cAPECI.

6.4.1 Branched Capillary

The mass spectra obtained with the partially silver-plated silica capillary were promis-
ing as ion-transformation processes are minimized. Furthermore, calculations showed
that illumination of the analytes with UV light does not lead to considerable photolysis
(cf. section 6.2). However, a capillary ion source was developed where the neutral
analyte is added to the main gas stream after primary ion generation, by connecting
two inlet capillaries in a way that is explained in detail in section 3.7.4.1.

With this ion source mass spectra are recorded that are comparable to those ob-
tained with the partially silver-plated silica capillary. The signals for all measured
analytes are identical to that obtained before; ion-transformation processes are thus
minimized. Sensitivities are in the same range, although this parameter is difficult to
compare because of the non-reproducible silver plating inside the silica capillary. No
analyte exhibited a significant improvement in terms of sensitivity or fragmentation
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Table 6.4: Comparison of the different metals used as photoemissive materials in the
cAPECI source design 1.

Metal Relative intensity (± 0.1)

Silver 1

Aluminum (long channel) 1

Silver plated (long channel) 0.9

Gold plated 0.8

Gold plated (long channel) 0.6

Aluminum 0.6

Steel 0.6

Copper 0.6

Nickel plated 0.5

Silver plated 0.3

Tungsten welding electrode 0.3

Samarium plated 0.2

compared to the silica capillary ion source described previously. However, there may
be analytes for which this ion source is advantageous, e.g., if they are thermally un-
stable or readily undergo photolysis, as no interaction with the UV light and the heat
from the mercury lamp takes place.

6.5 cAPECI Design 1

The cAPECI source design 1 was intended to provide a homogenous, reproducible and
exchangeable metal surface to avoid the disadvantages of the partially silver-plated
silica capillary. Thus, different metals were investigated as photoemissive materials
and the resulting sensitivities were compared. Although the analyte mixing ratio was
held constant, the instruments performance varied from day to day, leading to variable
sensitivities for each metal. The averaged relative intensities are shown in table 6.4.

The silver target and the aluminum target which has a 2.5-times longer channel
than the normal targets (cf. section 3.7.5 for details), show on average the highest
intensity. Surprisingly, the silver-plated aluminum target with the longer capillary
channel leads to a lower sensitivity than the target made of solid silver with the normal
channel length. The reason is most likely the surface cleanliness of the silver plating as
the silver-plated target with the normal channel length also shows a very low relative
signal intensity. This may also be the case for the gold-plated aluminum. However,
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why the gold-plated target with the longer channel leads to a lower sensitivity than
the shorter capillary channel length remains unclear. Aluminum, steel, copper and
nickel-plated aluminum all lead to comparable sensitivities. The theoretically most
promising materials, a samarium-plated copper target and a tungsten-lanthanide
welding electrode, which was inserted into an aluminum target below the capillary
channel (for details see section 3.7.5), give the lowest relative intensities. Samarium
has a comparably low work function of 2.7 eV [101] and the tungsten welding electrode
contains a lanthanide, which also reduces its work function. However, even though
these properties should lead to high quantum yields with the employed VUV light, the
signal intensities are the lowest compared with the other metals. This may be due to
the very fast oxidation of the lanthanides on the surface.

The influence of oxidation or other forms of aging of the surfaces on the photo-
electron yield were also studied for other metals. Most photoemissive materials show
surface changes with time, e.g., steel and silver. While the signal intensity of the copper
target does not change after several days, the sensitivity of the aluminum target in-
creases by a factor of two when the surface was freshly polished. However, an anodized
aluminum target, i.e., aluminum with a relatively thick layer of aluminum oxide on the
surface, gives a signal intensity comparable to that of freshly polished aluminum.

The effect of “aging” of the aluminum surface is not only due to the oxidation of the
surface. Other effects are involved, which were not further investigated during this
work. The anodized aluminum target does not show any dependence of the signal
intensity on the age of the surface. With this target an ion current of 4×10−10 A is
measured with the electrometer. Compared with an ion current of around 1.5×10−11 A
measured for the partially silver-plated silica capillary, this is a considerable improve-
ment in sensitivity.

With the cAPECI source design 1 and the silver-plated silica capillary short reaction
times were achieved. Laser ionization in the center of the ionization area of the cAPECI
ion source leads to transfer times of approximately 0.7 ms.

As a simple means to increase the sensitivity of the ion source the capillary channel
that is milled into the metal target was extended, increasing the area were the photo-
electrons are generated. Figure 6.18 shows the mass spectra of the aluminum target
with the straight capillary channel (upper panel) and that of the aluminum target with
a 2.5 fold longer capillary channel (lower panel).

Even though the channel length is more than doubled the signal intensity is in-
creased by less than a factor of two. Besides the larger signal intensity of the [M−H]–

signal of the analyte, an additional signal is observed at m/z 168. The transfer time
of the ion source with the longer capillary channel is increased on average to 1.2 ms,
which also increases the occurrence of ion-molecule/radical reactions. A possible
explanation for the signal at m/z 168 is an [M−H+O]– ion, which may form due to the
high mixing ratio of ozone and oxygen radicals generated by the VUV light of the low
pressure mercury lamp. Whether the increased sensitivity is more important than a
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Figure 6.18: Comparison of the mass spectra of 3-methyl-2-nitrophenol obtained with
an aluminum target with a straight capillary channel of 4.9 cm (upper
panel) and with a 2.5 times longer capillary channel (lower panel).
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Figure 6.19: Total ion current for a first measurement of a day. The UV lamp was
switched on at t=0.

mass spectrum without signals attributable to ion-transformation processes needs to
be decided on a case by case basis. However, the comparison of the two mass spectra
shows again that the transfer time is a crucial factor for the development of an efficient
ion source.

For the first measurement of the day or when the ion source was disassembled prior
to a measurement, activating the UV lamp does not immediately lead to an ion signal
in the mass spectrometer. The signal only starts to increase after several minutes, as
is shown in figure 6.19. The time after which the signal starts to rise varies from less
than a minute up to several minutes. This behavior is explainable similarly to the
observed characteristics of the silver-plated silica capillary. A “charging” of the ion
source must take place before ions can pass through and are then detectable in the
mass spectrometer (see chapter 5 on ion transmission effects for details).

The signal evolution is characteristic for the cAPECI source design 1; after a fast
increase the signal starts to decrease slowly with time and reaches a constant value
after long measurement times up to more than an hour. During this time the signal
decreases by a factor of 2 to 3 from its initial maximum to a nearly constant intensity.
Figure 5.16 shows the signal evolution for an extended time period. The reason for
the decreasing signal intensity with time are described in detail in chapter 5. The non
reproducible signal intensities hamper an analytical use of this ion source. Usage of
an ion source, which is completely made of anodized aluminum, in combination with
a sapphire glass window gave nearly constant signal intensities with time. The con-
ductivities of both materials are very similar and thus charging effects are minimized.
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6 Ion Source Development

However, the transmission of sapphire for the 185 nm line of the low pressure mercury
lamp, which is responsible for photoelectron generation, is only around 50 % [292],
leading to lower sensitivities.

