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Abstract

Non-targeted analysis (NTA) using gas chromatography (GC) coupled to mass
spectrometry (MS) is not widely established, compared to methods using liquid
chromatography (LC) as the pre-separation. This can mainly be explained by the
instrumentation and ionization mechanism used: along with the many advantages of using
electron ionization (EI), a major drawback is the frequent absence of the molecular ion.
The generation of the molecular ion or equal information (e.g., the protonated molecule)
is necessary for unknown compound identification, but often requires additional
experiments and measurements using other ionization techniques. This work describes
the development, characterization, and use of a time-of-flight mass spectrometer
(TOFMS) operating two ion sources simultaneously: an EI- and a chemical ionization
(CI) source. The instrument was designed for use in combination with a GC. The GC
effluent is split equally to both ionization sources. Compounds eluting from the GC can
be measured within a distinct time window with both ionization techniques, during a
single chromatographic separation step. In most cases, this results in the instantaneous
acquisition of CI information in addition to the EI information. The EI and CI data
collected thus are highly complementary. Together, they deliver both the common EI
fragment spectrum (useable for library comparisons), and precursor ion information from
e.g., the protonated molecule using CI. Due to the mass accuracy of the TOF mass
analyser, the determination of empirical sum formulas of measured compounds becomes
feasible. The CI source was specifically developed for this purpose. In contrast to
conventional CI sources, a hydrogen plasma at 13 mbar is used for ion generation prior
to the addition of reagent gas, thus obviating the need for a filament. This CI source allows
for improved long-term stability and sensitivity compared to conventional low pressure
CI sources. The ion source can be operated using various reagent gases, offering a very
controlled variation of ionization selectivity and harshness due to a three-stage design.
The improved performance of the system for compound identification in NTA is
demonstrated by means of exemplary material outgassing measurements of an artificial
leather part used within car interiors. Several example scenarios for improved compound
identification using both EI and CI are presented for compounds that would otherwise
yield equivocal and uncertain results in an EI only approach. Especially the availability
of rapidly interchangeable CI reagents is of great value in the analysis of unknown

samples. By design, the new system does not compromise standard methods, mainly



designed for EI, and is therefore compatible with most normed measuring regulations

such as 1SO16000-6:2011!") and ISO 12219-3:20122,
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1 Aim of this work

Gas chromatography (GC) coupled to mass spectrometry (MS) using 70 eV electron
ionization (EI) is a widely used method for targeted chemical analysis. The very
reproducible and instrument independent 70 eV EI mass spectra are of great value and
necessary for chemical analysis in many analytical standard methods. However, this
method is not always sufficient, especially for non-targeted analysis (NTA) approaches.
Information about the intact precursor ion and the resulting empirical sum formula are
often required but can be lost in EI mass spectra. To overcome this lack of information,
“softer” ionization mechanisms such as field ionization (FI)**!, soft EI%! and chemical
ionization (CI)) are used in addition to EI. To employ these techniques, further
chromatographic experiments for each ionization technique are needed in most cases. In
addition to a complex chromatographic data alignment, some of these techniques show
low sensitivities®!. A different approach is the use of atmospheric pressure interfaced MS

using ionization techniques such as atmospheric pressure chemical ionization (APCI)*!%]

IL121 - Although higher sensitivities can

or atmospheric pressure photo ionization (APPI)!
be achieved for some compounds, small and non-polar molecules are not always feasible
to analyze. In addition, mass spectral libraries for fragmentation methods such as
collisional induced dissociation (CID) as used for APCI'3] are not as comprehensive as
the EI libraries!'*). Therefore, the aim of this work is the development and the
characterization of a time-of-flight (TOF) mass spectrometer delivering complementary
information about the precursor ions using CI, whilst also detecting the 70 eV EI mass
spectra during a single chromatographic separation step. This set up maintains the EI mass
spectra, necessary for targeted analysis, while expanding the use of GC towards NTA.
Due to the lack of CI sources suitable for the development of this instrument, this work

also encompasses the development and characterization of a new hydrogen plasma-based

CI source.



2 Introduction and theoretical background

2.1 Gas chromatography coupled to mass spectrometry

When it comes to the targeted chemical analysis of complex mixtures of volatile and semi
volatile compounds, GC coupled to mass spectrometry is often the method of choice for
qualitative and quantitative analysis. GC-MS has been used for decades and is still the
standard method for several analyses e.g., 1ISO16000-6:2011 and ISO 12219-3:20122,
The coupling of the GC to an EI source interfaced MS is usually assumed when talking
about GC-MS. Molecules within a sample, introduced to the GC, are evaporated, sampled
onto the chromatographic column, and separated by their boiling point and degree of
interaction (mainly polarity) with the stationary phase of the chromatographic column.
The compounds subsequently elute from the GC, while commonly temperature ramping
the GC oven. The mass analyzer measures the mass to charge ratio of the previously
ionized, and often fragmented molecules. The mass to charge ratio of the precursor
ions/molecular ions, but also the fragment ions, can give important information about the
actual measured substance!'*. In the ideal case, a clean, non-disturbed mass spectrum for
each compound can be acquired due to the GC pre-separation. In addition to the mass
spectra, the retention time information of the compound is a valuable tool for compound
identification, particularly for isomers and homologues of a certain compounds class that
show similar 70 eV EI mass spectra as alkanes. GC offers a high peak capacity and
separation power. If needed, the peak capacity of the chromatogram can be increased even
further using two-dimensional GC (GCxGC)!'%!7]. Mass spectrometry on the other hand
offers a very sensitive and highly linear detector for GC, adding a mass dimension to the
GC separation. The use of this instrumentation, mainly in combination with a linear
quadrupole MS, represents a very powerful and cost-effective tool for targeted, so called
known known and known unknown compound analysis. Library EI mass spectra and the
retention time information/retention indices (RI) for GC separation columns of different
polarities are available for a vast number of compounds (c.f. Section 2.2.1.1). Those can
be used for comparison, and consequently for compound identification. However, beside
the advantages of EI several drawbacks as the loss of the molecular ion can emerge
(c.f. Section 2.2.1). Although 70 eV EI is most commonly used, the use of GC is not
restricted to this ionization technique. An overview about the most common ionization

sources in combination with GC is given in Section 2.2.



2.2 lonization sources

Only charged molecules/ions are affected by the electrical field of the mass analyzer,
separating them by their mass to charge ratio. Therefore, the ionization of the sample is a
key procedure within any mass spectrometer. The choice of the ionization technique
strongly depends on the application, the sample introduction, and the analyte
characteristics e.g., gaseous, liquid, solid. Therefore, a huge variety of ionization
techniques have been developed. In GC analysis the target molecules entering the ion
source are generally gaseous with masses rarely above 800 Da. The advantages and
drawbacks of the most common techniques in combination with a GC as EI and CI are

discussed in detail below.

2.2.1 70 eV electron ionization

Electron ionization is commonly used for compound ionization prior to the mass analysis
in combination with a GC. The carrier gas flow from the GC is low enough to maintain
the required vacuum conditions for EI. Electrons are emitted thermionically in high
vacuum from a resistively heated filament. The emitted electrons are accelerated to 70 eV.
The 70 eV electrons interact with the neutral analyte molecules entering the ion source
and transfer a portion of their energy to the neutral analyte molecules. If the transferred
energy is above the ionization limit of the analyte, an ionization process can occur. The
ionization using EI leads to the formation of radical cations. In general, the EI ionization
process shows the highest efficiency at 70 eV electron energy!'®!. The high energy intake
results in an ionization via different reaction channels resulting in a multitude of different
processes and ion types (molecular ions, fragment ions, multiply charged ions, metastable
ions and rearrangements!'®?°1). Especially fragmentation reactions are pronounced in EI.
Since each molecule has a unique structure and therefore unique fragmentation pathways,
a unique EI mass spectrum is expected when using EI!'*. This, together with the high
reproducibility and instrument independence of the resulting mass spectrum, renders EI
suitable for comparisons with mass spectral libraries such as the NIST/EPA/NIR mass
spectral library!?!l. Due to the nature of the process, the fragmentation pattern of EI mass
spectra measured decades ago show astonishing similarities to more recently generated
EI spectral'¥l. If the measured compound has been measured before and was included in
the library, the probability is high that a compound can be identified using a matching EI
fragment spectrum. However, fragmentation reactions follow certain low energy

pathways. If some bonds are weaker than others they can cause dominant peaks of



fragment ions within the mass spectrum and therefore, compounds with similar structures

[14.21] * A dditionally, the compound identification

can end up with equivalent mass spectra
can become difficult if compounds are not listed within the libraries using 70 eV EIL The
molecular ion can give, in addition to the fragment ions, valuable information about an
unknown compound as the empirical sum formular. The fragmentation in EI, however,
can become so dominant that the molecular ion of certain compounds can disappear
completely within the mass spectrum. Therefore, EI can be considered as a relatively
“hard” ionization process. The loss of the molecular ion and unspecific fragmentation can
together increase the probability of a false positive compound identification. Yet, EI still

represents the gold standard in combination with GC due to its high sensitivity, a fast time

response and straightforward data analysis and interpretation.

2.2.1.1 Mass spectral libraries

Next to quantitative chemical analysis, mass spectrometry is also commonly used for
qualitative analysis of complex chemical mixtures. The determination of compound
identities is mainly done by comparisons to reference standard measurements or to mass
spectral libraries. The most comprehensive mass spectral library is the NIST/EPA/NIR
library containing over 3x10° EI mass spectra and over 1x10° retention indices (RI) from
several compound classes such as metabolites, flavors/fragrances, drugs and metabolites
pesticides, industrial chemicals, toxins and petrochemicals?*!. Mass spectral libraries are
also available for tandem mass spectrometry covering an order of magnitude less

fragment mass spectra, although steadily growing!??,

A measured (EI) spectrum compared to the libraries is returned with a list of suggestions
yielding a similarity score and an identification confidence!'*. Due to the reproducible
fragmentation in EI this ionization method is particularly appropriate for spectra library
comparisons. However, possible misidentifications (false positives and false negatives)
are difficult to avoid!'¥. False positives mainly originate from structural similarities
resulting in very similar fragmentation pathways. Thus, vast numbers of compounds
yielding matching factors above 800, which is considered a “good match”!?}], can appear
for e.g., monoterpenes such as alpha-pinene!'*l. False negative annotations appear when
differences between library and measured spectra become too great. There are several
reasons for such a variability in the spectra, such as contamination peaks within the mass
spectra, low signal to noise ratios, different instrument configurations, instrument

saturation and different temperatures. The influence of the temperature on the EI mass
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spectrum is impressively demonstrated using EI in supersonic expansions!?*. In addition,
examples are presented in the literature reporting chemical reactions in advance to the

ionization®”). A detailed summary is given by Stein'#,

Moreover, there is also always the possibility that the exact compound and corresponding
spectra is simply not within the library. This can strongly hinder the correct identification
using mass spectral libraries, especially in fields where new compounds are rapidly

26271 In these cases, advanced library

appearing, such as with illicit drug identification!
search algorithms as the simple similarity search!?®! and the hybrid similarity search!?¢),
combining fragment matching and neutral-loss matching for a final score can be used.
These approaches can generate high match factors for compounds that differ just slightly
from library entries e.g., by the insertion or deletion of chemical groups that do not affect
the fragmentation mechanism. The latter requires the knowledge about the molecular

mass of the analyte.

2.2.2 Soft ionization sources for GC-MS

As described in Section 2.2.1, compound identification using El is strongly dependent on
the entries within the mass spectral databases. If a compound is not listed within the
library different identification approaches must be applied for compound identification.
Identifying the molecular ion and therefore the sum formula of the molecule, preferably
using accurate mass measurements, is essential. However, as also mentioned in
Section 2.2.1, the molecular ion can disappear in EI due to excessive fragmentation. One
approach yielding an increased abundance of molecular ions is to decrease the electron
energy from 70 eV to 12-15 eVI>®. This can enhance the relative intensity of the
molecular ion peak. However, the decrease in electron energy has drawbacks, notably a
reduced ionization efficiency. In addition, a spectrum without a molecular ion will not
convert to a spectrum with a dominant molecular ion. Instead, molecular ions with low

21 Due to these reasons several other “soft”

abundance in 70 eV EI are enhanced!
ionization sources have been introduced such as FI'*#, CI'7), photo ionization (PT)!'7-%,
APPIU21 and APCIP®:1%1, All those techniques show a decreased fragmentation behavior,

and therefore a higher probability of yielding precursor ions in the mass spectrum.

2.2.2.1 Chemical ionization
The most used “soft” ionization technique in combination with GC is chemical ionization.

The first fundamental work for the development of CI were done by Tal’rose and



Frankevitch*!!, before being introduced by Munson and Field!”). Since then a multitude
of chemical ionization techniques working at pressures from the low mbar range to
atmospheric pressure have been introduced such as atmospheric pressure chemical
ionization (APCI)®! and proton transfer reaction mass spectrometry (PTR-MS)P2),
However, a classical CI source, mainly used for GC applications, differs only slightly
from an EI sourcel®*). The principle of CI is to ionize the analyte using ion-molecule
reactions rather than directly using highly energetic electrons. Therefore, the ionization
volume is filled with the reagent gas. The reagent gas is ionized using highly energetic
electrons and in addition shields the neutral analyte molecules from these electrons®*,
Since an effective number of collisions are required for ion molecule reactions to take
place, the pressure within the CI source is typically in the low mbar range. Several ion
molecule reactions are possible in positive CI (PCI) to transfer the charge from the

reagent gas RG to a neutral molecule M, always dependent on the used reagent gas***3);

M + [RG+H]|* = [M + H]" + RG Proton transfer (Rn2.2.1)
M+ RG* - M* + RG Charge transfer (Rn2.2.2)
M + RG* - [M + RG]* Electrophilic addition (Rn2.2.3)
M+ RG* - [M — A]" + (RG + A)  Anion abstraction (Rn 2.2.4)

where 4 is the anion. Therefore, the chosen reagent gas plays a major role in CI®%!. The
most common reagents are methane (mainly proton transfer), isobutane (mainly proton
transfer) and ammonia (proton transfer, electrophilic addition). The formation of
protonating reagents such as CHs" and C,Hs" from methane, by auto-protonation,
commonly appearing in classical CI sources is well studied!”-*®]. Ionization behaviors for
many substance classes have been studied in detail especially for methane as reagent
gast’3"41 Tsobutane as reagent gas shows even less fragmentation due to a higher proton
affinity (PA)“*?! compared to methane (c.f. Section 2.2.2.2), but is very prone to ion
source degradation****]. Ammonia shows an even higher PA and is therefore even more
selective than isobutane!*?). However, in addition to protonation, ammonia shows
enhanced tendency of electrophilic addition reactions!*>**). For molecules which still
fragment using proton transfer, the intact NH4 -cluster with the molecules can become
feasible. Moreover, a multitude of other, rather uncommon reagents are available for PCI

summarized by Viramani et al.l*"),



It is worth mentioning that common CI sources also offer the possibility of negative mode
ionization using negative CI (NCI) and electron capture negative ionization (ECNI).
Especially electron poor compounds containing e.g., halogen or nitro-group substituents,
such as many pesticides!*®! and explosives*’! are very selectively and sensitively
ionizable by negative mode reaction mechanisms. However, since NCI and ECNI are not

used during this work negative ionization is not further discussed.

2.2.2.2 Thermodynamics of proton-transfer reactions

Whether or not an analyte is ionized by the reagent depends on several physico-chemical
parameters of the reagent and analyte. Since proton transfer is the most common reaction
used for chemical ionization the thermodynamics of this reaction type are discussed
briefly. The relative gas phase basicity of the neutral analyte and the reagent ions
determine whether a proton is transferred to the analyte or not. The gas phase basicity for

a molecule is defined for following reaction:

Mgy + Hiyy — [M + H]* (Rn 2.2.5)

The Gibbs free energy change AG2,,, , s(T) for the protonation of a molecule M by H in
the gas phase at a certain temperature 7 is considered as the gas phase basicity

(GB(M,T))#21,

GB(M,T) = —AG°(T) (2.2.1)

A proton transfer from the reagent ions to the neutral analyte will occur when the process
is exergonic, i.e., if GBrg < GBm. However, the entropy changes for proton transfer
reactions are rather smalll*?l and in addition, the relative PA shows a low temperature
dependence compared to the relative GB*?. Therefore, the PA and thus the exothermicity
of the reaction is mostly used for reactivity evaluation®®!. A protonation of the analyte by

the protonation reagent RH" can be expected when:

PAM > PArc (2.2.2)

The lower the PA of the reagent gas, the broader are the ionization capabilities. The

reaction enthalpy (AH2,,,,) of the protonation is the difference between the



corresponding PAs of the reagent gas and the analyte and can be considered as the excess
energy of the proton transfer reaction that is absorbed by the analyte [M+H]" in its degrees
of freedom . However, a high excess energy of the ionization step can cause fragmentation
of the analyte ions!®'3l. Therefore, the choice of an appropriate reagent system is

essential. PAs of common protonation reagents are given in Table 2.2.1.

Table 2.2.1: reagent ions and proton affinities for common PCI reagents

Reagent gas Reagent ion Proton affinity (kJ/mol)(*?)
H» Hs* 422.3
N2 N,H* 493.8
H,O H;0" 691.0
CH4 CHs" 543.5
CsHio C4Hy" 802.1
NH3 NH4" 853.6

2.2.2.3 The role of contamination in CI sources

Methane represents the most common CI reagent in classical CI (excluding APCI and
PTR). As shown in Table 2.2.1 the PA of CHj is relatively low. The advantage of a
reagent gas with low proton affinity is the broad ionization capability, as discussed
previously. However, impurities in the ionization source with higher PAs can deplete
these highly acidic reagents completely. Since the overall PA of the reagent gas system
is shifted to higher values this effect is usually not desired. Water is the most abundant
contamination in vacuum systems and therefore plays a major role as an impurity in CI
ion sources. Studies using methane as reagent gas were performed by Munson and Field,
and showed the complete depletion of the CHs" ions by H;0™*. The same result applies
for H3* and NoH'. This effect is even more pronounced at elevated pressures and
increased collision numbers such as in APCI. Here, elevated water cluster distributions
dominate the mass spectrum'®>!. However, this effect can be also used for diversification
of reagent ions systems, particularly in combination with hydrogen for classical low
pressure CI sources. As shown in Table 2.2.1, H3" is highly acidic and therefore can
protonate numerous other species that can in turn be used as protonating reagents. Studies
using mixtures of hydrogen with bulk gases such as N2, CO2, N2O, and CO are presented

in the literaturel>'=>3],



2.2.2.4 Kinetics of proton transfer reactions
Protonation reactions are relatively fast and occur at reaction rates close to the capture
collision rate of > 10" cm® molecules™ s, if exothermicl®®l. The chemical kinetics for the
generation of product ions (P"), including the protonated molecule and fragments, as for
example given in reaction Rn 2.2.1 can be demonstrated using the following equation:
dX[P*]

—=— =k + [M] * [[RG + H]*]

(2.2.3)

where k is the reaction rate constant for reaction Rn 2.2.1. In a chemical ionization source,
the reagent ions are available in a huge excess concentration ([[RG+H*]] >> [M]) and
stay relatively constant ([RG+H'] = const.) resulting in a pseudo first order reaction.
Therefore, the analyte ion formation is directly proportional to the gas phase
concentration of the analyte and the reaction rate constant. This behavior is especially
used in PTR-MSDB¢38) If the reaction rate constant of the CI reaction is known and a
single species such as H3O" represents the main ionizing species in a defined reaction
time this information can be used for the quantitative calculation of analyte concentrations
from the signal intensity. Consequently, (protonation) reactions of analytes with large rate
constants produce higher signals than those with lower constants for an equal analyte

concentration.

