DEVELOPMENT OF PLASMA-BASED ION SOURCES FOR ELEMENTAL
QUANTIFICATION AND NON-TARGETED ANALYSIS OF CHLORINATED AND
FLUORINATED COMPOUNDS

A Dissertation
submitted to the Faculty of the
Graduate School of Arts and Sciences
of Georgetown University
in partial fulfillment of the requirements for the
degree of
Doctor of Philosophy
in Chemistry

By

Kunyu Zheng, M.S.

Washington, DC
January 28, 2021

Copyright 2021 by Kunyu Zheng
All Rights Reserved

ii

DEVELOPMENT OF PLASMA-BASED ION SOURCES FOR ELEMENTAL
QUANTIFICATION AND NON-TARGETED ANALYSIS OF CHLORINATED AND
FLUORINATED COMPOUNDS
Kunyu Zheng, M.S.
Thesis Advisor: Kaveh Jorabchi, Ph.D.
ABSTRACT

The expanding use of organochlorines and organofluorines in pesticides, pharmaceuticals,
and industrial applications, along with environmental contamination by these compounds require
the development of analytical methods for sensitive non-targeted characterization in complex
sample matrices. Elemental mass spectrometry (MS) coupled to chromatography offers an
advantage for such analyses by detecting Cl and F in eluates regardless of the analytes chemical
structure. However, the low ionization efficiencies to form Cl+ and F+ via thermal ionization in
conventional elemental MS have hindered progress in this realm. In this dissertation, novel
elemental ionization methods are developed based on plasma-assisted reaction chemical ionization
(PARCI) to alleviate the shortcomings of current elemental methods for F and Cl detection.
A general strategy of plasma reactions for breakdown of analytes followed by post-plasma
chemical ionization is utilized in our studies. In one investigation, we demonstrate the advantages
of this approach using gas chromatography-low-pressure microwave-induced plasma and postplasma formation of Cl- and F-. Specifically, high-sensitivity quantification of multi-residue
presides is achieved with a single elemental standard in a complex food matrix.
To facilitate the integration of the new elemental method with molecular MS toward a
comprehensive analytical platform, we further expand the PARCI strategy to atmospheric pressure
plasmas. We demonstrate that a dielectric barrier discharge (DBD) serves as a reaction plasma
and an electron source for Cl- formation from organochlorines, providing compound-independent
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elemental ionization efficiencies. The analytical utility of this approach is also evaluated by
quantifying a range of pesticides in a juice sample.
Detection of F using the same strategy, however, faces difficulties due to
thermodynamically favorable reactions between F- and other plasma products. Therefore, a novel
ionization pathway is developed, where HF is generated from fluorinated compounds within a
DBD. The subsequent gas-phase ion-neutral reactions between HF and sodiated reagent ions from
nano-electrospray ionization (ESI) of sodium salts results in formation of Na2F+, offering
completely decoupled plasma reactions and post-plasma ionization for robust analyses.
Importantly, this method opens an avenue for simultaneous detection of Cl and F. Lastly, the
combination of elemental and molecular ionization in the same chromatography-MS platform is
shown for non-targeted analysis of organofluorines.
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Chapter I
Introduction

1.1. Chlorinated and Fluorinated Compounds: Chemicals of Environmental and Biological
Interest
Chlorinated and fluorinated compounds continue to be of significant interest due to their
widespread applications as well as concerns for their environmental, and health effects.1-6 For
example, chlorinated and fluorinated compounds constituted over 50% of the most commonly used
pesticides from 2008 to 2012 as indicated by the Environmental Protection Agency (EPA).7
Importantly, more than 95% of applied pesticides are estimated to disperse into the environment,
making these compounds potential environmental contaminants.8-10 Halogens in the structure of
organic compounds provide structural stability and hydrophobicity, causing bio-accumulation in
the fatty tissues of organisms.11-13 This concentration process magnifies the presence of the
organochlorines and organofluorines throughout the food-chain, raising more concerns about these
compounds.4, 5 Moreover, due to their health risks and resistance to environmental degradation,
organochlorines comprise most of the persistent organic pollutants (POPs) designated for
reduction and elimination by the Stockholm Convention.14-16 Further, there has been a significant
rise in pesticides containing fluorine atoms, especially in fungicides and herbicides.17 More than
50% of newly-launched pesticides in the time window of 2011 to 2016 contained fluorine atoms
in their structures,18 indicating a rising contribution of fluorinated compounds in environmental
contamination.
Per- and polyfluoroalkyl substances (PFASs) comprise another class of environmentally
concerning compounds. The chemical properties of PFASs largely originate from the high
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electronegativity and small size of the fluorine atom, imparting enhanced chemical stability and
water- and oil-repellency in PFASs.19, 20 These unique physicochemical properties make PFASs
suitable for industrial and consumer applications, such as surfactants, paints, electronic insulators,
firefighting foams, nonstick pans, food packaging, and textile coatings.21-26 However, the carbonfluorine bond is one of the strongest single bonds (bond disassociation energy for C-F: 533.5
kJ/mol),27 allowing PFASs to resist degradation. Consequently, the widespread use and persistence
of these compounds combine to increase the potential for environmental contamination and bioaccumulation.28-30 Currently, there are more than 6300 PFASs documented by the EPA,31 however,
only a limited number of PFASs are regulated.32 Notably, the impact of this regulation is minimal
as new generations of PFASs continue to replace the currently regulated groups, further
complicating the landscape of environmental contamination by PFASs.
Chlorine and fluorine are also important elemental substitutions in pharmaceuticals.33, 34
Notably, chlorinated and fluorinated compounds comprised more than 50% of the small molecule
pharmaceuticals approved by 2012 in the U.S.35 Moreover, there has been a trend of increasing
use of fluorinated drugs in the development stage.36, 37 This is trend can be attributed to the dynamic
nature of fluorine atoms which can be utilized to tune the pharmacodynamics and modulate
metabolic stability and bioavailability of compounds, opening new avenues in drug design.38, 39 As
a result, about one-third of the best-selling drugs contain fluorine atoms in their structure.34
The increase in use and scrutiny of fluorinated and chlorinated compounds has in turn
amplified the need for development of sensitive and selective analytical methods for detection and
quantification of these compounds in complex matrices.40-48 In the following section, the current
analytical techniques for trace detection and quantification of fluorinated and chlorinated
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compounds are briefly reviewed to highlight their strengths and drawbacks and to indicate areas
in need of development.

1.2. Analytical Methods: Targeted and Non-targeted Approaches
Analytical methods can be broadly categorized into targeted analysis and non-targeted
analysis. The aim of targeted analysis is robust quantitation of a list of pre-determined analytes.
Therefore, targeted methods cover only a limited number of known analytes, where method
development and validation rely on the use of a unique analytical standard for each compound.
Such targeted methods are commonly utilized in quality assurance and environmental
monitoring.49, 50
Non-targeted analyses focus on the detection of compounds without a prior target list. In
other words, the analyst does not know in advance what compounds may exist in the sample. This
approach has been widely used in discovery-based analyses; for example, in characterizing
transformation products of pollutants in the environment and elucidating metabolites in drug
development.51-55
Recent advances in non-targeted analyses have been largely brought about by mass
spectrometric (MS) techniques coupled to chromatography. Notably, the molecular formulas of
trace compounds may be determined via high-resolution MS (HRMS) through exact mass
measurement and isotopic patterns.56-58 Further, fragmentation data from tandem MS (MS/MS)
can provide structural information.59-61 Despite these capabilities, key challenges remain in nontargeted analyses of chlorinated and fluorinated compounds using mass spectrometry as discussed
below.
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1.3. Challenges in Non-targeted Detection and Quantification in Molecular MS
Comprehensive detection of analytes is a challenge in non-targeted molecular MS since
analytes of interest may go undetected due to poor compound-specific ionization efficiencies in
the ion source.62, 63 Drastic variations in ion formation efficiencies among compounds are observed
in molecular ionization methods, such as electrospray ionization (ESI) and atmospheric-pressure
chemical ionization (APCI).64-67 Therefore, by using a single molecular ionization method, it is
difficult to detect all analytes of interest with wide differences in structures at trace levels. For
example, esterified products of perfluorooctanoic acids in solvents are difficult to detect in
negative mode ESI, which is commonly used for analysis of perfluorinated acids. 68, 69 In order to
detect all compounds of interest, a combination of different molecular ionization methods is
needed. This limitation reduces the throughput for screening analyses. Moreover, large fractions
of organofluorines are not readily detected even using multiple molecular ionization methods.70-74
Accordingly, a selected ionization chemistry that enables sensitive detection of a certain class of
compounds (e.g. acids) likely leads to a drawback of imparting low sensitivity for detecting other
compounds of diverse structures.
Another challenge in non-targeted analysis relates to identifying chemical classes of the
detected ions via molecular formula assignment, particularly for fluorinated compounds. Exact
mass and isotopic patterns are used in HRMS to determine the elemental composition of ions and
their assignment to various classes, such as chlorinated compounds.75-77 However, fluorinated
compounds do not have a specific isotopic signature due to the monoisotopic nature of fluorine.
This reduces the confidence of elemental-composition assignment and introduces uncertainties in
detecting fluorinated compounds. A strategy based on mass defect, the difference between exact
mass and nominal mass,78 has been utilized to address this problem in the particular case of
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polyfluorinated compounds via identification of a homologous series with repeating CF2 units.7981

However, this strategy cannot be extended to all fluorinated compounds, leaving molecules

without repeating units difficult to detect.
Other than identification, an even more difficult challenge in non-targeted analysis is
quantification of newly discovered compounds.82, 83 For quantitation with molecular ionization
methods, calibration of the instrument’s response using compound-specific analytical standards is
needed because ionization efficiencies heavily depend on the analytes’ chemical structures.62, 63
Given that the analytes are not known in advance, this requirement creates a major hurdle in rapid
quantitation of detected compounds. Thus, the accurate quantification of newly discovered
compounds is almost impossible when analytical standards are not available.
Quantitation is further complicated by matrix effects in complex samples as they impact
the efficiency of molecular ionization. To account for matrix effects, isotopically labeled standards
are often used in targeted analyses.84-86 However, isotopically labeled standards are available only
for a very limited number of analytes. Without isotopically labeled standards, validation of the
method needs to be carried out for every analyte in each type of matrix to ensure accurate
quantification.
In summary, molecular MS ionization methods fall short of fulfilling the current analytical
needs for comprehensive detection and quantitation of organofluorines and organochlorines in
complex samples. Methods that utilize elemental analysis in conjunction with molecular MS
provide a strategy to address these shortcomings by providing sensitive compound-independent
detection and quantitation, which will be discussed in detail in the following sections.

1.4. Advantages of Elemental Methods in Detection and Quantitation
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The fundamental advantage for quantification using elemental methods is the possibility
of a universal calibration in which compound-specific analytical standards are not required.87, 88
These methods leverage the complete decomposition of molecules and subsequent analysis of
elemental constituents, alleviating the effect of the chemical structure on detection efficiencies
when analyzing intact compounds. Therefore, a single elemental standard may be used to quantify
a large number of compounds with varying chemical structures. In addition, elemental methods
have relatively high tolerances for matrix effects from complex samples. Consequently, accurate
quantification can be achieved in samples without the need for isotopically labeled standards or
matrix matching.
Elemental analyses also provide facile mass balance capabilities, which is a critical aspect
in non-targeted measurements to ensure complete detection of all analytes of interest.71, 73, 89 For
mass balance, the total elemental concentration of an element specific to a compound is measured
before and after degradation or metabolism of the compound to provide confidence that all the
products are still in the sample and have not been eliminated by processes such as evaporation or
adsorption to surfaces, among other phenomena. The total elemental concentration is also
compared to the value from the summation of quantified products using various other analytical
methods, such as molecular MS. A 100% mass balance ensures that all chemicals that originate
from the compounds of interest are detected. This is a key requirement for the characterization of
transformation pathways in drug metabolism and environmental degradation of contaminants.
Based on the two analytical advantages described above, namely quantitation without
compound-specific standards and mass balance, elemental methods for halogen detection may be
placed into two categories: 1) total halogen methods and 2) chromatography-based halogen
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detection methods. Details of these two categories are discussed in the following sections in terms
of the operating principles, applications, limitations, and advantages.

1.4.1. Total Halogen Elemental Methods
Total halogen methods measure the summed amount of Cl or F in a sample, which is
valuable for mass balance analysis. In these methods, all Cl or F atoms in various chemical forms
are first converted into defined breakdown products, such as halide ions or metal monohalides.
These element-containing breakdown products are then measured quantitatively. Non-destructive
total F methods, such as particle-induced gamma-ray emission spectroscopy (PIGE) and X-ray
photoelectron spectroscopy, have also been developed.90, 91 However, they are limited to surface
characterization of solid samples, while low sensitivity makes these methods unsuitable for nontargeted analysis at trace levels.
Combustion-ion chromatography (CIC) is a popular total chlorine and fluorine method
because of its simplicity and sensitivity.92-95 In CIC, the sample undergoes thermal breakdown in
an oxygen-water environment at a high temperature to convert all organic fluorine or chlorine into
hydrogen fluoride (HF) or hydrogen chloride (HCl). Hydrogen halides are then dissolved in an
aqueous solution to form anions (F- and Cl-) which are then detected by ion chromatography
coupled to a conductivity detector.
Continuum source molecular absorption spectrometry (CS-MAS) is a recently developed
method to measure total chlorine and fluorine. CS-MAS utilizes a graphite furnace to form gasphase metal monohalides, such as GaF and CaCl, at high temperatures.96-98 Metals, such as Ga and
Ca, are intentionally added in excess to the sample to drive the formation of these metal
monohalides. The detection of metal gas-phase monohalides in the furnace is then conducted using

7

absorption of the molecular species in the ultraviolet range. CS-MAS, however, suffers from
matrix effects caused by the high content of metals, such as Al and Mg, in the sample due to the
competing formation of metal monohalides.99, 100
Laser-induced breakdown spectroscopy (LIBS) detects similar monohalides, such as SrF,
CaCl, and CaF via molecular emissions.101-103 A laser is focused on a sample to vaporize a small
amount of analyte. The excited monohalides in gas phase are then detected via their emission.
LIBS provides fast in situ detection of Cl and F in solids; however, trace-level detection in aqueous
solution is limited by low sensitivity.103
Lastly, nuclear magnetic resonance (NMR) spectroscopy is a unique method that provides
both total halogen quantification and identification of the analyte. 35Cl and 37Cl NMR are utilized
less frequently in organochlorine analyses because of peak broadening for covalently bound
chlorine due to efficient spin relaxation, reducing resolution and sensitivity.104-106 On the other
hand,
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F NMR has been used for the quantitative determination of organofluorines in various

sample matrices.107-111 Quantification relies on the peak area for compounds of interest and an
internal elemental standard. The chemical shift of fluorine atoms is used to elucidate the identity
of the fluorinated compound in a non-targeted fashion.109 A major drawback of these methods,
however, is the low sensitivity of the

19

F NMR technique, which requires extensive pre-

concentration of the sample and a prolonged acquisition time per sample in the range of hours.
Identification in complex mixtures can also be challenging given that the interpretation of chemical
shift becomes complicated when multiple analogs of PFASs are present in the same sample.112
These features make 19F NMR less appealing for non-targeted screening at the trace level.
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In summary, a variety of methods are available for total halogen quantitation and can be
utilized based on the sensitivity needs of each application. 19F NMR is particularly attractive as it
can provide both quantification and identification but is limited by sensitivity.

1.4.2. Elemental Methods In-line with Chromatography
Total halogen methods provide valuable mass balance to guide non-targeted analyses.
However, quantitation of individual analytes by these methods is not possible. Online coupling of
separation techniques to elemental methods is therefore needed to enable quantification of
individual compounds in a complex matrix.113
In chromatography-based elemental methods, efficient reactors are placed in line with the
chromatography to convert the compounds into element-specific species, such as atoms or
polyatomic small molecules containing the element of interest. Plasmas are often used as reactors
because they provide rapid conversion reactions compatible with time scales of fast
chromatography. Then a detector takes quantitative measurements via optical spectroscopy or MS
upon excitation or ionization of these element-containing species. Based on the fundamentals of
the detection mechanism, these methods may be categorized into 1) optical spectroscopy methods
and 2) mass spectrometry methods. Details of these two categories are discussed in the following
sections in terms of the operating principles, applications, advantages and limitations.

1.4.2.1. Optical Spectroscopy Methods
Absorption spectrometry of atomic species provides one avenue for online detection of
chromatographic eluates. This approach has been demonstrated for organochlorines and
organofluorines in gas chromatographic separations using dielectric-barrier discharge (DBD) as a
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non-thermal plasma reactor to produce atomic Cl and F from the analytes.114, 115 The halogen atoms
(F and Cl) are measured by diode laser atomic absorption spectroscopy in this method.114, 115
However, absorption spectroscopy requires a high density of measured species in the optical path,
limiting the sensitivity. In addition, simultaneous detection of Cl and F is readily attained as it
requires the use of multiple lasers, creating practical complications.
Optical emission spectroscopy (OES) using plasmas has been explored to utilize
multielement capabilities. Inductively coupled plasma (ICP) is generally preferred over other
plasma types because of its robustness and tolerance to matrices.116-120 However, intense
background emission from Ar-related species, ion-electron recombination, and bremsstrahlung
radiation in the ICP cause significant spectral background for Cl and F.121 High resolution
spectrometers may be utilized to minimize line spectral interferences, but the continuum
background from the plasma remains a problem.122 An additional fundamental limitation in
emission methods for Cl and F stems from the high excitation energies needed for these
elements.123 Therefore, only small fractions of these elements exist in the excited states, reducing
photon flux. Moreover, the strong emission lines of Cl and F are both in vacuum ultraviolet range
(95 nm and 139 nm), complicating the detection using atmospheric optics.123 These challenges
have therefore limited the success of Ar-ICP-OES for Cl and F measurements.
To enhance the excitation efficiency of halogens, a helium plasma (ionization potential is
24.58 eV compared to Ar, 15.76 eV)124 has been explored in microwave-induced plasma atomic
emission spectroscopy (MIP-AES), leading to detection limits of few pg on column for F and Cl
using gas chromatography (GC)-MIP-AES.125-128 However, the low tolerance of MIP-AES to
carbon and water in the solvents limits the application to only GC.129
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The line-rich nature of the emission spectra increases the chance of spectral interferences.
These interferences can be partly resolved by high-resolution spectrometers. However, the intrinsic
broadening of emission lines due to Doppler and pressure effects at high temperatures create
fundamental limitations for resolving interferent lines.130 Particularly, severe interferences from
carbon emission have been reported for Cl and F, preventing successful coupling of this excitation
source to liquid chromatography (LC) where organic solvents are used.117,

120

In summary,

spectroscopic elemental methods are susceptible to spectral and solvent interferences,
compromising the sensitivity of detection in complex samples.131 In addition to these limitations,
the isotopic ratios of elements are not easily measured in spectroscopic methods, which can be a
useful tool when investigating the environmental fate of pollutants.132, 133

1.4.4.2. Mass Spectrometry Methods
Elemental-MS methods provide distinct advantages over optical spectroscopy because of
less complicated mass spectra compared to emission spectra. Significantly less background
interference and limited signal generation pathways (ionization versus excitation) offer improved
detection limits in mass spectrometry. Moreover, isotopic ratios are readily measured for tracing
the source of pollutants.134, 135
Conventional thermal ionization methods (e.g. ICP-MS), however, have limited success
with halogens, particularly for F. Ionization in ICP-MS relies on high temperatures to shift the
equilibrium from neutral atoms to positive ions, providing ionization efficiencies of more than
90% for most elements.124 However, high ionization energies (13 eV for Cl and 17.4 eV for F)
make the ionization efficiency for Cl+ as low as 1%, and only 0.0009% for F+ in this thermal
ionization process even in a high-temperature, 5000-K plasma.124 The detection of Cl+ and F+ using

11

ICP- HRMS has shown very limited sensitivity due to these low ionization efficiencies after
resolving abundant isobaric interferences, such as 18OH+, 18O16OH+ and 36ArH+ for 19F+, 35Cl+ and
37

Cl+, respectively.136, 137
Ionization methods using helium (ionization potential 24.58 eV relative to Ar 15.76 eV)124

as the plasma gas were explored to enhance the ionization efficiency for Cl+ and F+.138-142 However,
helium plasmas generally suffer from increased isobaric interferences in the low m/z range and a
lower tolerance to matrices, owing to their lower gas temperatures from the non-thermal nature of
He-based plasmas.124,

138-142

Moreover, solvent loading significantly quenches the energetic

species that are important for efficient ion formation, limiting the coupling to LC-based
separations.143, 144
Several efforts to overcome the fundamental limitations of low ionization efficiencies for
Cl and F in thermal Ar-ICP-MS have been attempted. Negative mode ICP-MS has been explored
to form Cl- and F- because of halogens’ high electron affinities (3.61 eV for Cl and 3.4 eV for
F).145-148 However, efficient ion formation for F- and Cl- has been challenging. The thermal
ionization environment in ICP makes Cl- and F- susceptible to losing an electron to form the neutral
element again. In fact, studies have suggested that negative ions detected in ICP-MS are formed
via electron-capture by atoms in the low-pressure entrance of the MS where gasses are cooled
significantly during expansion to vacuum.145, 146 The reduced collision rate in this low-pressure
environment compromises ionization efficiencies for Cl and F, leading to low sensitivity. Lastly,
another challenge in detection of halides is the presence of isobaric interferences, such as
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OH-

.146
A recently developed approach addresses the F-detection challenge in Ar ICP-MS via
formation of polyatomic ions containing F within the ICP. The reduced ionization potential of the
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polyatomic species compared to elemental F forms the main rationale for this approach. To
implement this strategy, a barium salt is introduced into the plasma along with samples containing
F, resulting in the formation of BaF+ as the analytical ion.68, 149-151 However, other polyatomic ions,
such as BaO+, compete with the formation of BaF+,150 especially when the atomic O is in excess
within the plasma, reducing the ion formation efficiency for the analytical ion. The excess atomic
O comes from solvents, such as H2O, and oxygen added into the ICP to reduce the carbon
deposition on the MS interface. In order to drive the equilibrium towards BaF+ in the presence of
the excess O, enough energy is needed to disassociate the Ba-O bond (dissociation energy: 5.8
eV), while preserving the Ba-F bond (dissociation energy: 5.98 eV). The equilibrium between BaO
and BaF, and the small energy difference between the bond energies of these species translates to
a narrow plasma temperature range and reduced efficiency for BaF+ formation.151 Moreover, a
major isobaric interference for BaF+ detection is created by Ba18OH+, compromising detection
limits.68, 149-151
While various strategies partially address the challenges of Cl and F detection in ICP-MS,
simultaneous detection of these elements has remained elusive due to the fundamentally different
approaches needed for the two elements. The most successful approach thus far for F detection
relies on the formation of a polyatomic ion, BaF+, which requires a lower temperature in ICP to
avoid the dissociation of the barium-fluorine bond.152 On the other hand, Cl detection relies on the
formation of Cl+ via thermal ionization, which is more efficient at higher temperatures in ICP.153155

In summary, current elemental ionization methods suffer from low sensitivity for Cl and F
analysis due to the fundamental limitations of the thermal ionization mechanism. The inability to
detect Cl and F simultaneously reduces the effectiveness for non-targeted quantitation in complex
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samples where coupling to chromatography is necessary. As such, this thesis aims to
fundamentally advance elemental ionization of Cl and F via new ionization pathways.