The limit of detection was determined for an anodized aluminum target. The setup
ran for approximately two hours before the calibration curve was measured in order
to ensure that a steady state was reached. Due to the pseudo-first order kinetics taking
place during the ionization process a non-linear calibration curve is obtained as shown
in figure 7.14 in section 7.3. However, this curve is reproducible and a limit of detection
(3σ [293]) of less than 250 pptV is calculated for an acquisition time of less than 1 s.
The fitting function of the calibration curve is

y = 9.11 ·104 ·
[

1− (
1−1.14 ·10−3 · [M ]0

) ·e(−2.28·10−3·[M ]0)
]

(6.3)

6.6 cAPECI Design 2

The decreasing signal intensity with time of the cAPECI source design 1 hinders its
applicability for reproducible quantification. Thus, the next stage in the development
of an cAPECI source should lead to a design that maintains the characteristics and
advantages of the previous ion source, but also exhibits a stable signal intensity with
time. The results of the investigation on ion transmission properties of composite
inlet capillaries made of different materials suggested that an ideal inlet capillary for
the use with unipolar ion gas streams should be made of only one material. Therefore,
photoelectron generation inside the inlet capillary is not a viable option. To maintain
the short reaction times ionization takes place directly in front of the capillary duct
in a region of the improved ion source where the inner diameter of the source tubing
matches the diameter of the capillary channel (see section 3.7.6 for details). With this
setup, the signal intensity remains constant, an exemplary signal progression is shown
in figure 6.20. After an initial signal peak of 5 min and a short dip of the intensity,
the signal remains constant over the whole measurement period. The initial peak is
observed for nearly all measurements carried out with purely unipolar ion gas streams
(cf. chapter 5 on ion transmission measurements).

Figure 6.21 shows a mass spectrum of 3-methyl-2-nitrophenol. As expected, the
spectrum shows only one signal, the [M−H]– of the analyte. Furthermore, the sensitiv-
ity of this setup is comparable to that obtained with the cAPECI design 1.

The cAPECI source design 2 allows the addition of the analyte gas stream to the
main gas stream before or after the reagent ions are formed. However, mixing after the
reagent ions are generated is advantageous as the sensitivity is considerably increased
compared with the addition of the analyte before the gas passed the UV lamp.

Reaction Time To compare the influence of the reaction time, a second ion source
was build in which the primary ions and the analyte gas stream were mixed in a larger
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Figure 6.20: Temporal evolution of the signal intensity for a measurement with con-
stant conditions with the cAPECI design 2.
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Figure 6.21: Mass spectrum of 3-methyl-2-nitrophenol obtained with the cAPECI
source design 2 measured in synthetic air.
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Figure 6.22: Mass spectrum of 3-methyl-2-nitrophenol obtained with a cAPECI source
design 2 with a longer reaction time.

volume, leading to reaction times of more than 5 ms. Due to the longer transfer time
a large number of ion-molecule/radical reaction products are observed in the mass
spectrum shown in figure 6.22.

However, even for the setup with the longer reaction times of the generated ions, an
almost “clean” mass spectrum with a minor abundance of ion transformation prod-
ucts is obtained when the oxygen mixing ratio is reduced. Figure 6.23 shows a mass
spectrum of the same analyte when only 0.2 % oxygen is present inside the ion source.
The [M−H]– ion of 3-methyl-2-nitrophenol is the only significant signal. Interestingly,
the signal intensity is only 0.8 times lower than that obtained with synthetic air (20 %
oxygen, see figure 6.22).

The dependence of the deprotonated anion of the analyte and the fragment ions on
the oxygen mixing ratio is shown in figure 6.24. As indicator for the total amount of
ion-transformation processes taking place after ionization, the yellow line represents
the sum of all additional signals in the mass spectrum except for the [M−H]– signal at
m/z 152. The desired m/z 152 signal has an intensity maximum at an oxygen mixing
ratio of approximately 3.5 %. All the ion transformation products show a similar
intensity dependence on the oxygen mixing ratio, albeit the maximum intensities
do not match exactly with respect to the O2 mixing ratio. The ions at m/z 122 and
m/z 168 reach their intensity maxima at roughly the same oxygen mixing ratio as the
deprotonated anion of the analyte. The other two ions do not reach the maximum until
a mixing ratio of 6.5 %. As these two ions show the higher absolute signal intensities,
the sum of the product ions also has its maximum intensity at this mixing ratio. The
coincidence of the signal behavior of the two ion pairs with the maximum at the same
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Figure 6.23: Influence of a decreased oxygen mixing ratio (0.2 %) on the mass spec-
trum of 3-methyl-2-nitrophenol obtained with the cAPECI source design
2. Compare with figure 6.22 for the spectrum with 20 % oxygen.
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Figure 6.24: Dependence of the observed signal intensities with the cAPECI source
design 2 with a longer reaction time on the oxygen mixing ratio. The
yellow line represents the sum of the reaction products.
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6 Ion Source Development

mixing ratio is striking. It is most likely that the ions with the lower mass-to-charge
ratio both are fragments from the other ions.

6.7 Summary and Outlook

The measurement of work functions at atmospheric pressure led to similar values
as obtained at low vacuum conditions and those reported in the literature for high
vacuum conditions. As expected, the signal intensity was highly dependent on the
laser intensity and the voltage applied to the photoemissive electrode. Only the work
function of gold showed a variation with the power density. The examination of
different surface conditions revealed a high dependence of the signal intensity not
only on the surface oxidation, but also on the presence of water or organic molecules
on the surface. The work function was observed to change with the surface condition
of the metal. The largest change was observed for aluminum, the surface of which is
quickly oxidized. Metals with more noble character, e.g., silver, which have an almost
inert surface, did not show a variation of the work function.

Gold is the only metal for which a deviation between the measured work function
and the literature value was observed. Even though the reason for this difference
could not be determined, several possible explanations were ruled out. As a quadratic
dependence of the signal intensity on the power density was not observed, second
harmonic generation, leading to VUV photons and the two photon photoelectric effect
were excluded. The effect occurred only at enhanced power densities and also when
the laser beam did not irradiate the metal electrode. To determine the cause for this
effect detailed investigations are necessary.

To built an ion source, which generates ions based on the photoelectric effect, a
suitable light source was chosen and characterized. A low pressure mercury lamp pro-
vides light in the required wavelength range with emission lines at 254 nm and 185 nm.
Due to the absence of VUV light no direct photoionization takes place and due to
the low photon densities compared with laser light, no multi photon ionization can
occur. Furthermore, photons are emitted continuously with a good long term stability.
However, large amounts of ozone are generated by the UV lamp. For oxygen mixing
ratios present in synthetic air a mixing ratio of 1.6 ppmV ozone is established. This
high ozone mixing ratio and the resulting high oxygen radical mixing ratio show that a
short transfer time from the place of ion generation to the vacuum part of the mass
spectrometer is crucial to circumvent the occurrence of extensive ion-transformation
processes.

Several ion sources were designed, each iteration addressing the disadvantages of
the previous source. The first laminar flow ion source showed that ionization via the
photoelectric effect is feasible, but due to long reaction times signals attributable to
ion-molecule/radical reactions were observed in the mass spectrum, rendering a clear
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signal identification difficult. To decrease the transfer time the region of ionization
was moved into the inlet capillary and a partially silver-plated silica capillary was used
as ion source. This had the desired effect and for nearly all analytes only one signal was
observed in the mass spectrum, i.e. the M– or [M−H]– . However, the signal intensity
decreased over the measurement period by a factor of 2 to 3 and the silver plating
inside the inlet capillary could not be performed reproducibly. In an attempt to have
an exchangeable, homogenous photoemissive material in the irradiated region the
cAPECI source design 1 was build. Here, ionization still takes place in the inlet capillary.
This led to sensitive, reproducible mass spectra. Aluminum, anodized aluminum and
silver gave the highest sensitivities, while only anodized aluminum did not show a
variation of the signal intensity with the age of the targets surface. However, the signal
intensity also decreases with time for this ion source. The latest version, the cAPECI
source design 2, gives a constant signal intensity with time because the glass inlet
capillary is not modified as ionization takes place in front of it. To maintain the short
reaction times the inner diameter of the ion source tubing is reduced to the dimension
of the capillary channel where the analyte gas stream and the reagent ion gas stream
are mixed.