2.3 Non-targeted analysis

Nature provides a vast number of possible molecules and chemical structures. In addition,
the commercial production of organic chemicals results in the release of complex and
potentially harmful chemical mixtures that impact human health and almost all
environmental compartments. The diversity of possible organic pollutants is analytically
challenging. Especially in fields where new chemicals are rapidly emerging, classical

targeted analysis approaches are often insufficient227-5"]

. NTA approaches aim to
identify unknown molecules not included in any database or regulation, in contrast of
screening the samples only for targets known or suspected to be in a sample. First
approaches of unknown identification in the environment using NTS started to appear in
the 1970s using mainly GC-MS!%!]. Many of in these studies newly identified
compounds as polycyclic aromatic hydrocarbons, dioxins, pesticides, alkylphenols and

volatile aromatic hydrocarbons are now under official control!®?. This shows the

importance of NTS for the detection and characterization of new pollutants and



subsequently their regulation especially for compounds exposed to humans!®* and the
environment. The recent developments in NTA in the environmental sector are strongly

driven by the field of water research!®>%4. However, NTA approaches are used in various

16566 (5967 ol26.27]

fields as food analysi atmospheric science drug abus and

metabolomics!®®%],

2.3.1 Non-targeted analysis using GC-MS

When it comes to NTA, there are much higher performance requirements of the
instrumentation e.g., high resolution, soft ionization and more sophisticated software
compared to targeted analysis. This is due to the fact that a comparison of the measured
fragment spectra and retention time with a reference standard is not always feasible. The
use of GC-MS lags behind MS coupled to liquid chromatography (LC) for which NTA

(62,6465 This is due the reduced chemical

approaches are already widely established
coverage of GC (especially for aquatic and biological samples) but primarily due to the
MS instrumentation used, specifically GC coupled to unit resolution mass spectrometers,
generating fragment spectra often without high resolution molecular ion information!!,
LC however, is mostly coupled to atmospheric pressure interfaced MS equipped with an
electrospray ionization (ESI) source or atmospheric chemical ionization (APCI) source
attached to high resolution mass analyzers. These ionization techniques, compared to EI,
dominantly produce protonated molecules, or adducts revealing information about the
intact molecule. Structural information is gained using dissociation processes
subsequently to the ionization process, such as CID. Indeed, these instruments can be also
coupled to GC for NTA using e.g., APCI!!*"*71 However, if the molecular ion shows
strong fragmentation or adduct formation following to the ionization, a clean and intense
fragment spectrum is not always available. In addition, the advantages of EI compared to
CID (e.g., the very comprehensive mass spectral libraries such as the NIST/EPA/NIR
library, the instrument independence of the fragmentation process and the high ion yield
using 70 eV EI) are lost. Many standard norms are designed for EI and due to the low
selectivity of EI not easily interchangeable with other ionization techniques!'.
Nevertheless, for NTA the molecular ion is essential, especially when compounds show
unspecific fragmentation or are not listed in the spectra libraries. Ion sources combining
the capability of El and e.g., FI were already presented in the 1960s!7?. Experiments using

FI simultaneous to EI were done by Hejazil”®l et al. using two different mass

spectrometers coupled to a single GC. Eschner et al.['® used PI next to EI in a single ion
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source. The set up in ref [16] allowed for fast switching between both ionization
techniques to even resolve GCxGC experiments analyzing diesel fuel. In contrast to CI,
PI and FI can be operated in the same pressure region as EI and thus permit a single ion
source design. However, FI shows low sensitivities®], while PI often requires
sophisticated high power laser systems to achieve high sensitivities!!”-’#]. The use of EI in
addition to CI for NTA was shown by Portolés et al.”*) performing subsequent GC
experiments with each ionization technique and enabling the identification of unknown
compounds within water samples. Although combination ion sources capable of using CI
and EI in consecutive experiments are presented previously!’®), the use of CI and EI
simultaneously using a single mass spectrometer such as is described in this work has not
previously been reported in the literature. A single ion source design switching fast
enough between CI and EI to scan GC peaks with both techniques seems impractical due
to the required rapid pressure adjustments. Using subsequent measurements for EI and CI
respectively is time consuming and can result in tedious data alignment or even sample
degradation. Therefore, an instrument operating two ion sources for the simultaneous

detection of the EI fragment spectra in addition to the CI information is desirable.

2.4 Measurement of the accurate molecular mass and TOF mass analyzers
As stated before, the measurement of the accurate mass of a molecule is essential for
compound identification of unknowns. Because of the varying binding energies of atomic
nuclei, atoms of a given element have a unique mass defect. This is due to the correlation
of the energy during nucleation and the mass given by E = mc?. The mass defect is the
difference between the nominal, integer mass, and the exact accurate mass of an atom or
molecule!””), Since every atom and therefore every molecule shows a unique mass defect,
the sum formula of a measured molecule becomes accessible. A higher certainty in sum
formula calculation can be achieved with higher mass accuracy. In addition, selection
rules e.g. the isotopic pattern, can be used to increase identification confidence!’®). The
difference of the measured mass to the theoretical mass is mainly given as a relative
deviation in parts per million (ppm).

(2.4.1)

om _.om.m
= A(;)/(;)

However, not all mass analyzers can deliver such data. For example, linear quadrupole

MS, often used in combination with GC, exhibit a relatively low mass resolving power
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and therefore mass accuracy!”’*%. In general, the mass accuracy of a mass analyzer
system is closely related to its mass resolving power. Although there are several mass
analyzers offering a high mass resolution and therefore a high mass accuracy such as
Orbitraps, ion cyclotron resonance (ICR) MS and sector field MS, TOF mass analyzers

show a good compromise between acquisition speed and mass resolution/accuracy (in
this work R~5000 and %n < 5 ppm). The mass separation using a TOF mass analyzer

relies on different velocities v for ions of different mass m and number z of charges e for

a given kinetic energy Ex» imparted by moving through a potential difference U8,

[2Exin  [2ezU (2.4.2)
v= m - m

A beam of ions entering the (orthogonal)-TOF mass analyzer is accelerated orthogonal to

the initial ion motion into the mass analyzer by an electrical pulse. The ions are separated
in a field free drift region under collision free conditions before impacting the detector,
commonly a multichannel plate (MCP). The flight time can be converted into the ion
mass to charge ratio due to the correlation given in Equation 2.4.2. For longer ion flight
distances, higher mass resolutions can generally be achieved. However, using pulsing
rates up to 25 kHz a TOF mass analyzer can display a whole mass spectrum within a
fraction of a second and is therefore suitable for applications requiring a fast time

resolution e.g., hyphenation to fast GC, GCxGC and ion mobility spectrometry (IMS).
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3 Structure of this work

To accomplish the goals of this work described in Section 1, different objectives including
the development of a chemical ionization source suitable for GC-MS analysis, the
characterization of the developed dual ionization source TOFMS coupled to a GC, with
special attention to the analytical performance and the evaluation of the instrument for
non-targeted analysis were pursued. The results are presented within three
peer-reviewed/for peer-review submitted publications prepared during this work. Those

publications are shortly summarised in the following:

As described in Section 2.2.2, several types of “soft” ionization sources, including CI, are
implemented in different ways e.g., as classical CI, APCI or PTR. All these ion sources
comprise several advantages and disadvantages. To overcome the main disadvantages of
certain CI sources such as short filament lifetimes, short maintenance cycles, reagent ion
accessibility and temperature limits, the development of a new CI source for GC
applications is presented in Section 5.1. The CI source is in depth characterized in terms
of selectivity, sensitivity, stability, analyte fragmentation behavior and the performance
in combination with a GC. In contrast to classic CI sources, generating reagent ions using
highly energetic electrons and operating in the low-pressure regime of a mass
spectrometer, the developed ion source operates on an atmospheric pressure interface.
Reagent ions are produced using a hydrogen plasma ignited by a helical resonator at
13 mbar generating H3" as primary charge carrier in an initial stage. The plasma is ignited
by a radio frequency (RF) applied by the helical resonator power supply placed on a
12.7 mm OD glass tube. In this configuration the plasma area is not in contact to any
electrodes and therefore shows no wear as shown by reproducible measurements over
several days. The subsequent addition of reagent gas such as nitrogen in a second stage
leads to the formation of the final CI reagent, ionizing the analyte in a third stage. The
three-staged design allows for a distinct separation of ion generation, reagent ion
formation and analyte ionization. In depth studies were performed adding nitrogen,
isobutane and methane to the Hs" gas stream. Reagent ion distributions and fragmentation
effects were investigated in detail. Especially the use of nitrogen as reagent gas, leading
to the formation of NoH' and N4H' as protonating species, shows high analytical value
with limits of detection down to 0.4 pg on column and broad ionization capabilities due
to their low proton affinity. Therefore 74 of 78 compounds of an EPA 8279 LCS mix

were detected using nitrogen as reagent gas while e.g., isobutane showed a more selective,
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but also “softer” ionization behavior ionizing 41 of 78 compounds. During the
development, special attention was paid to the chromatographic performance to ensure
symmetrical peaks even for high boiling compound. This was achieved using a
completely heated flow path within the GC transfer, ion source and partly within the ion

optics.

The development and characterization of a GC-EI&CI-TOFMS instrument using the
previously presented CI source in combination to a commercially available EI source on
a single mass spectrometer is presented in Section 5.2. The instrument records mass
spectra from both ionization sources during a single chromatographic experiment.
Typical figures of merit are presented in addition to the characteristics of the GC
hyphenation. The analytical performance of the dual ionization source TOFMS, operating
both CI and 70 eV EI in parallel, is presented. The GC flow was split using a deactivated
Y-splitter delivering ~50 % of the GC effluent to each ion source, respectively. Due to a
fast and distinct switching within the ion optics of the dual ionization source TOFMS, the
different ion populations were led alternately to the TOF mass analyzer. During this work
switching rates of 10 Hz were used to resolve the chromatographic peaks with both
ionization sources in parallel. Time deviations between the chromatographic peaks
acquired with the CI and EI source, respectively are < 100 ms. It was shown that the
obtained fragment spectra, using the 70 eV EI, match the most common fragment
libraries, obtaining high match factors of ~850 — 950 for a fatty acid methyl ester
(FAMESs) standard. The CI yields mass spectra containing abundant signals of the
precursor ions, as expected. In combination with accurate mass measurements (< Sppm)
and the depiction of the isotopic pattern of the precursor ion, this data improves the
generation of an empirical sum formula and therefore the identification probabilities in
combination to the 70 eV EI spectra using the NIST/EPA/NIR fragment spectra library
for several examples. The complementarity of the CI and EI data are shown for a custom
standard mixture containing several ketones and aldehydes. An example from a head
space sample of a brand perfume showing the unambiguous identification of a fragrance

compound using both the EI and CI information is presented.

Finally, the use of the dual ionization source TOFMS system for a non-targeted analysis
is presented Section 5.3. The experiments were carried out for material emission studies
of car interior parts, in particular artificial leather. For this an improved reagent gas supply

unit based on permeation tubes was deployed and shortly characterized, varying between
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NoH/ NyH, H30", [(H.0)n+H]" and NH4" as reagent ions. This set up avoids the need
for compressed gas cylinders of flammables e.g., methane and isobutane. Reagent ions
can be alternated between consecutive GC experiments without hardware changes using
this reagent gas supply unit. While NoH"/ NsH' showed an excellent broad range
selectivity, the survival yield of the precursor ions increased towards NH4". The head
space of the artificial leather sample was collected on Tenax® desorption tubes and
sampled to the GC using a thermal desorption sampling system. The complexity of the
emission chromatograms was used to demonstrate the benefits of combining both EI and
CI information for different compound identification scenarios. The precursor ion
information gained via CI in addition to the 70 eV EI mass spectra allowed for complete
reconstruction of molecules and avoidance of false positives using common fragment
library comparisons. This is particularly beneficial for compounds resulting in unspecific
fragmentation pattern using 70 eV EI. Additionally, the sum formular information enables
identification of compounds not listed in fragment spectra libraries using similarity search
approaches!®®!. Specifically, the knowledge of controlled and well characterized CI
mechanisms reduced the uncertainties in the identification of unknown compounds.
Moreover, the system is improving upon standard methods e.g., 1S02219-3:2012[2! and
1SO16000-6:2021") by not compromising the original EI information required for

targeted analysis and many norm methods by also gaining high resolution CI information.
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4 Experimental part

4.1 Mass spectrometer

All experiments were performed using the, during this work, developed dual ionization
source TOFMS. The instrument is characterized in detail in Section 5.2. The instrument
combines two different interfaces, coupled to a single TOF mass analyzer, hosting an EI

and a CI source, respectively.
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Figure 4.1.1: Schematic set up of the dual ionization source TOFMS during (4) EI mode and (B) CI mode.

The CI interface displays an atmospheric pressure interface including several differential
pumping stages and corresponding ion optical transfer devices e.g., transfer quadrupoles.
The EI interface is embedded in the last pumping stage upstream to the TOF mass
analyzer. Custom designed quadrupole ion deflectors are used to parallelize the ion
beams, generated by the ion sources, towards the TOF mass analyzer. By rapidly
switching the voltages of the second quadrupole ion deflector, the ion beams are either
deflected or passed straight through this ion optical device as indicated in Figure 4.1.1.
Thereby, either the CI or the EI ion beams are sampled to the TOF mass analyzer. This
allows for a clear differentiation of both ion types during the acquisition of the
corresponding mass spectra. For experiments operating both ion sources simultaneously,
the switching rate of the quadrupole ion deflector was set to 10-15 Hz leading to a data
acquisition of 5-7.5 Hz for each ion source, respectively. The used TOF mass analyzer
was an HTOF (TOFWERK, Thun, Switzerland) operated with a resolution between 4000

and 5000 and a sampling rate of 25000 mass spectra per second within a mass range of
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m/z 3 - 450. A commercial EI source (Star beam EI source; TOFWERK, Thun,

Switzerland) was utilized. The CI source is described in detail in Section 5.1.

4.2 Acquisition and post processing software

TOFDaq recorder (TOFWERK, Thun, Switzerland) was used for data acquisition and
storing the data as hdf5 files. The hdf5 file format supports a four-dimensional data
structure (in this case time, segment, mass, intensity). The data acquired during the EI
and CI phase, respectively are saved to different segments within the hdf5 file format.
High resolution data were mainly handled using TOFware (Tofwerk, Thun, Switzerland)
while chromatographic deconvolution of EI and CI spectra were performed via Analyzer

Pro XD (SpectralWorks, Runcorn, UK).

4.3 Gas chromatography and sampling

For all experiments an Agilent 7890A GC (Agilent technologies, Santa Clara, CA, USA)
was used. The GC conditions including, GC columns, oven temperature programs, inlet
temperatures, sampling devices and conditions are given for each experiment separately.
During this work several sampling methods were used as liquid injection, head space
sampling using a manual headspace sampler (Ellutia, Ely, UK) and thermal desorption

(Gerstel TDS3, KAS4; Gerstel, Miilheim an der Ruhr, Germany).

4.4 GC transfer

The connection between the GC and the ion sources of the mass spectrometer is essential
to preserve the chromatographic performance of the GC. Conventional GC transfer lines
are designed as stiff and well insulated heated metal tubes representing a continuously
heated connection between both instruments. Since the ion sources of the operated mass
spectrometer are spatially distanced but should be coupled to the same analytical
separation column special attention was paid to the GC transfer development. In addition
to the flexibility of the transfer lines in terms of bending radius, a quick connection system
for easy installation, column positioning and ventless separation column exchange was
implemented. The transfer design leading the GC effluent to the EI source is shown in
Figure 4.2.1. The coupling between the GC and the MS consists mainly of two different
parts: the heated transfer line and the heated vacuum feedthrough. Both parts are
connected using a SilcoNert® coated (SilcoTeck GmbH, Bad Homburg, Germany) 1/32”
internal/external union with a 0.25 mm bore (Vici, Huston, TA, USA). The heated

vacuum feedthrough is directly installed on the MS interface. Within the heated vacuum
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feedthrough, a methyl/phenyl deactivated fused silica capillary of 0.25 mm ID (BGB
Analytik, Bockten, Switzerland) is installed as inlet capillary directing the GC effluent
into the EI source. The heated transfer line is connected to the heated vacuum feedthrough
using the mentioned 1/32” internal/external union. To avoid cold spots, the connection is
stabilized using the transfer line connection clamp as shown in Figure 4.2.1. The heated
vacuum feedthrough acts as flow restriction and maintains a low pressure within the mass
spectrometer even when the transfer line and GC are removed. This allows the instrument
to be maintained without venting the MS system or the need to re-align the GC column
within the ionization source. A more detailed characterization of the vent free capillary
feedthrough system is given in ref [82]. The transfer line represents a 0.25 mm ID
stainless steel tubing with a deactivating coating (UltiMetal stainless steel capillary
tubing; Agilent technologies, Santa Clara, CA, USA). The stainless-steel tubing was
insulated using a 0.5 mm ID fiber glass hose (Techflex, Kiirten, Germany). For resistive
heating a nickel heating wire with diameter of 0.3 mm and a resistance of 1.3 Q0/m was
wound around the insulated capillary with a pitch of ~ 0.5 turns/mm. A Pt-100
temperature sensor 2.1 mm x 3.9 mm (width x length) (Heracus, Hanau, Germany) was

taped onto the heating wire for temperature regulation.

EI source flange

heated vacuum feedthrough

transfer line heated transfer line

coi?:tion clamp/

deactivated 1/32" deactivated stainless , Y )
internal/external union  gteel capillary heat and electrical
insulation

Figure 4.2.1: GC transfer design to the EI source including the flexible heated transfer line and the heated

vacuum feedthrough.
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Additional layers of heat insulation were added (cf. Figure 4.2.1) resulting in a transfer
line with 2.5 mm diameter and a bending radius of > 15 cm. With this, an operation at
280 °C is results in a power consumption of 28 W. The same transfer line design was
used for the GC coupling of the CI source. In the CI case, however, the heated transfer
line was directly connected to the ion source inlet. The GC separation column was
coupled to the transfer line either by a straight MXT union connector for single ionization
source mode or a MXT Y-split connector (Restek, Bellefonte, PA, USA) in dual

ionization source mode.

4.2 Chemicals

All used chemicals were ordered in high purity > 95 % from different suppliers. Gases
were all used in a purity of > 99.999 % either purchased from Carbagas (Bern,
Switzerland) or in the case of Hydrogen produced by a Hydrogen generator Trace (Peak

Scientific, Glasgow, UK). Detailed declarations are given for each section in separate.
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5.1.1 Abstract

The construction, critical evaluation, and performance assessment of a medium-pressure
(2 - 13 mbar), high temperature chemical ionization (CI) source for application in GC-MS
is described. The ion source is coupled to a commercial time-of-flight (TOF) mass
analyzer. Reagent ions are generated in a two staged process. The first stage uses a
filament free, helical resonator plasma (HRP) driven ion source for H3" generation.
Reagent gases e.g., nitrogen, isobutane and methane are added in a second stage to the
Hs" stream, which leads to the formation of final protonation reagents. The GC effluent

is added subsequently to the reagent ion gas stream.

Designed for the hyphenation with gas chromatography, this GC-CI-TOFMS
combination produces GC limited Gaussian peak shapes even for high boiling point
compounds. Limits of detection for the compounds investigated are determined as
04pg-12pg on column with nitrogen, 0.6 pg-12.6 pg with isobutane, and
2 pg - > 25 pg with methane as reagent gas, respectively.

An EPA 8270 LCS mix containing 78 main EPA pollutants is used to evaluate the
selectivity of the different reagent ions. Using nitrogen as reagent gas, 74 of 78
compounds are detected. In comparison, 41 of 78 compounds and 62 of 78 compounds

are detected with isobutane or methane as CI reagent gas, respectively.
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5.1.2 Introduction

Gas chromatography (GC) coupled to mass spectrometry (MS) is one of the most
common hyphenated techniques in analytical chemistry in use for decades. The design of
the ion source requires careful attention to a multitude of parameters for an acceptable
overall analytical performance. Particularly with regard to sensitivity, selectivity and
chromatographic fidelity, an appropriate ionization scheme, a proper pressure and flow

balance, and a careful choice of high temperature mounts are required.

Chemical ionization (CI) was introduced as an alternative for electron ionization (EI).
The latter is regarded as the gold standard for GC-MS. Due to the pronounced and
reproducible fragmentation of precursor ions it allows for reliable fragment library

searches!?®:83-84]

. EI has the disadvantage that it sometimes loses the molecular ion
information!'*!'7-731. CI normally delivers such molecular ion information. Generally, in
CI the generation of a large excess of reagent ions is responsible for analyte charging.
One of the most important issues to be addressed in CI concerns the reagent ion
distribution, since the relative proton affinity (PA) and ionization energy (IE) of the
reagent ions and analytes define 1. whether a compound is amenable to this ionization
scheme and 2. the maximum excess energy remaining after the charging event within the

vibrational modes of the analyte, possibly causing fragmentation*!!. Hence, CI always

requires a fine balance between selectivity, degree of fragmentation, and sensitivity.

The first “classical” CI source was introduced by Munson et al. in 1961 which
essentially represents a modified EI source. Reagent gas pressures up to 1 mbarl®>44]
ensure mean free paths in the millimeter range and thus lead to sufficient bimolecular
collisions for reactions between the EI induced reagent ion and the analyte. In particular
acidic, protonating reagents play a major role in positive CI, such as CHs"/C,Hs"
(methane), and C4Ho" (isobutane), with sometimes rather complex underlying ionization
mechanisms!®). In classical CI the entire chemistry from reagent gas ionization, reagent
ion formation and analyte charging occur in one spatially confined volume, which renders
control on the reagent ion distribution rather difficult. In many cases the collision rate at
1 mbar is not sufficient to collisionally disperse excess precursor ions energy which
results in increased fragmentation. Additionally, traditional EI driven CI sources often
suffer from reduced filament lifetimes and residue build-up due to ionization source
“fouling” 3*4), Many ion source designs for GC using chemical ionization with separated

regions for reagent ion formation and analyte ionization, working in various pressure
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regions, were introduced since then e.g., atmospheric pressure chemical ionization

(APCD®-!% and proton transfer reaction mass spectrometry (PTR-MS)[33],

In this work reagent ions are generated in a two staged process. H3" as one of the strongest
gas phase acids is used to initiate the reagent ion formation from a suitable reagent gas.
Hs" is generated by flowing ultra-pure H» through a radio frequency (RF) plasma, driven
by helical resonator plasma (HRP) supply!®®, replacing the operation of a filament along
with its drawbacks. The low proton affinity of H> enables the protonation of a broad range
of molecules with H3". Even bulk gases such as nitrogen can be protonated and used by
subsequent addition as final reagent ion for analyte ionization!**°*>*87] The pressure is
maintained in the range of 2-13 mbar, i.e., is slightly higher than in classical CI. In
addition, the dwell time for neutral analytes to react with a defined reagent ion population
is significantly increased as compared to classical CI, which enhances sensitivity.
However, the ion-molecule chemistry of this system is not yet fully equilibrated, such as
in APCI®% Consequently, the presence of water does not result in formation of an
equilibrated cluster distribution acting as a thermodynamic reagent ion sink leading to
loss in ionization range. Even a considerable H3O" population can be generated as the
protonating reagent without the need of elevated electrical field strengths as in
PTR-MSP2389192] This minimizes feasible collisionally induced dissociation (CID) steps
of the charged precursor ions!”’l. Furthermore, the reagent ion generation and analyte
protonation regions of the source are spatially separated, providing much better control
of active protonating species, in contrast to classical CI, where reagent and analyte ions
are generated in the same rather confined reaction volume. The main goals for the
presented chemical ionization source are 1. the generation of controllable reagent ion
systems for different reagent gases leading to virtually non-selective protonation, e.g., via
NoH™ or H30" ions as well as selective protonation, e.g., via C4Ho" ions; 2. establishing
abundant [M+H]" signals for the analyte compounds of interest; 3. maintaining the
chromatographic performance for the entire GC-EI-MS analyte range; and 4. establishing
competitive sensitivities with limits of detection (LODs) in the femto- to low picogram

(on column) region.

