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Abstract

This thesis details the development and implementation of differential mobility spectrometry (DMS)
methods for the separation of per- and polyfluoroalkyl substances (PFAS). PFAS have become
ubiquitous environmental pollutants, posing significant risks to ecosystems and human health. The
complexity of PFAS matrices in environmental samples necessitates separation prior to mass
spectrometric analysis because co-elution of compounds can cause ion suppression and compromise
analyte identification and quantification accuracy. Although liquid chromatography (LC) is commonly
used in PFAS analyses, some PFAS species co-elute and could benefit from an additional orthogonal
dimension of separation.

In Chapter 3 | explore the effects of solvent modifier on DMS behaviour for 224 compounds in
negative mode electrospray ionization (ESI) mass spectrometry (MS). The data procured from these
measurements will be used for machine learning (ML) purposes to predict the DMS behaviour of
emerging environmental pollutants. Prior to this study, our library of DMS data was composed entirely
of compounds that were measured in positive mode ESI MS and the distribution of observed dispersion
behaviour was heavily skewed towards one behaviour type. Incorporation of the negative mode ESI
data not only provided a better overall distribution of dispersion behaviour, but also allows for future
ML models to be applicable for anions and cations alike. The results of this chapter also provide insight
into the ion-neutral interactions that occur as analytes transit the DMS cell. From this it can be
determined how different classes of compounds interact with various solvent modifiers, and how their
analytical separation is influenced by the choice of modifier. This allowed us to determine the
instrument conditions that lead to the optimal separation of the studied PFAS.

In Chapter 4, | utilize the optimal separation conditions determined in Chapter 3 in a hybrid
LCxDMS-MS? method. Here, | employ DMS following LC separation to analyse 34 PFAS species.
Upon incorporating DMS in a 2D separation scheme, | observed baseline resolution of 29 compounds

in the 2D space, with only two and three compounds co-eluting, respectively. In comparison, only 5
iv



compounds were baseline resolved in 1-dimensional LC experiments. Because DMS measurements are
acquired within seconds, targeted 2D LCxDMS-MS? analyses operate on the same timescale as 1D LC-
MS? analysis. Additionally, limits of quantitation approach those observed in state-of-the-art LC-MS?
methods. Moreover, distinct trends observed in the 2D separation space for the various PFAS subclasses

could enable analyte identification in future non-targeted analyses.
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Chapter 1
Introduction

1.1 What are PFAS?
Per- and polyfluoroalkyl substances (PFAS) are a vast group of synthetic chemicals that have

garnered global attention as pollutants in recent years. Owing to the strength of their numerous C-F
bonds, PFAS display remarkable thermodynamic and chemical stability.* Additionally, the possession
of both hydrophilic headgroups and hydrophobic tails give PFAS simultaneous water- and oil-repellant
properties.>® The combination of their stability and repellant properties have made PFAS highly useful
in consumer and industrial applications, most notably in non-stick cookware, food packaging materials,
weather resistant clothing, stain-repellants, and aqueous film-forming foams.°. However, their
extensive usage since the 1950s owing to these useful properties has led to unintended consequences,
with PFAS accumulating in ecosystems and contaminating groundwater and drinking water sources in
regions around the world.®° The environmental impact of PFAS is concerning because of their slow-
degradation and bioaccumulation in living organisms.'®? The accumulation of PFAS in smaller
organisms is especially concerning for humans, as they tend to magnify through the trophic chain.*3
In fact, PFAS are seemingly unavoidable, as reports suggest that the blood from 98.5% of Canadians
contains at least three PFAS: perfluorooctane sulfonate (PFOS), perfluorooctanoic acid (PFOA) and
perfluorohexane sulfonate (PFHxS).t® Concerningly, emerging research suggests potential health risks
associated with PFAS exposure, including an onslaught of adverse health effects in human
reproduction, child development, and increased cancer risks,10-1216-23

In January 2024, the U.S. Environmental Protection Agency (EPA) finalized a rule preventing
companies from beginning or resuming the production of 329 PFAS without EPA review.?* Similarly,
PFOS, PFOA, and long chain PFAS (> 8 carbons) have been banned in Canada under the Prohibition
of Certain Toxic Substances Regulations, 2012.% Health Canada has also implemented maximum

acceptable concentration guidelines for both PFOS and PFOA as well as screening values for a short



list of other PFAS which are commonly found in drinking water.” Further to this, Health Canada has
recently proposed a limit of 30 ng L' sum of total PFAS in drinking water.® Although the direct
production and import of PFAS are currently regulated in both the United States and Canada, they
continue to enter North America in imported products without proper regulation (e.g. textiles, food

packaging, fertilizer).26?’

1.2 Current Methods for PFAS Analysis
PFAS are typically analysed using techniques such as mass spectrometry (MS), liquid

chromatography (LC), and ion mobility spectrometry (IMS), often coupled in hybrid formats with each
technique contributing uniquely to the comprehensive analysis of these compounds. Mass
spectrometry, particularly high-resolution mass spectrometry (HRMS) and triple quadrupole mass
spectrometry (QQQ-MS), is central in PFAS analysis. HRMS provides accurate mass measurements
and high sensitivity, making it ideal for identifying and quantifying a wide range of PFAS compounds,
including those at trace levels.?* The use of QQQ-MS is prevalent in targeted analysis due to the
ability to conduct multiple reaction monitoring (MRM) experiments using this platform, which
enhances the specificity and sensitivity of the analysis by focusing on specific precursor-product ion
transitions. 3032

Often coupled with MS (i.e., LC-MS), LC is crucial for separating PFAS compounds before MS
detection. Techniques such as reverse-phase LC and hydrophilic interaction liquid chromatography
(HILIC) are commonly employed to achieve efficient separation of PFAS from complex matrices.*
LC-MS? (tandem mass spectrometry) is particularly effective in quantifying trace levels of PFAS in
environmental and biological samples, owing to its high sensitivity and specificity. LC-MS? is often
coupled with solid-phase extraction (SPE), a sample preparation technique that helps clean-up dirty
matrices and allows for pre-concentration of samples. This combination is outlined and recommended

by the EPA as per method 1633 for the analysis of PFAS in liquid and solid samples.*



Ion mobility spectrometry (IMS) and its numerous variants are emerging as techniques for PFAS
analysis given their ability to rapidly separate ions based on shape, size, and charge. While simple drift
tube IMS (DTIMS) has proven effective for PFAS samples,**® some researchers have turned to more
advanced mobility techniques including travelling wave IMS (TWIMS),*-3! trapped IMS (TIMS),>>>*
and differential mobility spectrometry (DMS).> The latter of these techniques, DMS, is of particular
interest since the ion carrier gas can be doped with solvent vapours which can enhance separation. To
date, though, reports of the application of DMS to PFAS characterization have been sparse.

While the techniques described here are robust and pertinent for PFAS analysis, each has its own
limitations. MS may be suitable for measuring and monitoring PFAS species with unique mass-to-
charge (m/z) ratio, but it is incapable of differentiating between structural isomers and fails to
differentiate isobaric species (i.e., species with identical mass at the chosen MS resolution, but different
elemental composition). In some cases, MS? may reveal unique fragmentation pathways for isomers
and isobars though it has been documented that PFAS isomers often produce identical fragmentation
spectra.™ LC-MS? tends to be the most common separation technique for complex PFAS matrices,
however these methods require relatively lengthy runtimes which inhibit high-throughput analysis. IMS
techniques allow for the rapid gas-phase separation of PFAS, but resolution of all compounds is
challenging for rich mixtures — recall that the number of PFAS species exceeds 12,000. In this thesis,
I explore the combination of orthogonal techniques to improve chemical separation and uncover
multidimensional trends for a variety of PFAS classes. These trends could be leveraged for non-targeted

analysis of emerging and unknown PFAS species.

1.3 Scope of this Thesis

This thesis explores the capabilities of DMS for anion separation and characterization prior to MS
detection. DMS is a specialized form of IMS which employs an asymmetric waveform for ion

separation. In DMS experiments the carrier gas is often doped with a volatile chemical modifier to



improve analytical separation. Here, I investigate how different modified DMS environments affect ion
behaviour and how DMS can be coupled with LC and MS to improve separation.

Chapter 2 describes the theory and background for the experimental techniques employed
throughout the thesis. A brief description of LC is discussed, but the focus of the chapter is ion mobility.
The fundamentals of IMS are described and the differences between drift-tube IMS and DMS are
highlighted. Additionally, I discuss the types of interactions that occur between ions and solvent
modifier molecules within the DMS cell and how these interactions can influence separation.

Chapter 3 discusses the development of a comprehensive database of DMS dispersion curves for
anionic species. The goal of this work is two-pronged in nature, aiming to generate sufficient data for
training predictive machine learning (ML) models while also garnering insight into the impact of
solvent modifiers on the DMS behaviour of anions. DMS measurements of anions are important
because most studies to date have been of cations (which limits ML model generalizability), and the
majority of PFAS species are measured as anions (and a detailed understanding of anion behaviour in
DMS will benefit PFAS studies).

Chapter 4 describes the integration of DMS into an LC workflow to enhance the separation of 34
PFAS compounds, achieving improved resolution while maintaining a similar run time to traditional
LC-MS analysis. This is a novel separation technique for PFAS and my work establishes a foundation
for future non-targeted analyses employing two-dimensional hybrid LCxDMS-MS?, which could
improve the identification and quantification of complex mixtures, including those that contain

unknown PFAS compounds.



Chapter 2
Analytical Background

2.1 Liquid Chromatography
Analytical separation prior to MS detection is essential when working with complex sample matrices.

Liquid chromatography (LC) is the gold-standard in separation and has been used to separate everything
from small organic molecules,> - to peptides,®** to kDa proteins.5>-%° In LC, analytes are separated
based on their affinity for a stationary phase as they are carried by a mobile phase. The stationary phase
consists of silica beads tightly packed within the LC column; the surface of the beads are normally
chemically modified with short, polar functional groups. Practitioners refer to this as normal-phase LC
and when used for separation, the most non-polar compounds will elute off the column first.”%™ The
polar compounds however will have increased interactions with the column and will elute more slowly.
The time it takes the analyte to transit the column and reach the MS detector is known as the retention
time (RT). In reverse-phase LC, the surfaces of the silica beads are modified with alkyl chains such as
C18 (a chain containing 18 carbon atoms).”®"* Because these chains are highly hydrophobic, and thus
non-polar, the elution order is from the most-to-least polar. While analyte interactions with the
stationary phase primarily influence elution, interactions with the mobile phase also play a role.

Ultimately, the elution time depends on the partition coefficient Kq per Eq 2.1:
Kd = - Eq 2.1

where C;is the concentration of the analyte in the stationary phase and C,, is the concentration of the
analyte in the mobile phase.”>" K, can be affected by modifying the composition of the mobile phase.
Often in LC experiments, the total mobile phase is a combination of at least two separate mobile phases
where one is mostly aqueous, and the other is mostly organic. For example, in normal-phase LC the
polar analytes have a strong affinity for the stationary phase, but if one were to increase the percentage
of aqueous mobile phase (i.e., making the overall mobile phase more polar) then the analytes will have

a lower partition coefficient and will elute faster. The opposite is true for reverse-phase LC, where
5



increasing the organic phase will diminish analyte interactions with the column and results in faster
elution of non-polar compounds. The flow of the mobile phase through the column can be isocratic
where the composition is consistent throughout the LC run, or gradient where the amounts of aqueous
and organic phases are varied. Isocratic elution is useful for separating well-defined mixtures and is
simpler given the minimal amount of optimization required.”*”> Gradient elution is more commonly
used for complex mixtures since it offers the ability to enhance separation by varying the mobile phase
composition throughout the run.””

Depending on the MS mode being used, various additives can be included in the mobile phases to
aid in ionization. Formic acid is often added when running positive mode MS, as it provides protons
and increases the conductivity of the solvent for better ionization. In the same vein, ammonium acetate
is often used when operating in negative mode MS. A large benefit of employing LC prior to MS
detection is the reduction in ion-suppression. Should a complex sample be introduced into the MS
without separation, it is possible that certain compounds will inhibit the ionization of others. This has
consequences for quantitation efforts, because the signal of the inhibited ions will be less than that if
they were measured in the absence of competing species, and thus the apparent intensity of these ions
will not be representative of their true concentration in the sample.”*” Additionally, isobaric
interferences may present a problem for LC analyses, especially in instances where two compounds
share the same fragmentation pathways.?** A further downside to LC is the runtime which, depending
on the complexity of the sample in question, can extend to over 30 minutes. Long runtimes limit
throughput and increase the supplies required (e.g. mobile phases solvents) for analysis. To avoid these
sorts of runtimes, one can sometimes replace LC with ion mobility, which operates in the gas phase and

takes only seconds.



2.2 Fundamentals of lon Mobility Spectrometry and Differential Mobility Spectrometry
lon mobility spectrometry (IMS) is a common analytical separation method that is employed in mass

spectrometric analyses, and which temporally separates analytes based on their shape, size, mass, and
charge. In a typical drift-tube IMS (DTIMS) setup, ions are pulsed into a region filled with an inert bath
gas (e.g. N2 or He) and a fixed electric field is applied to the cell which drags analyte ions through the
bath gas.?*85 The overall drift time of an analyte depends on its mobility as it moves through the cell.
The mobility itself is dictated by the ion’s collision cross section (CCS) which is defined as the
orientationally averaged area around a molecule that is involved in momentum transfer with a bath gas
particle (see Figure 2.1). lons with a larger CCS will experience more collisions moving through the
length of the cell, resulting in a decreased mobility and longer drift time relative to ions with smaller
CCS. For a spherical ion interacting with a spherical bath gas particle, the CCS () can be calculated
through Eq 2.2,
0= m(ry+1g)? Eq 2.2

where 74 is the radius of the ion of interest and 75 is the radius of the bath gas.®® However, for non-
spherical species, the calculation of CCS is not straightforward. Normally, one measures the ion
mobility (K) using DTIMS, then converts that to CCS using the Mason-Schamp equation (Eq 2.3).
These measurements can then be compared to computed theoretical CCS values to assign molecular
geometry. Software such as MobCal-MPI, which employs molecular dynamics simulations of ion-

neutral (i.e., with a bath gas particle) collisions, can be used to determine CCS in-silico.’’

1/2
o Asmz1 1 P Eq2.3
16 m;  my 0N (kgT)1/2

Here, m; is the mass of the ion, m, is the mass of the bath gas molecule, z is the ion’s charge, e is the
elementary charge, N is the density of the bath gas, and T is the temperature of the gas. The ion is
assumed to be in equilibrium with the bath gas temperature which, stated in another way, means that

the Mason-Schamp equation is valid only if the field-induced heating of the ion is negligible compared
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to the gas temperature.®®3° This is referred to this as the low field limit, under which an ion’s mobility
responds linearly to changes in the applied field. In DTIMS experiments, the field strengths used are
relatively low (ca. < 10 Td), thus the Mason-Schamp equation linearly relates an ion’s mobility to its

CCS.®

Figure 2.1. Schematic depicting the CCS between a spherical ion (A) and a spherical neutral (B). The
CCS of this pair can be calculated using Eq 2.2.

Differential mobility spectrometry (DMS), also known as high-field asymmetric-waveform ion
mobility spectrometry (FAIMS), is a specialized form of IMS.**! In DMS, ions and carrier gas particles
are pulled through the mobility cell by the vacuum of the MS. The cell consists of two parallel
electrodes across which an asymmetric waveform is applied. This waveform, known as the separation
voltage (SV) has two distinct regions: a high-field and a low-field (see Figure 2.2). During the high-
field portion of the SV waveform, an ion travelling through the cell is susceptible to field-induced
heating which increases its local temperature. In DMS, the experimental field strengths exceed the low-
field limit, inducing a change in the ion’s effective temperature (7,5 which can be described by two-

temperature theory (2TT) in Eq 2.4,



Teff = Tgas + Tfield Eq 2.4
where Ty, is the temperature of the carrier gas (i.e. the temperature of the system) and Tpes is the
temperature induced by the applied field. The increase in 7 results in an apparent increase in the carrier
gas viscosity, and consequently a decrease in ion mobility.** This can be incorporated back into the

Mason-Schamp equation (see Eq 2.5).

asmvz/1  1\"? ze
K=-—"— 7 Eq2.5

16 \mi " m, O(Tepp)N(kpTerr)
Due to the asymmetry of the SV waveform, ions will experience a change in mobility during the high-
field portion that is not linearly proportional to that during the low-field portion. This causes the ion to
continually migrate off the transmission axis (i.e. off the axis leading to the detector) with every
iteration of the SV duty cycle. To correct for this, a static potential known as the compensation voltage
(CV) is applied, the magnitude of which depends on how far off-axis the ion migrates during the SV
cycle. As the overall peak-peak amplitude of the SV waveform (SVpp) increases, ions will migrate

further off axis and will require CVs of larger magnitude to correct their trajectory. The CV value

required for transmission at a given SV is specific to the ion in question depending on its CCS.
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Figure 2.2. A schematic showing the DMS-MS? instrument setup and the trajectory of an ion as it
passes through a DMS cell. The red zig-zag trace represents an un-stable ion trajectory which occurs
when the incorrect CV is applied for a given SV. The blue zig-zag trace represents a stable ion trajectory
when the correct CV is applied. The purple trace represents the shape of the SV waveform as a function
of time.