The newly developed ionization source combines all the desired characteristics.
It gives low limits of detection of less than 250 pptV for an acquisition time of less
than 1 s, provides “clean” mass spectra with high signal-to-noise ratios and a high
selectivity towards analytes with high electron affinities or acidic protons.
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In the previous chapter, the newly developed ionization method and several ion
sources were characterized. To show the adaptability for “real-world problems”, several
applications in different fields were carried out and are described in the following.
The coupling of the mass spectrometer with a gas chromatograph adds a preceding
separation stage before the ionization takes place. This allows the measurement of
complex samples containing different analytes and matrix components. An important
application is the use of cAPECI in atmospheric chemistry, where the measurement of
(nitro-)phenols is crucial in many areas. Proton transfer reaction mass spectrometry is
a widespread technique in atmospheric chemistry, therefore a comparison of cAPECI
with PTR was performed. With the cAPECI ion source design 1 rate constants for
reactions between analyte and primary reactant ions, e.g., O–

2, were determined. The
procedure is described in detail in section 7.3 and an example is given. The last
application described here was the use of the novel ionization method as an “ambient”
method that can be used for the desorption and ionization of analytes from surfaces.

7.1 GC-cAPECI-MS Hyphenation

The hyphenation of GC with a mass spectrometer is a common analytical method for
the analysis of complex samples. It is widely used for the detection of nitro-aromatic
compounds and explosives [209, 294–298]. For nearly all common ionization methods,
ion sources exist which allow easy coupling between GC and MS. An ideal ion source
should be heated to prevent condensation of low volatile analytes coming from the
GC on cold surfaces in the ion source. It should have a small gas volume and require
minimal amounts of additional gas in order to prevent unnecessary dilution of the
analyte. Furthermore, the short reaction times realized with the cAPECI ion sources
should be retained. Two different setups for the coupling of cAPECI with a GC were
investigated. In the first setup, the transfer line, transporting the analyte from the GC
oven to the ion source while maintaining the separation performance, was mounted
in a straight line with the inlet capillary (see section 3.8). The reagent ion gas stream
was mixed downstream with the GC effluent where the tubing size has the same inner
diameter as the inlet capillary, similar to the cAPECI source design 2. In the second
setup, the transfer line was mounted perpendicular to the inlet capillary. Thus, the
main gas stream (0.9 to 1.5 Lmin−1) entered straight into the inlet capillary and the
analyte containing GC effluent (100 to 400 mLmin−1) was added from the side. The
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Figure 7.1: GC-cAPECI-MS chromatogram of a mixture of six compounds dissolved
in hexane. For the measurement conditions see section 3.8. For peak
assignment see table 7.1.

results obtained with these two setups were compared with that of the ion source
implemented directly within the capillary (cAPECI source design 1).

Setup 1 First of all the separation efficiency of the setup was determined using a
mixture of six analytes dissolved in hexane. The compounds are listed in table 7.1.
All analytes show only one mass signal, either the M– or [M−H]– signal. Thus, the
TIC of the chromatographic run is shown in figure 7.1 and not the mass traces of
the individual ions. Six signal peaks with different intensities are recorded. The
chromatographic properties are summarized in table 7.1. Peak widths are in the range
of 2.2 to 7.4 s, which is a favorable result but leaves room for further improvements.
This is also the case with respect to the sensitivity, as the concentrations of the analytes
are comparably high. A volume of 1 µL was injected, resulting in 53 to 436 pmol of
analyte on the column. As expected, the signal-to-noise ratios are high, due to the
“clean” mass spectra with low background noise.

One major advantage of the newly developed ionization method is that generally
only one signal peak per analyte is detected. The mixture used for the GC-MS measure-
ment shown in figure 7.1 was also analyzed without chromatographic separation. As is
shown in figure 7.2, except for 2,4-dinitrotoluene, signals of all analytes are present in
the mass spectrum. One signal peak per analyte is observed and one additional signal
at m/z 196, which has not been identified. 1,4-benzoquinone shows a M– signal (BQ,
m/z 108) and the phenols show the [M−H]– signals. These were 2,4,6-trimethylphenol
(TMP, m/z 135), 2-nitrophenol (NP, m/z 138), 3-methyl-2-nitrophenol (152, m/z 152)
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Figure 7.2: Mass spectrum of the same mixture as in figure 7.1, but without chromato-
graphic separation.

and 2,4-dinitrophenol (DNP, m/z 183). The absence of a 2,4-dinitrotoluene signal
in the resulting mass spectrum may be due to the low vapor pressure compared to
the other compounds, which are 6.8×10−3 mbar at 20◦C for 2,4-dinitrotoluene [299]
and 1.3 mbar at 49.3◦C for 2-nitrophenol [101].

To demonstrate the dynamic range and the limit of detection exemplary measure-
ments were made for one analyte. Figure 7.3 shows the linear range of 2-nitrophenol
for a concentration range of 0.6 to 150 µmol L−1 and an injection volume of 1 µL. The
linear fitting function is [Peak Area] = 1.32 ·104 · [Conc.]+2.18 ·104 with a regression
coefficient of R2 = 0.998. With the method of Kaiser and Specker (3σ) [293] a limit of
detection of 187 nmolL−1 is calculated.

Setup 2 The second setup differs from the first in the orientation of the gas feedings.
The primary ion gas stream (≈ 1 Lmin−1) goes straight into the inlet capillary and the
neutral analyte gas stream (≈ 300 mLmin−1) perpendicularly. This should reduce the
loss of reagent ions. However, the modification turned out to have only a small impact
on the sensitivity of the GC-MS coupling.

A mixture of seven nitro-aromatic compounds was used to test if the chromato-
graphic performance of the setup changed. A list of the compounds present in the
mixture and their chromatographic characteristics is given in table 7.2, the chro-
matogram is shown in figure 7.4. Hexogen (RDX) and Octogen (High Molecular Weight
RDX, HMX) are not observed in the mass spectrum. They were also not present in
the GC flame ionization detector (FID) spectrum which was provided with the ana-
lytical standard certificate of the mixture by the manufacturer. Both compounds are
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Figure 7.3: Determination of the linear range of the GC-cAPECI-MS setup version 1
for 2-nitrophenol.
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Figure 7.4: GC-cAPECI-MS chromatogram of a certified nitro-aromatic explosives
mixture of seven compounds. Hexogen and Octogen are not observed. The
peaks are assigned in table 7.1.
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Figure 7.5: Determination of the linear range of 2,4,6-trinitrotoluene detection with
the second GC-cAPECI-MS setup.

thermally unstable and it is often reported in the literature that they are not readily
measurable with GC-MS without significant fragmentation occurring [294, 297, 298].
Compared with GC-cAPECI setup 1 the chromatographic performance is not affected.

The limit of detection and the linearity for 1,3,5-trinitrotoluene in the nmolL−1

range were determined, as is shown in figure 7.5. The linearity is well acceptable
over the concentration range investigated. The linear fit yields a calibration line of
[Peak Area] = 3689.5 · [Conc.]+21775 with a correlation coefficient of R2 = 0.996. The
limit of detection was calculated to be 2 nmolL−1 with the method of Kaiser and
Specker (3σ) [293]. With an injection volume of 1 µL this corresponds to a LOD
of 2 fmol.

As many nitro-aromatic compounds and particularly explosives are thermally more
or less unstable, the temperature of the transfer line and the ion source are crucial
factors for the sensitivity of the setup. Figure 7.6 shows the impact of the tempera-
ture of the transfer line on the signal intensity of 2-nitrophenol. A decrease of the
temperature from the commonly used 300◦C to 200◦C leads to a doubling of the peak
area. The peak width is unaffected. Compared with compounds as for example RDX,
2-nitrophenol should be thermally much more stable, thus this change of the peak
area with temperature should be more distinct for explosive compounds than for
nitrophenol.