The selectivity of the different reagent ions is demonstrated using an EPA standard
mixture containing 78 environmental pollutants. The diversity of compounds in this

mixture provides a good measure for the different reagent ion coverage and overall source
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performance. A similar approach was chosen by Kauppila et al.®¥ for a comparison

between direct and dopant assisted APPI and APLI, respectively.

5.1.3 Experimental

MS Interface. The ionization source is connected to the first differential pressure stage
of an originally atmospheric pressure interfaced time of flight (API-TOF) mass analyzer
(TOFWERK, Thun, Switzerland). A vacuum pump (Fossa FO 0035A Busch Vacuum
Solutions, Maulburg, Germany) controls the flow/pressure in this first vacuum region.
Ions are guided downstream into the next pressure stage with a segmented quadrupole.
The ion source is coupled upstream to the ion guide using an additional enclosure,
cf. Figure 5.1.1. The latter is optimized for passive heat conduction through the ion
source. The TOF was operated at mass resolving power of R ~5000 Th/Th at 183 Th. The
mass range was configured to acquire ions in the mass range from ~10 - ~450 Th.
Individually recorded mass spectra at 25 kHz repetition rate were averaged to 5 spectra

per second (5 Hz acquisition rate).

Ionization source design. A schematic of the ionization source is shown in Figure 5.1.1
The set up can be divided into three stages, each marking a different ion chemical process.
The first stage controls the generation of H3" from a hydrogen fed helical resonator
plasmal®®. The formation of abundant H3" ions through this plasma setup was shown
previously®!. The helical resonator itself was placed on a Ys-inch OD glass tube
connected to the stainless-steel ion source housing. The H> supply was connected to the
glass tube via a % inch Swagelok Teflon fitting. The frequency of the plasma power
supply was adjustable between 11 MHz and 16 MHz. If not stated otherwise, the
hydrogen flow was kept at 100 standard cm?®/min to minimize back diffusion of reagent
gas. The spontaneous ignition of the hydrogen plasma was possible in a pressure region
between 0.2 mbar and 15 mbar. The plasma supply applied <2 Watt at optimum
operation for all investigated pressures. The ionization source pressure was adjusted with
a manual valve regulating the pumping speed of the connected rough pump. The pressure
was recorded with an absolute capacitive vacuum gauge CMR 362 (Pfeiffer vacuum,

Asslar, Germany).

The second stage is located downstream of the active plasma region, where nitrogen
(99.999 %), methane (99.9995 %) or isobutane (99.95 %) (cf. Chemicals section) were

added as reagent gases into the H3" enriched gas flow. This stage is responsible for
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generating the respective reagent ions and allows to switch between highly acidic
compounds, such as NoH", and less acidic compounds such as C4Ho". Experiments with
lower purity nitrogen revealed the possible usage of H3O" as reagent ion without any
issues arising from formation of larger proton bound water clusters. As depicted in
Figure 5.1.1, the reagent gas flow circumvents the inner glass tube until it diffuses into
the H, flow within the actively heated ionization source region. The source housing
temperature was kept at 300 °C. If not stated otherwise, the reagent gas flows were
adjusted to 200 standard cm?®/min. In all experiments, the reagent gas flows were always
kept twice as high as the H> flow. Due to the low hydrogen pumping speed of many
vacuum pumps, this is the minimum ratio between hydrogen and reagent gas to ensure

acceptable pressures in the TOF mass analyzer.

In the third stage, the GC effluent is added orthogonally to the reagent ion flow for
protonation, followed by a voltage free drift region that ends in the first pumping stage of
the mass spectrometer. The GC column protrudes 3 mm into the main gas flow. The
original quadrupole in the first vacuum region is a standard component of the API-TOF
mass analyzer. For this work, it was modified with an axially surrounding aluminum
enclosure, which turned this quadrupole into an essential part of the ion source, featuring
improved mixing, focusing and partly ion activation. The direct contact of the enclosure
with the heated ionization source housing maintained a high temperature reaction
pathway throughout the first vacuum region of the mass spectrometer. In this way, GC
peak tailing effects caused by condensation of high boiling compounds and thus long
residence times of non-ionized analytes in the first vacuum chamber were minimized. A
gas temperature of ~160 °C was measured at the quadrupole entrance and ~130 °C at the
exit. Holes in the end plate of the ion guiding quadrupole established the gas flow of all
three stages through the entire source. The axial voltage gradient along the quadrupole
was kept low (< 10 V) to avoid elevated reduced electrical field strength in addition to

the focusing RF field.

Kalrez 4079 O-rings seals (Angst+Pfister, Geneva, Switzerland) and Valcon Polyimide
ferrules (VICI Valco instruments, Huston, Tx, USA) were used in the ionization source.
Typically, GC applications require temperatures up to 350 °C within these regions to
maintain the chromatographic fidelity over the whole GC analyte spectrum. Commonly
used sealing materials, such as FKM/FFKM O-rings, PEEK and Kapton, are not suitable

in such high temperature regimes. Even showing a good form stability at such
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temperatures, outgassing of these materials strongly interferes with the analysis!'?!. O-ring
sealed areas are spatially separated from the heated ionization source body to keep
outgassing effects to a minimum. Temperatures at O-ring sealing sites were measured to

be <150 °C.

For the MS voltage tuning and mass calibration, 0.5 standard cm*/min of a 10 ppmV
mixture of benzene, toluene and xylene in helium (see Chemicals section) were added to

the nitrogen flow.

CI-source
1-13 mbar TOF-MS
reagent gas in gas out/
H2 in e.g., N2 i to pump
100 std cm3/min 200 std cm3/min et )
i ions out/
- o\ lnmmmam]| o
L —
il —F ' |II,III|
/ / 4
modified PID lamp actively segmented \ ’ |
power supply glass tube heated area quadrupole glr':glorslﬁz €
1t stage 2" stage 3 stage
H;* generation reagent ion analyte protonation
formation [M+H]*
(e.g. NHY)

Figure 5.1.1: Schematic of the chemical ionization source mounted to the first pressure stage of the mass

spectrometer including the segmented quadrupole of the first MS pressure stage (cf. MS interface section).

GC Interface. The ionization source was coupled to an Agilent 7890A GC (Agilent
technologies, Santa Clara, CA, USA) equipped with a liquid injection inlet and a Rxi-5ms
column (30 m, 0.25 mmlID, 0.25 um, Restek, Bellefonte, PA, USA). The GC coupling to
the ionization source was accomplished with a custom heated transfer line operating at
280 °C. The GC separation was done with the following temperature program: 1 pl
splitless autosampler injection (inlet temperature 280 °C), temperature hold for 2 min at
43 °C, temperature ramp to 250 °C at 20 °C/min rate, temperature ramp to 300 °C at
30 °C/min rate. Helium 99.999 % (Carbagas, Bern, Switzerland) further purified using a
Big Universal Trap (Agilent technologies, Santa Clara, CA, USA) was used as carrier gas

in a constant flow of 2 standard cm?/min.

Chemicals. All gases except hydrogen were purchased in 99.999 % purity from Carbagas

(Bern, Switzerland). hydrogen 99.9999 % was obtained from a precision hydrogen trace
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generator (Peak Scientific, Glasgow, UK). Hydrogen was further purified to low ppbV
contamination levels with gas purifiers (ZPure Glass H2O/HC Filter; Chromatography
Research Supplies Inc, Louisville, KY, USA). The 10 ppmV BTX gas mixture used for
mass calibration and tuning was purchased from Carbagas (Bern, Switzerland).
Chemicals used for reaction, fragmentation and LOD studies, i.e., benzene (> 99.9 %),
toluene (99.9 %), a-pinene (98 %), naphthalene (99.0 %), 2-decanone (98 %),
2.6-ditert-butylpyridine (= 97 %), anisaldehyde (> 99.9 %) and benzophenone (> 99 %)
were all purchased from MERCK/Sigma Aldrich (Buchs, Switzerland). Solutions of these
analytes were made with GC grade hexane (> 99 %) from MERCK/Sigma Aldrich
(Buchs, Switzerland). The EPA 8270 LCS mix 1 was purchased from Supelco
(Bellefonte, PA, USA) and contained 100 pg/mL of each of the 78 EPA major pollutants
as acetone/methylene-Chloride (9:1 V:V) solution. The solution was further diluted in

hexane to a concentration of 2.5 ng/uL.

5.1.4 Results and discussion

5.1.4.1 Reagent ion distributions

As described in the experimental section, the reagent gases nitrogen, isobutane, and
methane were added downstream of the plasma region and merged with the Hs"/H, gas
flow. The protonation of the reagent gases by H3" and consecutive reactions lead to the
formation of reagent gas specific ions. Since the selectivity of the CI method depends on
the availability of characteristic reagent ion species, detailed knowledge regarding their
individual distributions is essential. It is emphasized that there is a major difference
between the generation of CI reagent ions with EI and Hs', respectively. Electron
ionization produces mainly radical cations and many fragments of the reagent gas. These
species potentially induce chain reactions that inevitably lead to abundant adverse neutral
as well as ionic by-products. Consequently, swift Cl-source contamination is one of the

4344 In contrast, plasma generated Hs" protonates the reagent gases,

major drawbacks!
which is 1. a process known to be far less intrusive (despite the high gas phase acidity of
Hs" and thus exothermic protonation reaction enthalpy), and 2. ideally does not generate

radical cations.

Depending on the collision number (i.e., the pressure), different ion distributions can be
generated for analyte ionization. Thus, the reaction systems can be largely controlled via

the source pressure. Figure 5.1.2 shows the behavior of the reagent ion distributions with
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changing source pressures for all three reagent gases. These distributions are discussed in

the following. Reagent ion mass spectra at 13 mbar ion source pressure are shown in

Figure 8.1.1.
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Figure 5.1.2 Reagent ion distribution as function of ionization source pressure for the reagent gases (4)

nitrogen, (B) isobutane and (C) methane.

Nitrogen reaction system: As Figure 5.1.2A shows, NoH' represents the main reagent ion
species at low source pressures between 2 and 7.5 mbar. It is generated via proton transfer
reaction from Hs" to N> (Rn 5.1.1)%. Since even at very high gas purities (low ppbV
level in this work) residual water is the main contaminant in bulk gases and on surfaces.
Due to its chemical properties, water often plays a major role in the ion distribution in CI
sources other than classical EI driven CI. The proton affinity of nitrogen compared to
water is rather small (PA(N2)=493.8 kJ/mol)*! and therefore  water
(PA(H20) = 691.0 kJ/mol)** potentially interferes with the NoH" reaction system. Since

H3O" is the thermodynamically favored species, NoH" and H3" begin converting via
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proton transfer reaction to H3O" (Rn 5.1.3)°®! in a medium pressure region up to 7.5 mbar.
Simultaneously, the generation of N4H" acting as a reservoir species for NoH' proceeds
in an equilibrium reaction with excess nitrogen (Rn 5.1.4)P7). Further increase of the
pressure results in a steady growth of the H3O" signal, while the N4H" signal levels off.
The signal of the proton bound cluster [H(H20)>]" due to reaction of H3O" with HoO®¥!
does not represent a notable reagent (Rn 5.15). This is important to know, since the proton
affinity increases with the [H(H20))a]" cluster size and therefore the desired high
reactivity (i.e., low selectivity) of the reagent ion system is only preserved at small cluster
sizes** 11 [H(H>0),]* shows already a significantly increased proton affinity compared
to H3O" of approximately 140 kJ/mol®]. The TOF mass analyzer tolerates ionization
source pressures up to 13 mbar. At this maximum pressure, NoH", N4JH® and H30"
represent the dominant reagent ions. Note that the H3O" signal is expected to be
underestimated especially for higher pressures due to low mass losses in the ion transfer
stages of the mass analyzer. Larger water clusters with n>2 were not observed in

significant amounts.

HFf + N, » N,H* + H, (Rn 5.1.1)
Hf + H,0 - H;0" + H, (Rn 5.1.2)
N,H* + H,0 - H;0* + N, (Rn 5.1.3)
N,H* + 2N, = N,H* + N, (Rn 5.1.4)
[H(H,0)p_1]* + H,0 + N, = [H(H,0),]* + N, (Rn 5.1.5)

Isobutane reaction system: CsHo" (PA(C4sHg) = 802.1 kJ/mol)*?! is the main ion species
using isobutane as reagent gas. C4Ho" is produced via the reaction of H3* and isobutane
followed by a methane elimination and subsequent reaction with another isobutane
molecule (Rn 5.1.6 - Rn 5.1.8). A different pathway reacts via hydrogen elimination
(Rn 5.1.9)11%4), Residual water does not affect the reagent ion population due to the higher
proton affinity of C4Hs as compared to water. As shown in Figure 5.1.2B the reagent ion
distribution is slightly shifted from C4Ho" to higher CoHm' (e.g., CsHi7") species with
increasing source pressure. A pronounced change of ion distribution with the source

pressure as seen for the nitrogen reaction system is not observed.

C,Hi, - C3H + CH, (Rn 5.1.7)
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C3H7 +iso-C4Hyg = C4Hg + C3Hg (Rn 5.1.8)
CoHi, — CyHE + H, (Rn 5.1.9)

Methane reaction system: Methane as reagent gas leads to strong signals for C3H7" and
CsHo'. Additionally, abundant signals of C3H3", C3Hs', C4Hs" and C4H7" appeared even
at low pressures. These ion species were also observed in studies of Field et al.l*®] at
pressures up to ~2.5 mbar in low abundance. These authors used a filament-based CI
source for their studies. The relative intensities of the Cs-species did not vary strongly
with the source pressure, whereas C4Hs" and C4H7" decreased in favor of an increasing
C4Ho" population as the source pressure was increased. Species such as CHs" and C,Hs"
represent the main reagents in classical EI driven CI'*3 and are the initial ions produced
in chemical reactions following primary CHs" generation at low pressures'!%?. In the
present study, these species were not observed due to the fast temporal evolution of the
reaction system to form higher CoHm" species, which are thermodynamically favored.
The absence of H3O" depicts the higher proton affinities of the neutral counterparts of the
generated ions as compared to water. In addition to the main compounds shown in
Figure 5.1.2C, higher C,Hy," species of masses up to 200 Th were detected, however, with
very low abundances. A more detailed description of the methane system can be found in
the supplementary information (Section 8.1). In the presented example, reagent ion
control was performed by simply regulating the pressure. Considerable shifts in the
methane ion distribution were also observed upon diluting the reagent gas with argon. An
accompanied change in the gas phase acidity is possible by varying this parameter.

However, for definite conclusions, this effect requires further investigations.

4.1.4.2 The active reagent ion for the N system with low water content

The plots in Figure 5.1.2 reflect the final charge distributions arriving at the detector, but
not necessarily the distributions actively protonating the analyte. This possible deviation
becomes evident when considering the relatively long 3™ reaction stage (cf. Figure 5.1.1)
and the previously mentioned low mass cut off of the segmented quadrupole. The latter
may lead to significant underestimation of the H3O" population and its alleged role as a

reagent. This issue is addressed in the following.

From PTR-MS it is well-known that the signal intensities of analytes correlate with the

reaction rate coefficient of the proton transfer reaction with H3O'3¢-33851 However,
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reaction rate coefficients for NoH" and H3;O" differ for each compound!®!% which

allows distinguishing the major actively protonating reagent ion species.
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Figure 5.1.3: (4) Relative [M+H]" signal intensities of benzene and toluene sampled using GC separation
at different ionization source pressures with N> with low water content as reagent gas. Signals were
normalized to the benzene signal. Expected ratios calculated via reaction rate constants are plotted as
dotted lines. Rate coefficients were taken from!1%%Y  (B) Reagent ion spectra using nitrogen with low

water content as reagent gas at ion source pressures of 2 mbar and 13 mbar.

Figure 5.1.3A shows the relative [M+H]" signal intensities of benzene and toluene
normalized to the benzene signal at different source pressures. For lower pressures, where
N>H" is the main protonating reagent ion (cf. Figure 5.1.2A), the benzene signal intensity
is higher as compared to the toluene signal (~1:0.88 benzene:toluene). This is in full
agreement with the reagent ion spectra for 2 mbar shown in Figure 5.1.3B and the
corresponding reaction rate coefficients, which predict a faster reaction for benzene than
for toluene with NoH™'®l The expected protonated benzene/toluene ratios for an
exclusive reaction with NoH™ and H3O", respectively, are shown in Figure 5.1.3A as
dashed lines. With increasing pressure, the toluene signal increases relatively to the
benzene signal and the maximum ratio of about 0.98:1 (toluene:benzene) is reached at

13 mbar. Since the reaction rate coefficients predict a faster reaction for H3O" with
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toluene as compared to benzene!'® this finding clearly indicates an increasing
contribution of H3O" to the protonation process at higher source pressures. However,
water still plays a minor role in the overall [M+H]" yield. This is in full accordance with

the reagent ion distribution at 13 mbar given in Figure 5.1.3B.

In conclusion, to a good approximation the detected reagent ion distribution does reflect
the actively protonating species and the nitrogen purity for this system is sufficiently high

for NoH" dominating the protonation chemistry even at the maximum source pressure.

5.1.4.3 Protonation vs photoionization and the role of the segmented
quadrupole

Since the plasma glow is in line of sight with the 3™ stage (cf. Figure 5.1.1) it causes a
certain generation of photoionized analyte molecules M*. This was generally observed
with all analytes under investigation. Comparing the intensity scales in Figure 5.1.4
clearly shows that from an analytical perspective the photoion yield is rather negligible
as compared to the protonated molecule yield. When operating the CI setup with an RF
of Up, =200 V the [M+H]" intensity typically exceeds that of the M™ by a factor of 50.
Nevertheless, it is worth taking a closer look at both species and their dependence on the
RF amplitude of the segmented quadrupole as well as the source pressure, as depicted in
Figure 5.1.4. It becomes apparent that for the photoionized species only the transfer
properties of the ions, formed in the 3™ stage, change with varying RF amplitude. The
slopes for all pressure settings show a steep increase with a maximum transmission
between approximately 80 and 120 V and level off at higher voltages to roughly 70 % of
the maximum transmission. It is noted that even with 0 V M™ ions were detected. A
clearly different behavior was observed for the protonated molecule of xylene. Between
0 Vand~ 50 V at 2.5 mbar and ~80 V at 13 mbar, respectively, the [M+H]" was virtually
absent. After the onsets the signal increases exponentially and levels off for 2.5, 4, and
5.5 mbar at approximately 100, 150, and 180 V, respectively. The virtually parallel
progression of all slopes suggests a plateau also for the higher-pressure settings at an
extrapolated higher RF amplitude. A plateau indicates that the chemistry cannot be driven
further by the quadrupole field.

These significantly differing results between photoionization and protonation imply that
the quadrupole not only affects the transfer properties, but also is an essential part of the

3 stage to further drive the chemistry of the protonation step (cf. Figure 5.1.1). It is
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assumed that efficient RF driven mixing of the reagent ions with the neutral analyte within
the quadrupole field significantly amplifies the extent of ion-molecule-reactions.
Additionally, the focusing effect concentrates reagent ions onto the quadrupole main axis,

which leads to an increase in the rate of protonation.

Figure 5.1.4A also shows an interesting pressure dependence of the observed [M+H]"
population. For example, the plateau intensity for the four lowest pressures at 200 V
exhibit a perfectly linear behavior. However, an interpretation is rather difficult since the
pressure affects the plasma conditions, the reagent ion formation, diffusion, the
protonation step and the transfer properties. To assess each contribution, further
investigation is required, which is far beyond the scope of this work. Nevertheless, the
results allow to distinguish between transmission and chemistry effects and clearly
demonstrate the importance of the quadrupole for the entire CI source design. Moreover,
they show an optimized operational point of this stage for analytical operation at an RF

amplitude of 200 V and a pressure of around 8 mbar.
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Figure 5.1.4: (A) Protonated and (B) photoionized analyte in dependence of the first quadrupole RF voltage

at different ionization source pressures. A continuous sample flow of 0.5 sscm of a 10 ppmV xylene gas

mixture with N, as reagent gas was used.
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5.1.4.4 Analyte fragmentation behavior

The fragmentation behavior upon protonation with different reagent ions was exemplified

with a-pinene as the analyte, which is well-known for its fragility. Figure 5.1.5 depicts

the TIC normalized signal intensities for the main charged species assigned to a-pinene

as a function of the source pressure. In addition to the [M+H]" at m/z 137 (CioH;7") and
the [M-H]" at m/z 135 (CioHis"), the characteristic fragments at m/z 121 (CoHiz"),
m/z 93 (C7Ho") and m/z 81 (Ce¢Hy"), which are well-known from PTR-MSP®31%1 were

observed for all reagent gases to a certain extent.
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Figure 5.1.5: Pressure dependent a-pinene fragmentation behavior for (A) nitrogen, (B) isobutane and

(C) methane as reagent gases. The measurements were performed with repeated GC injections of a-pinene.