1.5. Elemental and Molecular Analysis in One Platform
Elemental methods alone, even when coupled to chromatography, can only provide
molecular quantitation in targeted analyses with a list of known analytes. This is because chemical
formulas are required for converting elemental concentration to molecular concentration.
Therefore, a combination of elemental and molecular analyses is needed to enable non-targeted
quantification. In this combined approach, Cl and F signals from elemental MS first detect the
organochlorines and organofluorines within the chromatogram of a complex sample in a nontargeted fashion. Then molecular ions detected by molecular MS at retention times identified by
elemental detection are examined to generate the molecular formula. Finally, quantification of the
molecular species is achieved by converting the elemental concentration (determined using a
universal calibration curve) to molecular concentration using the molecular formula.
One approach for an integrated elemental-molecular analysis uses plasma sources, such as
MIP or glow discharge, operated in non-traditional conditions, such as low power, low pressure,
and pulsed duty cycle to generate molecular fragmentation patterns similar to standard electron
impact ionization (EI).156-160 Notably, elemental ions and molecular ions are generated in the same
chromatographic run; however, molecules can be heavily fragmentated, complicating the
identification.158 Comparison to the standard 70-eV-EI library is challenging for molecular
identification because of the wide range of electron energies in the plasma.156 Elemental
quantification is also compromised in this approach because these non-standard operating
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conditions impact the robustness of the plasma. In other words, using one ion source for molecular
and elemental ionization sacrifices performance in both modes.
Another approach to combine elemental and molecular analyses is a simultaneous use of
two complementary ion sources, such as ESI and ICP, after splitting chromatography flow.68, 161163

The analytes eluting from column are directed into a molecular and an elemental ionization

source with dedicated MS detectors. The split into two different ion sources, however, causes a
mismatch in retention times and peak broadening, complicating the data analysis, particularly
when a chromatographic peak is not fully resolved. Moreover, this strategy is expensive due to the
need for two different MS instruments. Attempts have been made to integrate ICP and ESI into
one MS platform.164-166 The drastic difference in the molecular and elemental ion sources,
however, requires completely different ion sampling interfaces. The ESI/ICP-MS platform is
specially designed to have two sets of ion transfer optics.164 However, ion transmission efficiencies
are compromised for both ion beams in this design, and a successful implementation for robust
applications has not yet been reported.
One way to overcome these limitations is to use a switchable ionization source between
molecular and elemental modes in a single chromatography-MS platform. Non-targeted analysis
of organochlorines and organofluorines can be carried out as follows. First, compounds of interest
are detected based on elemental ionization of Cl and F within one chromatographic run. In the
subsequent chromatographic run, the ionization source is switched to molecular mode and
chemical formulae are elucidated via molecular MS at the identified retention times by the
elemental signals. Quantification of the analytes can then be carried out based on elemental signals
and chemical formulae without the compound-specific standards. However, such a strategy has
been difficult to implement due to the lack of sensitive elemental ionization methods compatible
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with molecular MS platforms. To enable this strategy, this dissertation addresses the development
of an elemental ionization method for Cl and F that is compatible with molecular MS instruments.

1.6. Novel Chemical Ionization for Elemental Detection of Cl and F
Fundamental limitations in thermal ionization of Cl and F and implementation of elemental
detection on molecular MS platforms can be achieved using new elemental ionization methods
relying on post-plasma ionization. In particular, plasma assisted reaction chemical ionization
(PARCI) 167-169 have shown significant potential in this area. In PARCI approach, ionization events
do not directly happen in the plasma in contrast to thermal ionization. Rather, the plasma serves to
break down organochlorines and organofluorines into neutral atoms or molecular fragments
containing Cl and F in gas-phase. Chemical ionization of these element-containing precursors
forms the analytical ions for Cl and F in the afterglow region of the plasma. The chemical
ionization naturally provides excellent tunability for the ionization chemistry to overcome the
limitations in thermal ionization. Chemical ionization can be carried out in either positive or
negative mode, depending on the element-containing precursors’ chemical properties. Further,
chemical ionization is readily implemented in atmospheric pressure and low temperatures, making
it possible to achieve elemental and molecular ionization in the same MS platform. The application
of PARCI has shown enhanced performance compared to similar post-plasma ionizations, such as
chemical reaction interface mass spectrometry (CRIMS),170, 171 due to the improved transmission
of neutrals particularly for F.167
Recent development of the PARCI approach has focused on elemental detection of Cl and
F in a low-pressure MIP coupled to GC.167 The low-pressure MIP breaks down organochlorines
and organofluorines into elemental form. Chemical ionization in negative mode is then carried out

16

via an electron capture mechanism to form F- and Cl- ions. High-sensitivity detection has been
demonstrated with a limit of detection at the pg on column level, highlighting the potential of this
approach.167

1.7. Dissertation Outline
Building on the proof-of-concept demonstrated for high-sensitivity halogen analysis using
GC-PARCI-MS with low-pressure MIP,167 Chapter II of this dissertation examines the
applicability of this method for real-world sample analysis. In particular, quantitation using a
single elemental standard as well as matrix effects from a food sample are examined, in addition
to ionization competition between Cl and F to determine the capabilities of PARCI-MS for
complex sample analysis. Notably, coupling of PARCI to a time-of-flight-MS platform, often used
for non-targeted molecular analysis, is examined to investigate the potential of a switchable ion
source strategy using PARCI.
Despite excellent elemental sensitivities offered by low-pressure MIP-based PARCI, a
drawback of this approach stems from difficulties associated with coupling a low-pressure ion
source to a widely available atmospheric pressure sampling molecular MS. More importantly, soft
molecular ionization at low pressure faces fundamental difficulties. Lack of collisional cooling at
low pressures leads to significant ion fragmentation, compromising molecular identification.
These challenges reduce the prospect of low-pressure PARCI for non-targeted quantitation of
compounds on a single platform.
To address the challenges noted above, Chapter III describes the development of a
chemical ionization approach for elemental detection of chlorine via Cl- formation in the afterglow
of an atmospheric-pressure DBD. Notably, this ionization method is directly coupled to a
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molecular-type atmospheric sampling MS without any modifications. The analytical utility of this
approach is demonstrated in complex sample analyses by quantifying a range of pesticides in
orange juice using a single analytical standard.
While successful for Cl analysis, the method described in Chapter III was ineffective for F
analysis via detection of F-. To resolve this issue, Chapter IV presents a novel ionization pathway
where plasma reaction products from DBD are chemically ionized by reagent ions supplied by
nano-ESI to form Na2F+ as an analytical ion. Fundamental studies describing ionization
mechanism are presented. Moreover, the integration of elemental and molecular ionization
methods in the same chromatography-MS platform is shown as a proof of concept for non-targeted
screening of fluorinated compounds.
Lastly, Chapter V provides a summary of previous chapters and delves into preliminary
data for future developments for simultaneous detection of Cl and F using the same elemental
chemical ionization described in Chapter IV. The potential for further applications of this
elemental/chemical ionization method for analysis of LC eluates is also discussed in this chapter.
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Chapter II
Facile Quantification of Fluorinated and Chlorinated Compounds by GC-Plasma Assisted
Reaction Chemical Ionization-Time-of-Flight Mass Spectrometry*

2.1 Introduction
Chlorinated and fluorinated organic compounds are of interest in a wide range of research
areas from environmental analysis to pharmaceutical investigations. For example, exposure to
chlorinated pesticides has been linked to diabetes 172, perfluorinated persistent pollutants have been
identified globally even in remote sites

173

, and F and Cl continue to be incorporated into drug

candidate structures to control efficacy 174. Therefore, development of techniques for detection and
quantification of these compounds has been an active area of investigation.
Gas chromatographic separations with mass spectrometric detection are frequently used
for targeted and untargeted analysis of halogenated compounds

175-177

. Molecular ionization in

these techniques provides high sensitivity and specificity, however, extensive sample preparation
steps are generally required to avoid matrix effects during ionization. In contrast, elemental
detection methods offer superior matrix tolerance, providing facile detection and quantification of
heteroatom-containing compounds in complex samples. This attribute has given rise to
development of several elemental mass spectrometric and spectroscopic techniques to detect
halogens 178-180.

*

This material is based upon work supported by the National Science Foundation (NSF) under CHE-1507304. We
thank PerkinElmer Inc. for the loan of the GC and the mass spectrometer used in these studies. We are grateful to Mr.
Michael Dolan, Dr. Hamid Badiei, Dr. Haopeng Wang and Dr. Sergey Rakov for constructive discussions and to Ms.
Feven Gezahegn for assistance in early experiments. We would like to thank Dr. Craig Whitehouse, Mr. Jeffery Laun,
Dr. Jim Conboy, and Dr. William Fisher for their assistance in installation and maintenance of the TOF-MS.

19

Among halogens, elemental detection of F and Cl is particularly challenging because of
difficulties in efficient excitation and ionization. Atomic emission spectrometry with various
plasmas has been investigated as GC detectors, leading to a wide range of sensitivities. Examples
include helium microwave induced plasma (DL= 60-80 pg/s for F, 25-40 pg/s for Cl) 181, miniature
helium capacitively coupled plasma (DL= 20 pg/s for F, 0.1 pg/s for Cl) 182, microhollow cathode
discharge with RF drive (DL= 106 pg/s for Cl)

183

, dielectric barrier discharge (DL= 71 pg/s for

Cl) 184, and hallow cathode glow discharge (DL=3 pg/s for Cl) 185.
Elemental mass spectrometric methods largely utilize positive mode ionization of elements
within variety of plasmas. High-sensitivity analysis of F and Cl with these techniques face major
challenges because of low ionization efficiency of F and Cl in positive mode as well as low ion
transfer efficiency and abundant isobaric interferences in low mass. One approach to improve
positive mode ionization has been the use of helium plasmas, e.g. helium microwave plasma torch
providing Cl detection limits of 0.075-0.095 pg on column 186. Further, recent development of GCICP-MS/MS has availed neutral gain reactions to mitigate isobaric interference, leading to Cl
detection limits of 0.15-0.5 pg on column 187.
An alternative strategy to alleviate ionization and isobaric interference problems is the use
of negative mode ionization for halogens. Early investigations using a GC-microplasmaquadrupole MS monitoring Cl- and F- resulted in detection limits of 12 pg/s for F and 0.35 pg/s for
Cl 188. While Cl sensitivity was comparable to that of positive mode ionization methods, significant
improvements were observed for F in negative mode. Encouraged by these results, we have
recently developed an ionization strategy for halogens, termed plasma assisted reaction chemical
ionization (PARCI)

189-191

. In GC-PARCI-MS, analytes eluting from GC enter a reactive plasma

undergoing reactions such as atomization and formation of small (e.g. diatomic) molecules. The
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reaction products are then ionized in negative mode in the afterglow of the plasma. Importantly,
the afterglow ionization occurs at lower temperatures than that of the active plasma, improving the
ionization efficiency of negative ions and providing detection limits of 0.4-1.5 pg on column for
F and 0.31-0.45 pg on column for Cl 191. Sensitivity for F is particularly enhanced relative to other
methods discussed above. Notably, PARCI can be readily coupled to widely available
atmospheric-sampling mass spectrometers, enabling elemental detection and quantification as a
complimentary technique to molecular MS methods.
Here, we report coupling of PARCI to a time of flight MS for simultaneous detection of F
and Cl and investigate ionization matrix effects in F and Cl quantification using GC-PARCI-TOFMS. It is important to note that positive mode elemental ionization within plasmas is mainly
controlled by high plasma temperatures, ensuring minimal matrix effects. In contrast, the negative
mode ionization in PARCI relies on electron capture at lower temperatures and lower electron
number densities. Accordingly, PARCI may be more susceptible to ionization matrix effects,
warranting their investigation. Two specific ionization effects are explored in our investigations:
1) ion suppression effects as a result of competition between F and Cl, and 2) impact of nonhalogenated compounds on ionization of F and Cl. The former is of importance when analyzing
compounds that have both F and Cl and in cases where fluorinated and chlorinated compounds coelute. The latter addresses capabilities of PARCI for detection and quantification of
organohalogens in complex matrices where co-elution of halogenated analytes with large
quantities of non-halogenated compounds may be unavoidable.

2.2. Materials and Methods
2.2.1 Analytical Standards
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A mixture of 30 halogenated compounds was used in all experiments. The structures of
these compounds are shown in Table 2.1. The standard mixture was prepared by combining
analytical standards dissolved and diluted in ACS grade ethyl acetate (Sigma Alrdrich, St. Louis,
MO, USA). 1H,1H,2H,2H-perfluoro-1-decanol, 2-fluorobenzonitrile, and decafluorobiphenyl
were purchased from Oakwood Chemicals (West Columbia, SC, USA). Benfluralin, fludioxonil
and flusilazole were purchased from Sigma-Aldrich (St. Louis, MO, USA). 1,2-dichlorobenzene
and 1-chloro-4-fluorobenzene were obtained from AccuStandard (New Haven, CT, USA). All
other organohalogens were obtained as pesticide mixtures (Cat #33011 and Cat #32565, Restek
Inc., Bellefonte, PA, USA).

2.2.2. Spiked Matrix
An orange juice sample (Minute Maid, Sugar Land, TX) purchased from local market was
used to prepare the concentrated matrix via Quick Easy Cheap Effective Rugged and Safe
(QuEChERS) method combined with dispersive liquid-liquid microextraction (DLLME). For
QuEChERS, 3 ml of HPLC grade acetonitrile (Sigma Aldrich, St. Louis, MO, USA) was added to
5 ml orange juice in a 15-ml polypropylene tube. Then 0.5 g NaCl (EMD, Darmstadt, Germany)
and 1g of anhydrous MgSO4 (Fisher Scientific, Waltham, MA) were added and the tube was
centrifuged at 5000 rpm (2935 g force) for 5 min, resulting in separation of acetonitrile from the
aqueous phase. 1 ml of the acetonitrile phase was transferred to a 2-ml glass vial and was mixed
with 100 µL HPLC grade hexane (EMD, Darmstadt, Germany) as DLLME extraction solvent. The
mixture was injected rapidly into 10 ml LC-MS grade water in a 15-ml polypropylene tube using
a glass Pasteur pipette. A cloudy suspension (water/acetonitrile/hexane) was formed as small
droplets of hexane separated from the water/acetonitrile phase. The suspension was centrifuged at
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Table 2.1. Analyte structures, peak characteristics and loading on column
Chlorine

Elution
Order

Compound

1

1-Chloro-4fluorobenzene

2

Structure

RT
(min)

5.29

Fluorine

FWHM (s)

Asymmetric
factor

Low load
(pg)

High
load (pg)

Matrix
load (pg)

RT
(min)

Low load
(pg)

High load
(pg)

Matrix
load (pg)

1.14

1.57

64.6

69.8

208

5.29

1.50

2.75

34.6

37.4

111

1H,1H,2H,2H-Perfluoro-1decanol

6.59

1.56

5.23

24.0

167

82.3

3

2-Fluoro-benzonitrile

7.36

1.20

3.33

23.5

163

112

4

1,2-Dichlorobenzene

5

Decafluorobiphenyl

8.43

1.20

3.31

53.5

371

213

6

2,6-Dichlorobenzonitrile

10.77

1.50

1.59

29.2

429

151

7

3,4-Dichloroaniline

12.01

2.04

1.56

31.0

455

161

23

FWHM (s)

Asymmetric
factor

7.78

0.84

2.29

74.3

82.5

174

Chlorine
Elution
Order

Compound

8

Structure

RT
(min)

Chloroneb

9

Fluorine

24

FWHM (s)

Asymmetric
factor

Low load
(pg)

High
load (pg)

Matrix
load(pg)

RT
(min)

FWHM (s)

Asymmetric
factor

Low load
(pg)

High load
(pg)

Matrix
load (pg)

13.27

2.16

1.09

31.0

178

137

Tetrachloronitrobenzene

14.88

2.82

1.10

38.7

569

201

10

2,3,5,6Tetrachloroaniline

15.63

3.00

1.16

43.7

642

227

11

Ethalfluralin

16.36

3.18

2.02

12.1

178

62.8

12

Trifluralin

16.78

3.48

―

12.0

177

62.4

13

Benfluralin

16.92

3.48

―

24.7

265

112

14

Dichloran

17.95

3.18

1.08

24.4

359

127

Chlorine
Elution
Order

Compound

15

Structure

Fluorine

25

RT
(min)

FWHM (s)

Asymmetric
factor

Low load
(pg)

High
load (pg)

Matrix
load (pg)

Pentachloronitrobenzene

18.67

3.42

1.14

42.5

624

221

16

Pentachlorobenzonitrile

18.83

3.66

1.23

45.6

669

237

17

Profluralin

18

Chlorothalonil

19.74

3.78

1.35

86.1

832

409

19

Fluchloralin

20.09

3.48

1.23

7.0

103

36.5

20

Pentachloroaniline

21.12

3.66

1.13

47.2

693

245

21

Dichlofluanid

24.54

4.32

1.07

15.0

221

78.0

RT
(min)

FWHM (s)

Asymmetric
factor

Low load
(pg)

High load
(pg)

Matrix
load (pg)

19.48

3.60

2.28

11.7

172

60.8

20.11

4.02

2.05

11.3

166

58.6

24.56

4.62

1.18

4.0

59.1

20.9

Chlorine

Fluorine

26

Elution
Order

Compound

22

Prodiamine

23

DCPA methyl ester

25.55

4.14

1.37

38.6

221

171

24

Heptachlor epoxide

27.23

2.88

unresolved

57.7

330

255

25

Tolylfluanid

27.31

2.70

unresolved

14.4

212

75.0

26

trans-Nonachlor

28.47

2.46

1.14

65.0

372

287

27

28

Structure

RT
(min)

FWHM (s)

Asymmetric
factor

Low load
(pg)

High load
(pg)

Matrix
load (pg)

24.73

5.10

2.06

11.5

168

59.5

27.32

3.00

1.49

3.9

56.8

20

Fludioxonil

28.95

2.22

1.74

48.3

335

261

Flusilazole

29.39

2.28

unresolved

53.5

371

302

FWHM (s)

Asymmetric
factor

Low load
(pg)

High
load (pg)

Matrix
load (pg)

RT
(min)

Chlorine
Elution
Order

Compound

29

Structure

RT
(min)

Oxyfluorfen

30

31

27

Average

Fluorine

FWHM (s)

Asymmetric
factor

Low load
(pg)

High
load (pg)

Matrix
load (pg)

RT
(min)

29.47

1.80

1.31

7.0

103

36.3

29.48

Nitrofen

29.73

1.98

1.26

17.7

259

91.7

Chlorobenzilate

30.02

1.98

1.30

19.7

113

87.1

2.71

1.31

FWHM (s)

Asymmetric
factor

Low load
(pg)

High load
(pg)

Matrix
load (pg)

2.64

Unresolved

11.2

165

58.2

2.87

2.50

5000 rpm (2935 g force) for 5 min and the separated hexane phase was transferred into a 2-ml
glass vial. The analytes and the internal standard (1-chloro-4-fluorobenzene) were then spiked into
the extracted matrix.