This setup was compared to the coupling of GC with the cAPECI source design 1,
which has the ion source integrated into the inlet capillary (cf. section 6.5). Neutral
analyte was delivered by the GC. However, neither the sensitivity, nor the chromato-
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Figure 7.6: Signal peaks of 2-nitrophenol for two different temperatures of the GC
transfer line.

graphic characteristics, e.g., the peak capacity, change when using this setup. The
reduced reaction time gives a slightly lower background noise level. The main ad-
vantage of this setup is that changing to direct sampling or desorption sampling is
straight forward. Furthermore, also other ion sources can be mounted in front of this
ion source.

7.2 Atmospheric Chemistry

The detection of nitro-aromatic compounds is an important field in atmospheric
chemistry (section 1.7). A relatively new, but already widespread method used espe-
cially in atmospheric chemistry is proton transfer reaction mass spectrometry intro-
duced by Hansel in 1995 [192]. To examine the applicability of cAPECI in the field of
atmospheric chemistry for the selective detection of nitrophenols, phenols and other
compounds with elevated electron affinity or high gas-phase basicity, cAPECI was
directly compared to the performance of a PTR-TOF-MS and the limit of detection was
exemplary determined for one compound with both instruments. Furthermore, as an
example for an application in atmospheric chemistry a photo-oxidation study of 3-
methyl-2-nitrophenol was carried out with simultaneous monitoring of the processes
using both instruments [82, 257, 300, 301].
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7.2.1 Comparison of cAPECI and PTR

Different compounds were simultaneously measured with the PTR-TOF-MS and the
cAPECI ion source coupled with the ion trap mass spectrometer. The analyte chosen
as representative for the compound class of nitrophenols was 2-nitrophenol (139 Da).
Mass spectra obtained with cAPECI and PTR in ambient air are shown in figure 7.7. The
PTR generates only positive ions. All mass spectra shown here from the PTR-MS were
recorded in the positive ion mode, while all the cAPECI mass spectra were obtained in
negative ion mode.

As expected, the cAPECI mass spectrum shows only one peak, the [M−H]– ion of
the analyte. In the PTR mass spectrum the signal with the highest intensity is the
[M+H]+ signal of the analyte. A second signal assignable to the analyte is recorded
with a relative intensity of 60 % at m/z 122 and identified as the [M+H−H2O]– ion.
This ion is generated inside the drift tube of the PTR-MS by CID processes. During
the measurements shown a reduced field strength of 130.5 Td was used. This can
easily lead to CID processes, for example, the dissociation of water from compounds
that contain hydroxyl groups. A third signal is observed in the PTR mass spectrum at
m/z 78.

The second compound class studied was the group of nitro-aromatic compounds
without hydroxyl functions. The mass spectra of 2-nitro-isopropylbenzene (165 Da)
measured with cAPECI and PTR are shown in figure 7.8. With cAPECI M– is the only
signal in the mass spectrum. PTR generates the [M+H]+ ion for most analytes. This is
also the case for 2-nitro-isopropylbenzene where [M+H]+ is the most intense signal in
the PTR mass spectrum. The additional signal at m/z 106 remains unidentified.

An exemplary limit of detection was determined for both ionization methods us-
ing 3-methyl-2-nitrophenol. The LOD is determined by the method of Kaiser and
Specker [293] and a threefold standard deviation (3σ) is used. For the PTR-MS, a limit
of detection of ≤ 250 pptV during a measurement period of 30 s is obtained [257]. For
cAPECI the limit of detection is ≤ 1 ppbV, for a measurement period of less than 1 s.

It is worth noticing that the measurements described here for cAPECI were carried
out with the silica capillary which was partially plated with silver on the inside (cf.
section 6.4). Compared to this ion source, the stages developed later during the course
of this work showed significantly higher sensitivities (cf. section 6.6). Unfortunately the
PTR instrument was not available for comparison measurements during the further
development stages of the cAPECI ion source.

7.2.2 Photo-Oxidation Study

To investigate the applicability of cAPECI for atmospheric chemistry measurements
under realistic conditions, a photo-oxidation study was carried out [82, 257, 300]. As
analyte, 3-methyl-2-nitrophenol was chosen. The residence time of the analyte in the
photo-oxidation chamber was approximately 22 min. For details on the experimental
setup see section 3.9.
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Figure 7.7: Mass spectra of 2-nitrophenol recorded simultaneously with a) cAPECI ion
trap (negative ion mode) and b) PTR-TOF-MS (positive ion mode).
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Figure 7.8: Mass spectra of 2-nitro-isopropylbenzene recorded simultaneously with
a) cAPECI-ion trap (negative ion mode) and b) PTR-TOF-MS (positive ion
mode).
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Figure 7.9: a) cAPECI mass spectrum of 3-methyl-2-nitrophenol prior to the photo-
oxidation. b) cAPECI mass spectrum of the same analyte with the UV lamps
switched on.
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Before the UV/VIS lamps (emission from λ= 290 to 460 nm) are switched on, the
main signal in the mass spectrum generated with cAPECI is the [M−H]– at m/z 152.
Due to the reduced voltages applied to the ion optics reducing CID processes there are
also signals corresponding to [M+O2]– ion at m/z 185 and the dimer ion, [M+M−H]–,
at m/z 305 (see figure 7.9 a). When the photo-oxidation lamps are switched on, two
additional signals appear in the cAPECI mass spectrum at m/z 137 and m/z 167, as
shown in figure 7.9 b.

The extracted ion chromatograms of the analyte precursor, i.e., [M−H]– and photo-
oxidation products were monitored and are shown in figure 7.10. Before the lamps
are switched on, a constant signal of the deprotanated analyte is observed. When
the photo-oxidation is initiated, the intensity of this ion increases initially, due to
the heating of the glass tube by the UV/VIS lamps. Then, the signal decreases with
time to around 65 %. The signals of the reaction products slowly increase. The signal
at m/z 137 appears shortly after the lamps are switched on, while the other signal
m/z 167 only appears after approximately 18 min. This suggests that the second ion
is from a photo-oxidation product of the compound corresponding to the first signal
at m/z 137. In addition to photolysis products from the analyte ion, products of the
analyte decomposition induced by OH radicals may occur, as the photolysis of ortho-
nitrophenols results in the formation of HONO, the photolysis of which produces
hydroxyl radicals [226].

After the UV lights are switched off, the precursor ion signal immediately starts to
increase, but does not reach its initial intensity even after one hour of waiting time.
The reason for this effect remains unclear, particularly since the extracted ion chro-
matogram (EIC) of the analyte ion recorded with the PTR reaches the same intensity.
The extracted ion chromatograms of the product signals do not decrease immediately
after the lights are switched off, this occurs only after several minutes. This may be due
to product molecules that stick to the glass walls or the Teflon tubing that connects
the photoreactor with the mass spectrometers. An identical effect is observed with the
PTR-MS [257].

In the analyte mass spectrum recorded with the PTR-MS without photo-oxidation
the [M+H−H2O]+ signal has the highest intensity, followed by the [M+H]+ signal
of the analyte with 47 % intensity. Furthermore, a signal at m/z 92 with approxi-
mately 20 % intensity is present, which is not assignable to a specific ion. Starting the
photo-oxidation process results in the occurrence of two additional signals. These
are recorded at m/z 138.0531 and m/z 168.0286. Other signals also appear during the
photo-oxidation phase in the PTR mass spectrum; an overview is given in table 7.3.