For comparable signal intensities, 100 pg and 2.5 ng on column injections were used for nitrogen and

isobutane/methane as reagent gases, respectively.
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Figure 5.1.5 shows that the fragmentation pattern for a-pinene strongly depends on the
used reagent, as expected. This result is readily rationalized by the largely differing gas
phase acidities of the reagent ions, which result in also largely different excess energies
for the protonation step®>**#7. The RF amplitude of the segmented quadrupole was kept
at 200 V. The effect of the Quadrupole RF on the extent of fragmentation is shown in
Figure 8.1.2.

In case of nitrogen as reagent gas, the fragment ion pattern of a-pinene exhibits a
pronounced source pressure dependence (c.f. Figure 5.1.5A). At low pressure, fragments
at m/z 93and m/z 121 are present in high abundance in addition to the well-known
fragments at m/z 81 and m/z 135 ([M-H]")!!%]. Additionally, at higher pressures, H3O"
begins to noticeably participate in the protonation. This reduces the average excess energy
deployed in the target molecule, as compared to the NoH" only case. The [M+H]" ion
signal increases strongly from 12 % at low pressures to 29 % at 13 mbar. This result is
rationalized in terms of the changing exothermicity of the protonation step and also in
higher collision numbers resulting in more effective collisional deactivation. Preliminary
experiments demonstrated that careful addition of gaseous water to the pure N> gas flow
allows for a “softer” fragmentation behavior as observed with dry nitrogen as reagent gas
(cf. next paragraph). This finding potentially represents a valuable analytical method,
which is allows rapid in-situ switching between pure and water doped nitrogen reagent
gas to swiftly adjust the exothermicity (also called hardness in the literature) and the
degree of selectivity of the protonation chemistry. Using H3O" in this way without the
need of high field strengths, such as in PTR-MS, is subject to current research and the

results will be presented in an upcoming publication.

Generally, the analyte protonation using isobutane as reagent gas shows less
fragmentation as compared to pure nitrogen (cf. Figure 5.1.5B). Due to the high proton
affinity of C4Hs and therefore lowered exothermicity of the protonation step, an abundant
protonated molecule yield even at lower pressures is observed. The excess energy
calculated using the difference of the proton affinities of a-pinene and the reagent ion
yields APA =76.9 kJ/mol for isobutane. In comparison, APA for NoH" (383.8 kJ/mol)
and H3O0" (187.6 kJ/mol)[*>1%] are calculated to be approximately five and two to three
times higher, respectively. The degree of fragmentation with isobutane as reagent gas
decreases just slightly with increasing source pressure, yielding a relative [M+H]"
abundance between 62 % and 80 %.
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Methane exhibits a more complex pressure dependence of the fragmentation yield than
isobutane and nitrogen (cf. Figure 5.1.5C). Notice that the lowest ionization source
pressure used with methane was 5 mbar, as a consequence of reduced pumping efficiency
of the Ho/CH4 mixtures as compared to H2/N2 and Hz2/C4Hio. With methane as the reagent
gas, it is striking that the [M-H]" yield for a-pinene is multiple times higher as compared
to isobutane and nitrogen. The most obvious explanation is the occurrence of additional
hydride abstraction!*!!. It is also noticeable that with methane as reagent gas, adduct
formation occurred (not shown here). Low abundance adduct ions were [M+39]",
[M+41]", [M+43]", [M+54+H]" and [M+56+H]" corresponding to the CyHm " reagent ion
species (cf. Figure 5.1.2).

5.1.4.5 Chromatographic performance and sensitivity
Critical GC-MS performance parameters are the overall stability of the setup/method,
peak width, symmetry of the chromatographic peaks, linear ranges, and limits of detection

(LOD) for diverse analytes.
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Figure 5.1.6: (A) Chromatographic peaks of multiple 100 pg benzophenone injections recorded over a
period of six days. Each day represents an average of three injections. (B) Mass spectrum of a 100 pg

benzophenone injection with nitrogen as reagent gas at 13 mbar ion source pressure.
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For the assessment of these parameters all experiments were conducted at a total flow
rate of 300 standard cm?/min. This flow was determined as the best compromise for the
overall instrument performance in terms of peak shape/width (symmetrical, ~1.9 s peak
width at 5 % height) and tolerable signal intensity loss due to dilution. The average
asymmetry factor calculated at 10 % height!'®”) for all peaks shown in Figure 5.1.6A is
1.08 and thus very close to Gaussian peak shape. The ionization source and heated

transfer line temperatures were kept at 300 °C and 280 °C, respectively.

RSD determination - The performance stability is demonstrated by the relative standard
deviation (RSD) of day to day injections with nitrogen as the reagent gas. For the RSD
measurements, 100 pg benzophenone was injected several times over a period of six days.
Figure 5.1.6A depicts the chromatographic peaks of the [M+H]", each day representing
the average of three GC runs. The calculated RSD based on the peak area is 4.2 %.
Figure 5.1.6B exemplarily shows a mass spectrum acquired during one of the multiple
benzophenone injections. The spectrum is clean and allows unambiguous compound

1dentification.

Table 5.1.1: Limit of detections and protonated molecule yields for different compounds

using nitrogen, isobutene, and methane as reagent gases, respectively.

Compound PA (kJ/mol) LOD (pg on column) [M+H]" yield (%)
Nitrogen Isobutane Methane | Nitrogen Isobutane ~ Methane

a-Pinene ~8791106] 1.2 12.6 >25 29 63 33
Naphthalene 802.91421 1.0 - >25 93 - 30
2,6-Di-tert-butylp ~ 982.2[42] 0.4 1.8 3.7 65 99 74
yridine

Anisaldehyde 881.11421 0.5 0.6 2.0 82 98 84
Benzophenone 882,314 0.4 0.6 6.0 81 99 68
2-Decanone n.a. 0.8 0.7 >25 91 96 77

Limits of detection and protonated molecule yields - LODs of six different analytes with
all three reagent gases were determined using the calibration curve method. The LOD is
defined as three times the standard deviation of the noise (35). For compatibility reasons
and since predominantly protonated molecules are generated, the LOD calculation is done
using the [M+H]" signal intensity of each analyte. [M+H]" yields are also used for the
performance comparison between the reagent gases. Therefore, [M+H]" yields were

calculated as the ratio between the [M+H]" - signal and the TIC of the background-
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subtracted analyte mass spectra. The values calculated for each analyte and each reagent
gas are summarized in Table 5.1.1 Mass spectra of the compounds presented in

Table 5.1.1 are shown in Figure 8.1.6 - 8.1.8.

For the LOD determinations o-pinene, naphthalene, 2,6-di-tert-butylpyridine,
anisaldehyde, benzophenone, and 2-decanone were injected in the range of 1 to 250 pg
including 7 different concentrations. Most compounds showed the lowest LODs with
nitrogen as reagent gas, ranging between 400 fg (for benzophenone and
2,6-di-tert-butylpyridine) and 1.2 pg (for a-pinene) on column. The protonated molecule
yields for naphthalene, benzophenone, anisaldehyde, and 2-decanone with nitrogen were
between 65 % and 93 %. Due to increased fragmentation, the [M+H]" yield of a-pinene
is 29 %. For comparison, LODs of 2.5 pg and 3.5 pg on column for benzophenone were
shown for a GC-APCI approach!!” and for a filament-based source coupled to a

Q-TOF!"%I, respectively.

LODs for isobutane were recorded at 8 mbar instead of 13 mbar since the sensitivity
strongly dropped at higher pressures. For isobutane as reagent gas the LODs for
2,6-di-tertbutyl-pyridine, anisaldehyde, benzophenone, and 2-decanone are comparable
to N2. The a-pinene sensitivity, however, significantly decreased by an order of
magnitude, with an LOD of only 12.6 pg. The relatively low acidity of the isobutane
reagent ions is insufficient to effectively protonate naphthalene, accordingly it was not
observed in this case. On the other hand, the low acidity results in significantly lower
excess energies upon protonation as compared to the other two reagents, and outstanding
[M+H]" yields between 95 % and 99 % were obtained. As an exception, o-pinene resulted
in a protonated molecule yield of 65 %, which is attributed to its fragility as discussed

earlier.

Methane as a reagent gas did not lead to acceptable LODs in the low pg on column range.
Adduct ion formation and high-mass CyHm " reagent ions caused strong interferences with
the analyte signals. Consequently, the determined LODs of three out of six analytes were
higher than 25 pg on column. The lowest LOD (2 pg on column) was obtained for
anisaldehyde. In addition, this compound was the only analyte with [M+H]" yields above
80 % using methane. Due to abundant [M-H]*, M", and adduct formation, methane

generally showed the lowest [M+H]" yields of all reagent gases.
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Linear ranges - The linear range spans 4.5 to 5 orders of magnitude with nitrogen and
isobutane and 3 to 4 orders of magnitude with methane (Figure 8.1.3 - 8.1.5) as reagent
gas. For all reagent gases, the upper limit of the linear range was limited only by the
capacity of the GC. Peak fronting effects caused by GC column overload appeared at
around 25 ng — 50 ng injected compound. R?-values were > 0.99 for all shown examples

in this range.

5.1.4.6 Range of ionizable compounds

For the evaluation of the different selectivities of nitrogen, isobutene, and methane, an
EPA 8270 contaminant standard mix containing 78 compounds was analyzed with each
reagent gas. The same ion source parameters as for the LOD estimations were used. The
results are shown in Table 5.1.2 and Figure 5.1.7. Table 8.1.1 in the supplementary
section shows the detailed results for each analyte/reagent pair, as well as the compound
class assignment of each analyte. Figure 5.1.7 clearly demonstrates the very good
performance of nitrogen as reagent gas with 74 out of 78 detected compounds, as

compared to only 41 and 62 detectable species with isobutane and methane, respectively.
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Figure 5.1.7: TICs of 2.5 ng splitless injections of an EPA 8270 LCS mix using (4) nitrogen, (B) isobutane
and (C) methane as reagent gas, respectively. The pie charts illustrate the amount of detected (blue) and

not detected compounds (red).

Since the sample compounds cover a broad range of chemical functionalities, the EPA
8270 mixture allows a critical assessment of the performance of the three reagent gases

regarding different compounds/compound classes. For proton transfer reactions, the

38



proton affinity is naturally the main analyte property controlling the protonation
efficiency. However, proton affinities are not available for all compounds present in the
mixture. Kauppila et al.®* categorized the compounds into seven different classes
depending on the functionalities and expected ionization behavior. Although this was
done for photoionization, we apply the same categories in this work except for phenolic

compounds, which are treated separately, see below.

18 compounds belong to the class of polycyclic aromatic hydrocarbons (PAH).
Differently sized PAHs, some with additional methyl groups or aliphatic rings, constitute
this group. Except for naphthalene (PA(Naphthalene) = 802.9 kJ/mol)!*?!, all PAHs in this
list exceed the proton affinity of isobutane (802.1 kJ/mol)!** sufficiently. Consequently,
all PAHs were detected with nitrogen and methane and 17 out of 18 with isobutane,
respectively. The [M+H]" ion was observed with all reagent gases and it represented the
base peak for all PAH compounds using nitrogen and isobutane as reagent gas. With
methane, the [M+H]" represented the base peak for most PAHs, but for some analytes

also M" and adduct species were abundantly present.

As stated above, the compounds with phenolic-groups were treated as a separate class. It
includes 17 phenolic compounds with up to two nitro- or five chlorine-substituents,
respectively. The range of ionizable compounds in this group is as expected from
available thermochemical data: Phenol has a proton affinity of 817.4 kJ/mol®*?. Electron
density withdrawing groups, e.g., -Cl or -NO», significantly increase the acidity of
phenolic compounds!!®!'% and hence reduce the PA values. Therefore, neither phenol
nor chlorine- and nitro-substituted phenolic compounds were ionized using isobutane as
reagent gas. The three cresol isomers are special cases: The methyl group in ortho and
para position pushes the respective PA values close to protonation threshold*>*+!1% This
means that o-cresol and m-cresol are amenable to protonation with isobutane reagent ions,
whereas the PA of p-cresol is slightly lower than the PA of phenol, which was not
detected. However, p-cresol and m-cresol were not resolved by the chromatography, and
further experiments on the individual behavior of these two compounds with the pure
isomers were currently not performed. Consequently, for isobutane as reagent gas,
p-cresol was denoted as “not detected”, based on the compared PA values. Nevertheless,
from an analytical point of view it is interesting to distinguish between the GC
unseparated m- and p-cresol by the choice of protonating reagents. With methane, seven

of the 17 phenolic compounds were detected, including phenol and all cresol-isomers.
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Higher substituted phenols with more than one CI/NO; substituent were not detected. In
stark contrast, nitrogen as reagent gas was able to protonate 14 out of 17 phenolic
compounds, even with up to four chlorine- and up to one NO»-substituent. Only

4,6-dinitro-2-methylphenol, 2,4-dinitrophenol, and pentachlorophenol were not detected.

Non-phenolic, halogenated compounds containing up to six chlorine or bromine
substituents define the third class, denoted as “halogenated* in Table 5.1.2. 11 compounds
of this class with either aromatic or aliphatic structure are present in the EPA 8270
mixture. Halogenated phenyl ethers are also assigned to this group, since their phenylic
function is etherified. Nitrogen as reagent gas was able to ionize all constituents of this
third class. For most of these compounds the [M+H]" was the dominating species. Only
for hexachloroethane and hexachlorocyclopentadiene the [M-CI1]" represented the base
peak. With methane as the reagent gas, hexachloroethane and hexachlorocyclopentadiene
were not ionized at all, as well as three other compounds of this group. Therefore, six out
of 11 halogenated compounds were detected with methane. Isobutane derived reagent

ions were not able to ionize any of the compounds in this group.

The nitro compound class includes analytes with up to two NO»-groups attached to
aromatic rings without other substituents present. Six of the 78 compounds within the
mixture are assigned to this group. Using nitrogen and methane as reagent gases, all
constituents lead to [M+H]", for two and four compounds, respectively, even as the base

peak. None of the nitro compounds were observed with isobutane.

In addition to nitro-functionalized molecules, the EPA mixture includes 12 other
compounds containing nitrogen, mainly with amine functionality. Molecules with
halogens or nitro groups next to the amine functionality are also classified as members of

this group.

Amine functionalities are known to strongly elevate proton affinities. Thus, amine groups
are expected to have a higher impact on the protonation behavior than the presence of
nitro or halogen substituents. This is clearly supported by the fact that all members of this
class were observed with all three reagent gases. With isobutane, the [M+H]" dominated
the mass spectra in all 12 cases. With nitrogen and methane as reagent gases, 11 out of

12 compounds formed the [M+H]" as the base peak.
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Six phthalate- and one adipate-ester are classified as “esters”. All esters were ionized by
all reagent ions. For most of them, nitrogen leads to stronger fragmentation as compared
to isobutane and methane. Thus [M+H]" signals represent the base peak for only one of
the seven esters with nitrogen as reagent gas. For methane and isobutene, the [M+H]" ion

is the dominating species for all ester grouped compounds.

All three ethers in the mixture were observed with nitrogen and methane as reagent gases,
but not with isobutane. Mostly the [M+H]" ion were the base peak, only
bis(2-chloroethoxy)methane was detected as a fragment at 93 Th with nitrogen as reagent

gas.

The last group defined by Kauppila et al. comprises four other oxygen (O)-containing
compounds®. Benzoic acid is the only analyte within this group that is not detected even
with nitrogen as reagent gas. This finding is surprising, since its proton affinity is higher
as compared to water and nitrogen'*?!. The assumption that benzoic acid is already
lost/degraded during the chromatographic separation was supported by an additional
GC-EI-TOF experiment. Nonetheless, this compound is listed as non-detected in

Table 5.1.2.

Table 5.1.2: Number of detected compounds in the EPA 8270 LCS mixture, classified by

functionality.

Number of detected compounds (%)

Group Nitrogen  Isobutane = Methane

(Number of compounds)

PAHs (18) 18 (100) 17 (94) 18 (100)
Phenols (17)* 14 (82) 2 (12) 7 (41)
Halogenated compounds (11) 11(100)  0(0) 6 (55)
Nitro-compounds (6) 6 (100) 0(0) 6 (100)

Other N-containing (amines) (12) 12 (100) 12 (100) 12 (100)

Esters (7) 7(100) 7 (100) 7 (100)
Ethers (3) 3(100)  1(33) 3 (100)
Other o-containing (4) 3(75) 2 (50) 3(75)

All (78) 74 (95) 41 (52) 62 (79)

* m-cresol and p-cresol were not separated by the GC-column and oven program. Detectability of these

isomers was estimated based on their proton affinities.
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Due to the lower proton affinity of benzyl-alcohol this compound was not detected with
isobutane reagent gas. With nitrogen and methane only the tropylium cation was detected

as a fragment at 91 Th.

5.2.5 Conclusion

This work demonstrates the outstanding analytical performance of an H3" driven chemical
ionization source with three sequential reaction stages for GC-TOF-MS analysis. In
particular nitrogen as reagent gas and is corresponding NoH" reagent ion proves to be of
high analytical value. It shows excellent, wide-range ionizing capabilities, but far less
pronounced fragmentation as compared to the direct protonation of analyte molecules
with Hs". Moreover, precise water vapor addition to the pure N, gas flow establishes a
well-defined H30" or [H(H20)2]" populations without further clustering steps, which can
lead to virtually equally “soft” fragmentation behavior as with isobutene as reagent gas.
This finding provides a valuable analytical method, which is capable of swiftly adjusting
in-situ the hardness and the degree of selectivity. Generating H3O" in this way - without
the need of high field strengths as applied in PTR-MS - is subject to current research and

will be presented in an upcoming publication.
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5.2.1 Abstract

This work describes a novel GC-MS (gas chromatography-mass spectrometry) system
that simultaneously displays the mass spectral information of electron (EI) and chemical
ionization (CI) generated ion populations for a single chromatographic peak. After GC
separation, the eluent is equally split and supplied in parallel to an EI and a novel CI
source, both operating continuously. Precise switching of the ion optics provides the exact
timing to consecutively extract the respective ion population from both sources and
transfer them into a time-of-flight (TOF) mass analyzer. This technique enables the
acquisition of complementary information from both ion populations (EI and CI) within
a single chromatographic run and with sufficient data points to retain the chromatographic
fidelity. The carefully designed GC transfer setup, fast ion optical switching, and
synchronized TOF data acquisition system provide an automatic and straightforward
spectral alignment of two ion populations. With an eluent split ratio of about 50 %
between the two ion sources, instrument detection limits (IDLs) of < 40 fg on column
(octafluoronaphthalene) for the EI and <2 pg (Benzophenone) for the CI source,
respectively were obtained. The system performance and the additional analytical value
for compound identification are demonstrated by means of different common GC

standard mixtures and a commercial perfume sample of unknown composition.
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5.2.2 Introduction

For decades, gas chromatography (GC) in combination with electron ionization (EI) mass
spectrometry (MS) has been used as a valuable analytical tool, and still today represents
the method of choice for targeted analysis of volatile and semi-volatile compounds. In
general, the EI-MS detector depicts the rather narrow chromatographic peak shapes with
high fidelity. The standard setting of applying 70 eV electrons offers non-selective
ionization with high efficiency and produces characteristic, reproducible compound
fragmentation patterns. These allow for a straightforward database matching, e.g., with
the NIST/EPA/NIH Mass Spectral Library!??! and nearly automated compound
identification in targeted routine analysis. In addition, those fragmentation pattern

provides valuable structural information to further confirm the molecule of interest!?%!11],

In non-target analysis, however, instrumentational requirements are more elaborate due
to the lack of information on the analytes prior to the analysis. Furthermore, standard

12, In

samples are not always available to confirm the presence of a specific compound!
liquid chromatography (LC) coupled to mass spectrometers, non-target screening is
widely established in research fields such as in water and food analysis!®>$+%3]. Some non-
targeted applications have also been reported for GC-MS hyphenation using atmospheric

[13.701 " originally designed for LC applications!'!'>!'¥], These methods

pressure ionization
usually apply collision induced dissociation (CID) to gain the additional structural
information required to confirm the presence of a compound. However, EI fragment
spectra are often preferred over CID due to better reproducibility, platform-independence,
and availability of comprehensive libraries. Though examples for non-targeted analysis
with GC-EI-MS are available in the literature!®®] identification of the molecular ion,
greatly facilitating compound assignment, is often not feasible due to extensive
fragmentation immediately following the 70 eV ionization process; a complementary
ionization mechanism yielding the molecular ion would therefore desirable!’>!!5],
Numerous examples for “softer” ionization processes in a low-pressure ionization
GC-MS system, e.g., chemical- (CI)I"!'61 photo- (PD)!!"%, field- (FI)!**, and cold
electron-ionization?*!'” have been introduced. All these techniques generate intact
molecular ions. To provide both, 70 eV EI fragment and exact molecular mass
information of a sample, two separate GC runs are required with most common
instruments, first using EI and subsequently a “soft” ionization technique, respectively.