The relation between CV and SV is influenced by the composition of the collision environment and
how the ions of interest interact with it across the SV duty cycle. Additionally, how the optimal CV for
transmission evolves with increasing SVpp is also dictated by ion-neutral interactions. One can often
classify the CV / SV (or dispersion) behaviour of an ion as one of three types: A, B, or C (see Figure
2.3). The latter, Type C, is used to describe a non-clustering environment. Here, ion-neutral interactions
are comprised of hard sphere scattering, where the ion experiences an increased number of collisions
during the high-field portion of the SV waveform, resulting in a diminished mobility relative to the

89,94

low-field portion. The relative mobility between both field regions continually decreases with

increasing SVpp and as such, an increasingly positive CV value is required to correct the ion’s trajectory.
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Oftentimes in DMS experiments, a volatile solvent modifier will be incorporated into the carrier gas
to improve analytical separation.”*® In Type A behaviour, which is referred to as strongly clustering,
ion-solvent clusters form under low-field conditions, followed by some amount of evaporation under
high-field conditions. This results in a decreased effective CCS during the high-field portion of the SV
duty cycle and an increase in the ion’s mobility. In this case, the ion will migrate off axis in the opposite
direction compared to Type C behaviour, and thus requires a negative CV for axial correction. As the
SVep increases, so too does 7, which drives solvent evaporation at high field conditions. This leads to
a further increase in mobility and increasingly negative CV for transmission. Type B behaviour is
considered an intermediate to Types A and C and is observed within weakly clustering environments.
The initial portion of the dispersion curve is analogous to Type A behaviour up until some SVpp value.
At this point, all solvent adducts decluster from the ion during high-field conditions, and the local
heating of the ion is significant enough that further clustering during low-field conditions is not
thermodynamically favorable. Because the ion is now bare throughout the SV waveform, hard sphere
scattering takes over and Type C-like behaviour is observed for all SV beyond this point. Since the
apparent changes in CCS of similar ions are inflated through micro-solvation processes, solvent-
modified DMS can be extremely useful for analytical separation. Additionally, the choice of solvent
modifier can lead to drastically different extents of separation which makes DMS a selective analytical

method.
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Figure 2.3. DMS dispersion curves depicting Type A (red), Type B (blue) and Type C (black)
behaviour. Type A behaviour is associated with strong ion-solvent clustering, Type B is associated with
weak ion-solvent clustering, and Type C is associated with hard-sphere scattering or non-clustering
environments.
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Chapter 3
DMS Behaviour of Anions

3.1 Introduction
A key aspect of DMS analysis of PFAS (and other classes of compounds) is the ability to predict an

analyte’s DMS behaviour in advance of conducting experiments to limit the parameter space (e.g., SV,
CV) that must be searched. Over the past several years, the Hopkins research group has developed a
first-principles model of DMS behaviour, but simulating an analyte’s dispersion curve can take days-
to-weeks — far too long to be effective in most situations.®>%%1% Utilizing ML to predict DMS behaviour
is therefore desirable since ML models can generate predictions in seconds-to-minutes. Previous work
has shown that ML can be leveraged to predict physicochemical properties of compounds based on
DMS data.'%+192 However, a substantial amount of experimental data is needed to train an accurate ML
model. Although the Hopkins laboratory has accumulated dispersion data for hundreds of compounds
in positive mode (i.e., cationic species) electrospray ionization (ESI), we had yet to introduce anionic
species to the database. To remedy this situation, and to ensure the applicability of the ML model to
compounds which may ionize in either positive or negative mode ESI, 224 compounds were selected
for analysis in negative mode (i.e., anionic species) ESI and their DMS behaviours were measured in
pure N2 and in N2 modified with MeOH (1.5 mol%). This collection of analytes included various PFAS,
organic acids, amino acids, various dyes, and small drug molecules that could be deprotonated. In
addition to pure N2 and MeOH modifier, the DMS behaviours of 41 PFAS were also measured ina 1.5
mol% isopropanol (IPA) environment. This work not only provided additional data (i.e., anions) which
would offer a better understanding of ion behaviour in various DMS environments, but also enabled
exploration of the DMS behaviour of anionic PFAS as a first-step in developing a hybrid LCxDMS-

MS? method.
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3.2 Materials and Methods

3.2.1 Materials
Many of the compounds studied here were previously obtained for use in our laboratory and many

others were sourced from within the chemistry department at the University of Waterloo. This analyte
library was supplemented with several compounds that were purchased from Enamine (Kyiv, Ukraine),
and others that were provided by Yves Le Blanc, Mircea Guna and Brad Schneider from SCIEX
(Ontario, Canada). HPLC-grade methanol (MeOH), and isopropanol (IPA) were purchased from
Sigma-Aldrich (Missouri, USA). Ultrapure water was obtained from a Milli-Q system (Millipore, 18.2
mQ cm?). Mixtures containing five to ten analytes each were prepared in MeOH containing 0.5% (v/v)
ammonium hydroxide at a working concentration of 500 ng mL™!. Mixtures were prepared such that the
m/z of each component differed by at least 2 Da from all other components. This procedure was
necessary to ensure that each analyte could be easily distinguished by m/z in the SCIEX 5500 triple
quadrupole mass spectrometer.

The molecules chosen for this study were carefully selected to ensure that ionization via negative
mode ESI was feasible. Compounds containing hydroxyl-, carboxyl-, sulfo-, and amide groups were
targeted as these groups tend to deprotonate easily under basic conditions. Sodium salt species were
also included given their ability to readily ionize in solution. In total, 224 unique compounds were
investigated as anions. Most of these compounds were measured in both pure N> and in MeOH-
modified DMS environments; full dispersion curves were not obtainable for some compounds owing
to field-induced fragmentation, charge scavenging by the solvent modifier, or ion suppression. A full

list of compounds is available in Table A.1.

3.2.2 Methods
A planar SelexION differential mobility spectrometer with a 1 mm gap height was placed between

the sampling orifice of a QTRAP 5500 hybrid triple quadrupole linear ion trap mass spectrometer and

a Turbospray ion source (SCIEX). Refer to the schematic shown in Figure 2.2 in Section 2.2. All data
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were obtained via direct infusion of analyte mixtures into the ESI source. Desolvation of the analyte
during electrospray ionization (ESI) was aided by application of a nebulizing gas (50 psi) and an
auxiliary gas (40 psi). Data acquisition was performed by MRM, the transitions of which are provided
in N, was used as the DMS carrier gas (20 psi), the collision gas for collision- induced dissociation (ca.
7 mTorr), and the nebulizing/auxiliary gases used to aid desolvation during ESI. All remaining settings
for the ion optics, as defined by the controlling software (Analyst 1.7), were as follows: collision gas
(CAD) setting of high, entrance potentials of —10 V, DMS offset potential of —3 V, and collision cell
exit potentials of —15 V. The declustering potential was optimized for each compound to maximize
signal response. Experiments were completed with the DMS heater set to T = 150 °C, which
corresponds to a measured bath gas temperature of T = 100 °C.'” DMS measurements were obtained
by incrementing the SV from 0 V to 3000 V in steps of 500 V and from 3000 V to 4000 V in steps of
200 V. For each discrete SV value, the ion current was monitored as a function of the CV over the range
of =100 V to 20 V in steps of 0.25 V to produce an ionogram. lonogram peaks were fit to a Gaussian
function, where the peak of this distribution corresponds to the optimal CV for ion transmission at a
given SV value. Optimal CVs were plotted against the corresponding SV values to produce dispersion

plots for the analytes.

3.3 Results

3.3.1 Organic Acids and Other Small Molecules
When working with DMS environments comprised of pure N, one typically observes only Type C

behaviour. However, Type B behaviour is sometimes observed for small molecules with m/z less than
200 Da. Rather than being indicative of ion-N; clustering, which is unlikely owing to the inertness of
the N2, Type B behaviour for these species arises from the temperature dependency of their CCS. Recall
Eq 2.5 for calculating mobility, where the temperature dependent CCS (Qrerr) and the effective
temperature (Ter) terms both appear in the denominator. Increases in either of these terms result in a

decrease in mobility. As the effective ion temperature increases, the glancing collisions between the
15



ion and the carrier gas particles become less “glancing” and thus there is an apparent decrease in the
ion CCS.?” Because the Tef term has a square-root dependence, in some situations the apparent decrease
in CCS can outweigh the increase in Tef, and the ion’s mobility actually increases under the high-field
condition. Eventually, as the SVpp increases further, Te becomes large enough to overcome the
decrease in CCS at which point hard-sphere scattering is adopted.

Because most of the compounds that I investigated were small organic acids, a substantial number
of the measured dispersion curves exhibited Type B behaviour in the pure N, environment. In fact, there
was a near-even split between Types C and B for the 205 dispersion curves measured in N (see Figure
3.1). Unsurprisingly, no instances of Type A behaviour were observed under these conditions.
Conversely, most species when measured in a 1.5 mol% MeOH modified environment exhibited Type
A dispersion curve behaviour. As seen in Figure 3.2, 69.2% of the dispersion curves in MeOH modifier
displayed Type A behaviour, while only 29.3% showed Type B behaviour. Three compounds (1.5% of
the total dataset) exhibited Type C behaviour in the MeOH-modified DMS environment. This behaviour
is common for larger molecules because the adduction of a solvent molecule does not significantly
impact the CCS of ion and so the field-dependent differential mobility driven by dynamic clustering is
negligible. In this case, though, the three compounds were relatively small, ranging from 514 Da to 633
Da. I attribute the observed Type C behaviour for one of these compounds (taurocholic acid; see Figure
3.3) to its overall bulkiness; given the size of the multiple ring moieties opposite of the headgroup,
dynamic clustering is unlikely to result in significant differences in CCS (and thus mobility) between
the high- and low-field conditions. In the case of the other two compounds, the observed Type C
behaviour is less apparent. These species, 9-chlorohexadecafluoro-3-oxanone-1-sulfonic acid (9Cl-
PF30ONS) and 11-chloroeicosafluoro-3-oxaundecane-1-sulfonic acid (11CI-PF30UdS), are PFAS
compounds whose sizes are less than that of the largest perfluorosulfonic acid (PFSA),
perfluorododecane sulfonate (PFDoS), which exhibits Type B behaviour. Structurally, these compounds

are analogous to the PFSA class, as both consist of fluorinated chains with sulfonate headgroups. The
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only differences between the PFSAs and the two compounds in question are the presence of ether
linkages in the gamma position (relative to the headgroup), and the presence of a single chlorine atom
on the terminal carbon (furthest from the headgroup). These differences in molecular composition and

structure change the associated interaction potential of the molecule compared with the PFSAs and

result in little-to-no dynamic clustering between the ions and the MeOH modifier.

N, Type A
Type B

Type C

50.7%

0%
49.3%

Figure 3.1. Distribution of DMS dispersion types for 205 anionic compounds measured in a pure N»
environment.

MeOH mod (1.5 mol%) Type A
Type B

Type C

69.2%

Figure 3.2. Distribution of DMS dispersion types for 198 anionic compounds measured in a 1.5 mol%
MeOH modified environment.
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Figure 3.3. Chemical structure of deprotonated taurocholic acid.

Though two ions might exhibit similar (or even indistinguishable) Type C behaviour in N, their
behaviours in modified environments may be completely different. For example, Figure 3.4 shows
DMS dispersion curves for pterostilbene, vanillin, hexanoic acid, and 1,5-naphthalenedisulfonic acid.
Although the dispersion behaviours for these four ions is relatively similar in a pure N, environment
(solid lines), in the MeOH-modified environment (dashed lines) the ions significantly different
behaviours; deprotonated vanillin and 1,5-naphthalenedisulfonic acid exhibit Type B behaviours with
significantly different minima, and deprotonated pterostilbene and hexanoic acid exhibit Type A
behaviours with substantially different curvatures. The differences in dispersion behaviour for these
compounds is associated with their respective ion-solvent clustering propensities. The Type B
behaviour observed in the MeOH-modified environment for deprotonated 1,5-napthalenedisulfonic
acid, for instance, is a result of the weak clustering that is typically observed between sulfonic acids
and solvent modifiers. In contrast, the clustering between MeOH and the deprotonated hydroxyl group
of pterostilbene is quite strong during low-field conditions and continues at higher SVpp, leading to
Type A behaviour. Comparing deprotonated vanillin (blue curves) and 1,5-naphthalenedisulfonic acid

(green curves), both ions exhibit Type B behaviour in the MeOH-modified environment, but the CV
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values for vanillin are consistently more negative compared to those for 1,5-naphthalenedisulfonic acid.
The difference in their dispersion curves is a result of the different sizes of the molecules; clustering
with MeOH causes a more substantial relative change in apparent CCS for deprotonated vanillin. This
results in a larger mobility increase during high-field conditions for deprotonated vanillin compared to
deprotonated 1,5-naphthalenedisulfonic acid, and thus a more negative CV is required to correct the
trajectory of vanillin. A similar argument can be made to rationalize the differences in dispersion

behaviour for deprotonated hexanoic acid (purple curves) and deprotonated pterostilbene (red curves).
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Figure 3.4. DMS dispersion behaviour of deprotonated pterostilbene (red), deprotonated vanillin (light
blue), deprotonated hexanoic acid (purple), and deprotonated 1,5-naphthalenedisulfonic acid (green) in
pure N2 (solid line) and in N containing 1.5 mol% MeOH (dashed line). The structure of each
compound is shown on the right.

By measuring these anionic species, I have expanded the existing database and I have introduced
additional chemical diversity. This will enable others in the Hopkins laboratory to train more robust
and accurate ML models for predicting molecular properties and DMS dispersion curves. Prior to data

collection, the lab’s dispersion curve library consisted entirely of cationic species. As shown in Figure

3.5, 55.0 % of the dispersion curves measured for cations in both N> and MeOH displayed Type C
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behaviour, and 27.6 % exhibited Type A. Only 17.3 % of cations exhibited Type B behaviour. In
comparison, Figure 3.6 shows that 39.5 % of the measured anions displayed Type B behaviour and
26.5 % exhibited Type C behaviour. Combining the anion and cation data yields a more balanced

distribution of dispersion types: 45.0 % Type C, 29.9 % Type A, and 25.2 % Type B (see Figure 3.7).

Type A
Type B
Type C

Positive Mode Compounds
(N, + MeOH mod)

27.6%

Figure 3.5. Distribution of DMS dispersion types for 738 cations measured in both pure N2 and a 1.5

mol% MeOH modified environment.
Type A
Type B
Type C

26.5%

Negative Mode Compounds
(N, + MeOH mod)

39.5%

34.0%

Figure 3.6. Distribution of DMS dispersion types for 403 anions measured in both pure N; and a 1.5
mol% MeOH modified environment.
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Figure 3.7. Distribution of DMS dispersion types for 1141 compounds measured in both pure N, and
a 1.5 mol% MeOH modified environment.