For the determination of the photo-oxidation products, the availability of the mass
spectra from both cAPECI and PTR is advantageous as it gives valuable structural
information. While PTR almost exclusively forms the [M+H]+ ion, ionization with
cAPECI leads to the M– or [M−H]– ion depending on the presence of a hydroxyl group.
The product molecule does contain a hydroxyl group when the signals in PTR and
cAPECI mass spectrum have a nominal difference of 2. As both signals observed during
the present study only have a difference of one, both products thus do not contain
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Figure 7.10: Extracted ion chromatograms for the analyte precursor (m/z 152) and
the two reaction products recorded at m/z 137 and m/z 167.

an OH group. Additionally, the PTR-TOF-MS is a high resolution instrument with a
resolution in the 1×104 range. The combination of the available information allows
the structure determination of one product as shown in figure 7.12. The structure of
the other product has not yet been determined. However, a molecular composition of
C7H5NO4 with a deviation of −3.0 ppm is proposed (see table 7.3). As this study was
a test of the applicability of the ionization method, no effort was made to elucidate
a reaction mechanism which relates the analyte ion with the product structure. The
other photo-oxidation products observed in the PTR spectrum are also not assigned
to a specific molecular structure. The signals at m/z 120 and m/z 150 can be fragment
ions of the ions with m/z 138 and m/z 168, respectively. The mass difference of 18

Table 7.3: Observed product ion signals with the PTR-MS for the photo-oxidation
study.

m/z Molecular formula Relative mass accuracy [ppm]
113.0590 C6H8O2H+ −6.2
120.0451 C7H5NOH+ 5.8
138.0531 C7H7NO2H+ −13.8
150.0182 C7H3NO3H+ −2.7
168.0286 C7H5NO4H+ −3.0
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Figure 7.11: a) PTR mass spectrum of 3-methyl-2-nitrophenol prior to photo-
oxidation. b) PTR mass spectrum of the same analyte when the UV lamps
are switched on.
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Figure 7.12: Proposed structure of the product ion in the photo-oxidation study. The
structure of the second product is not identified.

and the parallel course of the signal intensities indicate the loss of a water molecule
(see [257] for details).

7.3 Determination of Rate Constants

With the cAPECI ion source design 1 the determination of rate constants for the
reaction of molecules with superoxide or other reagent ions is possible [302]. There
are only a few reports in the literature on the rate constants for these reactions.

In this ion source, oxygen is in large excess over thermal electrons, which leads to a
collisionally controlled reaction rate of the electron attachment. A typical value for
the mixing ratio of thermal electrons generated by the photoelectric effect within the
ion source is in the range of 100 pptV, which is therefore the upper limit for the mixing
ratio of superoxide. In most cases, the analyte mixing ratio is larger by several orders
of magnitude (ppbV range). Thus, it is safe to assume a pseudo-first order reaction
with respect to O–

2. The change of the mixing ratio of superoxide cannot be monitored
directly with the mass spectrometer, but the change of the mixing ratio of the products,
which is also pseudo-first order with respect to the analyte.

The major issue with this approach is that there is no defined position where the
two reactants are mixed, which means that there is no clearly defined reaction time.
However, the ion source is divided into two distinct regions, which are depicted in
figure 7.13. In region A photo electrons are generated uniformly and are directly trans-
formed to O–

2. Reaction between the superoxide and the analyte is already occurring
in this region. In region B, which is an inlet capillary segment to connect the ion
source with the mass spectrometer, no ions are produced and only reaction with the
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Region A

Region B

Region A
production rate of 
electrons = ke = constant

Region B
              ke = 0

t0=0 t=tA t0=tA+B

time

Figure 7.13: Schematic of the cAPECI ion source design 1. In region A ions are uni-
formly generated by the photoelectric effect. In region B no ions are
formed. In both regions the reaction of analyte molecules with superox-
ide occurs.

analyte takes place. The calculated residence time of molecules inside both regions is
roughly the same, with tA ≈ 480µs in region A and tB ≈ 490µs in region B. After passage
through the inlet capillary the ions reach the first vacuum stage and then later the ion
optics leading to the mass analyzer. The number of collisions and the concentration
of the neutral reactant decreases drastically when the pressure is reduced, resulting in
strongly decreased reaction rates. Thus, these regions are not included in the kinetic
analysis.

The simultaneous generation of superoxide and the reaction with the analyte inside
the ion source (region A) renders a formal description difficult. Thermal electrons are
uniformly generated in this region, resulting in a linear increase in superoxide ions
along the way through this region. However, as soon as superoxide ions are formed, the
reaction with the analyte starts, resulting in an exponential decrease of the superoxide
concentration along the linearly increasing concentration profile. These two processes
must be taken into account in a formal kinetic description of this region.

Region A For the kinetic description of region A the following assumptions are
made: The gas streams are assumed to be ideally mixed over the entire cross section
of the capillary channel. As mentioned before in section 1.2, the gas flow in the inlet
capillaries used here are considered as fully developed turbulent, ensuring a fast and
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complete mixing inside the capillary channel. Furthermore, only superoxide and
not superoxide water clusters may react with the analyte. Even though there is a
very high probability that this assumption holds true, it needs to be verified in future
experiments.

The photoelectric effect generating thermal electrons in region A is regarded as a
zero-order reaction.

d [e−]

d t
= ke (7.1)

The rate constant of this reaction, ke , depends on the irradiated surface area, the
quantum yield of the electron generation and the photon flux, which all remain con-
stant during the course of the reaction. As stated previously, oxygen is in large excess
compared to the thermal electrons. The electron capture reaction of oxygen is a third
order reaction, as a third body is necessary to carry away excess energy. Oxygen as
third body is much more efficient than nitrogen, the rate constant with O2 as third
body is two orders of magnitude larger than for N2 (see equations R 3.1 and R 3.2 in
section 3.2). The rate law for this reaction is

d [O−
2 ]

d t
= k · [e−] · [O2] · [O2] (7.2)

The right hand side of equation 7.2 is equal to the pseudo-zero order rate constant kO−
2

for the formation of O–
2:

kO−
2
= k · [e−] · [O2] · [O2] (7.3)

d [O−
2 ]

d t
= kO−

2
(7.4)

Integration yields:

[O−
2 ] = kO−

2
· t (7.5)

The consumption of O–
2 through reaction with the analyte is described by

O−
2 +M −−→ P+X (R 7.1)

where M denotes the analyte, P the ionic products and X other neutral products,
e.g., HO2. The rate constant of this reaction is k2. As stated in chapter 4, the reaction of
superoxide yields an adduct ion for analytes exhibiting a high gas-phase acidity. How-
ever, in the mass spectrum only the [M−H]– is observed due to CID processes in the
ion optics. It is assumed that the efficiency of the CID processes occurs reproducibly
and does not change with the number of precursor ions present.

Based on reaction R 7.1 the rate law for the generation of product ions is

d [P ]

d t
= k2 · [O−

2 ] · [M ] (7.6)
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The large excess of the analyte concentration compared to the concentration of super-
oxide leads to a pseudo-first order production rate.

d [P ]

d t
= k ′ · [O−

2 ] with k ′ = k2 · [M ] (7.7)

For analytes with a negative electron affinity reaction R 7.1 is termolecular, where a
third body (TB) is necessary for the reaction to proceed. In this case the reaction is in
the high pressure limit and the concentration of the third body is included in the rate
constant.

k ′ = k2 · [M ] · [T B ] (7.8)

Substituting equation 7.5 into equation 7.7 yields

d [P ]

d t
= k ′ ·kO−

2
· t (7.9)

Integration of this equation with t = 0 as the lower and tA as the upper limit leads to

[P ]tA = k ′ · 1

2
·kO−

2
· t 2

A (7.10)

Region B In the second region only the reaction of superoxide with the analyte takes
place. The rate law is the same as given in equation 7.7, except that the concentration
of superoxide cannot be replaced by equation 7.5 describing its formation.