Multiple MS vendors offer an exchangeable EI and additional (mostly) CI source. This

44



approach, however, increases analysis time, leads to complex data alignment, and poses
the risk of sample degradation/changes between the two individual runs. Often, laborious
hardware changes are necessary to exchange the ion sources. The first example for a
single ion source approach was given by Brunnée!!'®l in 1968 with an EI/ field ionization
(FI) combination. The use of an EI and CI ionization volume within a single ion source
for subsequent measurements was shown in ref [76]. Simultaneous acquisition with both
ionization techniques for a single GC or even GCxGC run, requires fast and synchronized
extraction, detection, and data acquisition of the two different ion populations.
Quasi-simultaneous acquisition of both, “soft” and “hard” ionization methods was shown
by Eschner et al.['® using EI/PI and by Alam et al.!® with rapid switching between high
and low kinetic energy electrons of 70 eV and 14 eV, respectively. In all these
instruments, the “soft” ionization method essentially operates in the same low-pressure
region of the 70 eV EI source. In contrast, CI sources require elevated pressures to ensure
sufficient reactive collisions between the analyte and the charged reagents. Quasi-
simultaneous operation of EI and CI using the same ion source is limited by the required

pressure adjustment between each mode change.

Consequently, efficient generation and acquisition of CI and EI information within a
single chromatographic run is only possible employing two different, spatially and
pressure separated ionization sources. Previously, Claflin et al.['' and Hejazi et al.l”*]
presented approaches with two separate mass spectrometers, each equipped with an EI or
CI/FI source, respectively, coupled to one chromatographic system, demonstrating the
advantage of acquiring both EI and CI/FI data. Disadvantages of dual a MS setup are
increased space and other resource demands, non-correlated detector shifts between the

two instruments and of course the financial aspects for the required hardware.

In this work we describe a GC-MS system comprised of two spatially separated and
continuously operating EI and a medium-pressure CI source within the same TOF

analyzer during a single GC run.

5.2.3 Experimental
Mass spectrometer design and ionization sources. Figure 5.2.1 depicts schematically
the principle of operation of the GC-dual ionization source mass spectrometer. The setup

combines a medium-pressure CI source enclosed in an atmospheric pressure interfaced

TOF (API-TOF; TOFWERK, Thun, Switzerland) and an EI source located in the high-
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vacuum pressure stage of the API-TOF systems directly upstream of the TOF mass
analyzer. The TOF mass analyzer was operated with a resolution of ~4500 at m/z 183 and
a mass range of m/z 10 — 500. The EI source was operated with 70 eV electron energy

and an emission current of 1 mA. Details on the custom CI source in combination with a

GC-TOF were presented previously!!2],
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Figure 5.2.1: Schematic depicting of the dual ionization source GC-MS setup and normalized Total ion
counts of the CI and EI signals during switched operation. A switching rate of 10 Hz is shown resulting in

a 5 Hz temporal resolution for each ion source.

Both sources operate continuously. A custom ion optical device consecutively extracts
the ion populations from each source and pulses them into the TOF analyzer. lon optical
switching ensures accurate temporal synchronization of the mass analysis and
unequivocal allocation of the data. In this work a 5 Hz acquisition rate was used to
sufficiently represent a one-dimensional GC peak with the corresponding EI- and CI-TOF
mass spectra. The equilibration time for the mass signal to stabilize is approximately 5 ms
between each cycle (cf. Figure 8.2.1). For clarity of representation and demonstrating the
fast ion optical switching capability, single spectra were averaged to 500 Hz in
Figure 5.2.1. Individual spectra recorded during a single ion source acquisition cycle are
averaged to a spectrum leading to a 5 Hz acquisition rate. This setting was used for all

studies in this work. To separate the EI and CI data, mass spectra are saved to different
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segments within the data file for each time step (cf. Figure 5.2.1). An experimental

arrangement is given in Figure 8.2.2.

GC hyphenation. For GC seperation, an Agilent 7890A GC (Agilent Technologies,
Santa Clara, CA, USA) equipped with a liquid injection inlet and a Rxi-5Sms column
(30 m, 0.25 mmlID, 0.25 um, Restek, Bellefonte, PA, USA) was used. The GC effluent is
then equally split through a silcoNert coated Y-Splitter (Restek, Bellefonte, PA, USA)
into two individual gas flows, feeding the respective ion sources. Two custom transfer
lines ensure continuous heating to retain the chromatographic separation up to the ion
source inlets. The custom transfer lines with a bending radius of < 15 cm were made from
Ultimetal Plus stainless-steel tubing (Agilent technologies, Santa Clara, Ca, USA) with
an inner diameter of 0.25 mm, electrically insulated and resistively heated on the outside
leading to temperatures up to 300 °C. Each transfer line is connected to the MS with

heated vacuum feedthroughs to the respective ionization source.

Chemicals and sample preparation. All chemicals, including the compounds of the
custom 100 pg/ul ketone/aldehyde mix (cf. Table 8.2.2), were purchased from
MERCK/Sigma Aldrich (Buchs, Switzerland). A fatty acid methyl ester (FAME) Cs-C24
saturated carbon mixture and an EPA 8270 LCS mix were diluted with hexane to 1 ng/ul
and 2,5 ng/ul, respectively. The CI source was operated as described in ref [120]. For the
perfume analysis, 0.2 ml headspace of a brand perfume was sampled, using a manual

headspace sampler (Ellutia, Ely, UK).

Gas chromatographic separation method. For the analysis of the FAMEs and the EPA
8270 LCS mix the following procedure was used: After 1 pl splitless (inlet temperature
280 °C) autosampler (Agilent technologies, Santa Clara, CA, USA) injection, the
temperature was held for 2 min at 43 °C, followed by an oven temperature ramp rate of
20 °C/min to 250 °C and further increased to 300 °C at an oven ramp rate of 30 °C/min.
For the perfume headspace and the custom ketone/aldehyde standard analysis the
temperature ramps were 10 °C/min and 20 °C/min, respectively. A constant carrier gas

flow of 1.2 sccm helium (99.9999%) was used.
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5.2.4 Results and discussion

5.2.4.1 Chromatographic data alignment and GC column split
characterization

The presented instrument enables unique simultaneous acquisition of EI and CI mass
spectra with one mass analyzer during a single GC run. Figure 5.2.2A shows the
chromatograms of a FAMEs C4-Ca4 even carbon GC standard for the EI and CI mode,
respectively. All compounds, including retention times and detected major ion signals,

are listed in Table 8.2.1.
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Figure 5.2.2: (A) normalized extracted ion chromatograms (EIC)s of the [M+H]" signals from CI and the
fragment at m/z 74 from EI for I ng on column of C4-Ca4 saturated carbon FAMESs. (B) normalized mass-
signal distributions of the FAMEs standard, sampled from the CI and EI source, respectively. Intensities

are indicated by the marker size.

Methyl butyrate was not analyzed with EI due to the filament solvent delay. The red trace
depicts the extracted ion chromatograms (EICs) of the individual [M+H]" signals from
the CI source. The blue line shows the EIC of the C3HsO," fragment at m/z 74, which
represents the base peak for all analyzed FAME compounds in the EI spectral?®!?!l. The
corresponding mass distributions of the EI (blue) as well as the CI (red) spectra for each
chromatographic peak are depicted in Figure 5.2.2B with the negative and the positive

y-axis for the respective m/z scale. The circle size is proportional to the signal intensity.
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It is clearly seen that in case of the CI spectra the distributions show low variance, and
the center of masses are shifted to higher masses with progressing retention time. The
main signals clearly represent the [M+H]" ions generated via “soft” ionization. In
contrast, the EI mass spectra show the expected pronounced broadening of the mass
distributions with increasing retention time and increasing mass, accordingly. Generally,
a more detailed fingerprint improves the database-matching, however, all FAME
compounds show identical main fragments with comparable relative intensities (m/z = 74,
87, 43, and 143). This makes all EI mass spectra of these homologues look very similar
and renders individual compound identification with higher uncertainty. Again, the
[M+H]" signals dominate the CI mass spectra for all measured FAMEs, only minor
fragment signals (<2.5 %) at [M-31]" are observed. This finding demonstrates the
complementary dimension gained with CI for compound differentiation and

identification.

However, the advantage of combining CI and EI data requires highly precise and constant
alignment of their respective chromatograms, since the retention time essentially
determines the correct assignment of both spectra types to the same compound. Therefore,
close attention was paid to minimize feasible retention time deviations after the

chromatographic separation step, by considering crucial design aspects, such as:

1. The correct transfer length between the GC and the respective ionization source,
the flow velocities within the GC-ionization source transfer,

different mean dwell times within the ionization sources and

LD

different ion transfer times for the two ion populations (EI/CI) within the mass

spectrometer.

For the characterization of the final chromatographic setup, the FAMEs standard with a
broad range of compound volatility, from early eluting, e.g., methyl hexanoate to late
eluting, e.g., methyl lignocerate was used. Figure 5.2.3A shows the measured deviations
between the EI retention time (maximum of the chromatographic peak resembled by the
EI data points) and the corresponding CI retention time (maximum of the peak resembled
by the CI data points) for each FAME. These data confirm chromatographic retention
time deviations < 100 ms for all compounds, which is lower than the temporal resolution
of the 5 Hz acquisition rate (corresponding to 200 ms) for each ion source. Furthermore,

a linear regression of the EI and CI retention times yields a correlation with an r’-value
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of >0.9999 and a linear function of R7¢c; = (1.000 + 6e-5) * RTer — (0.1652 + 0.041)
(cf. Figure 8.2.3). Note that the combination with an atmospheric pressure CI source may
require a more complex transfer setup. In addition to the retention time, the corresponding
peaks of the FAMEs standard recorded via EI and CI, respectively, essentially show
similar shapes and widths. Figure 8.2.4 illustrates overlays from three peaks of the
respective CI and EI chromatograms at different retention times, with variances at

FWHM (full width half maximum) of max. 6.2% between EI and CI.
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Figure 5.2.3: (4) Time deviation between CI and EI chromatogram for each FAME. (B) Measured column
split ratios between CI and EI source for each FAME. In both data sets, three replicates were averaged,

and the error bars indicate the respective standard deviation.

For an assessment regarding sensitivity and quantification performance, it was crucial to
investigate the ratio of the split eluent. Due to the very good coincidence of CI and EI
retention times, a significant discrimination was not expected. Nevertheless, to estimate
the relative amount of analyte transferred to each ionization source, the Y-splitter was
replaced by a straight MXT stainless steel column connector (Restek, Bellefonte, PA,
USA) and each ion source was separately coupled to the GC column. In this way the
entire sample was transferred only into one source and the signal intensities were
compared to the acquired data using the Y-splitter. Gas flows entering the ion source were

kept constant to prevent pressure differences in the ion transfer. The ratio of the
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corresponding base peaks measured with the direct and the split GC flow, respectively,
are depicted in Figure 5.2.3B. The results show only small deviations from the
theoretically expected ratio of 50 % as indicated by the dotted line. The CI source values
slightly vary between 50 % and 55 %. The EI source shows ratios slightly below 50 %,
with the lowest values at around 42 %. Also, the split ratio is stable within the covered

temperature range, since no explicit shift was recognized throughout the GC run.

5.2.4.2 Analytical performance

The analytical performance with regard to instrument detection limit (IDL)!'*? was
determined for both ionization modes. Nine repeated GC injections of 10 pg on column
benzophenone and of 200 fg on column octofluoronaphthalene (OFN) each were used for
the determination of the CI- and the EI-IDL. The extracted ion chromatograms of the
corresponding mass traces of the [M+H]" for benzophenone and the M* for OFN are
depicted in Figure 8.2.5. For the EI mode an IDL of < 40 fg on column and for the CI
mode an IDL < 2 pg on column were determined. These results are in good agreement
with the sensitivities obtained for each ionization source operated separately. As
expected, the switching method reduced the sensitivity by approximately a factor of four

due to the 50% GC split and the 50% duty cycle for mass acquisition in each mode.

5.2.4.3 Spectrum quality for compound identification
For an assessment of the degree of unambiguous compound identification, the spectrum

quality in both modes is essential, in particular with regard to:

1. Mass accuracy and precision of the quasi molecular ion signal [M+H]",

2. representation of the relative isotopic abundances according to the natural
occurrence and

3. the matching quality of the EI fragment distribution of a compound with the

corresponding database spectrum.

The latter clearly defines the reliability of compound assignment when comparing the
experimental fragment signature with available databases. The quality of the first criterion
defines the abundancy number of feasible molecular formulas and their errors from the
true constitution. Consequently, a highly accurate and precise mass determination
essentially reduces the number of feasible sum formulas and improves the correct
identification probability. However, even for the inherently limited mass range rather

elaborate lists of compounds are generated by the search algorithms!!?3]. Despite some

51



general rules’8, this list can be further shortened using the information from the isotopic
abundance pattern. It is noted that for the correct assignment of molecular formulas based

on isotopic intensities, it is a prerequisite that the sample itself reflects the natural ratios.
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Figure 5.2.4: (A) Mass accuracy of the [M+H]" signals from the CI source and (B) the accuracy of the
natural isotopic abundance on the first isotopic peak [(M+1)+H]*. (C) Fragment library matching scores

(Match) and reversed matching scores (R Match) of the ion distributions from the EI source.

The spectrum quality obtained with the instrument was investigated with regard to all
three criteria and the results are summarized in Figure 5.2.4. Again, the FAMESs standard
was used with three replicates and an injected mass of 1 ng on column of each compound.
The characterization of the CI mass accuracy reveals deviations <5 ppm
(cf. Figure 5.2.4A) and an RMS of all measurements of approximately 2 ppm deviation
from the true masses. With this performance, an accurate determination of the third
decimal of masses up to 300 m/z is possible. For evaluating the quality of the isotopic
information, 1 ng on column of each FAME was used and the CI data of the corresponding
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chromatographic peaks were averaged as stated. Figure 5.2.4B illustrates the deviations
of the experimentally obtained intensities for the first isotopic peaks [(M+1)+H]" and the
theoretically predicted intensities. The natural isotopic abundances are taken from
ref [124]. The error for depicting the natural ratios is within £ 5 % for all FAMEs. In
most cases, this is sufficient to exclude suggested molecular formulas that already differ
by two carbon atoms from the real constitution. Note that particularly for halogenated

compounds, also higher isotopes should be considered.

For an assessment of the EI mass spectra quality the matching factors and reversed
matching factors based on the NIST/EPA/NIH Mass Spectral Library!?? search results
are depicted in Figure 5.2.4C for all measured FAMEs. The applied scale defines a match
value of 1000 as a “perfect forward” as well as a “reverse” match. The plot in
Figure 5.2.4C illustrates matching factors well above 840 for all compounds, which

demonstrates excellent similarity of the experimental spectra with the data base.

4.2.4.4 Improved identification using EI and CI information

The performance of the present instrument and the value of the complimentary data were
assessed with two different samples: a liquid injection of a custom carbonyl mixture and
a headspace injection of a perfume sample. The simultaneously acquired EI and CI
chromatograms are shown in Figure 5.2.5A and Figure 5.2.5B, respectively. In addition,
a more complex standard sample of an EPA 8270 LCS mix is shown in Figure 8.2.7 and
Figure 8.2.8. Table 8.2.2 lists the main ion signals observed for the carbonyl sample for
each ionization mode, as well as the retention times, the mass errors, the
[M+H]"/[(M+1)+H]" intensity ratios, and the EI fragment library matching factors for
each compound. The carbonyl standard measurement clearly demonstrates the advantage
of the complementarity of EI and CI data an the assignment of the correct elemental
composition. Figure 5.2.6A-C show the simultaneously recorded CI and EI EICs of the
main ion signals detected for 2-dodecanone, dodecanal and 2-tridecanone. Clearly, the 5
datapoints/s for each ion source fully retain the chromatographic fidelity. Additionally,
Figure 5.2.6D-F show the corresponding mass spectra for each compound. The similarity
of the EI fragmentation pattern of 2-dodecanone and 2-tridecanone is clearly discernible

in Figure 5.2.6D and 5.2.6F.
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Figure 5.2.5: Total ion chromatograms (TIC)s of (A) a custom-made carbonyl compound mix and (B) the

headspace of a perfume sample.

The main ions, ranked in decreasing intensity, are m/z 58, 43 and 71 (cf. Table 8.2.2) with
nearly identical relative signal strengths in both cases. The matching factor for each
spectrum with the corresponding “wrong” database spectrum is 825 and 826,
respectively. Consequently, the EI information alone still results in a fairly good match
for the wrong compound. For this case, the advantage of the immediately available CI
information is apparent. With virtually no fragmentation or adduct formation the CI data
in Figure 5.2.6D and 5.2.6F (red traces) show significantly simplified mass spectra with
intense protonated molecule signals ([M+H]") at m/z 185.1907 and m/z 199.2052,
respectively. The accurate mass deviates from the corresponding molecular formulas
C12H250" and Ci3H270" by -3.6 and 2.4 ppm, respectively. This lies well within the
evaluated mass accuracy and precision range of + 5 ppm. For both compounds the list of
generated formulas, using the most common hetero atoms and a generous + 10 ppm mass
difference, does not yield the true elemental composition for the measured exact mass in
the first place. The primary hits of the sum formula generator are listed in Table 8.2.3.
However, in addition to the mass accuracy, especially the isotopic abundance pattern,
besides other common rules!’®], eliminates most of the “wrong” and chemically
impossible suggestions. The isotopic pattern fitting is easily implemented into an

automated workflow for subsequent rating procedures. With -1.1% difference to the
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theoretical abundance of the first isotope only the suggested formula C12H»50" lies within
the evaluated + 5% range (cf. Figure 5.2.4B). In case of the measured exact mass of
m/z 199.2047 the effect is even more pronounced. The first five hits derived by the sum
formula generator lie within the allowed + 5 ppm (cf. Table 8.2.3) accurate mass
deviation and are feasible candidates. In fact, the last elemental composition C11HasN3"
is a realistic stable molecule found in the NIST/EPA/NIH Mass Spectral Library!??! as
N"-Hexyl-N,N,N',N'-tetramethyl -guanidine. However, neither this one, nor any of the
other suggested formulas meet the 5 % isotopic ratio deviation criterium, except C13H270"

with 3.5 % error. Additionally, the EI spectrum strongly indicates a ketone functionality.
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Figure 5.2.6: Enlarged chromatograms and mass spectra for three substances of the carbonylic standard
mix. Chromatographic peaks of 100 pg on column (50 pg per ion source) of (A) 2-dodecanone (B)
dodecanal and (C) 2-tridecanone, simultaneously recoded in CI and EI mode. Comparison of the acquired

EI and CI mass spectra of (D) 2-dodecanone and (E) dodecanal and (F) 2-tridecanone.

The GC carbonyl mixture also provides an excellent example, in which the molecular ion
information was insufficient for unequivocal compound identification. Figure 5.2.6D and
Figure 5.2.6E display virtually the same CI spectra (red traces) of two different
compounds, dodecanal and 2-dodecanone, respectively. As these are isomeric
compounds, the exact mass and isotopic ratio information from the corresponding CI
mass spectra are identical. In most cases, even retention times are similar and do not allow

to distinguish between isomers. In the present example, they differ only by 11 seconds
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(cf. Table 8.2.2). In this case the fragment information provided by the EI method is of
great value: The blue mass spectra in Figure 5.2.6D and 5.2.6E show distinct different
patterns for dodecanal and 2-dodecanone. This is also confirmed by the corresponding

matching factors of 914 and 888 for each correct assignment.

Another illustrative example for the value of parallel recording of CI and EI data is given
by the two co-cluting compounds citronellal and trans-2,cis-6-nonadienal
(cf. Table 8.2.2). The incomplete chromatographic separation caused strong spectral
interference, which renders deconvolution and EI fingerprint matching with standard
libraries impossible for both compounds. However, the CI spectrum at 602 s retention
time unambiguously shows the protonated forms of both species at m/z 155 and 139
(cf. Figure 8.2.6), respectively, and thus clearly confirms their coexistence within this

chromatographic peak.

A further identification criterion that has not been discussed so far is the retention index
(RI). The Rl is of great benefit for compounds with clearly distinguishable differences in
retention times, provided they are available in the respective GC libraries. The present

work though focuses on the advantages of the complementarity of EI and CI information.

The instrument performance was further evaluated with a headspace (HS) injection of a
brand perfume sample (HS-GC-EI/CI-TOFMS). Figure 5.2.7A depicts the extracted ion
chromatograms of all mass signals in the CI and EI spectra of the chromatographic peak
at 1184 s retention time. This compound provides a remarkable example for
identification, in which case the missing RI essentially requires the additional information
from the dual ionization approach. The NIST/EPA/NIH Mass Spectral Library*?!
comparison of the EI data (cf. Figure 5.2.7B reveal several search results with matching
factors well above 800, of which the first ten hits are listed in Table 5.2.1. This large set
of equivalents, with only slightly differing factors, causes low matching probabilities in

the range of merely 2 — 11 % for each individual hit (cf. Table 5.2.1).

Experimental RIs that may provide further evidence in the identification process are not
listed in the available databases for all the proposed compounds (6 out of 10). Predicted
Rls are available, however, with relatively high uncertainty. In this case, the El-only
approach is essentially failing. The simultaneously generated CI mass spectrum of the

compound shows a dominant signal at mass m/z 253.2158 (cf. Figure 5.2.7B).
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Figure 5.2.7: (A) Enlarged chromatogram of the brand perfume headspace sample. All EICs of the detected
masses below the chromatographic peak at 1184 s retention time are depicted. The trace of the dominant
protonated molecule in the CI mode at m/z 253 is shown in red. (B) Corresponding EI and CI mass spectra

of the chromatographic peak at 1184 s.