2.2.3 Gas Chromatography
All experiments were performed by injections of sample into the split/splitless injector of
a GC instrument (6890 GC, Agilent Inc., Santa Clara, CA) held at 300°C. A column flow of 2
mL/min helium (99.995%) was used in all experiments. For investigation of ionization competition
between F and Cl, 1 µL of the analytical standard mixture was injected using a split ratio of 1:10
and was separated by a 30 m × 0.250 mm, 0.25 µm film column (DB-5MS, Agilent Technologies,
Santa Clara, CA). The temperature program for these studies was as follows: 40°C for 4 minute,
ramp to 270°C at 20°C/min, ramp to 288°C at 6°C/min, ramp to 320°C/min at 30°C/min, hold 1
minute. The effect of non-halogenated matrix from orange juice was studied using 0.5 µL splitless
injections and a 30 m × 0.250 mm, 0.25 μm film column (Elite-5, PerkinElmer Inc., Waltham,
MA). Splitless injections were conducted under pulsed pressure of 50 psi for 0.3 min followed by
purging at 60 ml/min for 0.5 min. The column temperature for these studies was programmed as
follows: 40°C for 4 minute, ramp to 140°C at 20°C/min, ramp to 179°C at 3°C/min hold for 3 min,
ramp to 259°C/min at 12°C/min, ramp to 309°C/min at 50°C/min, hold 1 minute.

2.2.4. Plasma Assisted Reaction Chemical Ionization (PARCI)
The experimental details for design of PARCI have been previously described 191. Briefly,
the GC eluates were entrained in a mixed plasma gas (240 mL/min of helium and 50 mL/min of
oxygen) using a heated tee held at 250 °C. The helium flow rate was reduced to 240 mL/min
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(compared to 550 mL/min in the previous report 191) to make PARCI compatible with the vacuum
requirements of the TOF instrument used in this study. The plasma gas was then directed into an
alumina ceramic tube where a low-pressure (~ 10 Torr) microwave induced plasma (MIP) was
sustained using a Surfatron cavity at a forward power of 40 W (reflected power ~10 W, power
supply: MPG-4M, Opthos Instruments, Rockville, MD, United States). 500 mL/min of nitrogen
gas was introduced into the plasma afterglow using a tee to supply electron for negative mode
ionization via Penning ionization of nitrogen. The ions were then guided into the MS through a
stainless-steel ion transfer tube (6.35 mm o.d., 2.13 mm i.d., 17.78 cm length) connected to the
nitrogen introduction tee. This stainless steel tube replaced the original glass ion transfer capillary
of the MS and provided the low-pressure for plasma operation. Plasma ignition was achieved by a
dielectric barrier discharge (DBD) formed by two ring electrodes placed between the column and
the Surfatron cavity outside the ceramic plasma tube. The ring electrodes were driven by a neonsign power supply (Evertron-model 224, 1.8 kV, 30-40 kHz; Everbrite, Greenfield, WI, United
States).

2.2.5. Mass Spectrometer
Ions were detected using a time of flight instrument (AxION 2 TOF, PerkinElmer Inc.,
Waltham, MA). Removal of the original ESI ion source housing and replacement of the ion transfer
tube were the only modifications performed on the instrument for coupling PARCI to the TOFMS. The PARCI ion source created a large flux of ions beyond the dynamic range of the detector
for this instrument. Therefore, the ion flux was intentionally reduced by a bias voltage applied to
the ion transfer tube relative to the skimmer as discussed in Results and Discussion. The ion
transfer hexapole RF voltage was set at 100 V for all the studies in this report. The instrument was
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operated in trap-pulse mode with data acquisition frequency of 10 Hz (20 kHz repeller frequency)
recording m/z range of 15-40. In trap-pulse mode the ions get stored between the hexapole and the
lens stack by controlling the time of the first voltage gate. The trap-pulse operation was utilized to
prevent the detection of high-intensity NO3- and to protect the detector via controlling second
voltage gate to majorly let smaller m/z get into the TOF analyzer. The ion detection in the
instrument was affected using an electron multiplier (MagneTOF, ETP Ion Detect, Clyde,
Australia) coupled to a 5 GHz, 8-bit analog to digital converter. The electron multiplier voltage
was adjusted daily to ensure an average single ion response of 20 mV.

2.2.6. Data Analysis
Basepeak ion chromatograms of 18.99 m/z and 34.97 m/z were used for constructing
fluorine and chlorine chromatograms. The chromatograms were then converted to .csv files and
integrated using OpenChrom

192

by manually selecting the start and end of each peak. Linear

regressions and statistical analyses were performed using R language and R Studio (Boston, MA).

2.2.7. Safety Considerations
The microwave radiation level (< 5 mW/cm2) must be monitored to avoid any exposures.

2.3. Results and Discussion
2.3.1. Ion Flux Adjustments and Implications on Analytical Performance
As mentioned above, a major advantage of PARCI is the ability to interface to molecular
mass spectrometers, enabling elemental analysis on a wide range of mass analyzers. These
instruments, such as the TOF used in this study, however, are often designed to detect small ion
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currents and require careful consideration of operating conditions for analysis of large ion fluxes
generated by plasmas. In our experiments, we controlled the ion flux by applying a more positive
potential to the ion transfer capillary relative to the skimmer. This created an energy hill for the
negative ions carried by the gas expansion into the first vacuum stage of the MS, reducing the ion
flux into the ion transfer optics and the analyzer. Two criteria were considered in optimization of
the ion flux: 1) high sensitivity (low detection limits), and 2) wide linear dynamic range. For the
former, the limiting factor in GC-PARCI-MS is the high background levels for F- and Cl-,
contributed by halogenated contaminants in various parts of the instrument. In this limiting regime,
chromatographic baseline (halide background) and the signal (GC peak height) are impacted to the
same extent by adjustment of the ion flux. Therefore, signal-to-baseline ratio remains constant
across various ion flux settings. The noise of the baseline, however, shows a strong dependence
on ion flux. Figure 2.1 illustrates the relative standard deviation of baseline as a function of average
baseline intensity. It is clear that noise increases as the average ion intensity is reduced. The overall
noise has contributions from the ion source instability as well as counting statistics. To decipher
the relative contribution of these factors, we have estimated the theoretical values for noise related
to ion counting shown by the solid line in Figure 2.1. For example, an ion intensity of 10000
translates to 500 ions assuming an average response of 20 mV per ion. Therefore, the
corresponding relative standard deviation (RSD) based on Poisson distribution is given by:
%𝑅𝑆𝐷 =

√500
500

× 100% = 4.5 %

(eq. 2.1)

Figure 2.1 demonstrates that a significant portion of noise is contributed by counting statistics.
Best detection limits are expected at lowest baseline %RSD, obtained at higher ion fluxes.
High ion fluxes, on the other hand, limit the dynamic range of the measurements because
of saturation of the analog-to-digital (ATD) converter. Consider the case of 12700 baseline
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Figure 2.1. Relative standard deviation (RSD) of baseline as a function of average baseline
intensity. The ion flux was adjusted to vary the ion intensities. The labels describe the ion type
and the ion transfer capillary voltage while the skimmer voltage was kept constant at -25 V. The
red line represents the theoretical values based on Poisson distribution (see Equation 2.1).
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intensity for F- in Figure 2.1. This baseline ion flux results in an experimental noise of 533 (4.2
%RSD). The ion intensity corresponding to quantification limit (S/N = 10) is therefore expected
to be 18030. The maximum ion intensity recorded by the 8-bit ATD is 256 mV per pulse of the
TOF pulser. Operation at 10 Hz with a pulser frequency of 20 kHz leads to summation of 2000
pulses per spectrum, setting a maximum recorded ion intensity of 512000. We can now estimate
an upper bound for dynamic range:
𝑑𝑦𝑛𝑎𝑚𝑖𝑐 𝑟𝑎𝑛𝑔𝑒 =

𝑚𝑎𝑥𝑖𝑚𝑢𝑚 𝑠𝑖𝑔𝑛𝑎𝑙
𝐿𝑂𝑄 𝑠𝑖𝑔𝑛𝑎𝑙

=

512000−12700
18030−12700

= 94 (eq. 2.2)

It is important to note that the detector response per ion packet pulsed into the TOF tube
follows a distribution rather than being a constant value. Therefore, the deviation from nonlinearity occurs earlier than the maximum ion intensity of 512000. In other words, the ion packets
causing responses larger than 256 mV per pulse are systematically underestimated, leading to
negative deviation from linear response even though the average ion intensity is below the 512000
threshold. In summary, we conclude that the ion flux adjustment resulting in baseline intensities
around 10000 offers a compromise for good detection limits (low baseline %RSD) while providing
over one order of magnitude linear dynamic range. Such conditions are typically achieved by
setting the ion transfer voltage at -17 V and the skimmer voltage at -25 V for the plasma operating
conditions in this report. Larger ion fluxes lead to marginal improvements in detection limits while
severely limiting the dynamic range.

2.3.2. Chromatographic Peak Characteristics for Cl and F Detection
Figure 2.2 demonstrates separation and detection of chlorinated and fluorinated
compounds of environmental significance via simultaneous monitoring of F- and Cl- ions. The
mixture includes 15 chlorinated compounds, 11 fluorinated compounds and 5 fluoro- chloro33
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compounds. The chemical structures and GC peak characteristics are listed in Table 2.1 in order
of elution. Asymmetric factors are used to quantitatively compare the peak tailing. Asymmetric
factors (Af) are calculated using Equation 2.3:
𝐴𝑓 =

𝐵0.1

(eq. 2.3)

𝐴0.1

where A0.1 and B0.1 refer to the width of the left side of the peak and the right side of the peak,
respectively, relative to the position of the peak maximum measured at 10% of the peak height.
The results in Table 2.1 clearly show larger full width at half maxima (FWHM) and
asymmetry factors for F peaks compared to Cl peaks, signifying broadening and tailing for
detection of F, consistent with our previous results 191. A portion of this difference, however, may
be related to chromatographic separations of fluorinated versus chlorinated compounds prior to
introduction into PARCI. Simultaneous detection of F and Cl from fluoro- chloro-compounds in
this study allows investigation of differences in ionization for the two elements by excluding
chromatographic parameters.
The insets in Figure 2.2 depict a zoomed view of the fluoro- chloro- compounds detected
by monitoring 19F- and 35Cl-. It is evident that F- ions are detected with a time lag (retention time
difference: 0.3-1.08 s; see Table 2.1) relative to Cl- ions even though both elements originate from
the same compounds. This time lag along with wider and more tailed F peaks relative to Cl peaks
verify that the broadening in detection of F occurs as a result of slower kinetics for plasma assisted
reactions of F rather than chromatographic effects within the column or the injector.

2.3.3. Impact of Charge Competition on Ionization
Our previous investigations indicated compound-independent response factors for F and
Cl, opening the possibility of using a single standard for quantification 191. Here, we further explore
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this capability by utilizing a wide range of compounds listed in Table 2.1. Chloro- fluorocompounds offer insights into potential influence of one halogen type on the ionization efficiency
of the other. It is of note that the peaks for F and Cl originating from fluoro- chloro-compounds
overlap significantly, even though a time lag exists between the detection of the two halogens (see
Figure 2.2 insets). Moreover, other heteroatoms such as S and Si are preset among the selected
compounds. These atoms can generate negative ions in the form of polyatomic species (such as
SO3-), potentially suppressing the ionization of Cl and F.
A single internal standard, 1-chloro-4-fluorobenzene, allows rapid quantification of Cl and
F using Equation 2.4:
𝐶𝑚 =

𝐴

(eq. 2.4)

𝑅𝐹𝑠

where Cm is the measured analyte amount, A is the integrated area of an analyte’s GC peak, and
RFs is the response factor of the internal standard. Response factor is defined as the GC peak area
per pg of halogen on column. Note that the internal standard in this study provides two response
factors, one for each halogen.
To assess the effects of charge competition on quantification in in PARCI, it is imperative
to examine he analytical signal over a wide range of analyte amounts. Charge competition effects
are exacerbated at high analyte loadings into the ion source, causing negative deviations in
response factors relative to those observed at low analyte loadings. However, the limited dynamic
range of the TOF-MS detector discussed earlier only allows investigation of ionization within
about one order of magnitude variation in the injected analyte amounts. To broaden the measurable
analyte loading range, we utilized a second ion flux setting with a higher energy barrier (ion
transfer capillary= - 15 V, skimmer = -25 V), lowering the ion transmission into the MS. Notably,
the response factor for the internal standard is affected in the same manner as those of the analytes.
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Figure 2.3. Percent recoveries for a) chlorinated and b) fluorinated compounds at two
analyte loading levels, high (82.5 to 832 pg on column for Cl and 48.5 to 371 pg on column
for F) and low (7.0 to 86.1 pg on column for Cl and 3.9 to 53.5 pg on column for F) using a
single standard (compound 1). Compounds are labeled based on elution order shown in Figure
2.2. See loadings for each analyte in Table 2.1. Compound 28* in Figure 2.3b represents the
calculated recovery for compound 28 based on the approach discussed in “quantification of
unresolved peaks” section. Correlation plots for measured halogen using a single standard versus
injected halogen are shown in panel c for chlorinated compounds and in panel d for fluorinated
compounds. The error bars represent standard deviation of triplicate injections. The color codes
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represent type of halogenated compounds with red for fluorinated compounds, black for
chlorinated compounds, and green for chloro- fluoro- compounds.
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Therefore, Equation 3 can be used at any ion flux setting so long as the response factor for the
internal standard is measured at the same setting.
Recoveries provide an overall assessment of quantification accuracy and reflect any
ionization and matrix effects. Figure 2.3a and 2.3b illustrate recoveries for GC-PARCI-TOF-MS
quantification of organohalogens using a single standard at two analyte loadings. The low loading
refers to 7.0 to 86.1 pg on column for Cl and 3.9 to 53.5 pg on column for F, while the high loading
represents 82.5 to 832 pg on column for Cl and 48.5 to 371 pg on column for F (see details in
Table 2.1). The internal standard amount was kept constant between the two loadings. Recoveries
(Re) were calculated using Equation 2.5:
𝑅𝑒 =

𝐶𝑚
𝐶0

× 100%

(eq. 2.5)

where C0 is the analyte amount in the injected sample. The results in Figure 2.3a and 2.3b
demonstrate reasonable recoveries (87% to 112% for high load and 91% to 119% for low load) for
all compounds using both halogens as quantitative tracers, except compounds 28 and 29 in F
quantification. The deviation from ideal behavior for these two compounds arises from integration
errors and is discussed in the next section. Importantly, these recoveries confirm the capability of
PARCI for quantification using a single standard and reveal that the charge competition among
the heteroatom elements is not significant for the explored loading range. For example, compounds
19 and 21 offer chlorine-to-fluorine mole ratios of 3 and 0.5, respectively, while their recoveries
based on Cl and F do not differ significantly from one another and from those with only one
halogen type per compound.

2.3.4. Quantification of Unresolved Peaks
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Obtaining quantitative information using two halogens provides opportunities to overcome
the limitations of separation. For example, compounds 28 and 29 are not completely resolved in F
chromatogram shown in Figure 2.2. This overlap causes integration errors, leading to inaccuracies
in recoveries based on F content. A relatively intense peak for compound 28 along with tailing of
the F peaks result in systematic underestimation of compound 28 (recoveries of 77% and 84% for
high and low loadings) and overestimation of compound 29 (recoveries of 129% and for 135%
high and low loadings) as shown in Figure 2.3b. Importantly, compound 29, oxyfluorfen, is a
chloro-fluoro-compound and therefore is detected in both F and Cl chromatograms. A wellresolved peak in Cl chromatogram provides more accurate quantification of compound 29 (Figure
2.3a). This value can then be used to calculate the F amount contributed by compound 29 in F
chromatogram. Then, quantification of compound 28 may proceed via subtraction of F
contribution by compound 29 from the total F amount corresponding to combined peak area for
compounds 28 and 29. This process alleviates the integration errors, substantially improving
recoveries of compound 28 (88% for high loading and 96% for low loading) shown in Figure 2.3b
as compound 28*.

2.3.5. Analytical Figures of Merit
For the best detection limits, higher ion fluxes should be used to maximize baseline stability.
Utilizing an ion flux setting as that of low loading in Figure 2.3 (ion transfer capillary = -17,
skimmer = -25 V), we obtained detection limits of 0.3-1.3 pg on-column for Cl and 0.6-1.9 pg oncolumn for F (0.23-0.36 pg/s for Cl and 0.32-0.61 pg/s for F). The values were calculated at S/N
= 3 with the noise estimated as the standard deviation of baseline 0.2 minutes before the peaks.
These detection limits using GC-PARCI-TOF-MS are comparable to those obtained using GC-
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PARCI-single quadrupole MS

191

, highlighting the excellent analytical performance of PARCI

irrespective of the MS platform.
While the dynamic range of the TOF instrument is limited at a single ion flux setting,
operation at two ion flux settings in conjunction with use of an internal standard allows extension
of the dynamic range as discussed above. Figure 2.3c and 3d depict correlation plots for measured
halogen amount based on Equation 2.3 as a function of injected halogen amount using two ion flux
settings. Note that these graphs combine multiple analytes, demonstrating a universal calibration
curve for Cl and F independent from the chemical structure of the compounds. A linear correlation
with a slope of unity and an intercept of zero should be observed for an ideal elemental ion source.
The weighted linear regressions in Figures 2.3c and 3d show two orders of magnitude linearity for
analysis of Cl and F. Weights corresponding to 1/SD2 are applied with SD referring to standard
deviation of triplicate injections. This weighting approach ensures proper inclusion of lowconcentration data points for regression over a wide range. Importantly, the standard deviations
reported in Figures 2.3c and d indicate that the intercepts are not significantly different from zero
at 95% confidence level. Moreover, the slope for F correlation is statistically indistinguishable
from unity (p = 0.94) while the Cl correlation slope is very close to unity (p = 0.02). These results
further confirm the compound-independent response of PARCI for F and Cl over a wide analyte
loading range.