Integration of this equation leads to

[P ]t = [O−
2 ]tA − [O−

2 ]tA ·e(−k ′·t ) (7.11)

After region B the concentration of the product is

[P ]tB = [O−
2 ]tA ·

(
1−e(−k ′·tB )

)
(7.12)

Combination of both regions The description of the overall product concentration
is determined by addition of equations 7.10 and 7.12.

[P ]tAB = [P ]tA + [P ]tB (7.13)

giving:

[P ]tAB =
(
k ′ · 1

2
kO−

2
· t 2

A

)
−

[
[O−

2 ]tA ·
(
1−e(−k ′·tB )

)]
(7.14)

The concentration of superoxide at time tA is given by the difference between the
total concentration of superoxide produced after tA and the concentration of the
products generated.

[O−
2 ]tA = [O−

2 ]t − [P ]tA (7.15)
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Figure 7.14: Dependence of the signal intensity of the [M−H]– on the mixing ratio of
3-methyl-2-nitrophenol. The curve was fitted using equation 7.20.

With 7.5 and 7.10 follows

[O−
2 ]tA = kO−

2
· tA − 1

2
·k ′ ·kO−

2
· t 2

A (7.16)

Insertion into equation 7.14 leads to

[P ]tAB =
(
k ′ · 1

2
kO−

2
· t 2

A

)
−

(
kO−

2
· tA −k ′ · 1

2
kO−

2
· t 2

A

)
·
[

1−e(−k ′·tB )
]

(7.17)

which simplifies to

[P ]tAB = kO−
2
· tA ·

[
1−

(
1− 1

2
·k ′ · tA

)
·e(−k ′·tB )

]
(7.18)

Replacing k’ with the expression in equation 7.7 yields finally

[P ]tAB = kO−
2
· tA ·

[
1−

(
1−k2 · [M ]0 · 1

2
· tA

)
·e(−k2·[M ]0·tB )

]
(7.19)

The transfer times, tA and tB and the initial concentration of the analyte are known.
The concentration of the product cannot be determined directly but is directly propor-
tional to the signal intensity of M– or [M−H]–obtained from the mass spectra. Thus,
the rate constant of the reaction between superoxide and the analyte, k2, is readily de-
termined. Furthermore, the pseudo-zero order rate constant for the electron capture
reaction of oxygen is calculated.
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Example An example for this procedure is given in the following. 3-methyl-2-
nitrophenol is chosen as analyte and the [M−H]– signal is considered as reaction
product. Figure 7.14 shows the signal intensity of the [M−H]– ion in dependence on
the mixing ratio of the analyte. The best fit to the data in figure 7.14 is obtained with
equation 7.20 with a correlation coefficient of R2 = 0.9986.

[P ] = 4.77 ·10−4 ·1.910 ·108 ·
[

1−
(
1− 1

2
·4.77 ·10−4 ·4.789 · [M ]0

)
·e(−4.87·10−4·4.789·[M ]0)

]
(7.20)

The rather strange form of equation 6.3 is chosen to simplify the comparison with
equation 7.19. An overall pressure of 610 mbar is assumed for both regions (see
figure 1.2 in section 1.2) to determine the rate constants, yielding kO−

2
= 1.7×108

± 0.5×108 moleculecm−3s−1 and k2 = 3.2×10−10 ± 1×10−10 cm3 molecule−1 s−1, re-
spectively.

Kinetic Simulation Monte Carlo simulations were carried out to determine the
concentration profile in the two regions of the ion source. For this purpose, the recently
developed Reaction Simulation extension for the charged particle solver Simion was
used [26, 65, 260]. The statistical simulation considers the molecules residing inside
a volume of 0.01 cm3. A total number of 4000 time steps, with a maximum time step
duration of 8×10−7 s, were used for the simulation and 5×109 analyte molecules
present inside the simulation volume were chosen. The reaction times inside each
region were set to 560µs for region A and 420µs for region B.

Two different scenarios were tested, differing in the rate constant used for the reac-
tion of superoxide with the analyte. For the electron capture reaction of oxygen a rate
constant of kO−

2
= 1×108 moleculecm−3 s−1, estimated from the third order literature

value [102] was assumed. The rate constant for the reaction of the analyte with super-
oxide was set to the collision limit, which relates to k2 = 1×10−9 cm3 molecule−1 s−1

(figure 7.15 a). A second simulation used a slightly lower rate constant for k2 of
1×10−10 cm3 molecule−1 s−1 (figure 7.15 b). Inlet capillaries are used to reduce the
pressure from atmospheric pressure inside the ion source to some millibars inside the
first vacuum stage. The pressure inside the inlet capillary and thus inside the capillary
ion source, steadily decreases, resulting in a constant decrease in the number density
during the course of reaction. The average pressures in the two regions are 680 mbar
and 450 mbar, respectively. Pressures of 680 mbar in region A and 477 mbar in region
B were assumed for the simulation.

The collision controlled reaction simulation (figure 7.15 a) shows for region A a
steady increase of the O–

2 mixing ratio during the passage through the ion source.
Shortly after the superoxide ions are generated, the formation of product ions starts. At
the end of region A, the number of molecules of the product has increased to approxi-
mately 83 % of the number of superoxide ions. The discontinuity in the concentration
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Figure 7.15: Monte Carlo simulation showing the concentration profiles of superoxide
and the reaction product, with a) collisionally controlled rate constants
(kO−

2
=1×108 moleculecm−3 s−1 and k2=1×10−9 cm3 molecule−1 s−1) and

b) rate constants of kO−
2

= 1×108 moleculecm−3 s−1 and k2 =
1×10−10 cm3 molecule−1 s−1.
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traces at the transition from region A to region B is a simulation artifact, as a fixed
pressure is assumed for both regions instead of a steady pressure decrease along the
ion source. In region B no more superoxide is formed, thus the concentration of O–

2
decreases since the reaction with the analyte proceeds. The number of molecules of
the product increases correspondingly. When the reaction rate between analyte and
superoxide is assumed to be lower (k2 = 1×10−10 cm3 molecule−1 s−1, figure 7.15 b))
the shape of the concentration profiles remain similar. However, due to the slower
reaction between analyte and superoxide, the number of superoxide ions rises to
a much higher value compared with the collisionally controlled case. At the same
time, the concentration of the product ions increases only to a small fraction of the
superoxide concentration.

A further decrease of the rate constant for the reaction between O–
2 and analyte

would lead to a reaction too slow to occur significantly during the limited reaction
time inside the ion source. Thus, with this method only relatively fast ion-molecule
reactions (1×10−8 ≥ k2 ≤ 1×10−11 cm3 molecule−1 s−1) are measurable. It is noted
though that most ion-molecule reactions proceed at or even above the collision limit
or do not occur at all [50].

7.4 Desorption APECI

Desorption from surfaces is an important field especially for the detection of explosive
compounds by wipe tests. While the long term goal is the development of a laser
desorption stage in front of a capillary APECI source, two different ways to desorb
analytes from surfaces are introduced in the following. The first version uses a gas
stream of synthetic air that is directed onto the target. The gas stream was not heated
for the measurements described. Heating the gas stream would lead to a larger amount
of analyte desorption from the target and will be investigated in future experiments. A
volume flow slightly higher than the volume flow that passes through the inlet capillary
gave the highest analyte intensities and the cleanest mass spectra. The positioning
of the gas stream on the target is not very important for the sensitivity, as long as
the gas stream hits the target near the capillary duct. A narrower gas stream would
improve the spatial resolution of the desorption process, but then the accuracy of the
positioning of the gas stream would have to be controlled precisely.