Except for a few amino acid samples which were D/L mixtures, and a few PFAS samples which
contained multiple isomeric forms, all the analytes were purchased as pure analytical standards
containing a single molecular structure. Nevertheless, in several cases, “pure” compounds exhibited
multiple ionogram peaks and thus yielded multiple dispersion curves over the measured SV range.
Upon further consideration, I realized that several compounds in the database were susceptible to
(de)protonation at multiple sites, which yielded multiple (de)prototropic isomers (i.e., (de)protomers)
that were separable by DMS. This phenomenon is well-documented.?®!*1% Differences in dispersion
behaviour between (de)protomers are driven by differences in CCS following removal of a proton from
two different sites on the molecule, by differences in the interaction potentials of the (de)protomers
with the gaseous collision environment, and by differences in the effective CCSs of the (de)protomers
as influenced by solvent binding at the various charge locations. For example, Figure 3.8 shows the
dispersion curves measured for deprotonated 4-mercaptobenzoic acid; depending on the site of
deprotonation, 1 observe two different dispersion curves. This scenario is like that of para-
aminobenzoic acid (PABA), which exhibits two protomers that can be separated via DMS in pure N»
and subsequently characterized spectroscopically.'® In the case of deprotonated 4-mercaptobenzoic

acid, I observe two Type B dispersion curves in N». Drawing analogy with protonated PABA, I expect
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that one curve is associated with deprotonation of the carboxylic acid and the other with deprotonation
at the mercapto group. However, it is not readily apparent which structure corresponds to which
dispersion curve. Examining the ionogram measured at SV = 3200 V reveals a significant disparity in
the intensities of the two peaks (see Figure 3.9). To explore the relative energies (and thus populations)
of the O- and S-deprotomers of 4-mercaptobenzoic acid, I used the ORCA software to compute their
optimal geometries and relative Gibbs energies at the wB97X-D3BJ level of theory.''? This approached
yielded an O-deprotomer that is 9.19 kJ mol™! higher in energy than the S-deprotomer. These relative
energies imply that the ionogram peak at CV =-1.3 V (Figure 3.8) corresponds to the S-deprotomer.
However, in their study of protonated PABA, Coughlan ef al. reported significant ESI solvent-
dependent changes in the relative formation of the N- and O-protomers. They showed that when
employing pure water, the protomers were generated in approximately equal populations. In contrast,
a 50:50 H>O:MeOH mixture favoured O-protonation, and a 95:5 MeCN:H,O mixture favoured N-
protonation.'® It was rationalized that protic ESI solvents enabled proton transfer between the amine
and carboxylic acid moieties. By increasing the MeOH content in the solvent the proton transfer
between the N-protomer (which is favoured in solution) and the O-protomer (which is favoured in the
gas phase) is enabled. Because proton transfer is also possible between deprotomers, and because the

ESI solvent I used was pure MeOH, deprotomer assignment based on Gibbs energy is insufficient.
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Figure 3.8. DMS dispersion curves for deprotonated 4-mercaptobenzoic acid measured in pure N2. The
red trace corresponds to the O-deprotomer and the yellow trace corresponds to the S-deprotomer.
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Figure 3.9. lonogram taken at SV = 3200 V showing the two separation of the O- (red) and S- (yellow)
deprotomers of 4-mercaptobenzoic acid in pure N». Note that the peak positions are shifted from those
of the dispersion curves shown in Figure 3.8; this measurement was recorded on another DMS system
several months later.
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My initial interpretation is supported by the product ion spectra for each ionogram peak recorded at
SV =3200V (see Figure 3.10). Both features show a parent peak at m/z = 153 and both form a
fragment at m/z = 109, which corresponds to a loss of CO». Panel A, which corresponds to the ionogram
peak at CV =-1.3V, shows a 1.7:1 intensity ratio between fragment and parent peaks, whereas panel
B, which corresponds to the ionogram peak at CV =—-10.5 V, exhibits a 9.1:1 ratio. The fact that CO,
occurs more readily for the peak at CV =-10.5 V implies that this feature is associated with the O-
deprotomer. An interesting direction for future research would be exploring how ESI solvent
composition influences deprotomer populations for 4-mercaptobenzoic acid (i.e., does ESI solvent

composition promote deprotonation at one site over the other).
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Figure 3.10. Product ion spectra of the mobility-selected deprotomers of 4-mercaptobenzoic acid. The
S-deprotomer (Panel A) has a smaller fragment-to-parent ratio than the O-deprotomer (Panel B).

3.3.2 PFAS in N2 and Modified Environments
Although acquiring dispersion data for a variety of anions is helpful for expanding the DMS database,

an accurate predictive ML model for DMS is yet to be developed and | must still record the behaviour
of a collection of PFAS species in various environments to gain insight into optimal separation
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conditions. Figure 3.11 shows experimental DMS dispersion curves measured in pure N for
deprotonated PFAS molecules associated with different chemical classes. As might be expected, the
pure N2 environment was not ideal for separating the 41 target PFAS species. Most of the observed
dispersion behaviour under these conditions is Type C, and most of the longer chain species co-elute at
all SV values. Notably, some shorter chain perfluorocarboxylic acids (PFCAs) and fluorotelomer
carboxylic acids (FTCAS) exhibit Type B behaviour in the pure N, environment and can be resolved at
higher SV values. The dispersion curves for a several compounds (e.g. PFBA, PFPeA, PFMPA)
suddenly cease at SVs lower than 4000 V. In these cases, the energy imparted by the SV field leads to
field-induced fragmentation within the DMS cell (prior to MS detection). This phenomenon is well
known and often affects smaller ions at lower SVs.*%

To improve resolution, small amounts of solvent vapour can be doped in the DMS N carrier gas.
Given the poor separation of PFAS species in pure N, I tested the impact of a MeOH modifier; it has
a high vapour pressure, it is inexpensive, and it can potentially interact with the PFAS anions via
hydrogen bond formation. The fact that the cation data set had also been measured in a MeOH-modified
environment was an additional impetus. Figure 3.12 shows the dispersion behaviour of 41 PFAS anions
measured in a 1.5 mol% MeOH-modified N, environment. Unlike in the pure N> environment, the
MeOH-modified environment generated an appreciable amount of ion separation and well-resolved
dispersion curves could be measured for most compounds. Type A behaviour is observed for all PFCAs
except PFTDA (Figure 3.12; top left panel), and Type B behaviour is observed for all PFSAs (Figure
3.12; top right panel). Although the PFCA Type A curves appear to be approaching a CV minimum,
only PFTDA reaches that minimum and has an increase in CV during the final SV measurement. This
highlights an important question regarding behaviour type: what are the criteria for Type A/B
classification? Inherently, all Type A ions are actually Type B ions whose dispersion curves have been
truncated, either owing to instrument limitations or field-induced dissociation of the parent. In this

work, I define Type A behaviour as dispersion data wherein the CV values are increasingly negative
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with increasing SV. I define Type B behaviour as dispersion data wherein CV values reach a minimum
at some SV >0V, and Type C behaviour as dispersion data wherein the CV values are increasingly

positive with increasing SV.
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Figure 3.11. DMS dispersion curves measured in pure N, for (A) PFCA species, (B) PFSA species,
(C) FTCA and FTS species, and (D) fourteen PFAS from other chemical classes. Compounds whose
curves abruptly end prior to the SV = 4000 V instrument limit undergo field-induced fragmentation
within the DMS cell.
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(B) PFSA species, (C) FTCA and FTS species, and (D) fourteen PFAS from other chemical classes.
Compounds whose curves abruptly end prior to the SV = 4000 V instrument limit undergo field-induced

fragmentation within the DMS cell.

Although the addition of MeOH to the DMS carrier gas enhances separation (compared to the pure
Nz environment), the PFSA species were still poorly resolved — most of the PFSAs exhibited partial
separation at relatively low SVpp and their dispersion curves re-converged at higher SVpp. Recalling
that the size of a solvent modifier can impact an ion’s apparent CCS (see Section 3.3.1), I decided to
also test a larger solvent modifier. I selected isopropanol (IPA) because it is slightly larger than MeOH
but should exhibit similar chemistry (with respect to ion-solvent interactions). Figure 3.13 shows the
DMS dispersion data recorded for the 41 target PFAS compounds in a 1.5 mol% IPA modified

environment. Compared to the MeOH-modified environment (Figure 3.12), the IPA modifier
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dramatically shifts the dispersion behaviour of the PFCA and fluorotelomer sulfonate (FTS) species
(note the scale in each panel of Figure 3.13). Curiously, the IPA-modifier had a relatively small impact
on PFSA dispersion behaviour, though at high SVpp the CVs for individual species were better resolved.
This suggests that neither MeOH nor IPA bind strongly with the PFSA compounds and that CV
differences between the two environments are predominantly associated with the differential mobility
arising from dynamic clustering with the two differently sized solvent molecules. Since IPA provides

good separation of most PFAS in the mix, it will be used for all future experiments.
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Figure 3.13. DMS dispersion curves measured in 1.5 mol% IPA modifier for (A) PFCA species, (B)
PFSA species, (C) FTCA and FTS species, and (D) fourteen PFAS from other chemical classes.
Compounds whose curves abruptly end prior to the SV = 4000 V instrument limit undergo field-induced
fragmentation within the DMS cell. The transparent area surrounding each dispersion curve represents
the FWHM of the extracted ionogram at the measured SV value. In the case of panel B, the upper
portion of this transparent area divided by a factor of two is displayed for ease of viewing.
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3.4 Conclusions
DMS dispersion data was measured for 224 unique negative mode compounds, which yielded a total

of 403 dispersion curves; 205 in the N2 environment and 198 in the MeOH-modified environment. By
combining this data with the existing cation database, | now have data for anionic species, thus enabling
the future development of a predictive ML model for DMS behaviour.

Something to consider when developing predictive models for DMS behaviour is the effect of charge
location. An interesting case was discovered while processing data for the anion study: 4-
mercaptobenzoic acid, analogous to para-aminobenzoic acid (PABA), exhibited multiple features in its
ionogram at SV > 2500 V. While multiple peaks typically point to isobaric interferences or structural
isomers, the culprit here is evidence of multiple deprotomers, especially considering that PABA is
known to have two protomers. By mobility-selecting each feature in the ionogram and performing
product ion scans, | was able to identify the corresponding deprotomers. A possible direction for future
study is how ESI solvent effects relative formation of each deprotomer.

Importantly, and in contrast with the cationic species measured to date, many of the anionic species
exhibited Type B dispersion curves. These measurements have thus resulted in a more even distribution
of dispersion types for the entire dataset. Also importantly, when selecting the anion library, | included
41 PFAS molecules that are monitored by the Environmental Protection Agency. Consequently, | have
garnered important insight regarding how PFAS anions behave in mass spectrometric environments
and their thermodynamic stabilities. Furthermore, this data will be used to train predictive ML models
that will be used in the analysis of emerging PFAS (i.e., those for which chemical standards are not
currently available), reducing the need for broad survey scans.

The dispersion behaviour, and therefore DMS resolution, of the PFAS species varied significantly
between the pure N environment, the MeOH-modified environment, and the IPA-modified
environment. Pure N yielded essentially no separation between most of the PFAS, and MeOH modifier

provided reasonable separation of PFCAs and FTSs, but the PFSA species remained unresolved.
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However, introducing IPA modifier significantly enhanced the separation of PFCA and FTS, and
offered a slightly improved resolution for PFSAs. Ultimately, these experiments demonstrated that
PFSAs do not interact strongly with alcohol modifiers; in the future, it might be useful to explore other
non-protic modifiers (e.g., acetone, acetonitrile) to improve the resolution of PFSAs. For the purposes
of this work, though, IPA modifier was deemed as a reasonable choice for future experiments as it

provides a degree of separation for compounds in all the studied PFAS classes.
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Chapter 4
Two-Dimensional Hybrid LCxXDMS Analysis of 34 PFAS Compounds

4.1 Introduction
In the analysis of environmental samples that contain PFAS, analytical separation prior to MS

detection is crucial. PFAS-containing matrices are often diverse, and the varying acidity among co-
eluting compounds can suppress ionization.*111-11% Thijs suppression negatively affects ion signal
response, compromising quantitation and characterization efforts. Furthermore, isobaric interferences
with PFAS MRM fragmentation pathways complicate analyses, particularly when employing low
resolution MS.1*® Ensuring drinking water quality and the effectiveness of wastewater treatment
systems relies on accurate quantitation and characterization of PFAS, further underscoring the
importance of effective analytical separation techniques.

LC-MS is often used in PFAS analyses,***%!!! as it allows for chemical separation prior to detection,
aiding in instrument sensitivity and ion signal response. In some instances, LC can also provide
separation of isomeric species which are otherwise indistinguishable by MS. While useful for bench-
scale analyses where samples consist of only a select handful of PFAS, LC alone may not be capable
of separating all desired PFAS in drinking and wastewater samples. Thus, an additional method of pre-
detection separation could be useful for targeted analysis.

Here, I introduce DMS following LC and investigate this two-dimensional separation method in the
context of PFAS analysis. Because LC and DMS achieve separation based on different physicochemical
properties, I hypothesize that the combination of the two techniques will provide improved analyte

resolution and may reveal trends for homologous PFAS species.

4.2 Materials and Methods

4.2.1 Materials
EPA methods 1633-2 and 1633-4, and the Internal Organization for Standardization (ISO) Native

PFAS method standards were purchased as a 2 ug mL? solutions in methanol from Accustandard
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(Connecticut, United States of America). In total, these standards contain 41 PFAS which are
commonly found in ground, tap, and waste waters. This ensemble is diverse and includes
perfluorocarboxylic acids (PFCAs), perfluorosulfonic acids (PFSAS), perfluorosulfonamides (FOSAS),
perfluorosulfonamido acetic acids (FOSAAS), fluorotelomercarboxylic acids (FTCASs), fluorotelomer
sulfonates (FTSs), and several compounds containing ether linkages. A full list of chemical names and
abbreviations is available in the supporting information (see Table A.2). HPLC-grade acetonitrile
(ACN), MeOH, and IPA were purchased from Sigma-Aldrich (Missouri, United States of America).
Ammonium acetate was purchased as a solid from VWR (Pennsylvania, United States of America).
Ultrapure water was obtained from a Milli-Q system (Millipore, 18.2 mQ cm™). Standards were diluted
in MeOH to working concentrations of 100 ng mL™ and 600 ng mL; the lower concentration solution
was used for method development with DMS-MS? experiments and the higher concentration was used

for all other method development experiments.

4.2.2 DMS-MS? Methods
DMS-MS? experiments were performed using a SelexlON DMS cell with a 1 mm gap-height placed

between a Turbospray electrospray ionization (ESI) source and the sampling orifice of a QTRAP 5500
hybrid triple quadrupole linear ion trap mass spectrometer (SCIEX, Canada). The mix of standards was
directly infused into the ESI source at a flow rate of 15 uL min. A nebulizing gas (N2, 50 psi) and an
auxiliary gas (N2, 40 psi) were applied to desolvate the analytes. A curtain gas (N2, 20 psi) was applied
to carry analytes through the DMS cell and into the mass spectrometer. N, was also used as the gas for
collision-induced dissociation (CAD gas, ca. 7 mTorr) and was set to high via the controlling software
(Analyst 1.7). The DMS heater was set to 150°C, and the ion source temperature was set to 35°C. IPA
was introduced into the curtain gas line (1.5 mol%) as a chemical modifier to aid in analyte separation.
Data was collected via MRM for the two most prominent fragments of individual compounds. MRM
transitions and their respective collision energies, declustering potentials, entrance potentials, and cell

exit potentials are provided in Table A.3. DMS measurements were taken as described in Section 3.2.2.
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An SVpp 0f 3800 V provided the most separation for the PFAS in the mixture and was used for all

subsequent DMS experiments.

4.2.3 LC-MS? Methods
LC-MS? experiments were conducted using an Agilent 1100 system coupled to the QTRAP 5500

instrument. Analyte separation was achieved on a Phenomenex Luna Omega 3 pm Polar C18 column
(100 % 3.0 mm). The mobile phases used were 95:5 H,O:ACN with 2 mM ammonium acetate (A) and
95:5 ACN:H,0 with 2 mM ammonium acetate (B). The mobile phase gradient employed is described
in Table 4.1. The flow rate remained constant throughout the experiment at 350 uL min™'. To ensure
desolvation of the LC effluent, the ESI source temperature was increased to 350°C. Data was collected
in MRM mode using the same transitions identified in the DMS-MS? experiment. Initial LC-MS? runs
were performed to visualize analyte separation, and to assess experimental reproducibility. At no point
was the LC-MS? method modified to enhance analyte separation. Blanks (MeOH) were injected

between standard runs to minimize analyte carry-over.

Table 4.1 LC mobile phase gradient for PFAS analysis.