2.3.6. Matrix Effects from Carbon Loading of the Ion Source
A potential significance of elemental MS of halogens is high tolerance for carbon matrix,
enabling high-sensitivity detection of halogens in a large background of carbon contributed by coeluting compounds. Accordingly, we investigated the capabilities of PARCI to ionize halogens in
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a complex matrix. A concentrated matrix was prepared as described in the Materials and Methods
section and was spiked with the compounds listed in Table 2.1 (Cl 36.3 to 409 pg on column and
F 20.1 to 302 pg on column, see Table 2.1 for details) along with the chloro- fluoro-internal
standard. Recoveries were then calculated using Equations 2.4 and 2.5. The results are reported in
Figure 2.4, demonstrating that all compounds, except compound 7, showed acceptable recoveries
(92-113% for Cl and 85-114% for F). An RSD of less than 10% was achieved based on triplicate
manual injections of 0.5 μL, demonstrating reproducibility of the analysis. The special case of
compound 7 (3,4-dichloroaniline, 40% recovery) seems to be related to the stability of this
compound in the matrix rather than ionization effects. This conclusion was drawn based on the
observation that recovery of compound 7 further decreased to zero after the sample was stored for
a few days while other compounds retained the same recovery levels.
To gain insight into the carbon loading of the plasma and potential co-elution of nonhalogenated compounds with the spiked analytes, we operated the PARCI in carbon detection
mode

193

. For these experiments, the plasma was sustained in pure helium rather than helium-

oxygen plasma and a power of 30 W was applied. Carbon is converted to CN- in these conditions
and the intensity of this ion quantitatively reflects the carbon loading of the plasma

193

. The top

panel in Figure 2.5 demonstrates the halogen chromatograms for spiked matrix under halogen
detection conditions while the bottom panel shows the carbon chromatogram for the matrix. Note
that the y axis units for these chromatograms have been converted to pg /0.1 s of each element
introduced into the plasma via dividing the experimental ion intensities obtained at 10 Hz by the
response factor of each element. It is evident in Figure 2.5 that compounds 4, 22, and 26 co-elute
with carbon-containing compounds from the matrix. Compounds 4 and 19 are particularly
susceptible to matrix effect because of the large carbon loading. A carbon loading of 120 and 100
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pg/0.1 s were measured from the apple and mixed juice matrix when compound 4 eluted. A carbon
loading of 171 and 173 pg/0.1 s were measured from the orange and mixed juice matrix when
compound 19 eluted. The loading ratio for carbon versus chlorine were 490:1 in term of pg.
Nevertheless, the near 100% recoveries of the two compounds demonstrate that Cl ionization is
not impacted by the large amount of carbon matrix, highlighting the robustness of the ionization
in PARCI.

2.4 Conclusions
We have demonstrated that a low-pressure PARCI source can be interfaced to a time of
flight mass spectrometer originally designed for electrospray ionization. Despite operation of the
plasma at lower helium gas flow rate mandated by high vacuum requirement of the MS, our data
confirm that PARCI provides compound-independent response factors for F and Cl. Moreover, we
show that the challenge of limited dynamic range of the detector is resolved by operating with
multiple ion flux settings and use of an internal standard, because of the compound-independent
response of PARCI. Overall, the GC-PARCI-TOF-MS provides similar analytical figures of merit
for F and Cl detection to those of GC-PARCI-single quadrupole MS. This finding is significant
because TOF analyzers are often utilized for exact mass measurements in untargeted analyses.
Therefore, GC-PARCI-TOF-MS opens new avenues to develop instruments that combine
molecular and elemental analyses for facile high-sensitivity detection, identification, and
quantification of halogenated compounds.
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Chapter III
Atmospheric-Pressure Dielectric Barrier Discharge as an Elemental Ion Source for Gas
Chromatographic Analysis of Organochlorines†

3.1. Introduction
New analytical techniques based on atmospheric-pressure dielectric barrier discharge (APDBD) have flourished in recent years driven by low power consumption of these plasmas and
facile coupling to optical and mass spectrometers. The non-thermal properties of DBDs offer
avenues for both molecular and elemental analyses of samples as summarized in recent reviews.194,
195

The molecular characterization is generally performed by soft ionization and mass

spectrometric detection,196-199 while elemental analysis methods take advantage of spectroscopic
detection of atomization products within the active plasma. Because of the low gas temperature of
the AP-DBD, this plasma is most suitable for atomization of gaseous samples. Therefore, a variety
of methods have been explored to convert analytes from solution into gaseous species including
electrothermal vaporization,200 liquid electrode DBD,201 as well as in-solution reactions such as
cold vapor generation,202 hydride generation,203 and oxidation.204
Several groups have also investigated AP-DBDs as elemental detectors for gas
chromatography. These investigations have utilized atomic absorption and emission
spectroscopies for halogen182, 205, 206 and carbon182, 207 detection. Recently, a halogen molecular
emission detector for GC was demonstrated using an AP-DBD for halohydrocarbon analyses,

†

This chapter has been reprinted, modified, and integrated with complementary data with permission (see Appendix
A) from K. Zheng, M. Dolan Jr., P. Haferl, H. Badiei, and K. Jorabchi: Atmospheric-pressure dielectric barrier
discharge as an elemental ion source for gas chromatographic analysis of organochlorines, Anal. Chem. 90, 3, 21482154 (2018). Copyright (2020) American Chemical Society. This material is based upon work supported by the
National Science Foundation (NSF) under CHE-1507304. We thank PerkinElmer Inc. for the loan of the mass
spectrometer and the gas chromatography.
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suggesting formation of excited dihalogen molecules within DBD as a consequence of
organohalogen atomization.208
The applications of AP-DBD in elemental mass spectrometry, however, have remained
relatively unexplored. Given the current advancements in soft ionization by AP-DBD along with
the tunability of AP-DBD between dissociative plasma and soft ionization,206 development of an
elemental ionization source based on AP-DBD could lead to a broadly applicable multimode
ionization method for elemental and molecular analyses of GC eluents on a single MS platform.
A fundamental consideration for elemental ionization is the polarity of ions. Most
elemental ionization methods rely on formation of positive ions in plasmas. Efficient formation of
positive ions requires high ionization temperatures, particularly for non-metals encountered in GC
separations. Moreover, these positive ions need to be protected from ion-neutral reactions during
the transfer from the plasma into the MS, requiring a special plasma-to-MS interface. Formation
of negative elemental ions, on the other hand, does not require high plasma temperatures.
Moreover, thermodynamic stability of negative ions in the gas phase, particularly for halogens,
facilitates transport of ions from the plasma into the MS. Relatedly, we have recently demonstrated
that the negative ions for halogens as well as polyatomic anions for carbon (CN-) can efficiently
form in the afterglow of a low-pressure helium microwave plasma, providing a sensitive elemental
detector for GC.190, 191, 193
To develop AP-DBD as an elemental ionization detector, herein we couple a gas
chromatograph to an atmospheric-pressure DBD and explore generation of chloride ions from
organochlorines. We have selected this class of compounds because of their prevalence among
environmental contaminants and pesticides. In fact, over 50% of the most commonly used
pesticides during 2008-2012 were chlorinated compounds as indicated by a recent report from the
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US Environmental Protection Agency.209 We investigate the analytical performance of AP-DBD
for elemental quantification of organochlorines. Further, we demonstrate the application of the
elemental AP-DBD-MS for quantification of chlorinated pesticides in fruit juice using a single
internal standard and examine the matrix effects on chlorine signal.

3.2. Experimental
3.2.1. Dielectric Barrier Discharge
The schematic of the instrumental setup is illustrated in Figure 3.1. The GC column was
threaded through a transfer line and a 1/8" stainless steel union tee (Valco ZT2L, VICI, Houston,
TX), both heated to 250 °C. The GC eluents merged with the plasma gas before entering the plasma
tube. The plasma gas consisted of 300 mL/min helium (UHP carrier grade 99.999%, N2 < 7.5 ppm,
O2 < 2 ppm, H2 < 1ppm, H2O < 2 ppm, hydrocarbon < 0.5 ppm, Roberts Oxygen, Rockville, MD)
supplied by a mass flow controller (Model 246B, MKS, Andover, MA). The helium flow was then
mixed with varying flow rates of oxygen (99.98%) controlled by the pressure upstream of a fused
silica capillary (192.4 cm long, 30 μm i.d.). Oxygen flow rates were calculated according to
Poiseuille’s equation (Equation S3.1). To control the oxygen concentration in the helium plasma
gas, oxygen was infused using deactivated silica capillaries with a controlled back pressure at
capillary upstream. The modified Hagen-Poiseuille equation for compressible gas was used to
calculate the flow rate of oxygen:
𝑉0 =

3.75𝜋𝑟 4
𝜂𝑙

∙

(𝑃𝑖2 +𝑃𝑜2 )
𝑃𝑜

(eq. 3.1)

where V0 is standard volumetric flow in mL/min, r is the radius of the capillary in mm, l is the
length of the capillary in m, Pi is the inlet pressure, Po is the outlet pressure (atmospheric pressure
in our experiments), and η is the dynamic viscosity of the gas in μPoise.
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Figure 3.1. Schematic drawing of the gas chromatography atmospheric-pressure dielectric
barrier discharge mass spectrometry (GC-AP-DBD-MS).
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The AP-DBD was sustained by two ring electrodes (separated by 0.6 cm) placed outside
of a non-porous alumina ceramic tube (1.6 mm o.d., 0.79 mm i.d., 2.5 cm long). The high-voltage
ring electrode was about 1 cm away from the end of the ceramic tube. This configuration prevented
the plasma jet from extending outside the tube, leading to more stable background levels and
improved detection limits. The upstream ring electrode was grounded via a 100-Ω resistor for
current measurement while the high voltage electrode was driven using a sinusoidal waveform
produced by a power supply (PVM500, Information Unlimited, Amherst, NH, United States). The
power supply output voltage was measured using a voltage divider composed of three 10-MΩ
resistors in series with a 4.7 kΩ resistor. A peak-to-peak voltage of 2.5 kV and a frequency of 26
kHz were utilized to sustain the plasma. Optical emission characterization of the discharge was
conducted by recording spectra in the 250–850 nm range using an OSM-400 spectrometer
(Newport, Irvine, CA, United States) equipped with an optical fiber. The optical fiber (400-µm
core size, 0.22 numerical aperture, Newport Co., Irvine, CA) replaced the MS in Figure 3.1 at a
distance of 2 mm from the end of the ceramic tube. The fiber was positioned coaxially with the
plasma tube, detecting the photons emitted from the entire length of the plasma. The emission
peaks of He (706 nm) and O (777 nm) were identified and recorded at different oxygen
concentrations.

3.2.2. Gas Chromatograph
An Agilent 6890 GC (Santa Clara, CA) equipped with a split/splitless injector (250°C,
column flow = 2 mL/min helium) and a capillary column (5%-phenyl-95%-dimethyl polysiloxane,
30 m×0.250 mm, 0.25 µm film thickness, Elite-5 MS II, PerkinElmer, Waltham, MA) were utilized
in all experiments. The optimization and fundamental investigations were conducted in the
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following conditions: 1-µL injections with a split ratio of 1:10, oven temperature: 90°C for 1
minute, ramp to 270°C at 30°C/min, ramp to 310°C at 15°C/min, hold for 1 minute. Orange juice
samples were analyzed using the following conditions: 1-µL splitless injection with a pulsed
pressure of 50 psi for 0.3 min followed by purging at 50 mL/min after 0.8 min, oven temperature:
60°C for 2 minutes, ramp to 260°C at 5°C/min, ramp to 310°C at 30°C/min and hold 1 minute.

3.2.3. Mass Spectrometer
Ions were detected using a single quadrupole instrument (Flexar SQ300, PerkinElmer,
Waltham, MA) in selected ion monitoring mode (SIM) at m/z values of 35 (Cl-) and 37 (Cl-) with
a data acquisition frequency of 10 Hz (total 100 ms dwell time). A nitrogen counter flow gas of 4
L/min was utilized to avoid over-pressurizing the MS with helium gas. The highest ion intensities
were observed when the MS end plate and the ion transfer capillary entrance were set to ground
while the capillary exit voltage was set to -150 V with the skimmer voltage at -30 V.

3.2.4. Sample Preparation
The analytical standards were purchased from Restek (Bellefonte, PA, USA) as an
organochlorine pesticide mix (Cat #33011) and a multiresidue pesticide standard (Cat #32565).
The organochlorine pesticide mix was diluted in ethyl acetate (ACS reagent grade, Sigma-Aldrich,
St. Louis, MO, USA) to the final chlorine concentrations of 1.5-150 µM. These samples were used
in optimization and fundamental studies.
For matrix effects and real-world sample analysis, orange juice from a local market was
spiked with the GC multiresidue pesticide standard #3 at analyte concentrations of 9 μg/L and an
internal standard (chloroneb, 1,4-dichloro-2,5 dimethoxybenzene, AccuStandard, New Haven, CT)
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concentration of 29.8 μg/L. A modified QuEChERS210 method was used to prepare the sample. 3
mL of ethyl acetate was mixed with 5 mL of spiked orange juice in a 15-mL polypropylene tube.
Then 0.5 g of NaCl (ACS grade, EMD, Darmstadt, Germany) and 1 g of anhydrous MgSO4 (Fisher
Scientific, Waltham, MA) were added. The tube was shaken and centrifuged at 5000 rpm (2935 g
force) for 5 min, resulting in separation of ethyl acetate from the aqueous phase. One mL of the
ethyl acetate phase was transferred to a 2-mL glass vial and was evaporated under gentle nitrogen
flow to around 100 µL. The sample was directly injected for analysis.

3.2.5. Data Analysis
Chromatograms were converted to .csv files and integrated using the trapezoidal rule in
OpenChrom (Hamburg, Germany).192 Due to the different degrees of tailing in chromatographic
peaks, manual peak detection was used by selecting start and end times. Linear regressions were
performed using the R language.211

3.2.5. Safety Considerations
Operation of a DBD presents an electrical shock hazard. Proper shielding of the high
voltage is necessary to avoid accidental exposure.

3.3. Results and Discussion
3.3.1. Elemental ionization by AP-DBD
The DBD can be operated in two modes for analytical measurements: 1) filamentary and
2) homogeneous.212 The former is characterized by short term (< 100 ns) microdischarges,
signifying the formation of streamers in the discharge volume where ionization is dominated by
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electron impact. The latter is observed as longer duration discharges and signifies a plasma where
other ionization processes (e.g. Penning ionization) become more significant within the plasma.
The homogeneous mode resembles a temporary glow discharge within each cycle, providing
sufficient power densities for dissociation of the analytes.195 The frequency and voltage in our
experiments were adjusted to ensure operation in homogeneous mode indicated by >100 ns current
peaks shown in Figure 3.2. The sinusoidal current reflects the capacitive coupling of the driver
electrode to the ground electrode. The discharge events appear as sharp peaks superimposed on
the capacitive current. A single positive discharge peak per cycle is observed for pure helium
discharge as shown in Figure 3.2. The discharge peaks are significantly narrower compared to the
capacitive current and occur close to the maxima of the capacitive current. Therefore, the effect of
capacitive current on full width at half maximum (FWHM) of the discharge peaks is negligible.
The discharge FWHM is observed at 740 ns which is much larger than 100 ns, showing the
homogeneous discharge conditions.
Figure 3.3 shows a chromatogram of 8 chlorinated pesticides using AP-DBD-MS operated
with helium as the plasma gas. Structures of compounds and injected amounts on-column are listed
in Table 3.1. The analytes undergo dissociation in the plasma, leading to the formation of chloride
ions. An ideal elemental ion source should provide a constant response factor for Cl regardless of
the chemical structure of the analytes. To assess the ability of an AP-DBD for quantitative
elemental ionization, the peak areas were converted to the corresponding response factors (RF):
𝑅𝐹 =

𝐶𝑙− 𝑃𝑒𝑎𝑘 𝐴𝑟𝑒𝑎
𝑝𝑔 𝐶𝑙 𝑜𝑛 𝐶𝑜𝑙𝑢𝑚𝑛

(eq. 3.2)

The response factors obtained by the helium-only AP-DBD are shown in Figure 3.4,
demonstrating a relatively constant ionization efficiency for Cl across the pesticides with varying
chemical structures. This attribute can be used to quantify compounds when compound-specific
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Figure 3.2. Discharge current profiles of AP-DBD using pure He 300 mL/min. The sinusoidal
wave reflects the capacitive current. A single positive discharge peak per cycle is observed with a
FWHM of 740 ns.
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Figure 3.3. 35Cl- ion chromatograms of organochlorine pesticides (see injection amounts and
peak characteristics in Table 3.1) obtained with and without trace amount of oxygen (11 ppm
v/v) added to the 300 mL/min helium plasma gas.
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Table 3.1. Structures, amounts on column and peak characteristics of organochlorine
pesticides corresponding to data in Figure 3.3.
Pure He
Elution
Order

Compound

11 ppmv O2

Amount
on

Structure
FWHM (s)

Asymmetric
factor

FWHM (s)

Asymmetric

column

factor

(pg Cl)

Limit of

Limit of

detection

detection

(pg Cl)

(pg Cl/s)

1

Chloroneb

1.08

7.64

0.66

2.27

65.6

0.49

0.71

2

Chlorothalonil

0.96

10.4

0.84

2.90

102

0.62

0.74

1.32

7.57

0.78

3.00

81.8

0.53

0.66

1.32

6.46

1.02

2.23

122

0.61

0.58

3

4

DCPA methyl
ester

Heptachlor
epoxide

5

trans-Nonachlor

1.44

7.08

1.32

1.79

138

0.58

0.44

6

Chlorobenzilate

1.26

5.47

0.96

2.15

41.7

0.58

0.54

7

cis-Permethrin

1.86

1.38

2.63

34.7

0.89

0.58

1.56

2.33

34.7

1.03

0.61

1.07

2.41

0.67

0.61

8

transPermethrin

Average

2.46

1.46

non-baseline
separation

non-baseline
separation

7.44
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standards are not available.
To ensure that the uniform Cl- ionization efficiency by the AP-DBD is reflective of
elemental ionization and not a result of efficient dissociative electron capture by our test
compounds, we evaluated the response factors for Cl- using a corona discharge ionization at the
outlet of the tube. A discharge voltage of -2000 V was applied to a needle positioned at the tube
outlet, resulting in 10 μA of current when 300 mL/min of helium was used as plasma gas. In the
absence of an active DBD, the GC eluents passed through the corona discharge area where
electrons were supplied to the intact molecules.
The Cl- response factors calculated using Equation 3.2 for the corona discharge are
compared to those of the AP-DBD in Figure 3.4. The results for corona discharge indicate a drastic
variation (over a factor of 10) in response factors across different analytes while the response
factors using AP-DBD are similar to each other. The difference between the two ionization modes
can be quantified using relative standard (RSD) deviation of response factors between analytes.
Corona discharge yields a response factor RSD of 53.6% between analytes in Figure 3.4 while that
for AP-DBD is 6.3%. The drastic variation in Cl- response factors using the corona discharge
confirms that dissociative electron capture by the intact analytes cannot give rise to near uniform
response factors observed by the AP-DBD. Therefore, we infer that the analytes undergo nearcomplete breakdown within the AP-DBD prior to producing Cl- ions. To further verify this
conclusion, we investigated the detection of molecular ions using a sample 10 times more
concentrated than that in Figure 3.4. Analyte-specific ions such as [M-Cl]-, [M-Cl+O]-, and Mwere readily detected using corona discharge while no analyte-specific ions were detected using
AP-DBD, in agreement with near-complete degradation of analytes within the DBD.
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Figure 3.4. Response factors for organochlorine pesticides in Figure 3.3 (in the order of
elution) using AP-DBD and corona discharge with 300 mL/min helium as plasma gas. Note
that a combined Cl response factor is used for the last two compounds using AP-DBD to avoid
integration errors arising from poor separation of these compounds (see Figure 3.3). Error bars
reflect one standard deviation based on 10% RSD confirmed throughout the experiments.
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3.3.2. Chromatographic Peak Shape
Notably, significant peak tailing is observed in Figure 3.3 using pure helium as the plasma
gas. The tailing reduces the separation resolving power and undermines the quantitative analysis
by increasing integration error. The peak tailing can be quantitatively measured using asymmetric
factors:
𝐴𝑓 =

𝐵0.1
𝐴0.1

(eq. 3.3)

where A0.1 and B0.1 refer to the width of the left and right sides of the peak at 10% of the peak
height relative to the position of the peak maximum. An asymmetric factor of 1 reflects a
completely symmetric peak while values larger than unity reflect tailing. The chromatogram using
pure helium as the plasma gas in Figure 3.3 shows asymmetric factors of 5.5-10 (see Table 3.1).
Importantly, we have observed asymmetric factors of close to unity in the experiments
using the corona discharge, indicating that the analytes have rapid adsorption/desorption
interactions with the tube walls. Accordingly, the tailing must mainly arise from interactions of
analyte breakdown products with the tube walls. Similar peak broadening has also been observed
in other AP-DBD geometries205 as well as in our recent investigations using a low-pressure
microwave plasma.191 In these studies, addition of oxygen into the plasma has improved the peak
shapes.
The effect of oxygen addition to helium on GC peak shapes is shown in Figure 3.3,
demonstrating reduced asymmetric factors (1.79-3, see Table 3.1). The improvement on separation
is especially evident for the last two peaks in Figure 3.3 whose baseline separation is only achieved
with 11 ppm of O2 added to helium. Interestingly, larger concentrations of oxygen in the plasma
only lead to minor improvements in asymmetric factors as shown in Figure 3.5a. The rapid
decrease in peak tailing with small amounts of oxygen in Figure 3.5a is attributed to prevention of
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Figure 3.5. Effect of oxygen concentration in helium plasma gas on a) asymmetric factor of
chloroneb (first eluting compound in Figure 3.3); b) averaged response factor (black circle)
and variation of response factor (red triangle) quantified by %RSD among organochlorine
pesticides of Figure 3.3; c) signal-to-noise (black circle) and signal-to-baseline (red triangle)
for chloroneb.
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carbon buildup on plasma tube walls.205 The carbon layer provides adsorption sites for reactive
chlorine species. However, the analyte breakdown products may still interact with the tube walls
in the absence of the carbon layer, leading to residual peak tailing at higher oxygen levels.