The mass spectra of two exemplary compounds are shown in figure 7.16. Picric
acid was desorbed from human skin, which was held in front of the capillary duct.
Tetrachloro-p-benzoquinone was desorped from a copper plate. Both mass spectra
show only one signal, corresponding to the [M−H]– ion in the case of picric acid
and M– for tetrachloro-p-benzoquinone. Tetrachloro-p-benzoquinone contains four
chlorine atoms and the correct chlorine isotope pattern is observed.

The second approach is more similar to “ambient” ionization methods, where a
reagent ion gas stream is directed on a target to desorb and ionize the analyte quasi si-
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Figure 7.16: Mass spectra of the desorption of picric acid from a finger (upper panel)
and tetrachloro-p-benzoquinone from a metal target (lower panel) with a
gas stream of synthetic air.
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Figure 7.17: DAPECI measurements of anthraquinone (upper panel) and 1,3,5-tri-
nitrotoluene (lower panel) in ambient air.
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multaneously. For desorption APECI, primary ions were generated inside an anodized
aluminum tube and a synthetic air gas stream containing the reagent ions was directed
onto the target. With this setup the adjustment of the positioning of the reagent ion
gas stream had a large impact on the sensitivity. The mass spectra shown in figure 7.17
were recorded with an optimized angle and distance from the capillary inlet (cf. sec-
tion 3.11). The mass spectrum of anthraquinone shows one signal corresponding to
the M– ion. The measurement of 1,3,5-trinitrotoluene in ambient air also led to the M–

ion. An additional signal at m/z 197 was recorded, which is possibly a fragment ion of
trinitrotoluene. When 1,3,5-trinitrotoluene was desorbed with a neutral gas stream
and ionized within the inlet capillary this additional signal was hardly detected. For
both measurements the metallic target was slightly heated.

With this desorption method the analyte concentration could not be accurately
quantified. For trinitrotoluene a standard solution of 1 mgmL−1 in acetonitrile was
used. One drop of this solution was applied to the target, which had a surface area of
approximately 1 cm2. To measure picric acid on human skin, the vessel containing the
compound was simply touched before analysis.

7.5 Summary and Outlook

Different applications of the ionization method developed during this work were
successfully implemented. An important application is the coupling of a gas chro-
matograph with cAPECI. A custom transfer line operated around 300◦C and a heated
ion source (approximately 100◦C ) allowed retaining the separation efficiency of the
neutral analyte evolving from the GC. The temperature of the transfer line has natu-
rally a large impact on the sensitivity of the setup, in particular for thermally labile
compounds. All three setups used here show comparable sensitivities, yielding a limit
of detection for 2,4,6-trinitrotoluene of 2 nmolL−1. The sensitivity must be improved
significantly in further setups in order to compete with commonly used GC-MS setups.
However, the coupling of GC with a cAPECI ion source does not seem to have many
benefits due to the selective and sensitive ionization obtained when samples were di-
rectly introduced without upstream separation. The GC coupling is only advantageous
when quantification is required.

During this study, it has been demonstrated that cAPECI can be applied for atmo-
spheric chemistry investigations. PTR outperforms cAPECI in the accessible range of
analytes, which is much broader for PTR. However, when analytes with high electron
affinity or gas-phase basicity are of interest, cAPECI is the method of choice due to its
selectivity. The mass spectra obtained with cAPECI show less complexity compared to
the PTR spectra, especially for hydroxyl-containing compounds. These often show a
fragment ion when measured with PTR, as water dissociates easily from the [M+H]+

ion. Furthermore, many more signals are observed in PTR mass spectra, due to the
wide range of ionizable molecules. This advantage is particularly important in the
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field of product studies, as for example, photo-oxidation studies, where the product
signals need to be clearly identifiable. With cAPECI only some analyte classes can be
ionized, which means that some products may be missed. The best choice for those
studies would be a combination of both PTR and cAPECI, which would give valuable
structural information regarding the product molecules.

The limit of detection of the PTR instrument was less than 250 pptV, which is much
better than cAPECI with less than 1 ppbV. However, the sampling period of the PTR-
MS was 30 s while that of the ion trap with the cAPECI source was less than 1 s. The
sensitivity of cAPECI could be easily improved by increasing the integration time using
alternative mass spectrometers. It should also be noted that this measurement was not
carried out with the most sensitive ion source developed during this work. In future,
the measurement of the LOD should be repeated with a more recent ion source and
extended to more analytes. The applicability of cAPECI needs to be demonstrated by
performing other product studies with varying conditions, e.g., other radicals leading
to decomposition of the analyte. When the applicability of the ionization method has
been satisfactorily proven under laboratory conditions, its use in field studies should
be examined.

It has been further demonstrated that the determination of rate constants of reac-
tions between reagent ions and analyte molecules with the cAPECI source design 1 is
possible. Very few rate constants between these types of molecules are available in
the literature, which means that this method is a valuable contribution to this field.
However, only comparably fast reactions can be examined with this setup. The method
has the disadvantage that the reaction time cannot be precisely determined as the
primary ions are generated in a larger region where the reaction partner, i.e., the ana-
lyte, is already present. In an improved version of this setup, the UV lamp should be
mounted such that a specific point of ion generation or the analyte should be added
downstream of the primary ion source. With such a setup, the determination of rate
constants for a large number of analytes will be possible.

Both briefly investigated desorption methods proved to be quite effective. The high-
est sensitivity and the mass spectra with the lowest background signals were obtained
when the target is slightly heated, the analyte is desorbed with a neutral gas stream
and ionization takes place inside the capillary ion source. In all the measurements
the analyte showed only one signal in the mass spectrum, corresponding to M– or
[M−H]– ions. Compounds that contain chlorine ions were also accessible without
fragmentation.

Even though the sensitivity of both setups seems to be sufficient, a quantification
of the analyte concentrations would be a valuable asset. Furthermore, the spatial
resolution was very poor, an area of less than 0.5 cm2 could not be spatially resolved.
Thus, a future setup should try to incorporate both aspects. The spatial resolution
could possibly be increased by decreasing the gas stream diameter. Laser desorption
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followed by ionization within the inlet capillary would further increase the spatial
resolution and should improve the sensitivity. Determination of a suitable wavelength
and laser power density will be the focus of future investigations.
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The aim of this work was the development of a novel ionization method for the negative
ion mode and the design of an ion source providing short transfer times, leading to
a kinetically controlled ion distribution recorded in the mass spectrometer. The
generation of negative ions is advantageous for several compound classes, e.g., nitro-
group containing species, oxygenated PAHs or aromatic phenols, as they are not easily
measurable with positive ionization. Most ionization methods used in the negative
ion mode yield complex mass spectra with additional ions due to ion transformation
and fragmentation processes.

The developed ionization method is based on the photoelectric effect and thus
produces solely negative ions. Nearly all work functions of metals reported in the
literature are obtained under vacuum conditions. Thus, the photoelectric effect was
first investigated at atmospheric pressure under various conditions. While the work
functions at higher pressure did not differ significantly from those determined under
vacuum, the surface conditions of the metals, e.g., oxidation, water or solvent layers
on the surface, led to drastic changes in the photoelectron yield.