Time (min) Mobile Phase A (%) Mobile Phase B (%) Flow Rate (uL min™")
0.00 90.0 10.0 350
0.10 90.0 10.0 350
22.00 46.0 54.0 350
22.10 5.0 95.0 350
25.00 5.0 95.0 350
25.10 90.0 10.0 350
30.00 90.0 10.0 350

4.2.4 LCxDMS-MS? Methods
A major challenge in running a tandem LCxDMS experiment arises from the time required to scan

large CV ranges. Previous work has shown that a combinatory LC and DMS method can be easily
achieved on a QTOF instrument.1® Modifying the curtain gas with IPA improves analyte separation in
the DMS, but requires CV scans that span 70 V, which can result in a total scan time on the order of

minutes when monitoring several MRM channels. Because peak widths in LC experiments are
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approximately 6 — 10 s, it is not possible to scan the full CV range on a QTRAP instrument while
monitoring each analyte. To circumvent this issue, MRM channels were modified to include a CV
parameter, the value of which corresponds to the ionogram peaks obtained in DMS-MS? experiments.
Doing so with short dwell times (viz. 5 ms for each MRM + 5 ms between scans) allows the instrument
to cycle CV quickly, resulting in analyte transmission at any retention time. However, by specifying
only the optimal CV value for ion transmission (CVop) for a given MRM, resulting data will be void of
dimensionality in the CV space. Additionally, slight shifts in CVqp would likely go undetected, as any
amount of transmitted analyte will produce an instrument response. Large shifts in CVo, Would prevent
the analyte from being detected at all. To avoid this, multiple MRM channels were created for a given
analyte, each with a unique CV value. By specifying CVo, as well as six points on either side (i.e., 0.5
V steps for a total window of 6 V), the CV landscape surrounding an analyte feature can be adequately
sampled. A full list of CV-labeled MRM transitions for this experiment can be found in Table A .4.
LCxDMS-MS? experiments were conducted by modifying the LC-MS? method to include the
expanded list of CV-labeled MRM channels. DMS-MS? experimental conditions were emulated by
introducing IPA (1.5 mol%) into the curtain gas and setting the SVep to 3800 V. Data acquired from
the experiment was processed via a series of in-house python scripts. Thirteen chromatograms were
produced for most analytes, corresponding to the thirteen MRM channels across the 6 V range of CV
values for each analyte. Nineteen chromatograms were produced for isomer containing compounds (i.e.
PFHxS, PFHpS and PFOS) which accounts for three additional 0.5 V steps on either side of CVpt.
Compound-specific normalization was done to better visualize those species that have relatively low
peak intensities due to concentration or ionization efficiency, and a Gaussian smooth was applied to
the CV data. The chromatograms were then compiled into a matrix of RTxCV and rendered as a contour

plot.
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4.3 Results and Discussion

4.3.1 LC-MS? Separation
Figure 4.1 illustrates the LC separation for the 41 PFAS. Several unresolved peaks are present in the

TIC (Figure 4.1A) as various compounds experience coelution (e.g., PFOS and PFDA ca. 14.80 min).
Looking at the extracted ion chromatograms, it can be seen that most analytes within a subclass (e.g,
PFCAs, PFSAs, etc.) are baseline-separated. For PFCAs and PFSAs (Figure 4.1B and Figure 4.1C,
respectively) there are polynomial relationships between retention time and analyte chain length. It can
be seen for both the PFCAs and PFSAs that the increase in RT is minimized with increasing carbon
chain length (Figure 4.2). Interestingly, the shortest PFCAs begin to deviate from the 2" order
polynomial trend and appear to asymptote. This asymptote likely corresponds to the time in which it
takes an analyte that has no interaction with the stationary phase to move through the column. The
plateau at the high-end of the PFCA trend may be skewed due to PFHXDA eluting after the sharp
increase in mobile phase B (MPB) which causes the analytes remaining on the column to be flushed
out.

Observations for the fluorotelomer species (FTSs and FTCAs, Figure 4.1D) are limited because
relatively few of these compounds are present in the chemical standards. However, the fluorotelomers
that I did measure are well separated and elute long before the spike in MPB. The distinguishing feature
of the fluorotelomers compared to the PFCAs and PFSAs are the two CH: units adjacent to the
headgroup. This structural difference has an observable impact on the fluorotelomer polarity. For
example, 4:2 FTS has a much shorter retention time (4.99 min) than the perfluorinated analogue, PFHxS
(11.20 min). However, the differences in retention time seem to diminish with increasing fluorotelomer

chain length. For example, 7:3 FTCA and PFDA have near-identical retention times (ca. 15.50 min).
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Figure 4.1. Chromatograms showing (A) the 38 detected PFAS by monitoring total ion current, (B) the
PFCA species, (C) the PFSA species, (D) the FTCA and FTS species, and (E) fourteen PFAS from
other chemical classes. Note that the intensity scales are not equal across different panels.
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Figure 4.2. Relationship between the LC retention time and the carbon chain length of the PFCA
species (blue) and the PFSA species (red).

Near co-elution of NMeFOSA and NEtFOSA (Figure 4.1E, ca. 25.45 min, R=1.19) is also attributed
to the sharp increase in MPB. Furthermore, partially resolved peaks corresponding to isomeric forms
of PFHxS, PFHpS, and PFOS are observed around 10.50, 12.90, and 15.10 min, respectively.
Convolution of these isomers arises due to the simple mobile phase gradient and the brevity of the
method, coupled with their chemical similarity. Although fine-tuning and extending the LC method
could potentially improve isomer separation and compound coelution, the incorporation of a DMS

dimension offers a more streamlined solution without necessitating an increase in the overall runtime.
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4.3.2 DMS-MS? Separation
Figure 4.3 illustrates the DMS separation of 36 of the 41 PFAS species studied. GenX, NFDHA,

PFBA, PFPeA and PFMPA identified in the LC measurements undergo field-induced dissociation
within the DMS cell at SVs greater than 2000 V (GenX), 2500 V (NFDHA), and 3600 V (PFBA, PFPeA
and PFMPA) rendering these molecules undetectable at higher SVs via MS? analysis. Like LC, DMS
facilitates effective separation of PFCAs and fluorotelomers, as shown in Figure 4.3B and Figure 4.3D,
respectively. Although the elution order of PFCAs is analogous to that in LC, DMS separation tends to
be less effective as chain length increases. This behaviour is a consequence of the micro-solvation
process that drives separation in the DMS cell. For small PFAS there is a substantial change in the
effective CCS when the analyte molecules undergo dynamic clustering with IPA. However, as the
analyte size increases, the effective CCS change imparted by ion-solvent clustering diminishes,
resulting in reduced separation between sequential homologues.

Although the elution order in DMS experiments is the same as was observed in LC experiments,
DMS separation of the PFSAs is poorer. The reduced separation power for PFSAs is likely a
combination of the size-dependence (discussed above for PFCAs) and the ion charge being more
delocalized across SO5;~ headgroup compared to the species with CO2 headgroups (see Figure A.1).
As a consequence of this delocalization PFSAs exhibit relatively weak interactions with the IPA
modifier, which leads to an overall reduction in dynamic clustering and smaller differences in ion
mobility between the high- and low-field conditions across the SV duty cycle. Thus, relatively small

CV corrections are required to ensure PFSA ion transmission.
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Figure 4.3. lonograms taken at an SV of 3800 V showing the separation of (A) the 34 detected PFAS
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species, and (E) eleven PFAS from other chemical classes. Note that the intensity scales are not equal
across panels.

Multiple peaks were observed for PFHXS, PFHpS, and PFOS in LC experiments, and these were

attributed to the presence branched isomers in the standards. The relative abundances of these species
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align with literature expectations; ca. 22% branched chain species for PFHxS, 11% for PFHpS, and
32% for PFOS.® Interestingly, DMS measurements yield only a single, but relatively broad peak for
each of these analytes. This suggests that the differences in dynamic CCS between the linear and
branched species are not sufficient for DMS separation, and that the single peak observed for each
molecule is with a convolution of all isomeric forms. Given the relatively poor DMS separation of
PFSA homologues, it is reasonable to expect that CCS differences associated with the repositioning of
a CFs group in one particular PFSA (i.e., branched versus linear isomers) would have only a minor

impact on the differential mobility.

4.3.3 LCxDMS-MS? Separation
When coupling LC with DMS, I observed significant CV shifts from the expected centroid based on

direct infusion DMS measurements. The CV centroids in the LCxDMS experiments were shifted for
nearly all the observed compounds, some by more than 2 V. Interestingly, analytes containing sulfate
and sulfonamide headgroups were affected to a much greater extent than those containing carboxylate
and sulfonamidoacetic acid headgroups. On average, carboxylate-containing analytes shifted by 0.36 V
+0.46 V at SV = 3800 V. In comparison, analytes containing sulfate and sulfonamide groups exhibited
an average CV shift of 1.36 V +0.39 V at SV =3800 V. A full list of CV shifts can be found in Table
A.5. T hypothesize that these CV shifts arise from a combination of the LC flow rate, which was 23
times greater than direct infusion DMS experiments (thereby introducing significantly more solvent
vapor to the system), and the ACN content within MPB, which impacts dynamic ion-solvent clustering
within the DMS cell. Bissonette and coworkers previously described a preferential solvation effect that
occurs in mixed-modifier DMS environments, specifically highlighting that ACN dominates dynamic
clustering even when present in much smaller amounts than other modifiers.!% In the case of the PFAS
molecules studied here, I suspect that some amount of ACN from the mobile phase enters the DMS cell
via the carrier gas and disrupts analyte clustering with IPA. To test this hypothesis, direct infusion DMS

experiments were rerun while T-infusing the LC mobile phase (350 pL min™). The mobile phase
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composition was varied between runs to match the expected composition at the elution times for the
sulfonate containing analytes. For example, PFBS elutes at 4.30 min which, when considering the
solvent delay of ca. 2.00 min, corresponds to an ACN composition of ~15% MPB. DMS experiments
with five different mobile phase compositions corresponding to 15%, 22%, 27%, 40%, and 46% MPB
were conducted to explore the solvent-induced CV shifts. Figure 4.4 shows the ionograms for PFOA
and PFOS in each of the five experiments. The ionogram peak positions of PFOA are relatively
consistent, despite the 30% difference in MPB across the five experiments. The ionogram peak position
for PFOA is centered around —34.0 V, which is slightly shifted from the value of —34.5 V observed
during direct infusion DMS experiments. This CV shift of ca. 0.5 V between direct infusion and T-
infusion experiments (ca. 0.5 V) was observed for all PFCAs and FOSAAs, which exhibited negligible
MPB-dependent CV shifts. In contrast, the ionogram peak position for PFOS shifted from CV =-9.0 V
(with 15% MPB T-infused) to CV = -7.8 V (with 46% MPB T-infused), which is significantly different
from the value of CV =-9.7 V observed in direct infusion experiments. A similar increase in optimal
CV with increasing MPB composition was observed for all sulfonate and sulfonamide compounds.
Having identified the MPB-dependence of ionogram peak positions, | could then estimate the optimal
CV values in LCxDMS experiments. For example, the RT of 15.76 min for PFOS corresponds to an
MPB composition of ca. 40% (accounting for the dead volume), which yields a CVop: = —8.6 V. This

procedure allowed us to reoptimize CV centroid values for all compounds.
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Figure 4.5 shows the 2D LCxDMS plot for 34 PFAS compounds. Seven compounds from the
standard mixture were undetected owing to ionization efficiency and thermodynamic stability issues.
Of the 34 detected species, only two instances of coelution are observed; 8:2 FTUCA and PFNA, and
7:3 FTCA, 8:2 FTS and PFDA. In other words, implementation of 2D LCxDMS resulted in the baseline
separation of 29 unique species. In addition to the enhanced resolving power, the 2D LCxDMS method
exhibits obvious trends for PFAS subclasses. For example, a clear distinction can be made between the
PFCA and PFSA classes (see Figure 4.5; highlighted in blue and red, respectively); one could
potentially leverage these 2D LCxDMS trends to predict the optimal CV and retention time of PFCAs
and PFSAs not explicitly measured in this study. The FTCA and FTS classes (see Figure 4.5;
highlighted in orange and green, respectively) also exhibit a clear trend in the 2D separation space,
close to that of the PFCASs. The trends for the FTS and PFCA species converge with increasing chain
length, finally overlapping near perfluorodecanoic acid. It is interesting that, although the PFSAs and
FTSs contain sulfonate headgroups, the two classes occupy distinct regions of the 2D separation space
and exhibit different trends from one another with respect to (RT, CV) dependence. | attribute this
behaviour to the methylene (i.e., -CHz-) groups that are present in the FTS compounds. Whereas the

electron withdrawing fluorine atoms on the o and [ carbons remove electron density from the
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headgroup in the PFSAs, the methylene carbons of the FTSs do not as strongly affect the charge density
of the SO3™ headgroup. Consequently, the FTS species exhibit much stronger interactions with the IPA

modifier than do the PFSAs.
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Figure 4.5. 2D LCxDMS plot showing the separation for 34 PFAS compounds. The ovals are a guide
to the eye which highlight the approximate trend lines for the PFSA species (red), the PFCA species
(blue), the FTS species (green), and the FTCA species (orange). Features corresponding to branched
isomers (denoted by B) of three PFSAs (PFHXS, PFHpS, and PFOS) are distinguishable from the linear
species (denoted by L).
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In Figure 4.5 | observe multiple features for three compounds: PFHXS, PFHpS, and PFOS. These
features, for which visibility was improved by peak-specific normalization, are associated with different
isomeric species. Peak-specific normalization involved identifying the isomer peaks and normalizing
the individual signals for each feature to unity. Thus, branched isomers (denoted by B in Figure 4.5)
become more obvious on the plot. Interestingly, the isomer peaks appear to be slightly shifted in CV
space relative to the linear species, showing that there is in fact some separation in the DMS cell. This
interpretation is further supported by plotting the ionogram peak FWHM for the PFSA homologous
series measured by DMS-MS? (see Figure 4.6). In this plot, a relatively consistent increase in peak
FWHM is observed as the fluorocarbon chain length increases. However, PFOS is a clear outlier for
this trend, having a much larger FWHM than the other members of the homologous series. The DMS-
MS? ionogram peak for PFHpS, which exhibits two resolved isomer features in the 2D LCxDMS plot,
also exhibits a relatively large FWHM (though somewhat less so than PFOS). However, in the case of
PFHXS, which also exhibits two resolved isomer features in the 2D LCxDMS plot, the DMS-MS?
ionogram peak FWHM increase is approximately the same as that of PFBS and PFPeS. This variability
in ionogram FWHM reflects the relative abundance of the branched isomers for these species and the
differences in their differential mobility behaviour.

Although baseline separation of isomers is not achieved in CV space, there is a slight trend in CV
space for isomeric species that is apparent in the 2D LCxDMS plot — branched isomers transmit at a
slightly more positive CV than do linear isomers. Given that higher SVs can sometimes enhance DMS
resolution, an obvious question is: what happens to resolution in CV space when higher SVs are
applied? Unfortunately, in this gaseous environment, field-induced dissociation impacts ion signal
above SV =3800V. However, I am currently exploring the impact of introducing additional
“protective” gases to the DMS environment, and preliminary work suggests this may be a beneficial

approach.
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Figure 4.6. Full width at half maximum (FWHM) values for ionograms of the PFCA species (blue)
and the PFSA species (red) as a function of chain length. Note that there is a linear increase in FWHM
for the PFCA species, however there is a significant outlier in the PFSA trend. This outlier occurs at
the 8 carbon-long chain (i.e. PFOS) and is attributed to the presence of multiple isomers which are
slightly separated in DMS measurements.

4.3.4 Instrument Quantitation Limits
To assess the feasibility of employing 2D LCxDMS-MS? to quantify PFAS in targeted analyses, |

determined the limits of quantitation (LOQ) for the PFAS species in the mixtures of standards. Standard
solutions ranging in concentration from 1 ng mL* up to 1000 ng mL™ were prepared in MeOH and
were analysed seven times each in order of increasing concentration. Analyte peak areas were measured
and then compared to a blank sample to determine the signal-to-noise ratio (S/N). The compound
specific LOQs reported are the concentrations corresponding to an average S/N > 10 with an RSD

< 20% for the replicates. In some cases, the reported LOQ is relatively high because, although the S/N
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for the measurement was relatively high, the RSDs of replicates measured at lower concentrations
exceeded 20%. A description of the data-processing workflow is provided in the supporting
information. Table 4.2 provides the LOQs for 33 of the PFAS that | measured; the LOQ for PFHXS is

not reported because the RSD for replicates at all concentrations was > 20%.

Table 4.2 Instrument LOQs for 33 PFAS as determined for the 2D LCxDMS-MS? method.
LOQs were determined via seven replicate measurements.

Compound LOQ (ng mL™) S/N RSD (%)
PFHpA 20 15.3 17.0
PFOA 75 28.9 13.9
PFNA 10 10.9 109
PFDA 20 29.6 16.0
PFUnA 20 44.7 14.8
PFDoA 20 28.1 16.1
PFTrDA 30 25.5 18.5
PFTDA 50 67.6 10.7
PFHxDA 75 36.7 10.9
PFBS 20 10.9 5.9
PFPS 10 12.3 15.2
PFHxS 20 18.5 10.6
PFHpS 7.5 52.9 6.0
PFOS 5 159 154
PFNS 7.5 67.1 14.9
PFDS 5 12.7 16.7
PFDoS 7.5 49.6 13.1
3:3FTCA 300 15.4 13.9
5:3FTCA 7.5 80.0 6.4
7:3FTCA 3 25.7 14.7
4:2FTS 75 52.0 134
6:2FTS 5 14.1 12.3
8:2FTS 5 13.1 5.8
8:2diPAP 75 33.3 12.2
8:2FTUCA 30 41.7 15.2
9CI1-PF30NS 1 10.3 17.6
11CI-PF30UdS 5 14.1 18.2
NMeFOSA 50 283.7 19.0
NEtFOSA 75 436.1 54
NEtFOSAA 30 15.2 16.8
ADONA 5 14.3 20.0
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PFEESA 20 14.1 12.5

PFOSA 10 93.4 15.6
Average 33 51.0 13.5
STD 54 85 4

Note: the LOQ for PFHxA is not reported because the RSDs for replicates at all concentrations were
> 20%.