3.3.3. Effect of Oxygen on Analytical Performance
While beneficial for peak shapes, addition of oxygen into the plasma impacts plasma
properties, affecting analytical utility of an AP-DBD for elemental detection and quantification.
Two aspects need to be considered in this regard: 1) effect of oxygen on ion formation efficiency
and detection limits, and 2) influence of oxygen on uniformity of response factors among analytes.
The second aspect relates to the performance of an AP-DBD as an ideal elemental ion source.
Response factors (Equation 3.2) offer a measure of ion formation efficiency while the variation of
response factors among analytes, quantified by %RSD, reflects the quantitative analyte breakdown
in the plasma. A low %RSD among response factors of various analytes denotes a robust elemental
behavior for the ion source.
Figure 3.5b depicts the effect of oxygen on Cl response factors and uniformity of Cl
response from eight chlorinated compounds shown in Figure 3.3. An initial rapid decrease in Cl
response factor is observed with increasing oxygen concentrations between 0 and 110 ppm O2.
Importantly, the response factors for Cl remain compound-independent in this range as evident
from the relatively flat %RSD among response factors in Figure 3.5b. This observation implies
that the breakdown of the analytes is not affected significantly by the oxygen addition up to 110
ppm. Accordingly, the reduction in the response factor is attributed to ionization effects. Increased
NO3- ion intensity in the background spectrum of the plasma is observed upon addition of oxygen,
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suggesting that electron capture by oxygen-containing species may lead to a competitive reaction
channel, reducing formation efficiency of chloride ion.
At oxygen levels above 110 ppm, an increase in response factors is observed accompanied
by an increase in %RSD of the response factors among analytes. This observation suggests loss of
analyte breakdown efficiency at high oxygen levels. In such conditions, Cl- ion formation would
have contributions from larger fragments and intact analytes, giving rise to a compound-dependent
response. The gradual increase in the response factor is likely a reflection of efficient dissociative
electron capture by the fragments and intact analytes.
To gain insight into the effects of the O2 on the discharge properties, the discharge electrical
profiles are examined. At oxygen levels above 77 ppm, two discharges per cycle occurring close
to the maxima and minima of the capacitive current are observed as shown in Figure 3.6a instead
of one peak as shown in Figure 3.2. Interestingly, the FWHM of the discharge current peaks reduce
as the oxygen concentration is increased as shown in Figure 3.6b. This may be related to faster
ionization events in the He-O2 mixed plasma because of Penning ionization of the added oxygen.
In all cases the discharge FWHM is larger than 100 ns, indicating that the operating mode of the
dielectric barrier discharge is not switched from homogenous to filamentary within the oxygen
concentrations used in this work.
Investigations of discharge properties by optical emission spectroscopy mirror the effects
observed in analytical performance. Figure 3.6 demonstrates that He atomic emission at 706 nm
decreases as the oxygen concentration is increased in the plasma. This emission line occurs from
the triplet excited state of helium at 22.7 eV above the ground state, reflecting the density of plasma
energetic species.213 The atomic O emission at 777 nm in Figure 3.6 shows an initial rise because
of increasing oxygen concentration, but it rapidly decreases at higher oxygen concentrations.
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Figure 3.6. Effect of oxygen addition to plasma gas on DBD discharge properties: a)
discharge current profiles of DBD using 147 ppm oxygen in 300 mL/min helium as plasma
gas, b) FWHM of the discharge current peak as a function of oxygen concentration and c)
atomic emission intensities of helium at 706 nm (black) and oxygen at 777 nm (red) as a
function of oxygen concentration. In Figure 3.6b, the black line shows the discharge occurring
in the positive half cycle while the blue line depicts the discharge peak in the negative half cycle.
In Figure 3.6c, the initial increase in the atomic O emission intensity results from increased oxygen
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concentration in the discharge. The decrease in O and He atomic emission intensities at higher
oxygen concentrations indicates quenching of plasma energetic species. Accordingly, the
atomization efficiency is reduced at higher oxygen concentrations as reflected in the %RSD of
response factors in Figure 3.5b.
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These observations confirm that plasma reactive species are depleted at high oxygen
concentrations, leading to a loss of analyte breakdown efficiency.
The impact of oxygen on Cl detection capabilities using GC-AP-DBD-MS is reflected in
Figure 3.5c using signal-to-noise (S/N) and signal-to-baseline (S/B) values for chloroneb
injections (65.6 pg Cl on column) as an example. The noise was calculated based on the baseline
standard deviation within 0.2 minutes before the peak while the peak height was used as the signal.
Figure 3.5c illustrates that addition of small amounts of oxygen (11 ppm) to pure helium leads to
an initial improvement in S/N and S/B while the response factor is reduced in these conditions
(Figure 3.5b). The improvement in S/N and S/B is mainly a result of reduced tailing (see Figure
3.3) and sharper peaks. At higher oxygen levels within the elemental regime (<110 ppm O2) the
S/N is decreased while S/B remains relatively constant, denoting an increased plasma instability.
At oxygen levels beyond 100 ppm, the increase in S/N and S/B reflects the compound-dependent
ionization as discussed above where the background and the signal have different ionization
efficiencies.
Considering high sensitivity (response factor), detectability (S/N), high peak capacity (low
tailing), and compound-independent ionization (low %RSD of response factors) as optimization
factors, an optimal oxygen concentration of 11 ppm was determined for the operation of the DBD
based on the data in Figure 3.5. This condition was used for examining the analytical figures of
merit.

3.3.4. Analytical Figures of Merit
To test the linear dynamic range of the compound-independent response factors, we
constructed an aggregated calibration curve using eight chlorinated pesticides shown in Figure 3.3.
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The mixture was injected at three dilutions, providing a range of 5.8-304 pg Cl on column. Figure
3.7 illustrates GC peak areas as a function of injected chlorine amount on column. A weighted fit
with a weighting factor of 1/SD2 is applied to account for the wide range in the injection amount,
where SD is the standard deviation of areas from three injections. An R2 of 0.9931 demonstrates
close to two orders of magnitude linearity for a compound-independent response. Extending the
injected amounts to 511 pg Cl on column leads to deviation from linearity as indicated by an R 2
of 0.9886.
Limits of detection (LOD) in the optimum conditions were estimated to be 0.5-1 pg (0.6
pg/s) chlorine on column, based on S/N = 3 for the peak heights of the lowest concentration sample
injected in the calibration curve experiments. These values compare favorably to those recently
reported for GC-ICP-MS/MS (0.15-0.5 pg Cl)214 and GC-PARCI-MS (0.3-0.5 pg Cl),191 especially
considering the simplicity of GC-AP-DBD-MS relative to the other techniques.

3.3.5. Pesticide Analysis in Food Matrices Using a Single Standard
The linearity of the multi-analyte calibration curve in Figure 3.7 confirms a compoundindependent response over the explored range of concentrations, suggesting that chlorine may be
quantified with a single internal standard:
𝐶𝑚 =

𝐴𝑟𝑒𝑎
𝑅𝐹𝑠

(eq. 3.4)

where Cm is the measured analyte amount, Area is the integrated area of an analyte’s GC peak, and
RFs is the response factor of Cl from an internal standard. Considering the prevalence of
organochlorines among pesticides, GC-DBD-MS can offer a rapid and quantitative method for
detection of these compounds in food matrices. To evaluate this potential, we characterized the
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Figure 3.7. Linearity of 35Cl- compound-independent response shown for 8 organochlorines
of Figure 3.3. Linear least-squares fitting with weights of 1/(SD)2 was applied to peak areas
obtained for injections of 5.8 to 304.2 pg Cl on column. Error bars show one standard deviation
(SD) based on triplicate injections.
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recoveries of pesticides in orange juice. The juice was spiked with the multiresidue pesticide mix
at a concentration of 9.0 μg/L per pesticide (See Table 3.2 for structures, chlorine concentrations
contributed by each pesticide range from 0.9 to 6.0 μg/L) along with a standard (chloroneb, 29.8
μg/L). The spiked sample was subjected to a QuEChERS extraction followed by pre-concentration
with evaporation as described in the Experimental section.
The chromatogram of the extract for the orange juice sample is shown in Figure 3.8a.
Analyte chlorine concentrations were measured using Equation 3.4 while Cl concentration from
chloroneb spiked in orange juice was used to calculate the RFs. The recoveries (Re) were then
calculated using:
𝑅𝑒 =

𝐶𝑚
𝐶0

× 100%

(eq. 3.5)

where C0 is the Cl concentration from each analyte spiked in orange juice. The results of the single
standard quantification are shown in Figure 3.8b, demonstrating reasonable recoveries (from 82%
to 112%) for all compounds, except 3,4-dichloroaniline (compound 2 in Table 3.2) whose peak is
not observed in the chromatogram.
To investigate the low recovery of 3,4-dichloroaniline, we injected the multiresidue
pesticide standard in the absence of matrix at two injection levels as shown in Figure 3.9. The Cl
response factor from 6.5 pmol injection of 3,4-dichloroaniline (Figure 3.9a) was similar to those
of the other compounds. In contrast, the Cl response factor from 0.7 pmol 3,4-dichloroaniline was
about 5 times lower than the other compounds in the mixture (Figure 3.9b), confirming injection
bias at low concentrations for this compound. Notably, a lower injection amount of 0.2 pmol is
estimated for 3,4-dichloroaniline for orange juice sample in Figure 3.8 based on the Cl response
factor from the other compounds and the composition of the multiresidue standard. Therefore, the
undetectability of 3,4-dichloroaniline in Figure 3.8 is consistent with the low response factor in
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Table 3.2. Structures and spiked molecular concentrations of pesticides in orange juice
corresponding to data in Figures 3.8, 3.9 and 3.10

Elution
Order

Analyte
Compound

Structure

concentration

Elution
Order

(μg/ml)

Analyte
Compound

Structure

concentration
(μg/ml)

2,61

Dichlorobenzoni

9.0

8

Fluchloralin

9.0

9.0

9

Chlorothalonil

9.0

9.0

10

9.0

11

Dichlofluanid

9.0

9.0

12

Tolylfluanid

9.0

9.0

13

Oxyfluorfen

9.0

9.0

14

Nitrofen

9.0

trile

2

3

3,4Dichloroaniline

Tetrachloronitro
benzene

Pentachloroanilin
e

9.0

2,3,5,64

Tetrachloroanili
ne

5

6

7

Dichloran

Pentachloronitr
obenzene

Pentachloroben
zonitrile
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Figure 3.8. a) Chromatogram of pesticides spiked in orange juice (see structure and spiked
concentration for each analyte in Table 3.2) with chloroneb as a single standard, b) percent
recoveries of pesticides shown in the order of elution. Error bars represent one standard
deviation based on triplicate injections.
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Figure 3.9. 35Cl- response factors of pesticides (see structures in Table 3.2) injected in clean
solvent without matrix shown in the order of elution. a) Response factors when the mixture
included 6.5 pmol of compound 2 (3,4-dichloroaniline) on column; b) response factors when the
mixture included 0.7 pmol of compound 2 (3,4-dichloroaniline) on column. The injections were
carried out using the same pulsed splitless parameters as experiments in Figure 3.8.
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Figure 3.9 and most likely arises from degradation within the injector.
Importantly, the near 100% recovery of majority of the analytes in Figure 3.8b indicates
that the extraction efficiency using QuEChERS is uniform for the tested compounds. It is of note
that the method detection limit is estimated at 0.2 to 1.2 μg/L for the organochlorine pesticides,
corresponding to ~0.14 μg/L of chlorine. The maximum allowable residue levels for pesticides
are above 10 µg/kg for oranges as listed in the European Union pesticide database,215
demonstrating sufficient sensitivity of GC-AP-DBD-MS for pesticide detection in food matrices.
The appearance of dips in Figure 3.8a at retention times 30.2 and 33.4 min is also of note.
These dips signify ion suppression by matrix. The elemental ionization is generally more tolerant
of matrix compared to molecular ionization, however, Figure 3.8a clearly shows that the ionization
suppression may be a problem for quantitative analysis using GC-AP-DBD-MS with a single
standard. An example is shown in Figure 3.10a for the separation of the orange juice sample under
a faster temperature program in black. In these conditions, compound 11 (dichlofluanid) appears
in a recessed baseline. As a consequence, the recovery of this compound in Figure 3.10b is lowered.
On the other hand, the detection of dips highlights the areas in the chromatogram which are
susceptible to a matrix effect. If an analyte is detected in a recessed baseline area, the analyst will
be alerted due to the matrix effect and the chromatography can be optimized to separate the analyte
of interest from the affected area as shown in Figure 3.8a. This attribute for flagging a matrix effect
highlights the advantages of elemental analysis in quantification.

3.3.6. Effect of Matrix Clean-up
Dispersive solid phase extraction (dSPE) cleanup is often utilized to simplify the matrix in
QuEChERS sample preparation.210 To investigate the effect of such treatments, we examined the
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Figure 3.10. a) Chromatograms of extracted pesticides (see structures in Table 3.2) spiked in
orange juice with (red) and without (black) PSA treatment after extraction. A faster GC
program (60°C for 2 minute, ramp to 150°C at 30°C/min, ramp to 240°C at 5°C/min, ramp to
310°C/min at 30°C/min and hold 1 minute) was used for this separation compared to that in Figure
3.8. b) Recoveries for untreated sample. Co-elution of compound 11 (dichlofluanid) with matrix
resulted in suppression and lower recovery relative to Figure 3.8b. c) Recoveries for PSA-treated
sample. The baseline is relatively free from dips, demonstrating the effectiveness of PSA cleanup.
However, compound 9 (chlorothalonil) is also removed from the sample by the cleanup.

73

primary and secondary amine (PSA) phase for the analysis of pesticides. The QuEChERS
procedure was followed as previously described, but a dSPE with a primary and secondary amine
(Agilent, Santa Clara, CA) was performed before the evaporation of ethyl acetate.
The chromatogram of PSA-treated sample is shown in Figure 3.10a in red. Compared to
the untreated sample, the baseline is relatively free from dips, demonstrating the effectiveness of
this cleanup to remove the matrix. However, the results in Figure 3.10c show that the signal from
compound 9 (chlorothalonil) is reduced to undetectable levels after treatment. Similar effects from
PSA treatment (e.g. loss of base-sensitive analytes) have also been reported by others.216 These
results further highlight the importance of elemental methods for quantification with minimal
sample preparation.

3.4. Conclusions
Atmospheric-pressure DBD shows great potential as an elemental ion source for the
detection of chlorine in GC eluents. A major advantage of this source is its simplicity and facile
coupling with atmospheric-sampling mass spectrometers while offering detection limits
comparable to those of more complicated and dedicated instruments such as ICP-MS/MS. To
minimize post-column band broadening, addition of plasma modifiers appears to be necessary. In
our experiments, we have shown that small concentrations of oxygen (11 ppm) improve peak
shapes and detection limits. However, larger concentrations up to 110 ppm do not lead to
improvements in the analytical performance of AP-DBD as an elemental ion source with
compound-independent Cl response factors. At oxygen levels above 110 ppm, plasma reactive
species are depleted, leading to a loss in analyte breakdown efficiency and consequent deviations
from compound-independent response. Atomic chlorine has been detected in AP-DBD using
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optical methods in other studies,205, 217 indicating that atoms may be the precursors for the detected
Cl-. Alternative precursors such as HCl may also play a role in ion formation. Further
investigations are needed to elucidate the ionization pathway.
Importantly, the compound-independent response factors allow rapid quantification with a
single standard as shown for an orange juice sample extracted using QuEChERS method. Another
notable aspect of elemental detection of Cl is the potential to flag matrix effects via monitoring
variations in the chromatographic baseline. Although flagging does not eliminate the matrix effects,
it allows the analyst to optimize the chromatographic separation if an analyte of interest elutes
during an impacted section of the chromatogram. Such a capability is not readily available in
molecular ionization methods, particularly in the absence of isotopically labeled standards. Cleanup processes are often used instead to minimize matrix effects. However, analyte loss may also
result from such cleanup steps. The quantitative attributes of elemental AP-DBD are
complimentary to identification by molecular ionization using AP-DBD. Accordingly, this lowpower plasma has the potential to offer a unified ion source for both elemental and molecular mass
spectrometry on a single platform. Further explorations of plasma operating conditions (e.g.
filamentary mode) as well as development of elemental ionization chemistry for other elements in
homogeneous mode would pave the way for such instruments.
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Chapter IV
Elemental fluorine detection by dielectric barrier discharge coupled to nano-ESI mass
spectrometry for non-targeted analysis of fluorinated compounds‡

4.1. Introduction
Fluorinated compounds are mostly anthropogenic and have found growing applications.
For instance, it is estimated that 30% of newly approved pharmaceuticals and 30-40% of
agrochemicals contain fluorine.17, 37 Additionally, per- and polyfluoroalkyl substances (PFASs)
have been used in a wide variety of industrial and consumer applications, resulting in more than
3000 PFASs on the market.19 As a consequence of increased usage, fluorinated compounds have
been detected in numerous matrices, including water resources and biological samples.1, 29 Further,
various pathways for environmental degradation and metabolism by organisms amplify the
diversity of the new and unknown fluorinated compounds.70 Accordingly, non-targeted analytical
techniques are needed to detect these chemicals in a variety of matrices.
Chromatography combined with mass spectrometry (MS) is often used for the detection of
these compounds because of their low concentrations. Notably, lack of an isotopic pattern for
fluorine raises a challenge in confident detection of unknown compounds in the mass spectra.
High-resolution MS is utilized to detect certain classes of compounds such as perfluorinated
chemicals via Kendrick mass defect where homologous series are revealed in a sample.54,
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Nevertheless, application of this method for non-targeted detection of a broad range of fluorinated
‡

This chapter has been reprinted, modified, and integrated with complementary data with permission (see Appendix
A) from K. Zheng, J. Lesniewski, M. Dolan Jr., W. Li, T. Metallo, and K. Jorabchi: Elemental fluorine detection by
dielectric barrier discharge coupled to nano-ESI mass spectrometry for nontargeted analysis of fluorinated compounds,
Anal. Chem. 92, 14, 10129-10137 (2020). Copyright (2020) American Chemical Society. This material is based upon
work supported by National Science Foundation (NSF) under grant CHE-1904835. Michael J. Dolan Jr. was supported
by Award No. 2017-R2-CX-0007, awarded by the National Institute of Justice, Office of Justice Programs, U.S.
Department of Justice. We thank PerkinElmer Inc. for the loan of the gas chromatography.
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compounds, particularly when homologues are not present, remains difficult. Further, the
availability of high-resolution MS creates hurdles for many laboratories.
Elemental detection of fluorine in chromatographic separations, on the other hand, offers
a universal, non-targeted, and facile approach for screening fluorinated compounds in complex
matrices. Commonly, high-sensitivity elemental analysis is performed using inductively coupled
plasma (ICP)-MS by creating positive elemental ions within a high-temperature plasma. However,
inefficient F+ formation and isobaric interferences such as 18OH+ have hampered fluorine analysis
using this technique.218
Detection of F- in ICP-MS has also been investigated as an alternative approach.147
However, a promising analytical performance using this approach has not been achieved, largely
because of isobaric interference from 18OH- and elevated baseline from plasma electrons reaching
the detector. These limitations were addressed in our recent reports where chemical ionization of
plasma products in the afterglow of a low-pressure microwave plasma enabled efficient Fgeneration from GC-separated organofluorines while minimizing OH- and electrons as ionization
products.167, 219 Nevertheless, the operation of low-pressure plasma required modification of the
MS interface, complicating broad adoption of this technique. Generally, atmospheric-pressure (AP)
ionization techniques are preferred because they allow facile coupling to MS instruments and rapid
switching between various ionization modes. However, high-sensitivity detection of F- from AP
plasma afterglow is challenging because long transfer times from the AP ionization region to the
MS lead to proton transfer reactions of F- and its neutralization by common acidic plasma products
(e.g. HNO3 and HNO2).
One approach to address the above-mentioned challenges in elemental fluorine detection
is to convert fluorine in the analytes into polyatomic species amenable to spectrometric analysis.
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Transient species in high-temperature environments have been investigated for this purpose by
molecular absorption spectroscopy of GaF in a graphite furnace,98 molecular emission
spectroscopy of SrF in laser induced breakdown,220 and MS detection of BaF+ in ICP-MS.68 In
contrast, we have reported a thermodynamically stable and long-lived ion (Na2F+) formed in the
cooled afterglow of an ICP for elemental fluorine detection.221 Notably, such long-lived ions
enable elemental analysis of fluorine using widely available LC-MS instruments, dramatically
improving the adoptability of the technique in various applications.
Here, we report a new approach to form stable polyatomic ions for elemental fluorine
detection and apply it to analysis of GC-separated compounds. Importantly, the ionization
approach is versatile and provides an avenue to use a wide range of plasmas. In particular, we
utilize a dielectric barrier discharge (DBD), a non-thermal plasma with tunability from a reactive
plasma for dissociating chemical bonds to soft ionization, offering facile operation and coupling
to MS platforms.115, 222-224 We employ dissociative properties of the DBD to create F-specific
plasma products from GC-separated fluorochemicals. The plasma products are then ionized using
a nano-ESI, providing a general and non-targeted elemental detection scheme for fluorinated
compounds. Our investigations address details of the ion formation mechanism and analytical
performance of the technique. Moreover, this approach allows facile toggling between elemental
and molecular ionization sources. We demonstrate a proof-of-principle example of this strategy
by non-targeted screening of oil-and-water-repellent fabrics using elemental fluorine detection.
Molecular ionization using APCI is then utilized to identify the compounds detected by the
elemental screening.