Table 5.2.1 has only two elemental compositions (Ci16H2802 and Ci7H320) in the EI hit
list within the required nominal mass restrictions. The high mass accuracy and precision
of the TOF analyzer can clearly further distinguish between these two sum formulas, since
only the suggested CisH200," meets the 5 ppm mass error criterion (1.6 ppm).
Additionally, the isotopic ratio differs by only 2.4 %, which is well below the allowed
+ 5 % and thus supports the correct assignment. In contrast, with 145 ppm mass error,
the respective protonated form of the other suggested composition (C17H330") is far above
the accepted mass deviation. Using the additional RI information, the compound is
identified with high certainty as (8Z)-oxacycloheptadec-8-en-2-one. A higher
identification level would require an additional measurement of a reference standard!!?>),
Nonetheless, this example clearly illustrates the strongly improved identification
confidence by complementary EI, CI and RI data. An additional example from the
perfume sample showing the improved identification is given in Figure 8.2.9 and Table

8.2.4.
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Table 5.2.1: First compound suggestions of the fragment spectra library search in

combination with the CI information for the mass spectra shown in Figure 5.2.7B.

Systematic name Sum formula m/z [M+H]* A mass A isotopic EI Probability ~ RI
(ppm) ratio (%) match (%)

(8Z)-oxacycloheptadec-8- Ci6H230, 253.2162 1.6 24 847 10.8 1940

en-2-one

(9Z,12Z)-octadeca-9,12- CisH;340 267.2682 >1000 -8.9 831 6.2 2050

dien-1-ol

methyl (9E,12E)-octadec-  C;9H340, 295.2632 >1000 -13.7 828 55 n.a

9,12-dienoate

(11E)-12- CisHy50 2252213 >1000 9.3 825 5.5 n.a.

cyclopropyldodec-11-en-1-

ol

(9E,12Z)-tetradeca-9,12- Ci4Hx0 211.2056 >1000 17.1 824 49 1675

dien-1-ol

methyl  (11E,13E)-icosa-  CyH330, 323.2945 >1000 -21.8 818 37 2276

11,13-dienoate

(14R)-14-methylhexadec- C7H3,0 253.2526 145.2 -3.6 814 32 n.a

8-yn-1-ol

(9E,12E)-octadeca-9,12- CisH3,0, 281.2475 >1000 -8.8 814 32 n.a

dienoic acid

hexadec-9-yn-1-ol Ci6H300 239.2369 >1000 2.7 807 2.4 n.a.

2-chlrorethyl (9Z,12Z)-  CyH35ClO, 343.2398 >1000 -18.0 805 22 n.a

octadeca-9,12-dienoate

5.2.5 Conclusion and outlook

The performance of a GC-EI/CI-TOFMS, featuring the parallel detection of ions from a
70 eV electron and a chemical ionization source was shown. The used 10 Hz mode
switching provides sufficient data points to represent the original chromatographic peak
shape in both modes with great fidelity for the used GC system. Several examples
demonstrated the added value of the complementary CI information, gained by i.e., the
accurate mass of the protonated molecule and its isotopic abundance pattern, in addition
to the characteristic fragment fingerprints from the EI mode. This provides a strongly

improved level of compound identification in non-targeted GC analyses.

Future work will include the further increase of the chromatographic peak capacity via
multidimensional GC using a possible ion mode switching capability of 100 Hz.
Furthermore, the CI source will be supplied with rapidly changeable reagent gases to add

additional selectivity in the protonation process.
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5.3.1 Abstract

Rationale. Volatile organic compounds (VOCs) emitted by an artificial leather part for
car interiors are determined with GC-MS (gas chromatograph coupled to a mass
spectrometer) using simultaneous electron and chemical ionization (EI&CI). A device for

swift reagent ion switching in CI mode between consecutive runs is presented.

Methods. VOCs emitted from the investigated material were sampled onto Tenax®

absorption tubes using micro emission chambers and subsequently injected into the GC
through thermal desorption. The detector was a time-of-flight mass spectrometer
(TOFMS) simultaneously operating in EI and CI mode during a single chromatographic
run. A custom permeation tube setup allowed for swift selection between various reagent

ions in CI mode, e.g., [N2H]", [H30]", [(H20):H]" and [NH4]".

Results. Different reagent ions are swiftly selectable between single GC runs without
hardware changes. Differences in molecular ion generation and the selectivity of the

various reactants were carefully assessed. Several examples for the improved
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identification of unknown compounds with the available complementary and
comprehensive EI&CI data set are demonstrated for a relevant material emission

application.

Conclusion. The presented technique provides additional value to the standard GC-
EI/MS procedure commonly used for material emission characterization. It allows for a

non-targeted analysis approach with moderate analysis time.

5.3.2 Introduction

Volatile Organic Compounds (VOCs) are released from many different materials and can
negatively impact human health, indoor air quality, production quality or just produce
unwanted odors. Prone to intense VOC emission are materials such as plastics, leather,

paint, adhesives, and flooring!'?¢13],

The characterization and single compound
identification are necessary to evaluate the potential hazard of these complex mixtures
but are still analytically challenging. Usually gas chromatography (GC) coupled to mass
spectrometry (MS)!!?! or real time methods, e.g. proton transfer reaction (PTR) MS!!3!
are applied. The latter provides higher temporal resolution and sampling rate with

891 In combination with a high mass

detection limits in the pptV to ppqV rangel
resolution analyzer the generation of sum formulas for enhanced characterization is also

possible.

GC-MS in combination with electron ionization (EI) allows for improved structural

119.1341 ‘Typically, an electron energy

information and compound identification of VOCs!
of 70 eV is applied, which is around the maximum of the ionization cross section curve
for most molecules. Consequently, the fingerprint of the resulting fragment spectra is
rather unaffected by small electron energy deviations and is thus more or less independent
of the instrument used. This fact renders EI MS highly suitable for structure elucidation
based on comparison with mass spectral libraries such as the NIST/EPA/NIH Mass
Spectral Library!?2l, However, this standard procedure becomes less favorable in cases
where extensive and unspecific fragmentation leads to ambiguous fragment spectra,
absent molecular ion signals, or in cases where the correct analyte is just not listed in the

databasel!473],

Recently, a new GC-TOFMS instrument was introduced!!®]. It combines the advantages
of El allowing comprehensive database searches, and a softer chemical ionization method

for acquiring high resolution molecular ion information. Data from both ionization
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methods are recorded within a single GC run for rapid analysis and allows for
unambiguous assignment of both sources of information to a particular chromatographic
peak. This system is particularly suited for non-target analysis, which will be
demonstrated in this work by means of the identification of eight VOCs from thermal

desorption measurements of an artificial leather sample.

The plasma-based CI source used in combination with the EI source was presented
earlier!’?”). Low hydrogen flow rates obtained from a small and laboratory-safe on-
demand generator are used for ion generation. Earlier we showed that the primarily
generated Hs" population can be specifically converted to a variety of other reagent ions,
e.g., [N2H]"/[NsH]", [H30]" or [C4Ho]", which enables the user to adjust the gas phase
acidity and consequently balance between selectivity as well as the degree of
fragmentation. In this work we also demonstrate the capabilities of a reagent gas supply
unit with temperature-controlled permeation tubes to swiftly alter the acidity of the

reagent ion population in between two consecutive GC runs.

5.3.3 Experimental

MS set up. The used GC-TOFMS was previously presented and characterized in detail
by Brikling et al.l'!®]. Briefly, this instrument features the combined data acquisition of
EI fragment spectra and the accurate molecular mass information from a CI source within
a single GC run. Following the chromatographic separation, the GC effluent is equally
split and fed to the EI and CI source, respectively. A fast ion optical switching device
alternately delivers ion populations from the EI and the CI source into the TOF analyzer
with high frequency. This allows for the mass resolved recording of a narrow GC peak
with sufficient data points for both modes. The retention times are precisely aligned to

facilitate unambiguous data assignment.

The CI source with its three-stage design is described in detail in reference!'?%!. Briefly,
in the 1% stage a low power helical resonator drives a hydrogen plasma at around 13 mbar
and produces [H3]" ions. Subsequent addition of a reagent gas allows to alter the gas phase
acidity and selectivity of the protonating species in the 2™ stage. In the 3" stage, the GC-
effluent is introduced, and the charged reagents finally ionize the analyte. In contrast to
the previously described setup, a modified reagent gas supply for the 2™ stage is
presented. Previously, the selectivity was altered by adding different reagent gases such

as nitrogen, methane and isobutane from distinct gas cylinders directly into the 2" stage
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of the CI source. In this study, a main flow of nitrogen is enriched with dopants such as
water or ammonia from a temperature-controlled permeation tube setup. For the
generation of protonated water and the respective proton bound water clusters, H>O in
milliQ® (18 MQ) quality was filled into a 10 cm long and 1/4 inch OD Teflon® tubing
with 0.5 mm wall thickness, plugged with Teflon® rods and sealed with Swagelok
ferrules. For the generation of ammonium ions an identical setup was filled with a 30 %
NH3/H>0 mixture. The amount of water and ammonia diffusing through the Teflon® into
the nitrogen sheath flow is very sensitive to temperature changes. Therefore, the
permeation tubes were placed into temperature-controlled, 2 inch stainless steel tubes,
enabling the precise regulation of the added reagent concentration. In total, three such
heated assemblies were placed in parallel to the nitrogen flow (cf. Figure 5.3.1). Two
were filled with water, but held at different temperatures (85 °C and 115 °C) and one
contained the NH3/H>O mixture. A fourth line is included for the supply of pure and dry
nitrogen. As shown in Figure 5.3.1, two 4-way valves mounted on each side of the four

stainless steel tubes allows swift switching between the different reagents.

reagent switching set up
dry N,

N J
(X Foasa P

Lo G5 1

GC effluent
nitrogen

hydrogen

El
CI
source . \gto TOF
> [Hy] [RH] cl ]
plasma supply
13 mbar
15t stage 2Nd stage 3rd stage analyte
[H3]+ generation reagent ion ionization
formation [M+H]F
(e.g. [N;H]Y)

Figure 5.3.1: flow scheme of the instrumental MS set up.

Sample and sample preparation. For the present material emissions study an artificial
leather sample for car interiors supplied by a car manufacturing company was used. The
measurements were performed according to ISO 12219-3:20122!. A piece of the artificial
leather (~30 x 30 mm, ~850 mg) was placed into a stainless-steel micro emission chamber
with a volume of 114 cm® (Markes International, Offenbach am Main, Germany). The
chamber temperature was held constant at 65 °C. Following an equilibrium time of
20 minutes, the VOC emission of the sample was collected for 15 minutes onto Tenax®
TA absorption tubes (Gerstel, Miihlheim an der Ruhr, Germany) with a flow rate of

100 ml/min of dry, compressed air. For reference, this procedure was carried out with the
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empty chamber prior to each sample measurement. The Tenax® absorption tubes were

spiked with toluene d-8 as an internal standard for the GC-MS analysis.

GC Interface. The dual ionization source TOFMS was coupled to an Agilent GC (6890;
Agilent technologies, Santa Clara, CA, USA) equipped with a 60 m DB-5-ms (0.25 mm
ID, 25 pm film thickness) column (Agilent technologies, Santa Clara, CA, USA). The
Tenax® absorbed samples were introduced into the GC via a thermal desorption unit
(Gerstel TDS3, KAS4; Gerstel, Miilheim an der Ruhr, Germany). The chromatographic
separation was performed according to the following program: After sample introduction
(inlet temperature 260 °C) the oven was held at 40 °C for 4 min. Subsequently, the oven
temperature was increased by 3 °C/min to 100 °C followed by a temperature ramp of
8 °C/min to 280 °C. The final temperature was held for 2.5 min. The column flow of

helium with 99.9999% purity was set to 1.2 ml/min.

Chemicals. 99.9999 % Hydrogen was generated using a hydrogen generator (Peak
scientific, Inchinnan, UK). Nitrogen and helium were purchased from Carbagas (Bern,
Switzerland) with a stated purity of 99.9999%. All gases were additionally purified (Big
Universal Trap; Agilent technologies, Santa Clara, CA, USA) to low ppb contamination
levels. Toluene d-8 and a C8-C22 alkane standard for RI estimation were purchased from
Merck (Buchs, Switzerland). Custom permeation tubes were filled with milli-Q® water

(18 mQ) and 30 % ammonia solution (Merck, Buchs, Switzerland).

Data analysis. For chromatographic deconvolution and peak detection AnalyzerPro XD
(Spectralworks, Runcorn, Cheshire, UK) was used. The postprocessing software was
customized for parallel analysis of CI and EI data generated by the used instrument. EI
fragment library searches were performed using the NIST MS search 2.4 program and the
NIST202 EI fragment library, including the MS interpreter Version 3.4.4 (National
Institute of Standards and Technology; Gaithersburg, MD, USA).

4.3.3 Results and discussion

4.3.3.1 Reagent supply unit — control of the reagent ion distributions

The primary hydrogen plasma in the 1% stage (cf. Figure 5.3.1) of the CI source almost
exclusively generates H3", which leads to a reagent gas with a defined proton transfer
reactivity. This quantity is thermodynamically expressed as the proton affinity (PA) given
for Hy as PA = 422.3 klJ/mol!*?!. In general, the lower this value, the higher the acidity of
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the CI reagent gas and the broader the accessible range of analytes (less selective).
However, with increasing APA between reagent gas and analyte, the excess energy
available for fragmentation steps increases as well. To decrease the acidity of the CI gas
in a controlled way, additional reagents can be added in the 2™ stage. As described in the
experimental section, the permeation tube assembly (cf. Figure 5.3.1) allows to swiftly
select between four different, predefined acidity strengths of the CI gas without laborious
hardware or gas supply changes. Figure 5.3.2 (A-D) presents the corresponding reagent
ion distributions (RG1-4) for each predefined setting. Previous experiments have shown
that these spectra do reflect the actual composition interacting with the analyte added in
the 3" stage!'?’]. It is obvious that in case of multiple reagent ions the acidity of the CI
gas is not simply defined by one specific PA value but is rather described by a distribution
with a weighted mean PA value and a standard deviation representing its width. In case
of Figure 5.3.2A the dry N line (RG1) was opened in the 2™ stage. Three types of reagent
ions are observed, [H30]", [N2H]" and the most abundant [N4H]" with proton affinities of
the neutral precursors of 691.0 kJ/mol™, 4938 kJ/mol** and 517.0 kJ/mol?,
respectively. Based on the relative intensities in the spectrum a mean weighted PA of
550 kJ/mol with a standard deviation of 76 kJ/mol is calculated for this particular
predefined CI gas setting. The spectra in Figure 5.3.2B and 2C display the reagent ion
distributions generated by water doped nitrogen at two different mixing ratios. The water
level is simply adjusted by the permeation tube temperature. In this way two different
reagent gases RG2 and RG3 were generated with mean weighted proton affinities of
662 £ 117 kJ/mol and 795 + 94 kJ/mol, respectively. Thus, a unique feature is offered by
the sensitive response of the protonated water cluster distribution upon varying the
permeation tube temperature (cf. Figure 8.3.1). In addition to the already discussed
species [N2H]Y, [N4H]" and [H30]", proton bound water clusters such as [(H20)H]"
(PA ~ 831 kJ/mol)®! and [(H.0);H]" (PA ~ 893 kJ/mol)l'% appear with increasing
temperature. In addition the highly acidic species [N2H]" and [N4H]" are quantitatively
depleted at the maximum temperature of 130 °C. Clearly, this effect relates to the altered
water mixing ratio of the reagent gas. Since each reagent ion species with its specific
proton affinity contributes to the weighted mean PA of the CI gas by its relative

population, a corresponding PA function of the permeation tube temperature is obtained.

1 No PA value for NsH* was found in the literature. Therefore, a value of 517.9 kJ/mol was calculated
using ab initio methods. This value was used for PA estimations.
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This is illustrated in Figure 5.3.2E. It shows that the mean weighted proton affinity of the
ClI gas is continuously adjustable between 520 kJ/mol and 800 kJ/mol by simply selecting
the corresponding permeation tube temperature. In this operational mode, the protonation
occurs principally with more than one reagent ion type, which is leading to a PA width,
represented by the standard deviation of the cluster distribution. However, the setup also
allows for other dopants to be used such as NH3z. The resulting reagent ion spectrum
(RG4) for a 30 % ammonia in water mixture at a permeation tube temperature of 85 °C
is given in Figure 5.3.2D. With regard to the analytical applicability and sample
throughput, a reasonable switching time between the different predefined acidity
strengths of the CI gas is essential. Figure 5.3.2F shows the time evolution of the reagent
ions between two switching cycles from RG1 to RG3 and vice versa. The equilibration

times are well below 200 s and thus lie within typical GC cool down times.

CIRG 1 CIRG 2 CIRG 3 CIRG 4
dry nitrogen H,0 permeation tube (85 °C)  H,0 permeation tube (115 °C) H,0/NH; permeation tube (85 °C)
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A 6 k/mol B 117 kJ/mol C 94 k3/mol D
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£ INgH] * [H501* [(H;0):H]*
B 0.50 . 1 .
8 [H301* [N;H]* [(H20)2H] "y 17 + [H:01*  [(H.0)3HI*
= [N2H]
£ ] ]
5 025 4 b [(NH3)2H]*
=
0.00 . 1 E L
T T T T T T T T T T T T
0 20 40 60 0 20 40 60 0 20 40 60 0 20 40 60
m/z m/z m/z m/z
900 { E 102

800 101 4

avaragred proton affinity (kJ/mol)
intensity (ions/extraction)

700 wd
600 10-1 | =Tk [(H: 0V FhT
[NsH]* A —— [(H20]3+H]*
500 o [H301*
T T T T T 10_2 T T T T T
40 60 80 100 120 140 0 100 200 300 400
H,0 permeation tube temperature (°C) time (s)

Figure 5.3.2: Reagent ion distributions generated using (A) RGI1, (B) RG2, (C) RG3 and (D) RG4. (E)
averaged proton affinity in dependence on the water permeation tube temperature. (D) Switching time

between dry nitrogen as reagent gas and water doped nitrogen.

5.3.3.2 Reagent supply unit — control of selectivity and degree of
fragmentation

As mentioned before, the presented instrument acquires CI and EI information
simultaneously from one single GC run. Key to the analysis is the combination of the EI

fingerprint information with the complementary exact mass of the intact compound from
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the CI trace. The correct exact mass can only be derived from a mass signal
unambiguously related to the intact molecule. Commonly, the degree of fragmentation
during protonation decreases with increasing PA of the reagent, however, at the cost of a
reduced analyte range®>!?%, Therefore, this instrument is capable of generating a broad
and swiftly selectable range of reagent acidities, as shown in the previous section. To
further evaluate this feature, the effects with regard to selectivity and molecular ion yields

are further characterized in the following.

A
& 211
QLO\ . 204
0&'» 6P > OBt O-Braipe@m--- - 183
& o 122
Q_
C’/\ C')b‘ 4 ®0 o .@----@@g@u@@ o 82
<& rssrrrrrrrr oo o ]
& 10 20 30 40 50
retention time (min)
9
B 60 3
@
>
40
2
20 2
3
%]
0
3-methylpenta-
decane

1,2-propyleneglycol
i diacetate

CIRG 4

]
O
o<
—
]

CIRG 2
CIRG 1

Figure 5.3.3: (A) Number of detected compounds from the artificial leather emission, depicted for EI and
each CI reagent. All signals above a threshold of 1 ug/m? toluene equivalent were used for this evaluation.
The marker size represents the normalized intensities of the signals. For each ionization method the number
of detected compounds is given within the Figure. (B) Comparison of survival yields of the intact parent
ions using EI and the different CI reagents, exemplarily shown for compounds 3-methylpentadecane,

diethyl phthalate and 1,2-propylenglycol diacetate.

The emission of the artificial leather sample was recorded employing all different
reagents available. Simultaneously, 70 eV EI was applied under identical conditions and
provided structural information. The acquired chromatograms for each ionization method
are shown in Figure 8.3.2. Since the EI chromatogram is identical for each reagent run, it

is only displayed once (blue) within the measurements using N> as CI reagent (RG1).
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To evaluate the “selectivity” of the different methods, all signals above 1 pg/m? toluene
equivalents, as stated in ISO12219!), are counted as detected compounds and displayed
in Figure 5.3.3A. As expected, electron ionization demonstrated its unparalleled, inherent
non-selective character with 211 detected compounds in the leather sample. RGI,
(cf. Figure 5.3.2) with the highest gas phase acidity of all the employed reagents
protonated 204 of these and thus enabled their mass spectral identification. Consecutively
decreasing the acidity using RG 2 to 4 expectedly decreased the number of detected
compounds to 183, 122 and 83, respectively. In this example, the large difference in
selectivity between dry nitrogen and water doped nitrogen or ammonia is readily
explained by the exceptional ionization efficiency of [NoH]"/[N4sH]" towards alkanes.
These represent an abundant compound class in the leather emission profile and are not

protonated with [NH4]" and only partially with [H30]" and [(H.0),H]".

To evaluate the “softness” among the different methods, the degree of fragmentation is
expressed in terms of the survival yield (%) of a mass signal that unequivocally contains
the sum formula information for the compound of interest. This can either be the
molecular ion obtained with EI, the protonated or deprotonated molecule, or an adduct
ion such as [M+NH4]". Figure 5.3.3B illustrates the results for three different, rather
fragile compound classes, each represented by exemplarily chosen compounds from the
leather emission sample. Figure 8.3.3 shows the corresponding mass spectra. Clearly,
using EI the molecular ion signals are virtually absent for each compound. The class of
non-polar alkanes, such as 3-methylpentadecane, shows favorable protonation cross
sections towards the [N2H]"/[N4H]" system using RG1 with a survival yield of 38 % for
the [M-H]". For non-functionalized alkanes the [M-H]" commonly represents the main
detected species from protonation reactions!”). Increasing the reagent gas phase water
concentration for RG2 the [M-H]" yield of 3-methylpentadecane slightly improves to 40
%, however, at the cost of reduced absolute ion abundances. This effect is even more
pronounced with larger water clusters or the ammonia enriched gas phase when using
RG3 and RG4, respectively. In these cases, the protonation of 3-methylpentadecane

becomes endergonic and thus no signal was observed.