The LOQs reported in Table 4.2 are determined for the instrument measurement method. These
quantitation limits could be lowered substantially by introducing a preconcentration step into the
analytical workflow. For example, pre-concentrating samples via SPE could lower LOQs by three
orders of magnitude, enabling measurements of concentrations on the order of ng L™ (i.e., parts-per-
trillion). Thus, introducing an SPE preconcentration, as is done in EPA PFAS analysis methods, can
facilitate 2D LCxDMS-MS? analysis with LOQs that approach the current state-of-the-art targeted

analyseS.33‘43'“7’“8

4.4 Conclusions
Separation of 34 PFAS compounds was improved by incorporating DMS into an existing LC-MS?

workflow. Baseline resolution for 29 of the 34 measured PFAS was achieved in the 2D LCxDMS space;
2 and 3 PFAS coeluted in (RT, CV) space, respectively. In 1D LC measurements, only 5 compounds
are baseline resolved from all other compounds in the mixture. The introduction of DMS provided an
orthogonal separation dimension complementary to LC. For example, PFOA and PFHXS coelute in
the LC dimension, but have a 24.0 V difference in the DMS CV dimension. Similarly, PFHxS and
PFHXDA have overlapping CVs but exhibit a retention time difference of ca. 11 minutes. These
separations were achieved without increasing the time required and are approaching the LOQs expected
for a 1D LC-MS? method.

Also encouraging is the fact that a plot of the 2D LCxDMS data revealed distinct trends for various
PFAS subclasses. These distinct trends arise owing to the differences between chemical subclasses with
respect to dynamic ion-solvent clustering, and thus differences in effective ion CCS, within the DMS

cell. The subclass trends in the 2D LCxDMS space, which converge at low CV and high RT, could
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provide predictability with respect to the identity of unknowns, or at least the class to which they belong.
To advance research in this direction, full CV scans and non-targeted analysis are necessary, and could
be accomplished using a qToF mass spectrometer.!'® An interesting additional possibility is the
application of machine learning to enable prediction of physicochemical properties using the 2D
LCxDMS data. Recent studies have demonstrated that accurate predictive ML models that use only
DMS or LC data are possible.!?"!' Combining DMS and LC data in a single model might improve
accuracy and precision.

For three of the PFSA species investigated — PFHxS, PFHpS, and PFOS — both branched and linear
isomers were present in the chemical standards. Although separation of various isomers was not
dramatically improved by the 2D LCxDMS compared to conventional LC-MS? analysis (e.g., between
the right-most and middle features of PFOS R = 1.36 in the 2D measurement compared to R = 1.29 in
1D LC), the 2D data did reveal that the branched and linear species do separate slightly in the CV space
(i.e., branched isomers elute at slightly more positive CVs than do linear isomers). Whether resolution
can be improved in the CV dimension is an open question. Such an improvement might be limited by
the fact that higher SVs, which in principle could result in improved resolving power, also result in ion
fragmentation.

Ultimately, this work demonstrates the efficacy of targeted 2D LCxDMS-MS? analysis. By taking
advantage of two orthogonal separation techniques prior to MS detection, ion suppression and chemical
noise are substantially reduced. This diminished background could be particularly useful when
analysing species present in (or extracted from) complex matrices since it is unlikely that isobaric
interferences would transmit with RTs and CVs identical to those of the target analytes. Investigating
the performance of the 2D LCxDMS-MS? method for analysing PFAS in environmental samples or for
analysing another class of molecules (e.g., various types of pharmaceuticals) are interesting future

research directions.
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Chapter 5
Conclusions and Outlook

Chemical separation via differential mobility spectrometry was optimized for 41 PFAS compounds.
This was accomplished by measuring analyte dispersion in the following DMS environments: a pure
N, carrier gas, N2 doped with MeOH, and N2 doped with IPA. The observed behaviour of PFAS in
these environments facilitates determining ideal separation conditions and provides insight on their
physicochemical properties. The choice of chemical modifier yields dramatically different dispersion
behaviour of individual PFAS classes, owing to the strength and extent of ion-solvent clustering.
Previous work has demonstrated the correlation between ion-solvent clustering, Log P, and Log S.1%
This indicates that different PFAS classes likely have varying solubility and octanol-water partition,
and thus should interact differently within the body. Since the physicochemical principles that underpin
DMS separation are different than those underpinning LC, | aimed to enhance chemical separation by
combining orthogonal LC and DMS dimensions.

In Chapter 3, I describe the behaviour of anions in a variety of DMS environments. Anion behaviour
depends on multiple variables, which include the composition of the carrier gas, the interaction strength
of ions and collision gases, and the apparent change to ion CCS upon clustering and de-clustering with
solvent molecules. I highlighted the case of deprotonated 4-mercaptobenzoic acid, which exhibits two
unique DMS dispersion curves associated with two different sites of deprotonation (i.e., the -COOH
and -SH groups). These two deprotomers are separable in a pure N, environment, indicating that they
exhibit differences in their field dependent mobilities. That such subtle differences may be resolved by
DMS is a testament to its power as a technique for analytical separations. The major goals of this work
were twofold: (1) to expand our understanding of (and database for) ion behaviour in dynamic DMS
environments by considering anionic species, and (2) to explore the DMS behaviour of deprotonated
PFAS species, in anticipation of developing a two-dimensional (2D) hybrid LCxDMS-MS" technique.

With respect to PFAS separation by DMS, employing a MeOH-modified environment yielded
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reasonable separation of the PFCAs but the PFSAs remained unresolved. To improve PFSA separation,
I explored the use of an IPA modifier. This approach further enhanced the resolution of the PFCAs, but
only slightly improved PFSA separation. These results demonstrate that PFSAs cluster extremely
weakly with alcohols, and future efforts to improve their DMS separation should focus on non-protic
modifiers. Despite the relatively poor resolution of the PFSAs, I felt that the improvement afforded by
introducing the IPA modifier was sufficient for the purposes of this work.

In Chapter 4 I describe the integration of DMS technology within an LC-MS workflow. The 2D
separation of PFAS compounds is explored as a test case. Of the 41 targeted PFAS species, [ was able
to detect 34. Some of the PFAS compounds were susceptible to field-induced fragmentation within the
DMS cell (i.e., PFBA, PFPeA, GenX, NFDHA, PFMPA, PFMBA, and NMeFOSAA). Of the 34
detected species, 29 were baseline resolved; of the remaining five, a group of two compounds co-eluted
and a group of three compounds co-eluted. When considering only the LC dimension, it is possible to
baseline resolve only five of the PFAS compounds. The PFSA species elute within a narrow CV
window, meaning their trend in the 2D space is distinct from that of the PFCAs and fluorotelomers.
These trends facilitate non-target analyses, as a compound’s position in the 2D space provides an extra
classifier for identification. While DMS is known to reduce ion signal intensity, it also can reduce
chemical noise. Owing to this, the quantitation limits for this 2D method approach state-of-the-art LC-
MS? methods if samples were to be pre-concentrated via SPE.3**1"118 T found that CVy values for
sulfonate-containing PFAS tended to increase with greater ACN content in the mobile phase. It is
interesting that the ACN seems to have no effect on carboxylate-containing PFAS. Further investigation
of this phenomenon is required. In principle, DMS operates on a millisecond timescale, however when
monitoring several MRM channels over a large CV window, the full scan time is on the order of a few
minutes. The differences in timescales prevented the direct coupling of LC to DMS and required the
use of CV-labeled MRM channels for 2D data acquisition. These challenges highlight the difficulty in

combining the LC and DMS methods on the triple-quadrupole system.
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This thesis leads to numerous directions for future research. The LCxDMS method should be tested
on environmental samples to gauge its efficacy. The complexity of real-world samples often results in
heightened chemical noise, and with it, high limits of quantitation. DMS can reduce chemical noise, as
any isobaric interferences are unlikely to share an optimal CV with the analyte of interest. My method
can easily be applied for targeted studies of environmental samples but its application for non-target
analysis requires some careful thought. Ideally, one could monitor the precursors of common fragments
or neutral losses belonging to various PFAS classes (SOs, CoFs, HF, CO», etc.) at all CVs in a scan.
The position of these features in the resultant 2D plot would aid in compound identification. For
example, a compound which produces an HSO;™ fragment is likely a fluorotelomer sulfonate (FTS). Its
position relative to known FTS compounds, along with its mass, then indicates its length and size.
Alternatively, a qToF detector would be highly useful, as it allows for continuous, rapid cycling of large
CV windows throughout the duration of an LC method."'® This setup could yield entire ionograms for
each point in the LC measurement and would circumvent the need for fragment monitoring. These
dimensions could then be filtered based on mass and mass defect to aid in PFAS identification.

Another direction for future work involves the generation of predictive machine learning models.
The data collected in Chapter 3 will serve as a foundation for the prediction of PFAS dispersion
behaviour. Ideally, a user could provide a PFAS candidate structure, and the model would yield the
predicted dispersion curve. The prediction could then be used as an additional classifier in compound
identification, or it may narrow scan windows in non-target analyses. Given the suspected thousands
of PFAS compounds — and the few dozen available chemical standards — the current experimental set
of PFAS represents a miniscule proportion of training data for predictive models. Future work should
focus on the DMS measurement of other PFAS and PFAS-like compounds to diversify the data for
machine learning.

In this thesis I occasionally observed the field-induced dissociation of certain PFAS species at

relatively low separation voltages, preventing their detection at ideal separation conditions. To address
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this problem, one could use protective gases within the DMS cell to increase survival yields of fragile
ions. A member of the Hopkins Lab is currently investigating CO, as a protective gas for the GenX
species. Their work has shown that introducing as little as 10% CO; into the DMS carrier gas increases
GenX signal intensity by nearly two orders of magnitude. This would be useful for enabling the
detection of fragile compounds at high SVs and lowering quantitation limits in LCxDMS-MSN analysis.

While this thesis focuses on PFAS, it is worth stating the generalizability of the LCxDMS-MS"
method. Aside from PFAS, my method may be applied to other pollutants such as disinfection by-
products (DBPs), drug metabolites, and even pharmaceuticals. It should also be noted that the method
is applicable to anions or cations. Ultimately, this work demonstrates the efficacy of combined

LCxDMS as an analytical tool while exploring the separation of PFAS within a mixture.
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Appendix A
Supplementary Information

Table A.1 List of anion compound names, molecular weights, parent and fragment m/z and dispersion
behaviour measured in N, or MeOH.

Name MW m/z (parent) m/z (fragment 1) 8m/z (fragment 2) bDispersion in
N2 MeOH
DL-Aspartic Acid 133 132 115 88 X
D-Leucine 131 130 131 - X X
DL-Serine 105 104 74 72 X X
L-Phenylalanine 165 164 147 103 X X
L-Proline 115 114 114 - X X
D-Valine 117 116 116 - X X
L-Glutamine 146 145 59 - X X
L-Methionine 149 148 100 - X X
L-Threonine 119 118 100 74 X X
L-Tyrosine 181 180 163 119 X X
Naproxen 230 229 185 170 X X
Nicotinic acid 123 122 78 - X X
Methyl red 268 267 250 218 X X
Adenine 135 134 107 92 X X
Ibuprofen 206 205 161 159 X X
Maleic acid 116 115 71 - X X
Malonic acid 104 103 59 - X
Cannabichromene 315 313 191 313 X X
Cannabidiol 315 313 179 245 X X
Cannabidiolic Acid 358 357 245 339 X X
Cannabidivarin 286 285 217 285 X X
Cannabigerol 317 315 136 315 X X
Cannabigerolic acid 361 359 341 315 X X
Tetrahydrocannabivarin 286 285 163 151 X X
Cannabinol 310 309 279 171 X X
2,2-difluoropropanoic acid 110 109 65 109 X
2,3,3,3-tetrafluoropropanoic acid 146 145 101 81 X
3,3,3-trifluoropropanoic acid 128 127 83 63 X
Ferulic Acid 194 193 178 134 X
Pentafluoropropanoic acid 163 162 118 - X
Taurocholic Acid 515 514 514 - X X
acetaminophen 151 150 107 - X X
glucose 179 178 59 - X
gly-pro 172 171 114 - X X
chelidamic acid 182 181 94 - X
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3-hydroxy-1,2-dimethyl-4(1H)-

pyridone 138 137 138 - X
HBDI 216 215 200 131 X X
Resveratrol 228 227 227 184 X X
Pterostilbene 256 255 240 197 X X
y-Aminobutyric acid 103 102 102 - X X
2-Aminonicotinic acid 138 137 66 93 X X
3-Aminobenzoic acid 137 136 92 136 X X
4-Aminobenzoic acid 137 136 92 136 X X

Ethylmalonic acid 132 131 131 - X
Hexanoic acid 116 115 71 115 X X
Crotonic acid 86 85 85 - X X
Heptanoic acid 130 129 85 129 X
Isonicotinic acid 123 122 78 122 X X
Isovaleric acid 102 101 101 - X X
Valeric acid 102.13 101 101 - X
2-Tert-butyl-4-methoxyphenol 180 179 164 149 X X
Congo Red 697 696 81 - X X
2-methylphenol 108 107 107 - X X
Corticosterone 345 344 241 327 X X
Hydrocortisone 362 361 282 331 X X
Sodium Deoxycholate 392.6 393 345 327 X X
Folic acid 441 440 132 440 X X
Cholic acid 409 408 289 407 X X
Carvedilol 407 405 405 181 X X
Ranitidine 314 313 142 170 X X
Sodium Dodecy! Sulfate 266 265 80 97 X X
Gemfibrozil 250 249 121 249 X X
Minoxidil 209 208 208 - X X
2,3,4,5-Tetrafluorobenzoic Acid 194 193 129 149 X X