4.2. Experimental
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4.2.1. DBD-nano-ESI and Interfacing to GC
The general schematic of the setup for detecting GC eluates by DBD-nano-ESI coupled to
MS is illustrated in Figure 4.1a with details shown in Figure 4.1b. A stainless-steel capillary (0.6
mm o.d., 0.4 mm i.d., 3.5 cm long) surrounded the GC column and acted as the ground electrode
for DBD. The GC column was first passed through a 1/16” union (Valco ZT2L, VICI, Houston,
TX) and was sealed on the left side using a graphite ferrule as shown in Figure 4.1b. The other
side of the union was threaded to one port of a custom-made steel tee serving as the nut for the
union. A graphite ferrule sealed the steel capillary at this junction and held it concentric to the gas
channel of the tee. A quartz tube (3 mm o.d., 1 mm i.d., 5 cm long) was sealed to the opposite port
of the tee using a graphite ferrule (1/4’’ to 1/16’’ reducing ferrule) while helium plasma gas
(99.995%) was delivered at 100 mL/min by a mass flow controller (Model 246B, MKS, Andover,
MA) to the orthogonal port of the tee. The tee was grounded and was heated to 250 °C.
The length of the steel capillary and the GC column were adjusted so that the column was
flush with the steel capillary outlet and the end of the capillary was positioned 2 cm inside the
quartz tube. A ring electrode surrounding the quartz tube was placed 4 mm downstream of the
steel capillary end. This distance was selected to maximize the length of the plasma for increased
analyte residence time while minimizing the likelihood of discharge from the ring electrode to the
post-plasma tee. A thorough optimization of this distance was not conducted although movements
of ~1 mm in either direction did not produce significant changes in analytical signal in our
screening experiments. A high voltage sinusoidal waveform was applied to the ring electrode by a
DBD power supply (PVM500, Information Unlimited, Amherst, NH), resulting in formation of a
pin-to-ring DBD. The power supply was operated at peak-to-peak voltage of 2.2 kV and 65 kHz
for best plasma reaction efficiency. The voltage and frequency of the power supply were measured
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Figure 4.1. a) Schematic of DBD-nano-ESI-MS for elemental detection of GC eluates. b)
Details of the interface between GC column and the DBD.
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using a high-voltage probe (Tektronix P6015A) with 1000x setting connected to a digital
oscilloscope.
To minimize effects of helium plasma gas on nano-ESI operation, the 100 mL/min helium
flow carrying the DBD-generated species out of the quartz tube was mixed with 2 L/min of
nitrogen gas (supplied by a mass flow controller Model 246B, MKS, Andover, MA) within a 1/4"
bored-through tee (SS-400-3BT; Swagelok, Solon, OH) as shown in Figure 4.1b. A 1/4" stainlesssteel tube (4.8 mm i.d.) was sealed to the tee using a graphite ferrule (1/4’’ graphite ferrule) and
extended over the plasma quartz tube to ensure that the N2 flow was directed behind the quart tube,
minimizing turbulence and loss of neutrals to the steel tube walls. The whole post-plasma tee
assembly was held at +1500 V to create a proper electric field for ion transport toward the MS.
A pulled borosilicate glass nano-ESI tip (i.d.: ~5 μm, prepared using a capillary puller, PN3, Narishige Scientific Instrument Lab, Tokyo, Japan) was positioned about 1 mm above the postplasma steel tube at 45° angle, 5 mm downstream of the nitrogen tee and 15 mm from the MS
plate. 10 mM aqueous solutions of various electrolytes were sprayed in our experiments by
applying around 2300 V (optimized for each experiment) to the solution inside the nano-ESI
emitter using a stainless-steel wire inserted into the back of the emitter. The exact voltage was
optimized for each experiment to establish a stable spray.

4.2.2. DBD Emission Characterization
The plasma species were characterized via monitoring the optical emission from the DBD
by an OSM-400 spectrometer (Newport, Irvine, CA) using an optical fiber (400-μm core size, 0.22
numerical aperture; Newport, Irvine, CA) whose end was placed 5 mm away from the quartz tube
in a side-viewing geometry.
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4.2.3. Gas Chromatography
An Agilent 6890 GC (Santa Clara, CA) equipped with a split/splitless injector (275 °C,
column flow = 2 mL/min He) and a capillary column (5%-phenyl-95%-dimethyl polysiloxane, 30
m×0.250 mm, 0.25 µm film thickness, Elite-5 MS II, PerkinElmer, Waltham, MA) was used in
the investigations. 1-µL injections were conducted in pulsed splitless mode with a pulse pressure
of 40 psi for 0.4 min. The oven temperature was held at 55 °C for 2.5 minutes, then ramped to 215
°C at 15 °C/min, then to 240 °C at 6 °C/min, and to 280 °C at 30°C/min, where it was held for 1
minute. For non-targeted analysis of fibers, the oven temperature program followed the same rates
and set points with the exception that a starting temperature of 40 °C was utilized.

4.2.4. Mass Spectrometer
Ions were detected using a hybrid MS (QTRAP based on API2000 platform, Sciex,
Framingham, MA). A constant curtain plate voltage of +1100 V was supplied by the instrument at
counterflow gas setting of 10 (arbitrary units). The ion sampling plate of the MS was held at +75
V (DP = 75), the skimmer was grounded, and the ion transmission RF quadrupole was biased to 10 V for optimal declustering of ions and transmission to the mass analyzer. Background ion scans
were conducted using a Q1 scan from m/z 10 to 1000 in 3 s (10 points per mass) to identify the
clusters generated by nano-ESI. For F elemental analysis, Q1 selected ion monitoring (SIM) was
utilized and the dwell times were adjusted to record ion intensities at 10 Hz. For molecular
identification, nano-ESI was replaced by a corona discharge (+4300 V, 2 µA for positive and
−3800 V, 12 µA for negative mode) and the DBD was turned off to provide atmospheric pressure
chemical ionization (APCI) of GC eluates. A 5 Hz acquisition rate was used for Q1 scans from
m/z 100 to 800 with a DP voltage of 15 V to detect ions.
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4.2.5. Electrolytes and Sample Preparation
Sodium hydroxide (IC eluent grade), sodium acetate trihydrate (ACS reagent grade), and
sodium formate (analytical standard) used for nano-ESI electrolytes were from Sigma-Aldrich (St.
Louis, MO, USA). Sodium nitrate (ACS reagent grade) and sodium nitrite (ACS reagent grade)
were purchased from Fisher Scientific (Waltham, MA). All electrolyte solutions were prepared at
10 mM in 18 MΩ water from stock solutions of ~50 mg/mL (made in house), except for NaOH
whose 0.1 M stock solution was purchased directly from the supplier noted above. The electrolyte
solutions were stored in room temperature. The analytical standards included 1H,1H,2H,2Hperfluoro-1-decanol, 2-fluorobenzonitrile and decafluorobiphenyl (Oakwood Chemicals, West
Columbia, SC, USA), benfluralin, dichlofluanid, oxyfluorfen and fludioxonil (AccuStandard, New
Haven,

CT,

USA),

1-chloro-3-fluorobenzene

and

fluchloralin,

(Sigma-Aldrich),

and

1H,1H,2H,2H-perfluorooctyl methacrylate (Fluoryx Labs, Carson City, NV). Stock solutions of
all analytes except for fludioxonil were prepared by dissolving 10-50 mg compound in 1 mL ethyl
acetate (Sigma-Aldrich). Stock solution of fludioxonil was purchased as 100 µg/mL solution in
methanol from the supplier listed above. Analytical standards were prepared by dilutions of stock
solutions in ethyl acetate. All analytical solutions were stored at 4 °C.
For non-targeted detection of extracted fluorinated compounds from fabrics, approximately
10 mg of fiber from clothing items was weighed into a 2-mL glass vial and soaked in 1.5 mL ethyl
acetate for 1h with occasional vortex. The extract was filtered using a 0.45 µm nylon filter
(AutoPack Tube, PALL, New York, NY) and directly injected into the GC.

4.2.6. Density Functional Theory Calculations
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The molecular geometries were optimized at the theory level of ωB97xD/aug-cc-pVTZ
using Gaussian16 package.225 Enthalpies and Gibbs free energies of reactions were calculated at
298 K using the values adjusted for thermal and zero point energies by the package. The optimized
geometries and energies for all considered species are supplied in Appendix B.

4.2.7. Safety Considerations
High voltages should be used carefully with proper shielding to avoid electrical shocks.
Adequate exhaust should be placed above the ionization region to vent plasma products from the
lab.

4.3. Results and Discussion
4.3.1. Elemental Detection of Fluorine as Na2F+
As noted above, long-lived sodiated ions such as Na2F+ provide an attractive avenue for
elemental fluorine analysis. In our previous study, aerosolized sodium acetate solutions were
introduced into a high-temperature ICP concurrent with fluorinated analytes, resulting in postplasma formation of NaF.221 Thermodynamically favorable adduction of NaF with plasmagenerated Na+ yielded Na2F+ in the ICP-afterglow. This ionization pathway requires a high plasma
gas temperature for efficient desolvation and atomization of sodium acetate aerosol to yield NaF
and Na+, limiting the applicability of many plasma sources and complicating the instrumentation.
To enable generation of stable F-specific ions using various plasma reactors, the
experimental setup of Figure 4.1a was devised. Here, a nano-ESI plume of 10 mM aqueous sodium
acetate solution provides sodiation pathways to ionize plasma products of fluorochemicals eluting
from GC. Plasma reactions are induced by a non-thermal DBD, operating with a gas temperature
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close to the ambient room temperature. Markedly, Figure 4.2 shows that Na2F+ is observed from
fluorinated compounds of widely different chemical structures (see Table 4.1 for details of
compound names and retention time) using the setup of Figure 4.1. This observation indicates the
conversion of fluorochemicals to a common precursor by the non-thermal DBD, and subsequent
ionization to form Na2F+ via interaction with the nano-ESI plume, highlighting a new avenue to
use various plasmas for F elemental analysis. Accordingly, the following experiments were
conducted to shed light onto the details of the Na2F+ ion formation process.

4.3.2. Neutral vs. Ionic Plasma Precursors for Na2F+
One mechanism for Na2F+ formation is the production of F- by DBD and subsequent
conversion of this ion to Na2F+ via interactions with nano-ESI droplets. Although Cl- has been
readily detected from DBD reactions of organochlorines,224 proton transfer reactions of F- with
acidic plasma products such as HNO3 make the survival of F- to the ionization region an unlikely
scenario. Nevertheless, we evaluated the potential contribution of F- to Na2F+ formation by
implementing post-plasma ion deflection via inserting a wire electrode into the center of the postplasma steel tube (see Figure 4.3). This configuration was operated in two modes: 1) iso-potential
wire-tube mode (both wire and the tube held at +1500 V) to allow both neutral and charged species
to pass through the tube, and 2) biased wire mode (wire +2500 V, tube +1500 V) to collect/deflect
ionic species within the post-plasma steel tube, while allowing neutral species to pass through.
Signal intensities of Na2F+ upon analyte injections are compared in these two modes to elucidate
the potential contribution from ionic species. In order to ensure that no ionic species can pass
through when the deflector is in biased mode, the efficiency of the ion deflection process in the
experimental configuration of Figure 4.3 should be considered as discussed below.
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Figure 4.2. Fluorinated compounds detected as Na2F+ in GC-DBD-nano-ESI-MS using 10
mM sodium acetate as nano-ESI solution. Structures and injection amounts on-column are
labeled next to each peak.
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Table 4.1. Names of compounds, elution times and limits of detection (LOD) in GC-DBDnano-ESI-MS using Na2F+ as analytical ion in Figure 4.2
Elution
order

Retention
time
(min)

LOD
(pg compound
on-column)

LOD
(pg F
on-column)

1

2.75

33

4.8

2

3.79

1H,1H,2H,2Hperfluoro-1decanol

C10H5F17O
MW=464.12

7.1

5.0

3

4.40

2-fluorobenzonitrile

C7H4FN
MW=121.12

27

4.2

4

5.18

Decafluoro
biphenyl

C12F10
MW=334.12

6.2

3.5

5

7.77

Benfluralin

C13H16F3N3O4
MW=335.28

29

4.9

6

8.30

Fluchloralin

C12H13ClF3N3O4
MW=355.7

33

5.2

7

9.15

Dichlofluanid

C9H11Cl2FN2O2S2
MW=333.23

89

5.0

8

10.49

Fludioxonil

C12H6F2N2O2
MW=248.19

126

19

9

10.61

Oxyfluorfen

C15H11ClF3NO4
MW=361.7

48

7.6

Compound
name

1-chloro-3fluorobenzene

Formula
and MW
C6H4FCl
MW=130.55
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Figure 4.3. Schematic of DBD-nano-ESI with ion deflection electrode. A 2-cm long wire (o.d.
0.76 mm) is inserted into the center of the post-plasma steel tube carrying the nitrogen-helium
flow. To deflect the ions within the tube, the wire is biased to +2500 V while the tube is held at
+1500 V. For passing ions, both wire and the tube are held at +1500 V.
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To evaluate the efficiency of ion deflection, we first calculate the time required for the ions
to travel between the wire electrode and the inner surface of the post-plasma steel tube in the biased
wire mode as a result of the electric field between the two electrodes. We then compare this value
to the time it takes for the ions to be carried by the gas flows through the deflector. If the time
needed for ion travel induced by the electric filed is significantly lower than the time for the gas
flow to carry the ions, we conclude that the ions would likely collide with one of the electrodes
(depending on ion polarity) and become neutralized during their transfer through the deflector.
The ion travel time between the wire electrode and the steel tube is determined by the
electric field, ion mobility, and electrode distances. To calculate the electric field, we assume a
concentric cylindrical geometry between the inner wire electrode with r1 radius (0.038 cm) and
outer tube electrode with r2 radius (0.24 cm). Potentials of V1= +2500 V and V2= +1500 V are
applied to wire and tube electrodes, respectively. The solution of the Laplace equation for
cylindrical geometry yields the potential between the electrodes (V) as a function of radius (r):
𝑉 = 𝐶1 ln(𝑟) + 𝐶2

(eq. 4.1)

where C1 and C2 are given by:
𝑟

𝐶1 = (𝑉2 − 𝑉1 )/ln (𝑟2)

(eq. 4.2)

𝐶2 = 𝑉2 − 𝐶1 ln(𝑟2 )

(eq. 4.3)

1

The electric field (E) between the electrodes is calculated from the derivative of potential with
respect to r, yielding:
𝐸(𝑟) = 𝐶1 /𝑟

(eq. 4.4)

The radial velocity of the ion at each radial distance (Vel) is given by:
𝑉𝑒𝑙(𝑟) = 𝜇𝐸 =

𝑑𝑟
𝑑𝑡
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(eq. 4.5)

where μ is ion mobility. Accordingly, the travel time of the ion between r1 and r2 as a result of the
electric field between the electrodes can be calculated from the integral:
𝑟2 1

𝑡 = ∫𝑟1

𝑟2 𝑟

𝑑𝑟 = ∫𝑟1
𝜇𝐸

𝜇𝐶1

𝑑𝑟 =

(𝑟22 −𝑟12 )
2𝜇𝐶1

(eq. 4.6)

Substituting values of V1= +2500 V, V2= +1500 V, r1=0.038 cm, r2 = 0.24 cm, and a typical
mobility of µ=1 cm2/Vs yields a travel time of 52 µs for ions to move from one electrode to the
other.
Now we consider the travel time of species carried by the gas flow. The 100 mL/min of He
gas flows through a quartz tube with a 0.05 cm radius, resulting in an average velocity of 2.1 m/s
for species emerging from the quartz tube. A flow of 2.0 L/min of nitrogen is supplied to the postplasma tee. This flow is introduced into the annular area between the quartz tube and the steel tube,
resulting in average linear velocity of 3.0 m/s. The flow mixing dynamics is complex in this area.
For simplicity and a conservative estimate, we use the higher velocity of 3.0 m/s. This velocity
translates to 6.7 ms for the ions to pass through the 2-cm long deflection area composed of the
concentric wire-tube geometry.
These estimates indicate that the ions collide with the electrodes in a time frame that is
two-orders of magnitude shorter than the travel time through the deflector by the flow. Thus, we
conclude that the ions are efficiently eliminated by the deflector when the wire and the tube
electrodes are biased to 2500 and 1500 V, respectively.
Notably, comparison of the iso-potential wire mode and biased wire mode (see Figure 4.4)
revealed that Na2F+ intensities detected from various fluorinated compounds were not reduced in
the biased wire mode relative to the iso-potential mode, denoting that ionic species (e.g. F-) from
the DBD do not contribute significantly to Na2F+ formation. Thus, we infer that Na2F+ is formed
by the interaction of neutral plasma reaction products with the nano-ESI plume.
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Figure 4.4. Effect of deflector operation mode on Na2F-+ formation from various
fluorochemicals in GC-DBD-nano-ESI -MS. The x axis indicates compounds in order of elution
corresponding to those in Figure 4.2 (see Table 4.1 for compound names). The injected amount
for each analyte is also identical to those of Figure 4.2. GC peak areas in biased wire mode (wire=
2500 V) are normalized to peak areas observed in iso-potential mode (wire= 1500 V) by
monitoring Na2F+ in GC-DBD-nano-ESI-MS of Figure 4.3. Error bars reflect standard deviation
of the measurements based on triplicate injections of the fluorochemical mixture in each mode.
The Na2F+ formation in biased wire mode is not reduced compared to that in iso-potential wiretube mode, suggesting that ionic species (e.g. F-) from DBD do not contribute significantly to
Na2F+ formation.
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4.3.3. F vs. HF as Plasma Precursors for Na2F+
The emergence of Na2F+ from fluorinated compounds requires C-F bond breakage in the
ion formation process. Considering the high energy of the C-F bond and the low energies available
in ionization with ESI and ion sampling, the C-F bond breakage likely occurs within the DBD by
high-energy electrons.226 In other words, we do not anticipate plasma products containing C-F
bonds to contribute to the formation of Na2F+. Accordingly, we consider F and HF as the DBD
reaction products of fluorinated compounds with the potential to lead to Na2F+ formation via
interaction with the ESI plume.
Notably, F atoms may be converted to HF in their transition from the plasma to the
ionization region. This conversion may occur via reaction of F with water as shown below with a
second-order reaction rate (k) of 1.46 ×10-11 cm3/molecule∙s:227
●

F(g) + H2O(g) → ●OH(g) + HF(g)

(rxn. 4.1)