Phthalates are the second investigated class for which diethyl phthalate was exemplarily
chosen as a frequently observed emission product. In general, this class shows a
characteristic and dominant fragment [CsHsO3]" at m/z 149.023. Particularly for 70 eV

EI it represents the base peak in virtually all phthalate mass spectra without any molecular
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ion information revealed, which is also true for diethyl phthalate. In contrast, with all CI
reagents the protonated intact molecule is identified. A swift and steady increase in the
mean weighted proton affinity for the used reagent gases (cf. Figure 5.3.2A-D) resulted
in an increasing survival yield of 6%, 31%, 39% and 60%, respectively
(cf. Figure 5.3.3B). Note that for the phthalate the absolute ion current is nearly
independent of the used reagent, which is in stark contrast to the previously discussed

alkane example.

The [NH4]"/[(NH3)2H]" system of RG4 (cf. Figure 5.3.2D) is the most selective one, but

43461 This is in particular noticeable for the third

known for a gentle ionization behavior!
considered compound class with acetic parts, since these represent thermodynamically
favored leaving groups. An illustrative compound is 1,2-propylenegylcol diacetate, with
survival yields of merely 4 % with the protonated water cluster system of RG3. In stark
contrast, ammonia leads to abundant formation of stable [M+NH4]" -adducts for this
compound class. In case of 1,2-propyleneglycol diacetate an adduct yield of 75% was

obtained (cf. Figure 5.3.3B and 8.3.3).

5.3.3.3 Enhanced compound identification with complementary EI and CI
information

In the following, it will be demonstrated how the simultaneously recorded EI and CI data
from are used for advanced compound identification. Based on an unknown artificial
leather emission sample, four common scenarios with different qualitative and
quantitative levels of available EI and CI information are highlighted. Each scenario will
be presented in a step by step identification approach with eight exemplarily chosen
compounds. For this approach, the advantage of being able to swiftly change the CI gas

phase acidity will be employed as well to improve the correct compound assignment.

Scenario 1: “The EI mass spectral information for database matching provides an
appreciable first entry library hit. Chromatographic and CI information are
subsequently used to increase the confidence of identification for the predicted

compound.”

The outgassing sample of the artificial leather is comprised of a vast number of abundant
aliphatic compounds. Figure 5.3.4A depicts some [M-H]" traces of different higher
molecular weight alkanes, ionized with the [NoH]/[N4H]" system (RG1). As stated

before, this reagent enables the analysis of various non-functionalized aliphatic
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compounds with [M-H]" as the base peak!”). The large structural compound diversity but
nonetheless similarity of the corresponding 70 eV EI mass spectra as well as
chromatographic behavior is characteristic for this analyte class. Consequently, in
complex samples, peaks of different compounds essentially interfere within small
chromatographic time frames. Frequently, this renders the identification based on EI
library searches difficult and leads to only poor identification confidence. In some cases,
the RI information is misleading since branched alkanes show lower boiling points than
the unbranched species as indicated for two exemplary chromatographic peaks of non-
functionalized alkanes in Figure 5.3.4B, this causes the non-isomeric, unbranched Ci¢Hz4
and the branched Ci7Hs¢ species to overlap with close retention times/RIs. The RI

calculation in the presented study using an alkane standard is shown in Figure 8.3.4.
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Figure 5.3.4: (A) Extracted ion chromatograms (EIC) of different alkane mass traces ionized with the CI
reagent system RG1. (B) Enlarged EICs of two closely eluting signals at ~34.9 min. (C) CI and EI mass
spectrum of the chromatographic signal at 31.87 min (compound 1) (D) CI and EI mass spectrum of the

chromatographic signal at 31.91 min (compound 2).

The corresponding CI and EI mass spectra of compound 1 (CicH34) are shown in

Figure 5.3.4C. Compound 1 is clearly unequivocally identified as hexadecane: The EI
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NIST library search yields a matching factor of 909 and a reasonable probability of 33 %
for hexadecane as the first hit. The CI information predicts a molecular sum formula of
Ci6H34 with an accurate mass error of <5 ppm. In addition, the CI mass spectrum exhibits
[M-H]" as the base peak with little fragmentation, which is a strong indicator for an
unbranched alkane. The RI determined for this compound is 1597 and nicely fits to the
RI of hexadecane (1600). Branched alkanes with the same sum formula would have lower
RIs as mentioned earlier. Consequently, the identification procedure for corresponding

compounds is straight forward.

Compound 2 has almost the same calculated RI (1601) as compound 1. However, more
characteristic fragmentation is noticeable for compound 2 in the EI as well as the CI mass
spectrum, which indicates the presence of a branched alkane (cf. Figure 5.3.4D). Usually,
the fragments in both ionization modes are complementary and characteristic for the
branching positions, which supports structural elucidation of the molecule. Compound 2
was identified as 5,5-diethyltridecane as follows: The CI information predicts a molecular
sum formula of C17H36 with an accurate mass error of < 5 ppm. The EI mass spectrum
shows a common alkane fragmentation pattern without molecular ion but intense
fingerprint. The NIST database search yielded a good first hit (matching factor 873 and
34% probability) for 5,5-diethyltridecane, which is in very good accord with the
determined sum formula. Moreover, the characteristic fragments [M-C>Hs]" and [M-
CsH,7]" are abundantly present. Both are marked in Figure 5.3.4D, as -eth and -oct and
represent the loss of a branch and the longer part of the chain at the 5,5 position,
respectively. In the [N2H]"/[N4sH]" CI spectrum, abundant [M-C,Hs]" are observed as
well. In addition, an intense butyl loss with the remaining ion signal [M-C4Ho]" is
observed, which is not strongly present using 70 eV is. This fragment clearly indicates
the loss of the smaller part of the chain with the cleavage at the 5,5 branch position
(cf. Figure 5.3.4D) and finally completes the structural elucidation of
5,5-diethyltridecane. Noticeable in the CI spectrum is the presence of [M-CH3]", which
is a common fragment for all alkanes and thus not very characteristic for this specific
compound. Finally, the RI for 5,5-diethyltridecane (1605) is in fairly good agreement
with the calculated RI (1601) and additionally supports the identification of this

compound.
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Scenario 2: “The EI database search results in an inconclusive priority list.

Chromatographic and CI information proves the first entry as incorrect and provides

’

evidence for lower rated hits as more probable.’
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Figure 5.3.5: (4) CI (RG4) and EI mass spectra of the chromatographic signal at 38.60 min (compound 3)
(B) CI (RG2) and EI mass spectra of the chromatographic signal at 44.80 min (compound 4). The molecular
structures in each spectrum are derived from the respective MS information. In EI details on certain

hydrocarbon branches are not available and assigned with CxHy, respectively.

In GC-MS analysis of complex samples the comparison with an EI fragment library
frequently remains inconclusive. Multiple reasons, such as missing compounds within the
library or loss of structural information due to unspecific fragmentation, are
conceivable!!'¥l. In the latter case, the library search shows multiple hits with reasonable
matching factors but reduced probability for each suggested compound. Here the RI
values (if available), but in particular the molecular ion information significantly reduces
the list of candidates. Two examples illustrating this situation are presented in the

following.

Figure 5.3.5A shows the EI and CI spectrum of the third example (compound 3) from the
leather analysis at a retention time of 38.6 min. For reasons already discussed, the use of

less acidic reagents for compounds with high proton affinities is more favorable
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(cf. Figure 5.3.3B). In this case the acidity strength of RG4 was sufficient to record
sufficiently high [M+H]" signal intensities and a survival yield of nearly 100 % was
obtained. In the EI spectrum the dominant signal at m/z 149 strongly suggests the presence
of a phthalate with its typical [CsH503]" fragment. However, this class rarely reveals the
molecular ion or any other characteristic fingerprint in EI-MS, which implies strong
similarity among spectra and renders specific identification difficult if possible at all.
Expectedly, the first hit of the NIST library search, suggest butyl undecyl phthalate
(C23H3604), with a probability of only 8.4 %. The CI spectrum, however, leads to a sum
formula of C16H2204 with a mass accuracy of approximately 1 ppm. Only three entries in
the EI search list match this molecular mass: The 5 (di-isobutyl phthalate), 16" (dibutyl
phthalate), and 29" (butyl isobutyl phthalate) list entry with probabilities of 3.4 %, 1.9 %
and, 1.3 %, and ratings of 799, 785 and, 775, respectively. These three isomers can further
be distinguished by means of the additional chromatographic information, with RIs of
1870, 1944 and 1965, respectively. Finally, the compound 3 in Figure 5.3.5A is
unambiguously assigned to diisobutyl phthalate (measured RI = 1863).

A second example for scenario 2 is given in Figure 5.3.5B - a compound of the artificial
leather sample recorded at 44.8 min retention time (compound 4). The CI spectrum was
acquired with RG2. The NIST database comparison of the EI fingerprint suggests mono-
2-ethylhexyl adipate (C14H2604) with 50.9 % certainty for the first search list entry. The
CI spectrum clearly reveals the [M+H]" as the most abundant signal, with a derived sum
formula of C22H4204 at a mass accuracy < 1 ppm. Consequently, the first EI search list is
wrong. Only two lower rated entries on 2™ and 4™ place, bis(2-ethylhexyl) adipate
(C22H4204) and dioctyl adipate (C22H4204) with probabilities of 18.6 % and 12.7 %,
respectively, match the determined sum formula. In addition, both molecules are listed
with corresponding experimental RI values of 2400 and 2398 and match well with the
calculated RI in this data set. In conclusion, with a high degree of confidence compound
4 is narrowed down to these two molecules. Due to the proximity of the RI values and
rather unspecific fragment patterns in the EI and CI spectra, a further differentiation is
not possible based on the available data. Finally, it should be noted that the obvious
mismatch in the EI database search for this example is readily explained by the high
degree of similarity in the fragment fingerprint of the mono and bi-esters. The CI
information, however, unambiguously predicts one of the bi-esters as identified

compound.
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Scenario 3: “The 70 eV NIST identity data base search shows no reasonable match, but
some suggested compounds and the unknown share fragmentation similarities. CI
information is used for the NIST hybrid-similarity search’*®! to further improve the

compound identification process.”
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Figure 5.3.6: The CI and EI mass spectra used for similarity search approaches were recorded at (4) 38.66
min (compound 5) and (B) 39.49 min (compound 6) retention time. The depicted substances in the EI mass

spectra are the compounds predicted by the NIST hybrid search, but do not match the CI information.

In the previous examples, the additional CI information facilitated the identification of
compounds as obtained by a common EI identity spectral database search. However,
GC-EIUMS libraries (NIST/EPA/NIR) are far from reflecting the entire molecular
diversity nature provides. Nevertheless, in cases of missing compounds, chances are that
databases provide at least entries with certain structural similarities to the molecule of
interest. Given that the EI fragment patterns resemble this relation, the additional
molecular mass information from the CI trace allows for hybrid similarity searches!?®!,
provided in the NIST search program to identify the unknown. This scenario is illustrated
with compounds 5 and 6, found in the leather emission sample at retention times of

38.66 min and 39.49 min, respectively. Figure 5.3.6A and B show the corresponding EI

and CI mass spectra and Table 5.3.1 summarizes the important identification steps.
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For the NIST identity search the EI mass spectrum of compound 5 (cf. Figure 5.3.6A)
scores low matching factors between 700 and 800 for the first couple of list entries,
indicating that the correct molecule is not listed. The CI spectrum recorded with RG1
shows the [M-H]" with an exact molecular mass of 251.2740 Da and a mass error of 2.8
ppm. With high confidence the sum formula of compound 5 is C1gH3s. In accordance with
this carbon/-hydrogen ratio is the presence of an abundant [M+H]" signal, an indicator
for the presence of one double bond equivalent (DBE) in the aliphatic structure. However,
the CI information does not allow to differentiate the DBE of a ring structure or an
unsaturated position along the carbon chain. An additional NIST hybrid-search was
performed, with the EI spectrum shown in Figure 5.3.6B and the CI derived nominal mass
(252 Da) as an additional input parameter. Note that even though the NIST database only
works with nominal masses, it is advantageous to verify the hybrid similarity search with
the exact mass information. Undecyl-cyclopentane with a sum formula of CicH3»
(224 Da) was ranked, scoring a matching factor of 900, but differing by a C2H4 group
(28 Da) to the CI derived sum formula. Additional entries were alcoholic compounds
considering a potential H>O loss for RG 1. However, this group can be excluded since
compound 5 was not detected with less acidic reagents. Nevertheless, the hybrid
similarity search hit list provided an essential information concerning the raised DBE
question. Since most entries were cyclopentane derivates with different length of the
aliphatic side chain, it is reasonable to assume the same structure for compound 5, with
simply the alkyl part extended by an additional CoH4 group. Consequently, we propose
that compound 5 is tridecyl-cyclopentane. This is further supported by the
chromatographic information. The RI difference of 200 between undecyl-cyclopentane
and compound 5 is reasonable for a CoH4-elongation of the side chain. Moreover, neither
the EI nor the CI mass spectrum shows fragments that indicate a differently branched

isomer.

The EI mass spectrum of compound 6 (cf. Figure 5.3.6B) also scores low matching factors
(< 650) with the normal NIST identity search. Therefore, the same hybrid similarity
search was applied adding the nominal m/z value of 298 derived from the protonated
molecule of the CI spectrum. The highest matching factor of 845 for this approach was
obtained for decyl-2-ethylhexanoate (CisH3602). It differs by a CHz unit from the sum
formula Ci9H330> given by the accurate mass of the [M+H]" derived from the CI

spectrum. The position of the additional CH> unit is subsequently obtained from the EI
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mass spectrum. As shown in Figure 8.3.5, the NIST software indicates the fragments in
the library spectrum that are shifted by a mass to charge ratio of 14 (CH») as compared to
the spectrum of compound 6. The NIST interpreter tool allows to identify the hydrocarbon
branch carrying this CHz group in the structurally similar molecule. Undecyl-2-
ethylhexanoate is finally assigned to compound 6. As listed in Table 5.3.1, also the DBE

and the additional RI information is in accordance with this result.

Table 5.3.1: Results for a similarity search approach using EI and complementary CI

information for the spectra in Figure 5.3.6.

compound A compound B
CI information CisHzs (DBA =1) Ci19H3302 (DBA =1)
EI library result S e Aﬁio/\/\/\/\/\
Original match 757 >650
library RI 1660 1914 + 201 (95%)
measured RI 1869 1965
Hybrid match 900 843
A mass (hybrid search) +28 (C2H4) +14 (CHy)
suggested formula 0 B Njiow\/\/vv

Scenario 4: “The EI mass spectral information does not provide any reasonable search

result. Only CI information is used for the elementary identification process.

In the leather emission sample compounds were detected without any useable EI library
search result at all. Although, the EI information does not result in any compound
identification, the empirical sum formula is often available via the CI spectrum.
Compound 7 and compound 8 represent two such examples and are discussed in the
following. Their EI and CI spectra are shown in Figure 5.3.7A and B, recorded at retention
time 29.37 min and 30.24 min, respectively. In this context the benefit of CI information

from runs with different reagents will be shown.
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Figure 5.3.7: CI and EI spectra of (A) compound 7 and (B) compound 8 at retention times 29.37 min and
30.24 min, respectively. In both cases no reasonable EI library search result is obtained but the

corresponding CI spectra provide the molecular formula.

The CI mass spectrum of compound 7 in Figure 5.3.7A was acquired with the reagent
system RG2. The isotopic pattern (cf. Figure 8.3.6) suggests the presence of two chlorine
atoms, which is in accordance with the sum formula CsCl2H100O: as derived from the exact
mass of the protonated mono isotopic signal. With the more acidic RG1 HCI elimination
was observed yielding the corresponding fragment CsCIH;00:". Despite the characteristic
Cl- pattern of the CsCIHgO2" fragment at m/z 135 in the EI spectrum, neither the normal
identity nor the NIST hybrid similarity search result in hits reflecting chlorine containing
compounds (1282). However, the chemical composition of the compound at least allows

for level 4 compound identification according to Schymanski et al.!!?%!,

The EI spectrum of compound 8 is shown in Figure 5.3.7B does not provide any search
results with matching factors above 600 and also the molecular ion information is not
present. On the contrary, the corresponding CI data obtained with RG4 clearly reveal the
ammonium adduct [M+NH4]". This allows to derive the adduct sum formula CoH 30N
and the respective molecular formula CoH1406 with a mass error <4ppm. Common online

compound databases!!*% suggest triacetin as the most probable molecule. This is further
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supported by the strong ammonium adduct formation process, which is characteristic for
acetate esters as shown previously. Triacetin is listed in the NIST/EPA/NIR library but
was not suggested in the EI search results. This finding is readily explained by the
deconvolution process in the data post processing software. In GC-MS analysis it is
common to process raw data of the EI as well as CI traces for automated compound peak
picking through such a software. Figure 8.3.7B depicts the deconvoluted experimental
and the database triacetin EI spectra for comparison. They are mostly identical, except
the two mass signals at m/z 116 and 145, which are virtually absent in the processed
spectrum. A closer look at the extracted ion chromatograms of the EI traces
(cf. Figure 8.3.7A) reveals co-elution with dominant fragments at m/z 116 and 145
between 30.20 and 30.27 min. In addition, the common m/z 43 fragment is strong and
without distinct structure within these two seconds, which renders the correct automatic
peak picking in this EI section rather difficult for the software. In contrast, from the more
selective CI mass spectra the software extracted the m/z 236 trace with a well-defined
compound peak for the triacetin at 30.24 min. This then suggested the detailed inspection
of the EI data at this retention time. With regard to the EI mismatch, it was eventually
found that the algorithm automatically assigned the two masses (m/z 116.062 and
m/z 145.050) only to the earlier eluting compound and eliminated them from the
deconvoluted triacetin spectrum. Through this substantial modification of the EI raw data
by the post processing, triacetin was not recognized as a viable candidate for the
subsequent NIST library search. In an additional standard reference measurement
triacetin could clearly be assigned to compound 8. Similar examples for improved and
more elaborate chromatographic analysis with the complementary EI and CI traces were

previously given by Brikling et al.[!3%],

4.4 Conclusion

The material emission of an artificial leather sample for car interiors investigated using a
non-targeted analysis approach with an EI&CI-TOFMS. The importance of
simultaneously deriving the exact mass of the intact molecule from CI, as well as the
fragment fingerprint from EI is clearly demonstrated. Several examples highlight
different levels of improved compound identification based on the available information.
In additions to the retention time index, the normal and similarity EI library search, the

molecular formula, CI reagent specific reactions and fragmentations were used for
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compound identification. In this context, the benefit of a reagent ion control unit with

adjustable gas phase acidities is demonstrated.
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6 Summary

The aim of this work was the development of a mass spectrometer hyphenated to a gas
chromatograph which is capable of operating electron ionization and chemical ionization
in parallel. The instrumental set up was intended to facilitate and improve the use of GC
methods for non-targeted analysis. Special attention was paid to the development of the

chemical ionization source and the corresponding GC coupling to both ionization sources.

This work demonstrates the advantages of combining EI and CI mass spectra and the
resulting possibilities for GC analysis. The set up operating two ion sources (EI and CI)
on a single TOF mass analyzer delivers highly complementary molecular information
about the analytes. A carefully designed GC transfer enables the straightforward
assignment of the corresponding EI and CI data due to low time deviations of
chromatographic peaks within the corresponding chromatograms. Maintaining the EI
mass spectral information is important due to its many advantages (i.e., instrumental
independence, reproducibility, sensitivity, and low ionization selectivity). The possibility,
and benefits of the instantaneous acquisition of additional CI mass spectra is highlighted
and shown to be of great value. The identification probabilities and possibilities are
greatly improved whilst avoiding tedious data alignment, hardware changes, system

equilibrium times and time-consuming additional GC experiments.

During the this work the impression was intensified that the use of the right CI reagent is
essential for obtaining the precursor ions of analytes with the necessary quality and
sensitivity. The knowledge regarding a well characterized and controllable CI source
strongly facilitates the correct determination of the empirical sum formular. In addition
to established CI reagent gases as methane and isobutane, protonated nitrogen (N2H" and
N4H") was used at first. During this work however, a reagent supply unit using swiftly
selectable permeation tubes for reagent ion variation rather than (flammable) reagent
gases from compressed gas cylinders was developed. This allowed a stepwise selectivity
variation from NoH" (used for its broad ionization capability) to selective reagents as
NH4" (suitable for strongly fragmenting analytes). This is achieved by a controlled
three-staged ionization source design enabling a stepwise reduction of the reagent gas

phase acidity.

The combination of both, the parallel acquisition of 70 eV EI mass spectra and the CI

mass spectra originating from a well characterized and controlled CI mechanism, has
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been shown to be a powerful instrumental method for targeted, suspected, and non-
targeted analysis approaches as demonstrated for material emission measurements of car
interior parts. Uncertainties from unspecific fragmentation and coelution could be
reduced. In addition, unknown identification was improved compared to EI only

approaches.