Generation of negative ions is less common compared with ionization in the positive
ion mode. However, even the ionization mechanism for positive chemical ionization,
which is the common ionization pathway for both methods, has only been elucidated
in depth recently. The ionization mechanism for chemical ionization in the negative
ion mode was examined during this study. Photoelectrons are captured immediately
by oxygen when (synthetic) air is used as bulk gas, forming superoxide which reacts
with analytes by two possible pathways: Analytes with high electron affinity react by
charge transfer with O–

2, yielding the M– ion of the analyte. This ion can potential
cluster with neutral water molecules. The reaction pathway is more complex for
analytes with acidic protons. An adduct consisting of the analyte and superoxide
forms, which dissociates to M– or [M−H]– when additional energy is provided. The
M– clusters with neutral oxygen, which is in large excess, so that M– is harldy observed
in the mass spectrum. When the analyte mixing ratio is high, dimer or even trimer
ions as oxygen adducts potentially form. As these adduct ions are less stable than the
monomer-adduct ion, the [M+M−H]– ion is often recorded in the mass spectrum even
under nearly CID free conditions. For elevated water mixing ratios, superoxide forms
larger water clusters which have a smaller gas-phase basicity and higher electron
affinity than pure superoxide. Thus, an increase of the water mixing ratio inside the
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ion source leads to a decreasing ionization efficiency. The reaction pathways may
possibly change when the reagent ion is not superoxide. However, kinetic simulations
showed that under the conditions present in the novel ion source superoxide is the
only relevant reagent ion, as the mixing ratio of generated ozone or hydroxyl radicals
is too low.

Short transfer times from the ion generation region to the high vacuum region in
the mass spectrometer are readily achieved when ionization takes place inside the
inlet capillary. However, modifications of the glass inlet capillary used in commer-
cial mass spectrometers of e.g., Bruker Daltonik, inevitabely lead to changes in the
ion-transmission characteristics. The ion transmissions of capillaries composed of
different materials were investigated under various conditions. When ion streams
consisting of both polarities pass through the inlet capillary hardly any charging effects
occur, independent of the type of modification applied to the capillary. Unipolar ion
gas streams are more readily affected by charging effects. These may occur when
materials with different conductivities are in contact. Decreasing signal intensities
with time were observed, especially when silica was part of the inlet capillary. Addi-
tionally, a signal peak at the beginning of each measurement was observed, even when
intact glass capillaries were used. The magnitude of the initial signal peaks varied for
different materials and for different amounts of ions that passed trough the capillary
before commencement of the measurement. The following potential explanation
for these effects is offered: It takes different time periods for reaching equilibrium
between the charges entering the water layer of the capillary wall and the ions that are
discharged inside this layer. When the potential gradient between capillary material
and the metallic end cap becomes sufficiently large ions are deflected onto the end
cap. When equilibrium is reached, a constant number of ions enters the capillary
and passes through it, resulting in a constant ion current with time. The different
behavior of silica compared to other materials is probably due to the very long time
that is necessary until equilibrium is reached. In addition the influences of the water
mixing ratio, the voltages applied to the capillary and the temperature on the ion
transmission characteristics were examined. Even though no conclusive results were
obtained valuable insight into charging effects and ion transmission characteristics of
modified inlet capillaries has been obtained.

With the above knowledge on the photoelectric effect and the ion transmission
of inlet capillaries, different ion sources using the photoelectric effect for ionization
were designed. A low pressure mercury lamp, emitting light with wavelengths of 254
and 185 nm, proved to be advantageous as light source. The photon density was
sufficiently high and the photon emission was constant with time. However, it was
shown that only the emission at 185 nm is responsible for the measured ion current.
The first ion source had comparably high transfer times as ionization took place in
front of the inlet capillary. However, this source demonstrated that ionization based on
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the photoelectric effect is feasible. Promising results were obtained, e.g., mass spectra
with a low background signal level. For the second ion source the excitation region
was shifted into the inlet capillary. An inlet capillary made of silica, which was partially
silver plated on the inside to provide a photoemissive material, replaced the glass
capillary. Mass spectra obtained with this setup showed negligible ion-transformation
processes of the analyte ions. However, charging effects occurred with this ion source
and the silver surface was not homogenous, resulting in hardly reproducible ion
currents and a lack of long term stability which renders this source unsuitable for
analytical purposes.

The third ion source provided a homogenous, exchangeable photoemissive material.
It replaced the inlet capillary of the mass spectrometer maintaining the short transfer
times. With this ion source one signal per analyte was observed in most cases. The
signal-to-noise ratios of the signals were high, resulting in low limits of detection, e.g.,
less than 250 pptV 3-methyl-2-nitrophenol during an acquisition time of less than one
second. The performance of different metals was investigated. Anodized aluminum
showed the best results with respect to photoelectron yield and stability of the surface
conditions. However, the lack of long term stability due to charging effects is a major
drawback for the applicability of the source.

The last ion source design combined all the desired properties for ionization via
the photoelectric effect. To minimize charging effects the glass inlet capillary was not
modified and ionization took place in front of it. However, the transfer time of the ions
still remained short as the reagent ions and the analyte gas stream are mixed in a region
were the inner tubing diameter is already reduced to 0.6 mm, which corresponds to
the inner diameter of the capillary channel. Ion transformation processes are again
negligible in the obtained mass spectra.

This newly developed ionization method is termed capillary Atmospheric Pressure
Electron Capture Ionization, cAPECI.

Several applications for the novel method were investigated. These were i) hyphen-
ation with GC, ii) the determination of rate constants of analyte ions with superoxide,
iii) the comparison with PTR-MS in a photo-oxidation study and iv) the desorption of
analytes from targets.

The cAPECI-GC hyphenation uses a heated GC transfer line and an ion source that is
similar to the latest designed ion source version. With this setup sufficient separation
of different samples was obtained. The LOD of 1,3,5-trinitrotoluene was determined
to be 2 fmol on column. However, due to the high selectivity of the method separation
of samples is not necessary. Upstream separation with GC is advantageous only when
quantification of analytes is required.

Very few rate constants of the reaction of analytes with superoxide have been re-
ported in the literature. With the developed ion source such determinations become
feasible for reactions that are comparably fast, i.e., near the collisional limit. To demon-
strate the method a rate constant of 3.2×10−10 cm3 molecule−1 s−1 for the reaction of
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3-methyl-2-nitrophenol with superoxide is determined.
Sensitive detection of aromatic phenols and nitro-aromatic compounds is often

required in the many areas of atmospheric chemistry. Thus, the newly developed ion-
ization method was compared with PTR-MS, a widely used technique in this field, and
a photo-oxidation study was carried out. PTR is much more less selective than cAPECI
and for hydroxyl containing compounds fragmentation is observed for most analytes.
However, in terms of sensitivity PTR outperforms cAPECI. In the photo-oxidation
study two product ions were observed in the cAPECI mass spectrum. Together with
the information obtained by the high resolution PTR-MS, a structure for one of the
products has been proposed. It has been shown that ideally both methods should be
used simultaneously for such studies.

Desorption of analytes from targets is an important application, especially for nitro-
containing explosives. Two different ways were used to desorb neutral analytes from
different targets. Both methods gave mass spectra with low background signal levels.

In summary, a sensitive and selective ionization method has been developed, which
yields mass spectra that are easily interpretable, due to minimized ion transformation
and fragmentation processes. An ion source that provides a constant ion current with
time has been developed. An ionization in the negative ion mode was investigated
and a reaction mechanism has been proposed. Examination of the ion transmission
characteristics of inlet capillaries gave valuable insights into ion behavior in the capil-
laries and helped with the development of a stable ion source. Furthermore, different
applications of the method were successfully demonstrated.

The field of ion transmission through capillaries needs further investigation and the
applicability of the ion source in other fields should be demonstrated. The limit of
detection obtained with this ion source or for GC coupling needs to be improved, by
improving the number of photoelectrons generated and by use of a mass spectrometer
that is capable of longer acquisition times. For the desorption of analytes from targets
a suitable laser radiation source would help to improve the desorption efficiency and
the spatial resolution.
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