Water is known impurity in gases. Further, characterization of plasma emission in Figure 4.5
shows OH emission line, indicating the presence of water in the plasma. To determine the
significance of F to HF conversion in our experiments, we estimate the half-life of F atoms based
on Reaction 4.1 and compare it to the time needed for transfer of species from the plasma to the
nano-ESI plume.
The estimation of F atom half-life is conducted by using a pseudo-first order treatment of
the reaction kinetics with water in excess. Residual water is found in UHP gases at concentrations
less than 2 ppmv. For our estimates, we consider a 1 ppmv water impurity at atmospheric pressure
and room temperature, equivalent to 41 pmol/mL in gas phase. We note that the helium gas flow
is heated within the pre-plasma tee. However, the gas quickly cools down as it travels through the
quartz tube. A thermocouple inserted into the quartz tube registered temperature of 34 ℃. Further,
a much larger flow of nitrogen (2 L/min) is introduced into the post-plasma tee at room temperature.
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Thus, our estimates for water concentration are not compromised by heating of helium in the preplasma tee.
Notably, water concentration may be reduced via Reaction 4.1 when large concentrations
of fluorinated compounds are injected. To account for this effect, we estimate the maximum F
concentration at highest amount of F (1000 pg, in the form of fluorinated compounds) injected
onto the column in our experiments. Using an average full width at half maximum (FWHM) of 1
s for GC peaks, a helium flow rate of 100 mL/min, and the maximum possible (100%) conversion
of F in organic molecules to F atom in the plasma, we estimate a maximum F concentration of
31.6 pmol/mL in helium. Upon mixing with nitrogen, this value would further decrease while the
concentration of water would stay the same because nitrogen also contains water.
Based on the estimated water concentration at 41 pmol/mL and maximum F concentration
of 31.6 pmol/mL, there would be a minimum excess water of 9 pmol/mL. This water concentration
at 9 pmol/mL translates to a half-life of 8.7 ms for F atoms based on pseudo-first order treatment
of F-water reaction. For lower amounts of F injected, the half-life will reduce as there will be more
water available throughout the reaction. Moreover, we emphasize that this half-life is an upper
bound estimate because dilution of helium in nitrogen keeps the water concentration higher than
our conservative estimates. For comparison, assuming a constant 1 ppm water unaffected by F
injection, a half-life of 1.9 ms is calculated. Higher water concentrations as impurity or caused by
ambient air diffusion into the gas handling junctions would further reduce the half-life of F atoms.
Now, we consider the time required for these species to travel from the end of the DBD to
the nano-ESI plume. As noted above, the gas flow rates in the quartz plasma tube and within the
steel post-plasma tube lead to average velocities of 2.1 m/s and 3.0 m/s. The neutral species travel
2 cm inside the quartz tube within the post-plasma tee. The species are then carried by the mix of
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Figure 4.5. Optical emission spectrum of pin-to-ring He-DBD. DBD is operated at 2.2 kV and
65 kHz with wavelengths and species assigned based on well-characterized emission lines.228 The
emission bands are attributed to N2, N2+, OH, and O in addition to helium emission lines. The
nitrogen bands may originate from nitrogen impurity. OH emission indicates the presence of water
in the plasma.
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nitrogen and helium for 3.5 cm within the steel tube. Therefore, a total travel time of 21 ms is
estimated for neutral species within the tee assembly. The flow emerging from the post-plasma
tube travels 0.5 cm prior to reaching the ESI tip. Assuming an upper bound 3 m/s velocity, this
travel time would add 1.7 ms to the total travel time toward the ESI tip.
To conclude, our estimates indicate a transit time of > 22 ms for the species from the plasma
to the ESI plume while a half-life of < 8.7 ms is estimated for atomic F based on the gas-phase
reaction of F with the residual water in high purity gases. Accordingly, fluorine atoms created by
DBD would be converted to HF in transit toward the ESI tip. Therefore, we conclude that HF is
the most likely precursor for Na2F+ formation in our experiments. We note that HF formation may
also occur directly within the plasma or via proton transfer to F- during transit from the plasma
plume into the post-plasma tee.

4.3.4. Clustering of Na2F+
To optimize Na2F+ formation efficiency, we screened the sodium acetate concentration
used as the nano-ESI electrolyte. Figure 4.6 demonstrates that the Na2F+ intensity observed from
injections of the same amount of a fluorinated compound reaches a plateau at 10 mM sodium
acetate. Thus, the ensuing experiments were conducted using 10 mM sodium acetate electrolyte.
Notably, significant clustering of Na+ with sodium acetate was observed in the background
spectra evident from Na2CH3COO(NaCH3COO)n+ clusters with n = 0-9 in Figure 4.7a when using
10 mM sodium acetate as nano-ESI electrolyte. Similar clustering of ions has also been observed
by others using mM level electrolytes in ESI.229 A relatively high declustering potential (DP= +75
V) was utilized in our experiments, denoting the stability of these clusters.
Considering the extensive clustering with sodium acetate in the background ions, we
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Figure 4.6. Effect of sodium acetate concentration (0.1, 1, 5, 10 and 25 mM) as nano-ESI
electrolyte. The GC peak areas are detected by monitoring Na2F+ upon injections of
decafluorobiphenyl (499 pg F on-column) in GC-DBD-nano-ESI-MS. Error bars indicate standard
deviations of GC peak areas from three experiments with a different nano-ESI tip used in each
experiment.
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Figure 4.7. a) Background mass spectra using nano-ESI infusion of 10 mM CH3COONa, b)
Cluster distributions of electrolyte and analyte ions. Na2CH3COO(NaCH3COO)n+ electrolyte
cluster intensities generated from 10 mM sodium acetate in nano-ESI are shown in blue bars (left
axis). Na2F(NaCH3COO)n+ analyte cluster distribution is represented in red bars (right axis) based
on GC peak areas detected from injections of decafluorobiphenyl (597 pg F on-column) in GCDBD-nano-ESI-MS using 10 mM sodium acetate in nano-ESI. Error bars indicate standard
deviations of ion intensities and GC peak areas from three experiments with a different nano-ESI
tip used in each experiment.
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examined the possibility of detecting Na2F+ clusters with the general formula of
Na2F(NaCH3COO)n+ upon injection of fluorinated compounds into the GC. For these experiments,
SIM mode detection of clusters with n = 0-9 was utilized with an acquisition rate of 10 Hz to
quantitatively capture the transient GC-DBD-nano-ESI-MS signals. Figure 4.7b illustrates the
distribution of Na2F(NaCH3COO)n+ clusters using GC peak areas from injection of
decafluorobiphenyl (597 pg F on-column) in relation to distribution of the background cluster ions,
confirming the formation of the speculated species. The relevance of clusters from an analytical
perspective will be discussed later in the report. In the following, we investigate intensities of
clusters with n = 0-9 to gain insights into the Na2F+ formation mechanisms. Clusters with n > 9
had minimal contributions to the total ion intensity of cluster species, thus, they were not included
in our analyses.

4.3.5. Na2F+ and Cluster Formation Mechanisms
Two main ionization mechanisms could be considered for Na2F(NaCH3COO)n+ formation
from HF produced by DBD reactions of fluorinated compounds. The first mechanism is the gasphase reaction of HF with reagent ions generated by nano-ESI illustrated in Reaction 4.2, where
A represents the anion of the electrolyte used in nano-ESI (e.g. acetate):
HF(g) + Na2A(NaA)n+(g) → Na2F(NaA)n+(g) + HA(g) (rxn. 4.2)
The second mechanism considers direct interaction of HF with nano-ESI droplets. In this
mechanism, HF is captured by charged droplets and is deprotonated via solution-phase reactions.
Subsequent solvent evaporation and increase in Na+ concentration leads to NaF formation, which
is then ionized via established ESI pathways (i.e. ion evaporation and charge residue model).
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To understand the contributions of these mechanisms, we investigated the effects of various
electrolytes in nano-ESI on detection of Na2F(NaA)n+. Sodium-containing electrolytes with
counter ions of acetate, formate, nitrite¸ nitrate, and hydroxide were selected, offering varying
efficiencies for Reaction 4.2 and differing solution-phase properties for the droplets-based
mechanism. Na2F(NaA)n+ formation efficiency was then correlated with the electrolyte
characteristics to elucidate which mechanism explains the experimental observations. All
electrolytes were prepared at 10 mM to keep sodium concentration constant.
Notably, various electrolytes resulted in differing cluster distributions for Na2A(NaA)n+
ions, as shown in Figure 4.8. Similarly, the electrolytes produced different cluster distributions for
Na2F(NaA)n+ ions upon injection of fluorinated compounds (Figure 4.9). Therefore, total
Na2F(NaA)n+ cluster ion intensity (n=0-9) detected upon injection of the same amount of a
fluorinated compound was utilized as a metric to quantify relative Na2F(NaA)n+ formation
efficiency in various experiments.
Figure 4.10 depicts the correlation between analyte ion formation efficiency (represented
by total detected Na2F(NaA)n+) and total reagent ion cluster (Na2A(NaA)n+) intensities using
various electrolytes. Below, we consider each mechanism and its consistency with the
experimental observations in Figure 4.10 to decipher the ion formation mechanism.

4.3.6. Gas-phase Reaction Mechanism
The efficiency of ion formation via Reaction 4.2 is dependent on the energetic favorability
of the reaction and the abundance of reagent ions available for ionization. The total reagent ion
intensities in the x-axis of Figure 4.10 reflect the concentrations of reagent ions generated by nanoESI from each electrolyte. For reagent ions with favorable gas-phase reactions, the ion formation
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Figure 4.8. Background mass spectra using nano-ESI infusion of 10 mM electrolyte solutions:
a) HCOONa, b) NaNO2, c) NaNO3, and d) NaOH. The asterisk (*) denotes the common
contaminants observed in ESI spectra at m/z 393 ([M+Na]+, dioctyl adipate) and 413 ([M+Na]+,
diisooctyl phthalate).
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Figure 4.9. Cluster distributions of Na2A(NaA)n+ (from nano-ESI) and Na2F(NaA)n+ (from
injections of 597 pg F on-column as decafluorobiphenyl in GC-DBD-nano-ESI-MS) using
various 10 mM electrolytes: a) HCOONa, b) NaNO2, c) NaNO3, and d) NaOH. Error bars
indicate standard deviations of ion intensities and GC peak areas from three experiments with a
different nano-ESI tip used in each experiment. Different electrolytes produce varying cluster
distributions for Na2A(NaA)n+ and Na2F(NaA)n+ ions.
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Figure 4.10. Total GC peak area by monitoring Na2F(NaA)n+ cluster intensities with n = 0-9
as a function of the total reagent ion cluster intensities (Na2A(NaA)n+ with n = 0-9) using
various electrolytes. Na2F(NaA)n+ clusters were detected via injections of decafluorobiphenyl
(597 pg F on-column) in GC-DBD-ESI-MS. Error bars indicate standard deviations of ion
intensities and GC peak areas from three experiments with a different nano-ESI tip used in each
experiment.
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approaches a kinetically controlled regime230 and a positive correlation is expected between the
detected analyte ion and reagent ion intensities. Interestingly, experimental data in Figure 4.10
follow this expectation except for NaNO3. The deviation of NaNO3 from the trend is explained by
reaction energetics, as discussed below.
Reaction 4.2 is a condensed notation which may include several steps depending on the
reagent ion cluster size. In the simpler case of n = 0, the reaction would proceed via collisions of
HF with Na2A+ forming an initial complex. If the reaction is sufficiently energetic, the reaction
products would separate from one another, forming Na2F+ and HA. In the case of less favorable
reaction energies or larger n, the reaction products may be able to dissipate the reaction energy in
vibrational modes and via collisions, leading to the formation of Na2F(NaA)nHA+ clusters in the
atmospheric ionization region. The clusters would then undergo dissociation upon ion activation
in the declustering region of the MS, resulting in Na2F+ and Na2F(NaA)n+ ions. Computational
investigations provide insights into the energetics of Reaction 4.2. However, the complexity of the
calculations grows rapidly with n, creating uncertainties in the predicted reaction energies. Thus,
we have limited our calculations to n = 0, as depicted in Table 4.2, to decipher relative efficiencies
of reagent ions for Na2F+ formation via Reaction 4.2.
Table 4.2. Calculated energies for Reaction
4.2 (n=0) and solution-phase acidities of the
protonated electrolyte anions.
Electrolyte
anion (A-)
CH3COOHCOONO2NO3OHF-

ΔH298K
(kJ/mol)
-17.4
-9.39
-2.50
41.7
-89.1
-

ΔG298K
(kJ/mol)
-11.7
-4.49
-3.54
39.5
-86.6
-

pKa of
HA*
4.76
3.74
3.15
<0
14
3.17

* taken from Smith, R.; Martell, A.; Motekaitis, R., NIST
Standard Reference Database 46. 2001.
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The energies in Table 4.2 indicate that the reaction of HF with all Na2A+ ions except for
Na2NO3+ is favorable. Thus, ion formation efficiency is expected to be low using NaNO3
electrolyte despite significant Na2NO3(NaNO3)n+ reagent ion intensities. Therefore, the
experimental observations in Figure 4.10 are consistent with the gas-phase reaction mechanism
where ionization efficiency is controlled by reagent ion intensities and reaction energetics. We
note that a measurable amount of Na2F(NaNO3)n+ (though very small) is detected despite very
unfavorable reaction energy predicted in Table 4.2. The formation of such unfavorable products
may be a result of cluster ion activation in the declustering region of the MS.

4.3.7. HF Ionization by Interactions with Droplets
This ionization mechanism requires two steps. In the first step, HF is captured by the
droplets via deprotonation. In the absence of deprotonation, HF is likely to evaporate from the
droplets similar to the solvent. In the second step, the resulting NaF is ionized from the charged
droplets. Interestingly, the experimental Na2F(NaA)n+ intensities in Figure 4.10 using various
electrolytes also show some correlation with solution properties of electrolyte, indicating potential
contribution of the droplets to Na2F(NaA)n+ formation. The pKa values in Table 4.2 show that
CH3COO-, HCOO-, and NO2- can deprotonate HF to varying degrees. For these electrolytes,
corresponding clusters of Na2F(NaCH3COO)n+, Na2F(NaHCOO)n+, and Na2F(NaNO2)n+ are
detected with significant intensities (Figure 4.10). Moreover, NO3- cannot deprotonate HF and
does not yield significant Na2F(NaNO3)+ intensity (Figure 4.10). These observations point to the
importance of HF deprotonation within the droplets for Na2F(NaA)n+ ion formation. NaOH,
showever, presents a challenge to this notion as one would expect an efficient deprotonation with
OH-, but minimal Na2OH(NaOH)n+ is detected using this electrolyte (Figure 4.10). The
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discrepancy can be resolved by considering the second step in the droplet-based mechanism. In
other words, HF may be efficiently captured and deprotonated in charged NaOH electrolyte
droplets, but these droplets may not provide sufficient ionization efficiency for the resulting NaF.
To examine the ionization efficiency of NaF from charged droplets, we conducted experiments by
spiking 100 µM sodium fluoride into 10 mM electrolyte solutions and directly infused the solutions
using nano-ESI.
Figure 4.11 shows that direct infusion of electrolytes spiked with 100 μM NaF yields far
lower Na2F(NaA)n+ cluster intensities using 10 mM NaOH as electrolyte compared to when the 10
mM NaCH3COO electrolyte is utilized. This observation supports the low NaF ionization
efficiency from the NaOH electrolyte droplets, providing an explanation for the low analyte ion
intensities observed using NaOH. Overall, the relative intensities of Na2F(NaA)n+ ions in Figure
4.10 are also explained by the electrolyte properties in the droplet-based ionization mechanism
when both steps are considered.

4.3.8. Relative Contributions of the Two Mechanisms
To delineate the contributions of the two mechanisms, we experimented with electrolytes
to find ionization conditions that favor only one of the mechanisms. As noted above, NaOH
electrolyte leads to poor ionization in both mechanisms but for different reasons. We hypothesized
that the low ionization efficiency of this electrolyte within the mechanism of interaction with
droplets may be related to clustering tendencies of NaOH. It is clear from Figure 4.10 that NaOH
electrolyte produces the lowest intensity for its clusters (Na(NaOH)n+) compared to other
electrolytes. To enhance the clustering capabilities while retaining efficient deprotonation, we
tested a mixed electrolyte with NaOH and NaNO3 components.
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Figure 4.11. Effect of electrolyte on Na2F(NaA)n+ formation in direct nano-ESI infusion (blue
bars, left y axis) and GC-DBD-nano-ESI-MS. Clusters with n = 0-9 were used. Direct infusion
was conducted using 100 µM NaF spiked in 10 mMs electrolytes. GC-DBD-nano-ESI-MS peak
areas were based on total cluster ion intensities detected from injections of decafluorobiphenyl
(597 pg F on-column) (red bars, right y axis). Error bars indicate standard deviations of ion
intensities and GC peak areas from three experiments with a different nano-ESI tip used in each
experiment.
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Interestingly, Figure 4.11 depicts that addition of 10 mM NaNO3 to 10 mM NaOH significantly
enhances the ionization of spiked NaF in direct infusion experiments. Na2F(NaNO3)n+ ions are
formed in these conditions with an efficiency similar to that of Na2F(NaCH3COO)n+ ions detected
from spiked NaF in sodium acetate (see blue bars). Both electrolytes offer efficient HF
deprotonation as well. Thus, we infer that NaCH3COO and NaOH/NaNO3 electrolytes provide
similar ionization efficiencies via the droplet-based mechanism. In contrast, NaOH/NaNO3 proves
to be an ineffective electrolyte for formation of Na2F(NaNO3)n+ ions via the gas-phase reaction
mechanism. This is because NaOH/NaNO3 mainly generates Na2NO3(NaNO3)n+ reagent ions (see
Figure 4.12), which do not offer favorable energies for ionization of HF via Reaction 4.2, as
discussed before. Upon identification of NaOH/NaNO3 as an electrolyte favoring only ionization
by droplets, we tested the effectiveness of this electrolyte in GC-DBD-nano-ESI-MS relative to
NaCH3COO, an electrolyte that can provide ionization via both mechanisms.
Figure 4.11 compares the total Na2F(NaA)n+ ion intensities and their identities detected by
injections of a fluorinated compound in GC-DBD-nano-ESI-MS using NaOH/NaNO3 and
NaCH3COO electrolytes. Clearly ionization of HF in GC-DBD-nano-ESI greatly favors
NaCH3COO

over

NaOH/NaNO3

electrolyte

(red

bars

in

Figure

4.11).

Notably,

Na2F(NaCH3COO)n+ ions detected when using NaCH3COO electrolyte may form via both
mechanisms, while Na2F(NaNO3)n+ ions generated by using NaOH/NaNO3 electrolyte can only be
produced via HF interaction with droplets. Further, the two electrolytes provide similar efficiencies
in the droplet-based mechanism (blue bars in Figure 4.11). Therefore, the far higher F detection
sensitivity in GC-DBD-nano-ESI-MS using NaCH3COO electrolyte indicates greater efficiency
of HF ionization via Reaction 4.2 compared to that obtained via interaction with droplets. It is of
note that NaOH/NaNO3 mixture offers improved sensitivities for fluorine detection in GC-DBD-
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Figure 4.12. Total intensities of reagent ions Na2A(NaA)n+ with n = 0-9 for NaNO3, NaOH
and NaNO3/NaOH electrolytes generated by nano-ESI infusion. Error bars reflect standard
sdeviations of the total intensities from triplicate Q1 scans with each scan acquired using a new
nano-ESI tip.
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nano-ESI-MS compared to NaOH alone (Figure 4.11), which itself provides better sensitivities
compared to NaNO3 alone (see Figure 4.10). The improved performance using the mixed
electrolyte compared to its components is consistent with the droplet-based ionization mechanism,
confirming the contribution of this ionization mechanism.
In summary, both mechanisms contribute to ionization of HF but the gas-phase reactions
offer a more efficient pathway, accounting for the vast majority of the Na2F(NaA)n+ ions observed
in GC-DBD-nano-ESI using electrolytes that produce high intensities of suitable reagent ions (e.g.
NaCH3COO and NaHCOO).