Gallic acid 170 169 169 - X
4-(1H-Pyrrol-1-yl)phenol 159 158 157 118 X X
Allantoin 158 157 157 139 X X
Mandelic acid 152 151 151 107 X X
D-Tartaric Acid 150 149 129 149 X X
trans-Cinnamic acid 148 147 147 103 X X
4-Fluorobenzoic acid 140 139 95 139 X X
Malic Acid 134 133 115 71 X X
5-Hydroxyindole 133 132 104 131 X X
Fumaric Acid 116 115 71 115 X X
(Aminomethyl) phosphonic acid 111 110 79 63 X X
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3-amino-2-fluoropropionic acid 107 106 86 106 X X
Inosine 268 267 135 267 X X
Palmitic acid 256 255 237 255 X X
Hypoxanthine 136 135 92 135 X
L-Pyroglutamic acid 129 128 82 128 X X
Hypotaurine 109 108 64 108 X X
2-Phenyl-5-benzimidazole
sulfonic acid 274 273 193 273 X
atenolol 266 265 97 219 X X
2,2'4,4'-
Tetrahydroxybenzophenone 246 245 109 135 X X
2,4-Dichlorophenoxyacetic acid 221 220 134 220 X X
2,4 - Dihydroxybenzophenone 214 213 91 135 X X
2,(4-1sobutylphenyl)propanoic
acid 206 205 205 159 X X
Atrazine-2-hydroxy 197 196 83 196 X X
Atrazine- desethyl-2-hydroxy 169 168 83 168 X X
8-Aminocaprylic acid 159 158 158 - X X
Irgasan 290 288 255 289 X
(+/-)-4-methyloctanoic acid 158 157 157 - X
Isophthalic acid 166.13 165 121 165 X X
1,5-Naphthalenedisulfonic acid,
disodium salt 332 331 207 287 X X
Stearic Acid 285 283 265 283 X X
9-phenanthrol 194 193 165 193 X X
2-hydroxyfluorene 98% 182 181 181 - X X
2-aminoterephthalic acid 181 180 92 136 X X
Sodium-p-toluenesulphonate 194 193 80 107 X X
2,4-Dichlorophenol 163 162 89 163 X X
Vanillin 152 151 136 92 X X
1-Naphthol 144 143 115 143 X X
Sodium octanoate 143 142 143 - X X
2-nitrophenol 139 138 108 138 X X
3-Hydroxybenzoic acid 138 137 93 137 X X
Salicylic acid 138 137 93 137 X X
Cyanuric acid anhydrous 129 128 85 128 X X
Hydroquinone 110 109 77 109 X X
Media Dye, Blue (brilliant blue) 793 373 170 373 X X
Media Dye, Red (Erythrosine) 880 417 127 417 X X
Media Dye, Yellow (Tartrazine) 534 155 137 155 X X
Indole-3-butyric acid 203 202 158 116 X
Glutathione 307 306 143 306 X
Phloroglucinol 126 125 57 125 X X
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L-asparagine 132 131 113 131 X X
Tetracycline 444 443 358 443 X
Novobiocin 613 612 205 611 X
trans-4-aminomethyl-
cyclohexanecarboxylic acid 157 156 138 156 X X
ethylenediaminetetraacetic acid
(EDTA) 292 291 159 - X
chlorogenic acid 354 353 191 353 X X
5-chloro-2-(2,4
dichlorophenoxy)phenol 290 288 255 288 X X
cacodylic acid sodium salt 160 159 107 137 X X
terephthalic acid 166 165 121 165 X X
Ellagic acid 302 301 284 301 X X
sodium 2-naphthalene 230 207 80 207 X X
dodecylbenzene sulfonic acid 327 325 197 325 X X
8-aminocaprylic acid 159 158 140 158 X X
2-acrylamido-2-methyl-1-
propanesulfonic acid 207 206 80 206 X X
nafcillin sodium salt monohyrate 455 453 243 413 X
oxalic acid 90 89 89 - X X
nonanoic acid 158 157 157 - X
Perfluorobetanesulfonic Acid
(PFBS) 300 299 80 99 X X
Perfluoropentanesulfonic Acid
(PFPS) 350 349 80 99 X X
Perfluorohexanesulfonic Acid
(PFHXS) 400 399 80 99 X X
Perfluoroheptanesulfonic Acid
(PFHpS) 450 449 80 99 X X
Perfluorooctanesulfonic Acid
(PFOS) 500 499 80 99 X X
Perfluoroheptanesulfonic Acid
(PENS) 550 549 80 99 X X
Perfluorodecanesulfonic Acid
(PFDS) 600 599 80 99 X X
Perfluorododecanesulfonic Acid
(PFDoS) 700 699 80 99 X X
4:2 FTS 328 327 307 81 X X
6:2 FTS 428 427 407 81 X X
8:2 FTS 528 527 507 81 X X
GenX 330 285 185 169 X X
PFMPA 230 229 85 135 X X
PFMOBA 280 279 85 97 X X
NFDHA 296 295 201 85 X X
9CI-PF30ONS 532/534 531/533 351 353 X X
11Cl 632/634 631/633 451 453 X X
PFEESA 316 315 135 83 X X
3:3FTCA 242 241 177 117 X X
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5:3FTCA 342 341 217 237 X X

7:3FTCA 442 441 317 337 X X

ADONA 378 377 251 85 X X

PFBA 214 213 169 - X X

Perfluoropentanoic Acid (PFPA) 264 263 219 - X X

Perfluorohexanoic Acid (PFHxA) 314 313 269 119 X X

Perfluoroheptanoic Acid (PFHpA) 364 363 319 169 X X

Perfluorooctanoic Acid (PFOA) 414 413 369 169 X X

Perfluorononanoic Acid (PFNA) 464 463 419 219 X X

Perfluorodecanoic Acid (PFDA) 514 513 469 219 X X
Perfluoroundecanoic Acid

(PFUNA) 564 563 519 269 X X
Perfluorododecanoic Acid

(PFDoA) 614 613 569 319 X X
Perfluorotridecanoic Acid

(PFTrA) 664 663 619 169 X X

PFTeA 714 713 669 169 X X

PFHxDA 814 813 769 169 X X

PFODA 914 913 369 413 X X

PFOSA 499 498 78 169 X X

NMeFOSA 513 512 169 219 X X

NEtFOSA 527 526 169 219 X X

NMeFOSAA 571 570 319 169 X X

NEtFOSAA 585 584 526 483 X X

8:2 FTUCA 458 457 393 343 X X

8:2 diPAP 990 989 543 79 X X

sulfamethazine 278.33 277 106 122 X X

aztreonam 435.4 434 80 96 X X

Acid Black 1 616.5 285 80 164 X X

Acid Red 151 454.4 431 275 156 X X

Acid Red 88 400.4 377 221 143 X X

acid orange 7 350.3 327 171 156 X X

amaranth 604.5 268 80 268 X

cis-aconitic acid 174.11 173 129 173 X X

furosemide 330.7 329 205 285 X X

indoprofen 281.3 280 236 280 X X

fosinopril 563.7 562.3 220.4 416 X X

orotic acid 156.1 155 111 155 X X

5-Fluorouracil 130.08 129 129 59 X X

b-Estradiol-3-sulfate 3744 3734 271 351 X X

warfarin 308.3 307 161 250 X X

glafenine 372.8 371 253 297 X X
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2-(methylamino)benzoic acid 151.16 150 150 106 X X
2-(4-butylphenyl)propanoic acid 206.28 205 205 159 X X
1-cyclohexylcyclohexane-1-
carboxylic acid 210.3 209 209 - X X
3-(4-Isobutylphenyl)propanoic
acid 206.28 205 205 161 X X
(2S)-2-[4-(2-
methylpropyl)phenyl]propanoic
acid 206.28 205 159 205 X
Diphenylacetic acid 212.24 211 211 157 X X
9H-fluorene-2-carboxylic acid 210.23 209 209 165 X X
9-Anthracenecarboxylic acid 222.24 221 177 221 X X
4'-Hydroxy-4-biphenylcarboxylic
acid 214.22 213 169 213 X X
(1R,4aR,4bR,10aR)-1,4a-
dimethyl-7-propan-2-yI-
2,3,4,4h,5,6,10,10a-
octahydrophenanthrene-1-
carboxylic acid 302.5 301 301 - X X
linoleic acid 280 279 279 177 X X
Oleic Acid 282.5 281 281 - X X
alpha-Phenylcinnamic acid 224.25 223 179 223 X X
Pelubiprofen 258.31 257 257 - X X
3-lodoprop-2-enoic acid 197.96 196 164 196 X X
3,3-Dibromoacrylic acid 229.85 228 228 211 X X
(Isopropylthio)acetic acid 134.2 133 133 - X X
2-(Tert-butoxy)acetic acid 132.16 131 75 131 X X
4-Mercaptobenzoic acid 154.19 153 109 153 X X
4-Bromo-2-methylbenzoic acid 215 214 214 170 X X
2,5-Diiodobenzoic acid 373.91 372 127 373 X X
4-Acetylbenzoic acid 164.16 163 119 163 X X
4-Fluoro-3,5-dimethylbenzoic
acid 168.16 167 123 167 X X
4-(Pentafluorosulfanyl)benzoic
acid 248.17 247 127 247 X
4-Octylbenzoic acid 234.33 233 233 189 X
4-[4-
(Methoxycarbonyl)phenyl]benzoic
acid 256.25 255 255 211 X
Ricinoleic acid 298.5 297 297 183 X
3,4,5-trihydroxybenzoic acid 170 169 125 169 X X
9,12-Octadecadienoic acid,
sodium salt 302 279 178 235 X X
Lauric Acid 200 199 199 - X X
Potassium 1-carboxyvinyl
hydrogenphosphate 206 205 161 205 X X
3-Mercaptopropionic acid 106 105 105 75 X
4,4.4-Trifluorobutanamide 141 140 120 100 X X
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3-lodobut-2-enoic acid 212 211 127 211 X

HO-Peg3-CH2cooh 208 207 207 105 X

aNote that the second fragment m/z is not always shown. In these cases, the ion did not fragment and
thus only the parent—parent transition was monitored.

Note that the total number of compounds listed to have been measured in either DMS environment
may not be the same as that mentioned in Section 3.3.1; certain compounds which were measured were
susceptible to field-induced fragmentation at high SV, and thus the dispersion type could not be
assigned.
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Table A.2 List of PFAS compound classes, names, abbreviations, and which chemical standard(s) each

compound is found in.

Class Name Abbreyv. Contained in
Standard(s)
Perfluorocarboxylic Perfluorobutanoic acid PFBA Native
acids (PFCAs) Perfluoropentanoic acid PFPeA Native
Perfluorohexanoic acid PFHxA Native
Perfluoroheptanoic acid PFHpA Native
Perfluorooctanoic acid PFOA Native
Perfluorononanoic acid PFNA Native
Perfluorodecanoic acid PFDA Native
Perfluoroundecanoic acid PFUnA Native
Perfluorododecanoic acid PFDoA Native
Perfluorotridecanoic acid PFTrDA Native
Perfluorotetradecanoic acid PFTDA Native
Perfluorohexadecanoic acid PFHxDA Native
Perfluorosulfonic Perfluorobutanesulfonic acid PFBS Native, 1633-2
acids (PFSAs) Perfluoropentanesulfonic acid PFPeS 16332
Perfluorohexanesulfonic acid PFHxS Native
Perfluoroheptanesulfonic acid PFHpS Native
Perfluorooctanesulfonic acid PFOS Native
Perfluorononanesulfonic acid PFNS 1633-2
Perfluorodecanesulfonic acid PFDS Native
Perfluorododecanesulfonic acid PFDoS 16332
Fluorotelomer 3:3 Fluorotelomer carboxylic acid 3:3 FTCA 16334
carboxylic acids 5:3 Fluorotelomer carboxylic acid 5:3 FTCA 16334
(FTCAs) 7:3 Fluorotelomer carboxylic acid 7:3 FTCA 16334
8:2 Fluorotelomer unsaturated carboxylic acid 8:2 FTUCA Native
Fluorotelomer 4:2 Fluorotelomer sulfonic acid 4:2 FTS 16332
sulfonic acids (FTSs) 6:2 Fluorotelomer sulfonic acid 6:2 FTS Native, 1633-2
8:2 Fluorotelomer sulfonic acid 8:2 FTS Native, 1633-2
Perfluorosulfonamides N—Methylperfluoro—1-octanesulfonamide NMeFOSA Native
(FOSAs) N-Ethylperfluoro—1—octanesulfonamide NEtFOSA Native
Perfluorooctanesulfonamide PFOSA Native
Perfluorosulfonamido N-Methylperfluoro—1—-octanesulfonamido acetic NMeFOSAA Native
acetic acids acid
(FOSAAs) N-Ethylperfluoro—1—octanesulfonamido acetic NEtFOSAA Native
acid
Chlorinated ether 9—chlorohexadecafluoro—3—oxanone—1—sulfonic 9CI-PF30ONS Native, 16334
sulfonic acids acid
11—chloroeicosafluoro—3—oxaundecane—1—sulfonic 11CI-PF30UdS 16334
acid
Miscellaneous ether Nonafluoro—3,6—dioxaheptanoic acid NFDHA 16334
containing PFAS 4,8-Dioxa—3H—perfluorononanoic acid ADONA Native, 16334
2,3,3,3—Tetrafluoro—2— HFPO-DA (GenX) Native, 16334
(heptafluoropropoxy)propanoic acid
1,1,2,2-Tetrafluoro—2— PFEESA 16334
(perfluoroethoxy)ethanesulfonic acid
2,2,3,3,4,4-Hexafluoro—4— PFMBA 16334
(trifluoromethoxy)butanoic acid
2,2,3,3—tetrafluoro—3— PFMPA 16334
(trifluoromethoxy)propanoic acid
Fluorotelomer 8:2 Fluorotelomer phosphate diester 8:2 diPAP Native
phosphate diester
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Table A.3 Multiple Reaction Monitoring (MRM) table of PFAS for DMS and LC experiments.

Q1 Mass Q3 Mass Dwell 1D? Declustering Entrance Collision Cell Exit
(Da) (Da) Time Potential Potential Energy Potential
(ms) ™ ™ V) V)
213 169 50 PFBA -20 -9 -13 -20
263 219 50 PFPA -15 -7 -10 -23
313 269 50 PFHxA —60 -2 -13 —52
313 119 50 PFHxA q —60 -2 -28 -52
363 319 50 PFHpA 40 -2 -14 -15
363 169 50 PFHpA q -40 -2 22 -21
413 369 50 PFOA -20 -10 —14 —18
413 169 50 PFOA q -20 -10 -23 -22
463 419 50 PFNA -25 -10 -14 -20
463 219 50 PFNA q -25 -10 24 -25
513 469 50 PFDA -25 -10 -16 -22
513 219 50 PFDA q -25 —-10 26 —11
563 519 50 PFUnA -20 -10 -17 -25
563 269 50 PFUnA q -20 -10 -25 27
613 569 50 PFDoA -30 —-10 -19 -28
613 319 50 PFDoA q -30 -10 -26 -15
663 619 50 PFTrDA —40 -10 -17 -30
663 169 50 PFTrDA q —40 -10 -38 -23
713 669 50 PFTeDA -50 -10 21 -30
713 169 50 PFTeDA q -50 -10 -36 —18
813 769 50 PFHxDA -50 -6 -18 -37
813 169 50 PFHxDA q -50 -6 40 -18
913 369 50 PFODA -50 —7 -30 -19
913 413 50 PFODA q —50 -7 -13 -20
241 177 50 3:3FTCA -50 -10 —11 -15
241 117 50 3:3FTCA q -50 -10 —40 -15
341 217 50 5:3FTCA -50 -2 -32 -22
341 237 50 5:3FTCA _q -50 -2 -18 -22
441 317 50 7:3FTCA -50 -10 27 -16
441 337 50 7:3FTCA _q -50 -10 -18 -16
457 393 50 8:2FTUCA —15 -6 -15 -20
457 343 50 8:2FTUCA q —15 —6 -50 —-17
570 319 50 NMeFOSAA -60 -10 -26 -15
570 169 50 NMeFOSAA q -60 -10 -30 -20
584 526 50 NEtFOSAA —60 -10 -30 -25
584 483 50 NEtFOSAA q -60 -10 -22 24
329 185 50 HFPO-DA (GenX) -60 -10 -22 -30
329 169 50 HFPO-DA (GenX) q -60 -10 -11 -20
377 251 50 ADONA -30 -2 -17 24
377 85 50 ADONA q -30 -2 —40 -20
295 201 50 NFDHA -20 -6 —11 -10
295 85 50 NFDHA q -20 -6 =30 -18
229 85 50 PFMPA -25 -10 -17 -15
279 85 50 PFMBA -30 -5 -16 -15
299 80 50 PFBS —60 -2 —63 -15
299 99 50 PFBS q -60 -2 —40 -50
349 80 50 PFPS -70 -4 -70 -15
349 99 50 PFPS q -70 -4 -70 -13
399 80 50 PFHxS -90 -10 —87 -20
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399 99 50 PFHxS_q -90 -10 =75 -18

449 80 50 PFHpS ~100 2 95 ~18
449 99 50 PFHpS q ~100 2 -85 12
499 80 50 PFOS -50 -6 ~110 -19
499 99 50 PFOS_q -50 -6 90 24
549 80 50 PFNS ) 2 ~110 15
549 99 50 PFNS q 80 2 ~100 15
599 80 50 PFDS —80 2 ~120 15
599 99 50 PFDS_q 80 2 ~110 15
699 80 50 PFDoS 80 4 ~130 18
699 99 50 PFDoS_q ~80 4 ~140 20
327 307 50 4:2FTS 50 -6 30 -16
327 81 50 4:2FTS q -50 -6 55 -16
427 407 50 6:2FTS ~70 -6 32 20
427 81 50 6:2FTS _q ~70 -6 65 15
527 507 50 8:2FTS 80 -6 38 24
527 81 50 8:2FTS q —80 -6 —90 20
315 135 50 PFEESA 50 -3 28 15
315 83 50 PFEESA q 50 3 24 “14
531 351 50 9CI-PF30ONS -50 4 —40 “18
533 353 50 9CI-PF30ONS_q ~70 -5 37 -17
631 451 50 11CI-PF30UdS ~60 -10 38 22
633 453 50 11CI-PF30UdS_q ~70 -5 —41 20
498 78 50 PFOSA ~70 -6 80 18
498 169 50 PFOSA_q ~70 -6 38 -17
512 169 50 NMeFOSA ~60 -6 35 -19
512 219 50 NMeFOSA q ~60 -6 33 24
526 169 50 NEtFOSA ~60 -6 36 20
526 219 50 NEtFOSA q —60 -6 35 25
989 543 50 8:2diPAP -50 -6 35 28
989 79 50 8:2diPAP g -50 -6 ~140 20

a[Ds with the “_q” suffix represent the secondary (qualifier) fragment used for compound monitoring.
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Table A.4 CV-labeled MRM transitions of PFAS for LCxDMS experiments.