Additional work was performed showing various applications using the developed
instrument. An article about perfume authenticity measurements using additional
statistical tools such as principle component analysis (PCA) for the analytical
differentiation of an original brand perfume and corresponding generics was
published!"*”). In addition, an application note about a flavor profile comparison between
cheese and its vegan equivalent was published!!**]. A study investigating battery aging
products, using the instrument described in this work, was published as an application

(1391 The possibility of swift reagent adjustments of the developed CI source was of

note
particular value for this application. Oligomeric carbonates, representing the main aging
products, show a pronounced tendency to fragment but are measured as precursor ions
using NH4" reagent ions. On the other hand, the low selectivity of NoH"/N4H™ for the
ionization of an alkane standard mixture in combination to EI was published in a white

papert140],

As an alternative to the mode of operation summarized above, (EI and the CI sources
coupled to the same GC), the CI interface can be also used for ambient sampling. A PTR
reactor>®! was used for real time monitoring of volatile organic compounds. A pine needle
burning experiment was carried out demonstrating the advantages of both, real time PTR
and GC-EI-MS!'3#. Fast changes in the sample composition were measured using real
time PTR with a time resolution of 5 Hz. A sample from the plume was taken at a certain
point of the experiment and used for GC-EI-MS analysis allowing for a more detailed

insight to the sample during the same experiment.
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8 Appendix

8.1 Supporting information: Hydrogen plasma-based medium pressure

chemical ionization source for GC-TOFMS

Reagent ion spectra
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Figure 8.1.1: Reagent gas spectra at 13 mbar ion source pressure for (A) nitrogen, (B) isobutane, (C)

methane as reagent gas

methane reagent ion system

The methane reagent gas spectrum is rather complex involving extensive ion chemistry.
The reaction of H3" with methane is shown in reaction (Rn 8.1.1-8.1.3)11%?], An
alternative mechanism for the protonation of methane via H3* (Rn 8.1.4-Rn 8.1.5) is

also shown by Aquilanti and Volpi (1966)!1%],

H} + CH, —» (CHY)" + 2H, Rn8.1.1
(CH)* - CHi + H, Rn 8.1.2
(CHY)" +M - CH + M Rn 8.1.3
H¥ + CH, - CHf + 2H, Rn 8.1.4
CHY + H, » CHZ Rn8.1.5

C,Hs" is the product of the reaction between CH3" and excess of neutral methanel'%%,

CHf + CH, » C,H} + H, Rn8.1.6
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Possible pathways for the generation of the mainly observed C3 and C4 species are
described in detail by Field et all*®l using classical filament based chemical ionization at
lower pressures and reaction times. However, not all species available in filament-based
methane CI sources!”*®! are expected for the reaction of Hydrogen with methane e.g.,
CH,". Interference into the ion chemistry by e.g., back diffusion into the plasma or the
afterglow region could increase the complexity of the system. Spectra of gas discharges
in methane are shown by Smolinsky et al 197541, This can also lead to the formation of
radical and neutral hydrocarbons adding the possibility of further rich chemistry to the

(142] The formation of C; and Cs species are also shown by Aquilanti et al.l!%?! for

system
the reaction of higher CyHm species with Ha. Low abundance CoHm" species up to 200 Th
indicating further condensation reactions. The complete interpretation of the methane
reagent ion spectra is rather complex and far beyond the aim this work and therefore not

completely discussed.

RF dependency on fragmentation
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Figure 8.1.2: Fragmentation behavior of o-xylene on the quadrupole RF amplitude for different pressures.
The ratio of the [M-H]" (fragment) and the [M~+H]" increases with higher RF and lower pressures. A
continuous sample flow of 0.5 standard cm*/min of a 10 ppmV xylene gas mixture with N> as reagent gas

was used.
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Linear ranges
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Figure 8.1.3: Range of linearity for benzophenone, naphthalene, anisaldehyde, 2-decanone,
2,6-di-tert-butylamine, and a-pinene using nitrogen as reagent gas. Left: Entire linearity range probed,

right: expanded lower mass region.
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Figure 8.1.4: Range of linearity for benzophenone, naphthalene, anisaldehyde, 2-decanone,
2,6-di-tert-butylamine, and a-pinene using isobutane as reagent gas. Left: complete linearity range, right:

expanded lower mass region.
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Figure 8.1.5: Range of linearity for benzophenone, naphthalene, anisaldehyde, 2-decanone,

2,6-di-tert-butylamine, and o-pinene using methane as reagent gas. Left: complete linearity range, right:

expanded lower mass region.

Analyte mass spectra
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Figure 8.1.6: Mass spectra of benzophenone, naphthalene, anisaldehyde, 2-decanone,

2,6-di-tert-butylamine, and a-pinene using nitrogen as reactant gas at 13 mbar.
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8.1.7: Mass spectra of benzophenone, naphthalene, anisaldehyde, 2-decanone,

2,6-di-tert-butylamine, and a-pinene using isobutane as reagent gas at 8 mbar.
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Figure 8.1.8: Mass spectra of benzophenone, naphthalene, anisaldehyde, 2-decanone,

2,6-di-tert-butylamine, and a-pinene using methane as reagent gas at 13 mbar.
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Detailed list of compounds in the EPA 8270 LCS mix

Table 8.1.1: Compounds present in the EPA 8270 LCS mix, proton affinities, and the m/z

of the base peak observed nitrogen, isobutane and methane as reagent gas.

compound PA nitrogen isobutane methane group
(kJ/mol)*
N-nitrosodimethylamine - [M+H]* [M+H]* [M+H]* N-containing
pyridine 930.1 [M+H]" [M+H]* [M+H]" N-containing
phenol 817.3 [M+H]" - [M+H]" phenolic
aniline 882.5 [M+H]* [M+H]* [M+H]" N-containing
bis(2-chloroethyl)ether na [M+H]" - [M+H]" ether
2-chlorophenol n.a [M+H]" - [M+H+42]" phenolic
(IM+H]"~65 %)
1,3-dichlorobenzene(a) n.a [M+H]* - [M+H]" halogenated
1,4-dichlorobenzene (a) n.a [M+H]* - [M+HT* halogenated
1,2-dichlorobenzene (a) n.a [M+H]* - [M+HT* halogenated
o-cresol (a) 832.0 [M+H]* [M+H]* [M+H]* phenolic
benzyl alcohol 778.6 91 - 91 O-containing
m-cresol (a,b) 841.0 [M+H]* [M+H]* [M+H]" phenolic
p-cresol (ab) 814.0 [M+H]" - [M+H]" phenolic
bis(2-chloroisopropyl)ether n.a 77 ((IM+H]" ~5 [M+H]* [M+H]" ether
%)
N-nitroso-di-n-propylamine n.a BP:72 ((M+H]* [M+H]* 72 ([M+H]" ~47 N-containing
~48 %) %)
hexachloroethane n.a M-C1]* - - halogenated
nitrobenzene 800.3 94 ([M+H]" ~85 - 94 (IM+H]" ~36 nitro-group
%) %)
isophorone 893.5 [M+H]" [M+H]* [M+H]* O-containing
2-nitrophenol n.a [M+H]* - [M+H]" phenolic
2,4-dimethylphenol n.a [M+H]* - - phenolic
benzoic acid 821.1 - - - O-containing
bis(2-chloroethoxy)methane n.a 93 - [M+H]" ether
2,4-dichlorophenol n.a [M+H]* - - phenolic
1,2,3-trichlorobenzene n.a [M+H]* - - halogenated
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naphthalene
4-chloroaniline

hexachloro-1,3-butadiene

4-chloro-3-methylphenol
2-methylnaphthalene(a)
1-methylnaphthalene(a)
hexachlorocyclopentadiene
2,4,6-trichlorophenol (a)
2,4,5-trichlorophenol (a)

2-chloronaphthalene

2-nitroaniline (a)

1,4-dinitrobenzene (a)

1,3-dinitrobenzene (a)

1,2-dinitrobenzene(a)

dimethyl phthalate

acenaphtylene

2,6-dinitrotoluene (a)
3-nitroaniline (a)
acenaphtene
2,4-dinitrophenol

4-nitrophenol

dibenzofuran

2,4-dinitrotoluene (a)
2,3,5,6-tetrachlorophenol(a)

2,3,4,6-tetrachlorophenol(a)

802.9

873.8

834.8

831.9

n.a

n.a

861.1

[M+H]"
[M+H]"

[M-CL]*
([M+H]* ~80 %)

[M+H]*
[M+H]*
[M+H]
[M-CI]*
[M+H]
[M+H]*

[M+H]*

[M+H]*

109 ((M+H]*
~56 %)

109 ([M+H]*
~57 %)

109 ([M+H]*
~72%)

163 ([M+H]"
~1.5 %)

[M+H]"

[M+H]*
[M+H]"

[M+H]"

108 ([M+H]*
~72 %)

[M+H]*

[M+H]"
[M+H]*

[M+H]*

[M+H]"

[M+H]*

[M+H]*

[M+H]"

M+H

[M+H+56]"
([M+H]" ~15 %)

M+H

M+H

M+H

[M~+H]"

[M+H]"

[M+H]*
[M+H]"

[M+H]*

[M+H+42]"
(IM+H]" ~75%)

[M+H]"

[M+H]*

[M+H]*

[M+H]"

[M+H]"

[M+H]"

[M+H]*
[M+H]"

[M+H]"

[M+H+42]"
([M+H]" ~81 %)

[M+H]*

PAH
N-containing

halogenated

phenolic
PAH

PAH
halogenated
phenolic
phenolic

halogenated

N-containing

nitro-group

nitro-group

nitro-group

ester

PAH

nitro-group
N-containing
PAH
phenolic

phenolic

O-containing

nitro-group
phenolic

phenolic
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diethylphthalate

Fluorene

4-chlorophenylphenylether

4-nitroaniline (a)

4,6-dinitro-2-methylphenol

(dinitro-o-cresol)

N-nitrosodiphenylamine

(diphenylamine)

1,2-dDiphenylhydrazine

(azobenzene)

4-bromophenylphenylether

hexachlorobenzene
pentachlorophenol
anthracene (a)
phenanthrene (a)
carbazole

dibutylphthalate

fluoranthene (a)

pyrene (a)

benzylbutylphthalate

bis(2-ethylhexyl)adipate
benzo(a)antracene (a)
chrysene (a)
3,3-dichlorobenzidine

bis(2-ethylhexyl)phthalate

di-n-octylphthalate

benzo(k)fluoranthene (a)

benzo(b)fluoranthene (a)
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831.5

n.a

866.0

n.a

n.a

877.4

825.7

940.0

869.2

177 (IM+H]*
~9%)

[M~+H]*

[M+H]*

[M+H]"

[M+H]"

[M+H]*

[M+H]*

[M~+H]"

[M+H]*
[M+H]
[M+H]"

149 ((M+H]"
~15 %)

[M+H]*

[M~+H]*

91 (IM+H]*
~11 %)

[M+H]*
[M+H]*
[M+H]
[M+H]*

149
(IM+H]*~26 %)

149
(IM+H]*~27 %

[M+H]"

[M+H]"

M+H

[M+H]"

[M+H]"

[M+H]"

[M+H]*

[M+H]*
[M+H]*
[M+H]"

[M+H]"

[M+H+57]"
(IM+H]" ~95 %)

[M+H]"

[M+H]"

[M+H]
[M+H]*
[M+H]*
[M+H]*

[M+H]*

[M+H]*

[M+H]"

[M+H]"

[M+H]*

[M+H]*

[M+H+421"
([M+H]* ~70 %)

[M+H]"

[M+H]*

[M+H]*

[M+H+421"
([M+H]* ~68 %)

[M+H]*
[M+H]*
[M+H]*

[M+H]"

[M+H]"

[M+H]*

[M+H]*

[M+H]*
[M-+H]*
[M+H]*
[M+H]*

[M+H]*

[M+H]*

[M+H]"

[M+H]*

ester

PAH

halogenated

N-containing

phenolic

N-containing

N-containing

halogenated

halogenated
phenolic
PAH

PAH
N-containing

ester

PAH

PAH

ester

ester
PAH
PAH
N-containing

ester

ester

PAH

PAH



benzo(a)pyrene (a) n.a [M+H]* [M+H]* [M+H]* PAH

indeno(1,2,3-cd)pyrene (a) n.a [M+H]* [M+H]* [M+H]* PAH

dibeny(a,h)anthracene 876.0 [M+H]* [M+H]* M" (IM+H]" PAH
~64%)

benzo(g,h,I)perylene (a) n.a [M+H]* [M+H]* [M+H]* PAH

a The elution order was assumed to be the same as reported in®¥

b m-cresol and p-cresol were not separated by the GC-column and oven program. Detectability was

estimated by comparing proton affinities
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8.2 Supporting Information: Parallel operation of electron ionization and

chemical ionization using a single TOF mass analyzer

Mode switching time

segment #
0 1 2 3 0
1 1 1
1.0 ]
é- ]
2 0.8
g ] - E| trace
c 4
5 0.6 1 —— Cl trace
'g ] El phase
< 0.4 1 Cl phase
£
2 0.2
0.0
LA B | L B L
80 90 100 110 120

time (ms)

Figure 8.2.1: Time response of the switching ion optics between the CI and EI source. Single spectra were

averaged to 500 Hz.

Experimental arrangement

TOF mass

analyzer \

GC column
Y-splitter heated transfer

line

Figure 8.2.2: Instrumental arrangement.
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C4 — C24 even carbon FAMEs standard

Table 8.2.1: Compounds of the C4-C24 even carbon FAMEs GC standard mix.

compound retention time CI detected as m/z of EI
(s) main ions
methyl butyrate - CsH;10," n.a.
methyl hexanoate 305 C7H;50," 74, 87, 55
methyl octanoate 416 CoH 905" 74,87, 55
methyl decanoate 507 C11H2305" 74,87, 55
methyl laurate 587 C13H270," 74,87, 55
methyl tetradecanoate 658 CisH310," 74,87, 55
methyl palmitate 722 Ci7H350," 74,87, 55
methyl octadecanoate 779 C1oH3902* 74,87, 55
methyl arachidate 827 Co1Hy30;," 74, 87, 55
methyl docosanoate 869 C23H4702" 74,87, 55
methyl lignocerate 916 CysH5,02" 74,87, 43
Retention time correlation
1000 ] e
R? = 0.99999 Js 3

é 800 - @,o' £

: ] 2

S 600 &

I

=400 1 e

L T
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Figure 8.2.3: Linear regression of CI and EI retention times.
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Peak shape comparison
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Figure 8.2.4: Peak shape comparison of different compounds of the FAMEs GC standard. The relative peak
with difference is measured at full width half maximum (FWHM) of the corresponding peaks.

Instrument detection limit (IDL) measurements
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Figure 8.2.5: Nine repeated GC injections of benzophenone and octafluoronaphthalene for IDL

calculations.
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Custom ketone and aldehyde mix

Table 8.2.2: Compounds of the custom carbonyl mix.

compound retention Cldetected m/z of EI A mass A isotopic EI
time (s)  as main ions (ppm) ratio (%) match
1-octen,3-one 430 CsH ;50" 70, 55 1.4 43 774
2-octanone 443 CsH;70" 43,58 71 1.7 4.2 850
octanal 455 CsH 70" 43, 44, 56 0.6 4.0 856
nonanal 556 CoH 90" 57,41, 43 -1.2 4.4 887
trans-2,cis-6- 602 CoH ;50" 41,69, 70 3.0 -0.3 n.a(a)
nonadienal
citronellal 602 CioH100* 41, 69, 95 3.7 2.2 n.a(a)
2-decanone 638 CioH210" 58,43,71 -0.7 4.8 865
2-undecanone 726 C11Hx30* 58,43,71 3.2 2.2 887
trans,trans-2,4- 746 CyoH,0* 81, 41, 39 -0.1 -4.2 n.a(b)
decadienal
2-dodecanone 808 C12Ha50* 58,43,71 -3.7 -1.1 888
dodecanal 819 Ci2Hs0" 1.8 -1 914
2-tridecanone 885 C13H2,0* 58,43, 71 24 3.5 882
benzophenone 987 C;3H,,0" 105,77,182 -14 2.6 930

(a) Was not found using the NIST library due to strong co-elution.

(b) Was not found in the NIST library due to unknown reasons.

Table 8.2.3: Sum formulas generated with the common hetero atoms and an allowed mass

difference of + 10 ppm for the measured exact values of m/z 185.1907 and m/z 199.2052,

respectively.

sum formula  exact mass mass difference A isotopic
(ppm) ratio (%)
CoCIHN* 185.1905 -1.0 -11.4
C12H2s0* 185.1900 -3.6 -1.1
H2oN,Og* 185.1918 6.4 842.0
Ci3H3sN>O" 185.1888 -10.2 989.6
CioHa23N3" 185.1886 -10.9 9.0
Hi5sN>O* 199.2056 2.0 475.6
Ci3Hx,0* 199.2056 24 3.5
CCl3H3sN,O™  199.2044 -3.7 5452
Ci1HasN5* 199.2043 -4.3 18.8
C1oCIH3oN* 199.2061 4.8 29.3
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Figure 8.2.6: Chromatograms of co eluting compounds (trans-2,cis-6-nonadienal (CoH40) and citronellal
(C10H150)).

Chromatograms of an EPA 8270 LCS mix
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Figure 8.2.7: Chromatogram of a 2.5 ng spitless injection of an EPA 8270 LCS mix.
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Figure 8.2.8: Enlarged chromatogram of the EPA 8270 LCS mix.
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Additional example for improved compound identification

—— Cl mass spectrum
—— El mass spectrum

m/z 235.2046
C]GH27O+ -4.3 ppm

normalized intensity
o

L L L
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m/z

Figure 8.2.9: EI and CI mass spectrum of a chromatograohic peak within the perfume sample at 1035 s.

Table 8.2.4: First compound suggestions of the fragment spectra library search in

combination with the CI information for the mass spectra shown in Figure 8.2.9

sum m/z A mass A isotopic probability
structure EI match RI
formula  [M+H]"  (ppm)  ratio (%) (%)
m | CiHxO 2352056 43 1.6 819 109 1649
mz CieHaO 2352056 43 1.6 817 9.2 1658
(}fCﬁi CieHaO 2352056 43 1.6 811 7.8 1664
_H()
= [ fo CisHnO, 2351693 -150.5 8.3 778 6.8 na.
i X
OK% CxoH»0  289.2526  >1000 -18.6 762 3.8 n.a.
0
OH
P CuHnO, 223.1693  >1000 15.9 747 2.9 na.
M CiuHpO  207.1743  >1000 16.2 746 2.5 1584
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O
0]
W CisHz0: 2351693 -150.5 8.3 746 22 2521

OH
g{( CisHxO  223.2056  >1000 8.0 746 1.88 n.a.
O;O\/g CuHnO  207.1743  >1000 15.9 743 1.74 na

Tsomoere 2, 2Isomere 1, *Isomere 3

The EI mass spectrum library search results for the EI mass spectrum given in
Figure 8.2.9 shows probabilities of ~ 3-11 % for the first 6 suggestions. Experimental
retention time information are not available for all compounds. The CI spectra reviles a
dominant protonated molecule. The CI spectrum strongly indicates a sum formula of
Ci16H260 via the given mass accuracy and isotopic pattern. Therefore, even suggestion

with the same nominal mass can be excluded from the suggestion list.
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8.3 Supporting Information: Gas chromatography coupled to time-of-flight
mass spectrometry using parallel electron and chemical ionization with

permeation tube facilitated reagent ion control for material emission analysis

Permeation tube temperature dependence of the reagent ion distribution

] == [NHI* [(Hz0)2+H]*
> 0.6 - fNgHI* [(H20)3+H]*
@ [H3Q]*  —— [(H20)4+H]*
[}
£ 0.4
©
(9]
N
©
E 02—,
8 \
\
0.0 1
LA R S I BN R S R SR A BN B B A
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H,0 permtube temperatrue (°C)

Figure 8.3.1: Dependence of the reagent ion distribution on the water filled permeation tube temperature.
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Chromatograms of the material emission measurement
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Figure 8.3.2: CI chromatograms of the artificial leather emission measured with dry N2> (RG1), H>O doped

nitrogen at a permeation tube temperature of 85 °C (RG2), H,O doped nitrogen at a permeation tube

temperature of 115 °C (RG3), and H>O/NH; doped nitrogen at permeation tube temperature of 85 °C

(RG4). The simultaneously recorded EI chromatograms were identical for each CI reagent run and are

therefore displayed just once.
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Mass Spectra for compounds of Figure 4.3.3B
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Figure 8.3.3: Mass spectra of diethyl phthalate, 1,2-propylenglycol diacetate and 3-methylpentadecane

recorded with EI and each CI reagent system.
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Retention time indices
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Figure 8.3.4: Retention time index function of the alkane standard for retention indice assignment.

NIST hybrid similarity search for compound 6 (Figure 4.3.6B)
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Figure 8.3.5. NIST hybrid similarity search results for compound 6 shown in Figure 5.3.6B. The measured
spectrum is shown in red compared to the library spectrum in blue. Peaks present in the library spectrum
but not in the measured spectrum are indicated in grey. The pink colored peaks assign signals that are
present in the measured spectrum but not in the library spectrum and that additionally show a mass

difference of 14 (CH»-group) with respect to the peaks indicated in grey.
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CI sprctrum of compound 7 (Figure 4.3.7A)
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Figure 8.3.6: Isotopic pattern of CsClH;,0:.

Deconvolution of compound 8 (Figure 4.3.7.B)
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Figure 8.3.7: (A) Deconvoluted extracted ion chromatograms of triacetin showing a strong coelution on
m/z 145.050 and m/z 116.062. (B) These mass signals are therefore lost in the processed and deconvoluted

mass spectrum compared to the library spectrum.
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