4.3.9. Analytical Figures of Merit
As illustrated in Figure 4.9, sodium acetate provides the highest sensitivity for F detection
via cluster ion formation in GC-DBD-nano-ESI-MS. Thus, the analytical figures of merit were
characterized using this electrolyte. Interestingly, Figure 4.6b illustrates that the cluster ion with n
= 2 has the highest intensity among clusters with n = 0-9, suggesting the stability of this cluster.
To determine which cluster offers the best analytical performance, signal-to-noise (S/N) and
signal-to-baseline (S/B) ratios were examined by monitoring Na2F(NaCH3COO)n+ for n = 0-9 ions
upon injection of a fluorinated compound. GC peak heights were used as signal while baseline and
noise were calculated as average and standard deviation of the baseline for 0.1 min prior to the GC
peak, respectively. Figure 4.13 shows the comparison of S/B and S/N between cluster ions. Na2F+
(n=0) offers the best analytical performance based on S/B and S/N (Figure 4.13), despite being the
second highest intensity ion in the cluster series (Figure 4.7b). This could be attributed to reduced
isobaric interferences at the low m/z of 65. Therefore, the remaining experiments for analytical
performance characterization were carried out using Na2F+ as the analytical ion for fluorine.
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Figure 4.13. S/N (left axis, blue bars) and S/B (right axis, red bars) in GC-DBD-ESI-MS using
cluster ions of Na2F(NaCH3COO)n+, with n = 0-9, as the analytical ion. Data are from injections
of 597 pg F on-column as decafluorobiphenyl. Error bars indicate standard deviations from three
experiments with a different nano-ESI tip used in each experiment. Na2F+ (n=0) has the highest
S/B and S/N among all the clusters, and therefore is selected to characterize the analytical
performance.
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The linear dynamic range for Na2F+ formation was tested using 9 fluorinated compounds
injected as a mixture at 4 concentration levels, providing a range of 40-1000 pg F on-column. The
calibration curves in Figure 4.14 show linearities with r2 values of 0.9931-0.9998 for Na2F+. Table
4.1 lists molecular structures and both elemental and molecular LODs calculated at S/N = 3 using
the peak heights for the sample with lowest concentration in linearity studies. A narrow range of
elemental LODs (3.5-7.6 pg F on column using most compounds, 19 pg F on column using
fludioxonil) are observed despite wide variations in chemical structures, demonstrating analytical
utility of this method for a broad range of fluorochemicals, and applicability to analytes beyond
those tested in our studies. In contrast, analytical performances of molecular ionization methods
differ widely based on molecular properties and ionization conditions, making it difficult to gauge
sensitivity of a method a priori for a particular fluorinated compound. For example, tailoredatmosphere DBD afterglow ionization studies have indicated that negative mode ionization within
20% O2 in He is needed for perfluorohydrocarbons (LODs of 0.8-2.4 pg compound, 0.6-1.9 pg F
on-column), while semifluorinated hydrocarbons require positive mode ionization within 20% O2
in N2 (LODs of 2-20 pg compound, 0.9-12 pg F on-column).231 Notably, up to 100-fold
deterioration in detection of these compounds is observed when DBD molecular ionization is
conducted in open atmosphere.231 We note that our studies are conducted in open atmosphere using
a single experimental condition for detecting compounds with wide-ranging structural features.
The good elemental LODs in these experiments highlight the advantages of elemental F detection
using Na2F+ for non-targeted analysis of fluorochemicals, particularly for compounds with low
molecular ionization efficiencies.
We have previously reported better elemental F LODs (~1 pg F on-column) via detection
of F- using low-pressure helium microwave plasma and afterglow chemical ionization in GC-
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Figure 4.14. Peak areas in GC-DBD-nano-ESI-MS by monitoring Na2F+ as a function of
injected fluorine amount (pg on-column) for different compounds. Standard errors of the
regression parameters are shown in the parentheses.
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PARCI-MS.167 However, the atmospheric-pressure operation in the current report offers
significant improvements such as ready coupling to many MS platforms and facile switching
between elemental and molecular ionization modes. Moreover, we anticipate that analytical
performance would be enhanced by controlling the ionization atmosphere (to minimize ambient
interferences) and by utilizing more sensitive MS platforms.

4.3.10. Plasma Reaction Efficiency
For high confidence in non-targeted elemental detection of fluorochemicals, all compounds
should ideally yield a common ion (e.g. Na2F+) with similar efficiencies regardless of their
chemical structures. To investigate this characteristic, we calculated the response factor (RF) for
fluorinated compounds of various chemical structures using Equation 4.9:
𝑅𝐹 =

𝐺𝐶 𝑝𝑒𝑎𝑘 𝑎𝑟𝑒𝑎 𝑏𝑦 𝑚𝑜𝑛𝑖𝑡𝑜𝑟𝑖𝑛𝑔 𝑁𝑎2 𝐹 +
𝑝𝑔 𝐹 𝑜𝑛 𝐶𝑜𝑙𝑢𝑚𝑛

(eq 4.9)

If fluorine is detected with a uniform response factor regardless of chemical structure, we
can postulate that the breakdown of molecules to convert fluorine into HF proceeds with close to
100% efficiency. Figure 4.15a demonstrates the comparison of response factors for compounds in
Figure 4.2 using 2.2 kV and 65 kHz operating parameters for the DBD. Most compounds show
similar response factors except for fludioxonil (compound 8 in Figure 4.15a). Interestingly,
analogs of this compound sharing a 2,2-difluoro-1,3-benzodioxole motif also show lower than
expected RFs (Figure 4.15b). These observations suggest that the breakdown of this structural
motif is incomplete within the DBD plasma.
To investigate the impact of DBD operating parameters on uniformity of the RFs, the
compounds in Figure 4.2 were analyzed using DBD operating conditions of 2.2 kV at 22 kHz and
4.1 kV at 22 kHz. Figure 4.16 shows the response factors in these conditions and compares them
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Figure 4.15. a) Na2F+ response factors for fluorinated compounds using DBD operated at 2.2
kV and 65 kHz. X-axis indicates compounds in the order of elution in Figure 4.2 (see Table 4.1
for compound names). The on-column injection amounts are the same as those in Figure 4.2. Error
bars represent standard deviations based on triplicate injections, b) Response factors for analogs
of fludioxonil, sharing the 2,2-difluoro-1,3-benzodioxole motif, compared to that of fluchloralin.
Error bars reflect standard deviations from triplicate injections. The on-column injected amounts
for compounds 1-4 above: 2,2-difluoro-1,3-benzodioxole, 594 pg F; 2,2-Difluoro-1,3benzodioxole-5-carbonitrile, 590 pg F; fluchloralin, 574 pg F; and fludioxonil, 622 pg F.

115

Na2F+ response factor
(counts/pg F on-column)

800
600
400
200

Na2F+ response factor
(counts/pg F on-column)

0
800

b.

1

2

3

4

5

6

7

8

9

c.

1

2

3

4

5

6

7

8

9

1

2

3
4
5
6
7
8
Fluorinated compounds

9

600
400
200
0
800

Na2F+ response factor
(counts/pg F on-column)

a.

600
400
200
0

Figure 4.16. Effect of DBD operating parameters on response factors (RF) of 9 fluorinated
compounds: a) 2.2 kV at 22k Hz, b) 4.1 kV at 22 kHz and c) 2.2 kV at 65 kHz. Error bars are
standard deviations from triplicate injections. Numbers in x-axis indicate compounds in the order
of elution in Figure 4.2 (see Table 4.1 for compound names and structures). The on-column A A
method blank injection is shown in Figure 4.17b, confirming that the peak is specific to the sample.
injected amounts are the same as those in Figure 4.2. DBD operation at 2.2 kV at 65 kHz shows
the best plasma reaction efficiency based on the near-uniform RF for 8 out of 9 compounds.
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to those in Figure 4.15. The results illustrate that a DBD operated at a higher voltage and frequency
yields more uniform response factors, suggesting improved efficiency for analyte conversion to a
common plasma product. The effect of frequency may be explained by increased number of microdischarges per second, enhancing the probability of analyte degradation as they pass through the
plasma. Higher voltage could increase the current per discharge as well as the number of microdischarges per cycle, enhancing the reactivity of the plasma for chemical degradation.232
Unfortunately, our current DBD driver limited the operations to 65 kHz and 2.2 kV. Improvements
in uniformity of response factors may be achieved by utilizing higher power DBD drivers.

4.3.11. Non-targeted Analysis of Oil-and-water Repellant Fabrics
Fluorinated polymers are often used as coatings on fabrics to impart oil-and-water repellent
properties.26 These coatings may leach fluorochemicals or detach from the fibers, contributing to
environmental contamination. Further, the presence of coatings may be used as a forensic tool to
discriminate between fibers with otherwise identical characteristics.219 To demonstrate the
potential of GC-DBD-nano-ESI-MS in non-targeted detection of fluorinated compounds, we
applied the technique to screening of leachates from clothing fabrics. Clothing items were screened
by ethyl acetate extraction of 10 mg of fiber from each item followed by analysis using GC-DBDnano-ESI-MS by monitoring Na2F+. An example is shown in Figure 4.17a for analysis of a Chico’s
brand shirt where a peak at 5.48 min for Na2F+ indicates the presence of a fluorinated compound.
A method blank injection is shown in Figure 4.17b, confirming that the peak is specific to the
sample.
To identify the detected compound, nano-ESI was replaced with a corona discharge needle
operated in positive and negative modes for molecular ionization. In positive mode, a peak at m/z
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Figure 4.17. a) Overlaid chromatograms for a fiber sample from a Chico’s brand shirt by
monitoring Na2F+ (black trace) in GC-DBD-nano-ESI-MS and m/z 433 in GC-APCI-MS (red
trace). The inset compares product-ion spectra of m/z 433 in the sample to that of PFOMA
standard both obtained at retention time of 5.48 minutes. b) Overlay of Na2F+ chromatograms for
extraction method blank (red trace) and Chico’s fiber thread extraction using ethyl acetate (black
trace).
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433 was observed at 5.48 minutes. Figure 4.17a also shows a chromatogram by monitoring m/z
433, illustrating the elution of this compound at the same retention time as that flagged by the
Na2F+ detection. Negative mode APCI did not result in any detected ions specific to this retention
time, suggesting that the fluorinated compound may not contain an acidic functional group. The
MS/MS scan of m/z 433 in positive mode (collision energy, CE= +30 V, 5 spectra/second
acquisition rate) shown in Figure 4.17a suggested a methacrylate ester, yielding protonated
mathacrylic acid (C4H7O2+, m/z 87) and its known fragmentation products [C4H7O2 − H2O]+ (m/z
69) and [C4H7O2 − CO]+ (m/z 59) upon ion activation.233,

234

Considering that perfluorinated

methacrylates are common monomers for fluorinated coatings,235 we hypothesized that
1H,1H,2H,2H-perfluorooctyl methacrylate (PFOMA, C12H9F13O2) may be the detected compound
because of a close match to the experimental mass of 433 for a protonated ion and experimental
isotopic ratios of 12.4% for the [M+1] isotope and 1.2% for the [M+2] isotope. Injecting a standard
of PFOMA resulted in the same retention time and fragmentation pattern as those of the sample
(see Figure 4.17a inset), thus conforming the identity of the detected compound from the clothing
item.

4.4. Conclusions
A new non-targeted approach for the detection of fluorinated compounds is developed to
enable screening of fluorochemicals with diverse chemical structures. The technique utilizes a nonthermal plasma with an atmospheric-pressure post-plasma ionization, highlighting facile
adoptability and implementation using various plasma sources and MS platforms. Notably, lowresolution MS instruments may be utilized to screen fluorinated compounds in a complex sample
using this technique. The screening of fabrics shows an example of the utility for the technique to
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selectively flag fluorochemicals in a chromatogram. Importantly, facile switching to molecular
ionization allows the identification of the compounds after elemental detection.
The development of this approach is enabled by a fundamental advancement in elemental
ionization of F. Namely, plasma reactions are utilized to convert fluorinated compounds into HF
with high efficiency. The resulting HF is then ionized via interaction with an ESI plume from a
sodium-containing electrolyte to produce Na2F+, a stable long-lived ion amenable to detection by
many MS platforms. Both charged droplets and gas-phase ions produced by the ESI contribute to
the formation of Na2F+. Importantly, the counter ion for the sodium-containing electrolyte plays a
key role in analyte ion formation efficiency. Tendencies of the electrolytes to form clusters with
Na2F+ in the charged droplets enhance ionization of NaF produced upon deprotonation of HF in
the droplet. In the gas-phase reaction mechanism, the density of Na2A(NaA)n+ cluster ions and
their energetic favorability to react with HF determine the sensitivity of the method. Our
investigations suggest that the reaction of HF with gas-phase ions is a more efficient ionization
pathway. Among the tested electrolytes, sodium acetate offers the best sensitivity for fluorine
detection because of facile generation of reactive clusters. These fundamental insights also provide
avenues to further enhance the performance of the technique. For example, other plasma types and
plasma geometries may be utilized to enhance the efficient transfer of HF to the ionization region.
Steps to improve reagent ion density is also expected to enhance the ionization of HF.
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Chapter V
Summary and Future Directions§

5.1. Summary of Findings
In this dissertation, novel ionization methods for elemental detection of Cl and F were
developed. Briefly, organochlorines and organofluorines were separated by chromatography and
introduced into a plasma for breakdown. The plasma reaction products were subsequently ionized
via chemical ionization. These chemical ionization methods for elemental detection of Cl and F
have spanned from low to atmospheric pressure and generated analytical ions in both negative and
positive mode. Thus, the findings in the dissertation collectively demonstrate the versatility of
chemical ionization for sensitive elemental detection of Cl and F.
This dissertation also reported the validation of new analytical methods coupled to gas
chromatography (GC) to quantify organochlorines and organofluorines using a single elemental
standard. Importantly, we showed that the sample matrix has a minimal effect on quantification
using elemental detection, indicating the applicability of these methods for the analysis of complex
matrices such as food.
Furthermore, a new non-targeted approach for organofluorines was developed to enable
screenings of fluorochemicals with diverse chemical structures. Notably, the atmospheric pressure
operation allowed facile switching between elemental and molecular ionization using the exact
same chromatographic method, facilitating the integration of elemental and molecular ionization
in the same chromatography-mass spectrometry (MS) platform.

§

The data shown in this chapter is based upon work supported by National Science Foundation (NSF) under grant
CHE-1904835. We are grateful to Mr. Joseph Lesniewski, Mr. Michael Dolan, Miss Wanqing Li and Mr. Tyler
Metallo for constructive discussions and assistance with experiments. We thank PerkinElmer Inc. for the loan of the
gas chromatography.
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5.2. Future Directions
To expand the analytical capabilities of the chemical elemental ionization methods
described in this dissertation, two future directions are considered: 1) simultaneous detection of Cl
and F using Na2X+ (X = Cl or F) as analytical ions; and 2) potential for the development of
elemental chemical ionization for the detection of compounds separated by liquid chromatography
(LC).

5.2.1. Simultaneous Detection of Cl and F using Na2X+
The simultaneous detection of Cl and F is beneficial because often organochlorines and
organofluorines are present together in samples.236-239 Moreover, for compounds that have both F
and Cl in their structures, simultaneous detection of both elements offers enhanced confidence in
detection and quantitation. With the success of chemical ionization for elemental detection of F
using Na2F+ as the analytical ion in Chapter IV, we explored the feasibility of a similar approach
for the detection of organochlorines. Analogous to reactions in Chapter IV, Reaction 5.1 shows a
pathway for the detection of Cl via ionization of HCl generated by plasma conversion of
organochlorines. In Reaction 5.1, sodium acetate is the electrolyte used in nano- electrospray
ionization (ESI).
HCl(g) + Na2CH3COO(NaCH3COO)n+(g) → Na2Cl(NaCH3COO)n+(g) + CH3COOH(g) (rxn. 5.1)

The computational investigation of the energetics for Reaction 5.1 in the simpler case of n
= 0 suggests a favorable reaction with ΔG298K of -33.4 kJ/mol. The molecular geometries were
optimized at the theory level of ωB97xD/aug-cc-pVTZ using Gaussian16 package.225 Enthalpies
and Gibbs free energies of reactions were calculated at a temperature of 298 K using the values
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adjusted for thermal and zero-point energies by the package. The optimized geometries and
energies for these species are supplied in Appendix B.
The analytical utility of Reaction 5.1 was evaluated using the same experimental setup for
the GC-dielectric barrier discharge (DBD)-nano-ESI-MS illustrated in Figure 4.1 of Chapter IV.
Briefly, the GC eluates undergo breakdown in an atmospheric DBD sustained by 100 ml/min He
and a sinusoidal voltage operated at 2.2 kV and 65 kHz. The plasma products are carried by 2
L/min of N2 to an ion plume supplied by a nano-ESI, and the ions are detected by a molecular MS
instrument.
For simultaneous detection of Cl and F as Na2X+, a lower declustering potential (DP= +30
V) was utilized to preserve the Na2Cl+ ions. 10 mM sodium acetate was used as the electrolyte in
these experiments due to the efficient reagent ion production highlighted in Chapter IV. Other
experimental parameters were similar to those described in the Experimental section of Chapter
IV.
The detection of both Na2Cl+ and Na2F+ in the same operating conditions was observed
upon injection of chlorinated and fluorinated compounds as shown in Figure 5.1a. The structures
and injected amounts of compounds on column are listed in Table 5.1. To test the compoundindependent response for both Cl and F, we calculated the response factor (RF) for compounds of
various chemical structures using Equation 5.1
𝑅𝐹 =

𝐺𝐶 𝑝𝑒𝑎𝑘 𝑎𝑟𝑒𝑎 𝑏𝑦 𝑚𝑜𝑛𝑖𝑡𝑜𝑟𝑖𝑛𝑔 𝑁𝑎2 𝑋 +
𝑝𝑔 𝑋 𝑜𝑛 𝐶𝑜𝑙𝑢𝑚𝑛

(eq. 5.1)

The response factors for Na2Cl+ and Na2F+ are shown in Figure 5.1b and Figure 5.1c, respectively.
Notably, uniform RFs are observed for chlorinated and fluorinated compounds via detection of
Na2Cl+ and Na2F+ with the exception of compound 8 for F (the low RF for compound 8 is due to
its specific chemical entity as explained in detail in Chapter IV). Moreover, the response factor for
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Figure 5.1. a) Chromatograms of halogenated compounds detected via Na2Cl+ (black dashed
line) and Na2F+ (red line), b) response factors using Na2F+ for fluorinated compounds, c)
response factors using Na2Cl+ for chlorinated compounds. Red bars represent fluorinated
compounds and blue bars represent chloro-fluoro compounds. The numbers in x-axis of c and b
represent the order of the elution for each compound. The structures of these compounds and
amounts of element on column are listed in Table 5.1.
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Table 5.1. Compounds, elution times and injected amount in GC-DBD-nano-ESI-MS
Elution
order

Retention
time
(min)

1

2.75

2

3.79

1H,1H,2H,2Hperfluoro-1decanol

C10H5F17O
MW=464.12

3

4.40

2-fluorobenzonitrile

4

5.18

5

Compound
name

Injected
amount (pg F)

Injected
amount (pg Cl)

693

1295

702

-

C7H4FN
MW=121.12

717

-

Decafluoro
biphenyl

C12F10
MW=334.12

657

-

7.77

Benfluralin

C13H16F3N3O4
MW=335.28

767

-

6

8.30

Fluchloralin

C12H13ClF3N3O4
MW=355.7

718

447

7

9.15

Dichlofluanid

C9H11Cl2FN2O2S2
MW=333.23

710

2652

8

10.49

Fludioxonil

C12H6F2N2O2
MW=248.19

769

-

9

10.61

Oxyfluorfen

C15H11ClF3NO4
MW=361.7

709

441

1-chloro-3fluorobenzene

Formula
and MW
C6H4FCl
MW=130.55
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Structure

F is not different between only fluorinated compounds and those that have Cl in their structure as
well with Cl:F ratios of 1:3 to 2:1. Further, Cl RFs are similar despite drastic variations in codetected F signal (see Figure 5.1a and 5.1c). Therefore, we infer that no significant ionization
competition is observed between Cl and F for Na2X+ formation, suggesting the chemical ionization
via DBD-nanoESI is robust for simultaneous detection of Cl and F.

5.2.2. Considerations for Developing Elemental Chemical Ionization in Liquid
Chromatography
The development of an LC-based elemental Cl and F ionization method is desirable for
analyzing a broader range of compounds in environmental and pharmaceutical applications.240-242
The chemical elemental ionization of halogens via formation of Na2X+ developed in this
dissertation provides a generalizable approach to extend the capability to detection of LC eluates.
The main consideration in this area is the plasma reactor. A robust plasma for desolvation of liquid
samples and efficient breakdown of analytes is needed. Fortunately, solutions for this technical
requirement already exist as inductively coupled plasmas have been used for decades in solution
elemental analysis, showing a robust plasma compatible with extensive solvent introduction.
Accordingly, we envision the implementation of the presented elemental chemical ionization for
LC eluate detection as the next step in the development of PARCI toward a comprehensive
elemental-molecular analysis platform.
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Appendix A
Permission Documents
1. Reuse Permission for Chapter III
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2. Reuse Permission for Chapter IV
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Appendix B
Geometries and Energies of Gaussian Calculations
The output files are supplied in digital format.
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