Ql Q3 Dwell 1D? Declustering Entrance Collision Cell Exit Compensation
Mass Mass Time Potential (V) Potential  Energy (V)  Potential (V) Voltage (V)
(Da) (Da)  (ms) V)

631 451 5 11CI-PF30UdS Q101 -60 -10 -38 -22 -3.7

631 451 5 11CI-PF30UdS Q102 -60 -10 -38 -22 -3.2

631 451 5 11CI-PF30UdS Q103 -60 -10 -38 -22 -2.7

631 451 5 11CI-PF30UdS Q104 -60 -10 -38 -22 2.2

631 451 5 11CI-PF30UdS Q105 -60 -10 -38 -22 -1.7

631 451 5 11CI-PF30UdS Q106 -60 -10 -38 -22 -1.2

631 451 5 11CI-PF30UdS Q107 -60 -10 -38 -22 -0.7

631 451 5 11CI-PF30UdS Q108 -60 -10 -38 -22 -0.2

631 451 5 11CI-PF30UdS Q109 -60 -10 -38 -22 0.3

631 451 5 11CI-PF30UdS Q110 -60 -10 -38 -22 0.8

631 451 5 11CI-PF30UdS Ql11 -60 -10 -38 -22 1.3

631 451 5 11CI-PF30UdS Q112 -60 -10 -38 -22 1.8

631 451 5 11CI-PF30UdS Q113 -60 -10 -38 -22 2.3
241 177 5 3:3FTCA Q101 -50 -10 -11 -15 -52
241 177 5 3:3FTCA Q102 -50 -10 -11 -15 -51.5
241 177 5 3:3FTCA Q103 -50 -10 -11 -15 -51
241 177 5 3:3FTCA Q104 -50 -10 -11 -15 -50.5
241 177 5 3:3FTCA Q105 -50 -10 -11 -15 -50
241 177 5 3:3FTCA Q106 -50 -10 -11 -15 -49.5
241 177 5 3:3FTCA Q107 -50 -10 -11 -15 -49
241 177 5 3:3FTCA Q108 -50 -10 -11 -15 -48.5
241 177 5 3:3FTCA Q109 -50 -10 -11 -15 -48
241 177 5 3:3FTCA Q110 -50 -10 -11 -15 -47.5
241 177 5 3:3FTCA Ql11 -50 -10 -11 -15 -47
241 177 5 3:3FTCA Q112 -50 -10 -11 -15 -46.5
241 177 5 3:3FTCA Q113 -50 -10 -11 -15 -46

327 307 5 4:2FTS Q101 -50 -6 -30 -16 -44.5

327 307 5 4:2FTS Q102 -50 -6 -30 -16 -44

327 307 5 4:2FTS Q103 -50 -6 -30 -16 -43.5

327 307 5 4:2FTS Q104 -50 -6 -30 -16 -43

327 307 5 4:2FTS Q105 -50 -6 -30 -16 -42.5

327 307 5 4:2FTS Q106 -50 -6 -30 -16 -42

327 307 5 4:2FTS Q107 -50 -6 -30 -16 -41.5

327 307 5 4:2FTS Q108 -50 -6 -30 -16 -41

327 307 5 4:2FTS Q109 -50 -6 -30 -16 -40.5

327 307 5 4:2FTS Q110 -50 -6 -30 -16 -40

327 307 5 4:2FTS Qll11 -50 -6 -30 -16 -39.5

327 307 5 4:2FTS Q112 -50 -6 -30 -16 -39

327 307 5 4:2FTS Q113 -50 -6 -30 -16 -38.5

341 217 5 5:3FTCA QIl01 -50 -2 -32 -22 -36.3

341 217 5 5:3FTCA Q102 -50 -2 -32 -22 -35.8

341 217 5 5:3FTCA Q103 -50 -2 -32 -22 -35.3

341 217 5 5:3FTCA Q104 -50 -2 -32 -22 -34.8

341 217 5 5:3FTCA Q105 -50 -2 -32 -22 -34.3

341 217 5 5:3FTCA Q106 -50 -2 -32 -22 -33.8

341 217 5 5:3FTCA Q107 -50 -2 -32 -22 -333

341 217 5 5:3FTCA Q108 -50 -2 -32 -22 -32.8

341 217 5 5:3FTCA Q109 -50 -2 -32 -22 -32.3

341 217 5 5:3FTCA Q110 -50 -2 -32 -22 -31.8

341 217 5 5:3FTCA Q111 -50 -2 -32 -22 -31.3

341 217 5 5:3FTCA Q112 -50 -2 -32 -22 -30.8

341 217 5 5:3FTCA QIl13 -50 -2 -32 -22 -30.3

427 407 5 6:2FTS Q101 -70 -6 -32 -20 -34.4

427 407 5 6:2FTS Q102 -70 -6 -32 -20 -33.9
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427 407 5 6:2FTS Q103 -70 -6 -32 -20 -33.4
427 407 5 6:2FTS_Q104 -70 -6 -32 -20 -32.9
427 407 5 6:2FTS_Q105 -70 -6 -32 -20 -32.4
427 407 5 6:2FTS_Q106 -70 -6 -32 -20 -31.9
427 407 5 6:2FTS Q107 -70 -6 -32 -20 -31.4
427 407 5 6:2FTS Q108 -70 -6 -32 -20 -30.9
427 407 5 6:2FTS_Q109 -70 -6 -32 -20 -30.4
427 407 5 6:2FTS_Q110 -70 -6 -32 -20 -29.9
427 407 5 6:2FTS_QIl11 -70 -6 -32 -20 -29.4
427 407 5 6:2FTS Q112 -70 -6 -32 -20 -28.9
427 407 5 6:2FTS Q113 -70 -6 -32 -20 -28.4
441 317 5 7:3FTCA_Q101 -50 -10 -27 -16 -26.6
441 317 5 7:3FTCA_Q102 -50 -10 -27 -16 -26.1
441 317 5 7:3FTCA_Q103 -50 -10 -27 -16 -25.6
441 317 5 7:3FTCA_Q104 -50 -10 -27 -16 -25.1
441 317 5 7:3FTCA_Q105 -50 -10 -27 -16 -24.6
441 317 5 7:3FTCA_Q106 -50 -10 -27 -16 -24.1
441 317 5 7:3FTCA_Q107 -50 -10 -27 -16 -23.6
441 317 5 7:3FTCA_Q108 -50 -10 -27 -16 -23.1
441 317 5 7:3FTCA_Q109 -50 -10 -27 -16 -22.6
441 317 5 7:3FTCA_Q110 -50 -10 -27 -16 -22.1
441 317 5 7:3FTCA _QIl11 -50 -10 -27 -16 -21.6
441 317 5 7:3FTCA Q112 -50 -10 -27 -16 -21.1
441 317 5 7:3FTCA Q113 -50 -10 -27 -16 -20.6
989 543 5 8:2diPAP Q101 -50 -6 -35 -28 -7.9
989 543 5 8:2diPAP Q102 -50 -6 -35 -28 -1.4
989 543 5 8:2diPAP Q103 -50 -6 -35 -28 -6.9
989 543 5 8:2diPAP_Q104 -50 -6 -35 -28 -6.4
989 543 5 8:2diPAP_ Q105 -50 -6 -35 -28 -5.9
989 543 5 8:2diPAP_Q106 -50 -6 -35 -28 -5.4
989 543 5 8:2diPAP Q107 -50 -6 -35 -28 -4.9
989 543 5 8:2diPAP_Q108 -50 -6 -35 -28 -4.4
989 543 5 8:2diPAP_Q109 -50 -6 -35 -28 -3.9
989 543 5 8:2diPAP Q110 -50 -6 -35 -28 -3.4
989 543 5 8:2diPAP Q111 -50 -6 -35 -28 -2.9
989 543 5 8:2diPAP_Q112 -50 -6 -35 -28 -2.4
989 543 5 8:2diPAP_Q113 -50 -6 -35 -28 -1.9
527 507 5 8:2FTS_Q101 -80 -6 -38 -24 -26.7
527 507 5 8:2FTS Q102 -80 -6 -38 -24 -26.2
527 507 5 8:2FTS Q103 -80 -6 -38 -24 -25.7
527 507 5 8:2FTS_Q104 -80 -6 -38 -24 -25.2
527 507 5 8:2FTS_Q105 -80 -6 -38 -24 -24.7
527 507 5 8:2FTS_Q106 -80 -6 -38 -24 -24.2
527 507 5 8:2FTS_Q107 -80 -6 -38 -24 -23.7
527 507 5 8:2FTS Q108 -80 -6 -38 -24 -23.2
527 507 5 8:2FTS Q109 -80 -6 -38 -24 -22.7
527 507 5 8:2FTS Q110 -80 -6 -38 -24 -22.2
527 507 5 8:2FTS Ql11 -80 -6 -38 -24 -21.7
527 507 5 8:2FTS Q112 -80 -6 -38 -24 -21.2
527 507 5 8:2FTS Ql113 -80 -6 -38 -24 -20.7
457 393 5 8:2FTUCA Q101 -15 -6 -15 -20 -29.7
457 393 5 8:2FTUCA_Q102 -15 -6 -15 -20 -29.2
457 393 5 8:2FTUCA_Q103 -15 -6 -15 -20 -28.7
457 393 5 8:2FTUCA Q104 -15 -6 -15 -20 -28.2
457 393 5 8:2FTUCA_Q105 -15 -6 -15 -20 -27.7
457 393 5 8:2FTUCA_Q106 -15 -6 -15 -20 -27.2
457 393 5 8:2FTUCA_Q107 -15 -6 -15 -20 -26.7
457 393 5 8:2FTUCA_Q108 -15 -6 -15 -20 -26.2
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457 393 5 8:2FTUCA_Q109 -15 -6 -15 -20 -25.7
457 393 5 8:2FTUCA_Q110 -15 -6 -15 -20 -25.2
457 393 5 8:2FTUCA_Q111 -15 -6 -15 -20 -24.7
457 393 5 8:2FTUCA_Q112 -15 -6 -15 -20 -24.2
457 393 5 8:2FTUCA Q113 -15 -6 -15 -20 -23.7
531 351 5 9CI-PF30ONS Q101 -50 -4 -40 -18 -4.5
531 351 5 9CI-PF30ONS_Q102 -50 -4 -40 -18 -4

531 351 5 9CI-PF30NS Q103 -50 -4 -40 -18 -3.5
531 351 5 9CI-PF30ONS Q104 -50 -4 -40 -18 -3

531 351 5 9CI-PF30ONS_Q105 -50 -4 -40 -18 -2.5
531 351 5 9CI-PF30ONS Q106 -50 -4 -40 -18 -2

531 351 5 9CI-PF30ONS Q107 -50 -4 -40 -18 -1.5
531 351 5 9CI-PF30ONS_Q108 -50 -4 -40 -18 -1

531 351 5 9CI-PF30ONS Q109 -50 -4 -40 -18 -0.5
531 351 5 9CI-PF30NS Q110 -50 -4 -40 -18 0

531 351 5 9CI-PF30NS Q111 -50 -4 -40 -18 0.5
531 351 5 9CI-PF30ONS Q112 -50 -4 -40 -18 1

531 351 5 9CI-PF3ONS Q113 -50 -4 -40 -18 1.5
377 251 5 ADONA Q101 -30 -2 -17 -24 -36
377 251 5 ADONA Q102 -30 -2 -17 -24 -35.5
377 251 5 ADONA Q103 -30 -2 -17 -24 -35
377 251 5 ADONA Q104 -30 -2 -17 -24 -34.5
377 251 5 ADONA Q105 -30 -2 -17 -24 -34
377 251 5 ADONA Q106 -30 -2 -17 -24 -33.5
377 251 5 ADONA Q107 -30 -2 -17 -24 -33
377 251 5 ADONA Q108 -30 -2 -17 -24 -32.5
377 251 5 ADONA Q109 -30 -2 -17 -24 -32
377 251 5 ADONA Q110 -30 -2 -17 -24 -31.5
377 251 5 ADONA Q111 -30 -2 -17 -24 -31
377 251 5 ADONA Q112 -30 -2 -17 -24 -30.5
377 251 5 ADONA Q113 -30 -2 -17 -24 -30
526 169 5 NEtFOSA Q101 -60 -6 -36 -20 -16.3
526 169 5 NEtFOSA Q102 -60 -6 -36 -20 -15.8
526 169 5 NEtFOSA Q103 -60 -6 -36 -20 -15.3
526 169 5 NEtFOSA_ Q104 -60 -6 -36 -20 -14.8
526 169 5 NEtFOSA Q105 -60 -6 -36 -20 -14.3
526 169 5 NEtFOSA Q106 -60 -6 -36 -20 -13.8
526 169 5 NEtFOSA Q107 -60 -6 -36 -20 -13.3
526 169 5 NEtFOSA Q108 -60 -6 -36 -20 -12.8
526 169 5 NEtFOSA Q109 -60 -6 -36 -20 -12.3
526 169 5 NEtFOSA_QI110 -60 -6 -36 -20 -11.8
526 169 5 NEtFOSA_Ql11 -60 -6 -36 -20 -11.3
526 169 5 NEtFOSA Q112 -60 -6 -36 -20 -10.8
526 169 5 NEtFOSA _QI113 -60 -6 -36 -20 -10.3
584 526 5 NEtFOSAA Q101 -60 -10 -30 -25 -18
584 526 5 NEtFOSAA Q102 -60 -10 -30 -25 -17.5
584 526 5 NEtFOSAA Q103 -60 -10 -30 -25 -17
584 526 5 NEtFOSAA Q104 -60 -10 -30 -25 -16.5
584 526 5 NEtFOSAA Q105 -60 -10 -30 -25 -16
584 526 5 NEtFOSAA Q106 -60 -10 -30 -25 -15.5
584 526 5 NEtFOSAA Q107 -60 -10 -30 -25 -15
584 526 5 NEtFOSAA Q108 -60 -10 -30 -25 -14.5
584 526 5 NEtFOSAA Q109 -60 -10 -30 -25 -14
584 526 5 NEtFOSAA Q110 -60 -10 -30 -25 -13.5
584 526 5 NEtFOSAA Q111 -60 -10 -30 -25 -13
584 526 5 NEtFOSAA Q112 -60 -10 -30 -25 -12.5
584 526 5 NEtFOSAA Q113 -60 -10 -30 -25 -12
512 169 5 NMeFOSA Q101 -60 -6 -35 -19 -20.3
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512 169 5 NMeFOSA Q102 -60 -6 -35 -19 -19.8
512 169 5 NMeFOSA_ Q103 -60 -6 -35 -19 -19.3
512 169 5 NMeFOSA_ Q104 -60 -6 -35 -19 -18.8
512 169 5 NMeFOSA_Q105 -60 -6 -35 -19 -18.3
512 169 5 NMeFOSA Q106 -60 -6 -35 -19 -17.8
512 169 5 NMeFOSA Q107 -60 -6 -35 -19 -17.3
512 169 5 NMeFOSA Q108 -60 -6 -35 -19 -16.8
512 169 5 NMeFOSA_ Q109 -60 -6 -35 -19 -16.3
512 169 5 NMeFOSA_Q110 -60 -6 -35 -19 -15.8
512 169 5 NMeFOSA_Q111 -60 -6 -35 -19 -15.3
512 169 5 NMeFOSA Q112 -60 -6 -35 -19 -14.8
512 169 5 NMeFOSA Q113 -60 -6 -35 -19 -14.3
299 80 5 PFBS Q101 -60 -2 -63 -15 -17.6
299 80 5 PFBS Q102 -60 -2 -63 -15 -17.1
299 80 5 PFBS Q103 -60 -2 -63 -15 -16.6
299 80 5 PFBS Q104 -60 -2 -63 -15 -16.1
299 80 5 PFBS Q105 -60 -2 -63 -15 -15.6
299 80 5 PFBS Q106 -60 -2 -63 -15 -15.1
299 80 5 PFBS Q107 -60 -2 -63 -15 -14.6
299 80 5 PFBS Q108 -60 -2 -63 -15 -14.1
299 80 5 PFBS Q109 -60 -2 -63 -15 -13.6
299 80 5 PFBS Q110 -60 -2 -63 -15 -13.1
299 80 5 PFBS Q111 -60 -2 -63 -15 -12.6
299 80 5 PFBS Q112 -60 -2 -63 -15 -12.1
299 80 5 PFBS Q113 -60 -2 -63 -15 -11.6
513 469 5 PFDA Q101 -25 -10 -16 -22 -28
513 469 5 PFDA Q102 -25 -10 -16 -22 -27.5
513 469 5 PFDA Q103 -25 -10 -16 -22 -27
513 469 5 PFDA Q104 -25 -10 -16 -22 -26.5
513 469 5 PFDA Q105 -25 -10 -16 -22 -26
513 469 5 PFDA Q106 -25 -10 -16 -22 -25.5
513 469 5 PFDA Q107 -25 -10 -16 -22 -25
513 469 5 PFDA Q108 -25 -10 -16 -22 -24.5
513 469 5 PFDA Q109 -25 -10 -16 -22 -24
513 469 5 PFDA Q110 -25 -10 -16 -22 -23.5
513 469 5 PFDA Q111 -25 -10 -16 -22 -23
513 469 5 PFDA Q112 -25 -10 -16 -22 -22.5
513 469 5 PFDA Q113 -25 -10 -16 -22 -22
613 569 5 PFDoA Q101 -30 -10 -19 -28 -21
613 569 5 PFDoA Q102 -30 -10 -19 -28 -20.5
613 569 5 PFDoA Q103 -30 -10 -19 -28 -20
613 569 5 PFDoA Q104 -30 -10 -19 -28 -19.5
613 569 5 PFDoA_ Q105 -30 -10 -19 -28 -19
613 569 5 PFDoA_ Q106 -30 -10 -19 -28 -18.5
613 569 5 PFDoA Q107 -30 -10 -19 -28 -18
613 569 5 PFDoA Q108 -30 -10 -19 -28 -17.5
613 569 5 PFDoA_ Q109 -30 -10 -19 -28 -17
613 569 5 PFDoA Q110 -30 -10 -19 -28 -16.5
613 569 5 PFDoA QIl11 -30 -10 -19 -28 -16
613 569 5 PFDoA Q112 -30 -10 -19 -28 -15.5
613 569 5 PFDoA Q113 -30 -10 -19 -28 -15
699 80 5 PFDoS Q101 -80 -4 -130 -18 -7.6
699 80 5 PFDoS Q102 -80 -4 -130 -18 -7.1
699 80 5 PFDoS Q103 -80 -4 -130 -18 -6.6
699 80 5 PFDoS Q104 -80 -4 -130 -18 -6.1
699 80 5 PFDoS Q105 -80 -4 -130 -18 -5.6
699 80 5 PFDoS Q106 -80 -4 -130 -18 -5.1
699 80 5 PFDoS Q107 -80 -4 -130 -18 -4.6
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699 80 5 PFDoS_Q108 -80 -4 -130 -18 4.1
699 80 5 PFDoS_Q109 -80 4 -130 -18 3.6
699 80 5 PFDoS_Q110 -80 4 -130 -18 3.1
699 80 5 PFDoS_Ql11 -80 4 -130 -18 26
699 80 5 PFDoS Q112 -80 -4 -130 -18 2.1
699 80 5 PFDoS Q113 -80 4 -130 -18 -1.6
599 80 5 PFDS Q101 -80 2 -120 -15 -8.8
599 80 5 PFDS_Q102 -80 2 -120 -15 -8.3
599 80 5 PFDS_Q103 -80 2 -120 -15 7.8
599 80 5 PFDS_Q104 -80 2 -120 -15 7.3
599 80 5 PFDS Q105 -80 2 -120 -15 6.8
599 80 5 PFDS Q106 -80 2 -120 -15 6.3
599 80 5 PFDS Q107 -80 2 -120 -15 5.8
599 80 5 PFDS_Q108 -80 2 -120 -15 5.3
599 80 5 PFDS_Q109 -80 2 -120 -15 48
599 80 5 PFDS Q110 -80 2 -120 15 43
599 80 5 PFDS Ql11 -80 2 -120 -15 3.8
599 80 5 PFDS Q112 -80 2 -120 -15 3.3
599 80 5 PFDS Q113 -80 2 -120 -15 28
315 135 5 PFEESA Q101 -50 3 28 -15 -14.6
315 135 5 PFEESA Q102 -50 3 28 15 -14.1
315 135 5 PFEESA Q103 -50 3 28 -15 -13.6
315 135 5 PFEESA Q104 -50 3 28 -15 -13.1
315 135 5 PFEESA Q105 -50 3 28 -15 126
315 135 5 PFEESA Q106 -50 3 28 -15 -12.1
315 135 5 PFEESA Q107 -50 3 28 -15 -11.6
315 135 5 PFEESA_Q108 -50 3 28 15 S11.1
315 135 5 PFEESA_Q109 -50 3 28 -15 -10.6
315 135 5 PFEESA Q110 -50 3 28 -15 -10.1
315 135 5 PFEESA Ql11 -50 3 28 -15 9.6
315 135 5 PFEESA Q112 -50 3 28 -15 9.1
315 135 5 PFEESA Q113 -50 3 28 -15 -8.6
363 319 5 PFHpA Q101 40 2 -14 15 424
363 319 5 PFHpA_Q102 -40 2 -14 15 419
363 319 5 PFHpA Q103 -40 2 -14 15 414
363 319 5 PFHpA_Q104 -40 2 -14 -15 -40.9
363 319 5 PFHpA_Q105 -40 2 -14 -15 404
363 319 5 PFHpA_Q106 -40 2 -14 -15 -39.9
363 319 5 PFHpA Q107 -40 2 -14 15 394
363 319 5 PFHpA Q108 -40 2 -14 -15 -38.9
363 319 5 PFHpA Q109 -40 2 -14 15 384
363 319 5 PFHpA_Q110 -40 2 -14 -15 379
363 319 5 PFHpA Q111 -40 2 -14 -15 374
363 319 5 PFHpA Q112 -40 2 -14 -15 -36.9
363 319 5 PFHpA Q113 -40 2 -14 15 364
449 80 5 PFHpS Q101 -100 2 -95 -18 -13
449 80 5 PFHpS Q102 -100 2 -95 -18 -12.5
449 80 5 PFHpS_Q103 -100 2 95 -18 -12
449 80 5 PFHpS_Q104 -100 2 95 -18 -115
449 80 5 PFHpS_Q105 -100 2 95 -18 -11

449 80 5 PFHpS Q106 -100 2 95 -18 -10.5
449 80 5 PFHpS Q107 -100 2 95 -18 -10
449 80 5 PFHpS_Q108 -100 2 95 -18 9.5
449 80 5 PFHpS_Q109 -100 2 95 -18 9

449 80 5 PFHpS_Q110 -100 2 95 -18 8.5
449 80 5 PFHpS_Ql11 -100 2 95 -18 -8

449 80 5 PFHpS Q112 -100 2 95 -18 7.5
449 80 5 PFHpS Q113 -100 2 95 -18 7
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449 80 5 PFHpS Q114 -100 2 -95 -18 -6.5
449 80 5 PFHpS Q115 -100 2 -95 -18 -6

449 80 5 PFHpS Q116 -100 2 -95 -18 5.5
449 80 5 PFHpS Q117 -100 2 -95 -18 5

449 80 5 PFHpS Q118 -100 2 -95 -18 4.5
449 80 5 PFHpS Q119 -100 2 -95 -18 4

313 269 5 PFHxA_ Q101 -60 2 -13 -52 -49.5
313 269 5 PFHxA_Q102 -60 2 13 52 49
313 269 5 PFHxA Q103 -60 2 -13 -52 -48.5
313 269 5 PFHxA Q104 -60 2 13 52 48
313 269 5 PFHxA Q105 -60 2 -13 -52 475
313 269 5 PFHxA Q106 -60 2 -13 -52 -47
313 269 5 PFHxA_Q107 -60 2 -13 -52 -46.5
313 269 5 PFHxA Q108 -60 2 13 52 -46
313 269 5 PFHxA Q109 -60 2 -13 -52 -45.5
313 269 5 PFHxA Q110 -60 2 13 52 -45
313 269 5 PFHxA Ql11 -60 2 -13 52 445
313 269 5 PFHxA Q112 -60 2 -13 52 -44
313 269 5 PFHxA Q113 -60 2 -13 52 435
813 769 5 PFHxDA Q101 -50 -6 -18 37 -12.3
813 769 5 PFHxDA Q102 -50 -6 -18 37 -11.8
813 769 5 PFHxDA Q103 -50 -6 -18 37 -113
813 769 5 PFHxDA Q104 -50 -6 -18 37 -10.8
813 769 5 PFHxDA Q105 -50 6 -18 37 -10.3
813 769 5 PFHxDA Q106 -50 6 -18 37 9.8
813 769 5 PFHxDA Q107 -50 -6 -18 37 9.3
813 769 5 PFHxDA Q108 -50 -6 -18 37 -8.8
813 769 5 PFHxDA Q109 -50 -6 -18 37 -8.3
813 769 5 PFHxDA Q110 -50 -6 -18 37 7.8
813 769 5 PFHxDA Ql11 -50 6 -18 37 7.3
813 769 5 PFHxDA Q112 -50 6 -18 37 6.8
813 769 5 PFHxDA Q113 -50 -6 -18 37 6.3
399 80 5 PFHxS Q101 -90 -10 87 20 -14.2
399 80 5 PFHxS_Q102 -90 -10 -87 20 -13.7
399 80 5 PFHxS_Q103 -90 -10 -87 20 -13.2
399 80 5 PFHxS_Q104 90 -10 -87 20 127
399 80 5 PFHxS_Q105 90 -10 -87 20 122
399 80 5 PFHxS_Q106 90 -10 87 20 -11.7
399 80 5 PFHxS_Q107 -90 -10 -87 20 112
399 80 5 PFHxS_Q108 -90 -10 -87 20 -10.7
399 80 5 PFHxS_Q109 -90 -10 -87 20 -10.2
399 80 5 PFHxS Q110 90 -10 -87 20 9.7
399 80 5 PFHxS QI11 90 -10 -87 20 9.2
399 80 5 PFHxS Q112 90 -10 87 20 8.7
399 80 5 PFHxS Q113 -90 -10 -87 20 -8.2
399 80 5 PFHxS Q114 -90 -10 -87 20 7.7
399 80 5 PFHxS_ Q115 -90 -10 -87 20 7.2
399 80 5 PFHxS Q116 90 -10 87 20 6.7
399 80 5 PFHxS Q117 90 -10 87 20 6.2
399 80 5 PFHxS Q118 90 -10 87 20 5.7
399 80 5 PFHxS Q119 -90 -10 -87 20 5.2
279 85 5 PFMBA_Q101 30 -5 -16 -15 -53
279 85 5 PFMBA_Q102 30 -5 -16 -15 -52.5
279 85 5 PFMBA_Q103 30 5 -16 -15 52
279 85 5 PFMBA_Q104 30 5 -16 -15 515
279 85 5 PFMBA_Q105 30 5 -16 -15 51

279 85 5 PFMBA_Q106 30 -5 -16 -15 -50.5
279 85 5 PFMBA_Q107 30 5 -16 -15 -50
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279 85 5 PFMBA_Q108 -30 -5 -16 -15 -49.5
279 85 5 PFMBA_Q109 -30 -5 -16 -15 -49
279 85 5 PFMBA_Q110 -30 -5 -16 -15 -48.5
279 85 5 PFMBA_Q111 -30 -5 -16 -15 -48
279 85 5 PFMBA Q112 -30 -5 -16 -15 -47.5
279 85 5 PFMBA Q113 -30 -5 -16 -15 -47
463 419 5 PFNA Q101 -25 -10 -14 -20 -32.5
463 419 5 PFNA_ Q102 -25 -10 -14 -20 -32
463 419 5 PFNA Q103 -25 -10 -14 -20 -31.5
463 419 5 PFNA_ Q104 -25 -10 -14 -20 -31
463 419 5 PFNA Q105 -25 -10 -14 -20 -30.5
463 419 5 PFNA Q106 -25 -10 -14 -20 -30
463 419 5 PFNA Q107 -25 -10 -14 -20 -29.5
463 419 5 PFNA Q108 -25 -10 -14 -20 -29
463 419 5 PFNA_ Q109 -25 -10 -14 -20 -28.5
463 419 5 PFNA Q110 -25 -10 -14 -20 -28
463 419 5 PFNA QIll11 -25 -10 -14 -20 -27.5
463 419 5 PFNA Q112 -25 -10 -14 -20 -27
463 419 5 PFNA Q113 -25 -10 -14 -20 -26.5
549 80 5 PENS Q101 -80 -2 -110 -15 -9.6
549 80 5 PENS Q102 -80 -2 -110 -15 -9.1
549 80 5 PENS Q103 -80 -2 -110 -15 -8.6
549 80 5 PFNS Q104 -80 -2 -110 -15 -8.1
549 80 5 PFNS Q105 -80 -2 -110 -15 -7.6
549 80 5 PFNS Q106 -80 -2 -110 -15 -7.1
549 80 5 PENS Q107 -80 -2 -110 -15 -6.6
549 80 5 PENS Q108 -80 -2 -110 -15 -6.1
549 80 5 PENS Q109 -80 -2 -110 -15 -5.6
549 80 5 PFNS Q110 -80 -2 -110 -15 -5.1
549 80 5 PFNS Q111 -80 -2 -110 -15 -4.6
549 80 5 PFNS Ql112 -80 -2 -110 -15 -4.1
549 80 5 PFNS QI113 -80 -2 -110 -15 -3.6
413 369 5 PFOA Q101 -20 -10 -14 -18 -37.5
413 369 5 PFOA Q102 -20 -10 -14 -18 -37
413 369 5 PFOA_Q103 -20 -10 -14 -18 -36.5
413 369 5 PFOA Q104 -20 -10 -14 -18 -36
413 369 5 PFOA Q105 -20 -10 -14 -18 -35.5
413 369 5 PFOA Q106 -20 -10 -14 -18 -35
413 369 5 PFOA Q107 -20 -10 -14 -18 -34.5
413 369 5 PFOA Q108 -20 -10 -14 -18 -34
413 369 5 PFOA_Q109 -20 -10 -14 -18 -33.5
413 369 5 PFOA Q110 -20 -10 -14 -18 -33
413 369 5 PFOA QIll11 -20 -10 -14 -18 -32.5
413 369 5 PFOA Q112 -20 -10 -14 -18 -32
413 369 5 PFOA Q113 -20 -10 -14 -18 -31.5
499 80 5 PFOS Q101 -50 -6 -110 -19 -14.6
499 80 5 PFOS Q102 -50 -6 -110 -19 -14.1
499 80 5 PFOS Q103 -50 -6 -110 -19 -13.6
499 80 5 PFOS Q104 -50 -6 -110 -19 -13.1
499 80 5 PFOS Q105 -50 -6 -110 -19 -12.6
499 80 5 PFOS Q106 -50 -6 -110 -19 -12.1
499 80 5 PFOS Q107 -50 -6 -110 -19 -11.6
499 80 5 PFOS Q108 -50 -6 -110 -19 -11.1
499 80 5 PFOS Q109 -50 -6 -110 -19 -10.6
499 80 5 PFOS Q110 -50 -6 -110 -19 -10.1
499 80 5 PFOS Ql11 -50 -6 -110 -19 -9.6
499 80 5 PFOS Q112 -50 -6 -110 -19 -9.1
499 80 5 PFOS Q113 -50 -6 -110 -19 -8.6
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499 80 5 PFOS_Ql114 -50 -6 -110 -19 -8.1
499 80 5 PFOS_QI15 -50 -6 -110 -19 -7.6
499 80 5 PFOS_QIl16 -50 -6 -110 -19 -7.1
499 80 5 PFOS_QI117 -50 -6 -110 -19 -6.6
499 80 5 PFOS Q118 -50 -6 -110 -19 -6.1
499 80 5 PFOS Q119 -50 -6 -110 -19 -5.6
498 78 5 PFOSA Q101 -70 -6 -80 -18 -18.4
498 78 5 PFOSA_Q102 -70 -6 -80 -18 -17.9
498 78 5 PFOSA_ Q103 -70 -6 -80 -18 -17.4
498 78 5 PFOSA_ Q104 -70 -6 -80 -18 -16.9
498 78 5 PFOSA Q105 -70 -6 -80 -18 -16.4
498 78 5 PFOSA Q106 -70 -6 -80 -18 -15.9
498 78 5 PFOSA Q107 -70 -6 -80 -18 -15.4
498 78 5 PFOSA_Q108 -70 -6 -80 -18 -14.9
498 78 5 PFOSA_Q109 -70 -6 -80 -18 -14.4
498 78 5 PFOSA Q110 -70 -6 -80 -18 -13.9
498 78 5 PFOSA Q111 -70 -6 -80 -18 -13.4
498 78 5 PFOSA Q112 -70 -6 -80 -18 -12.9
498 78 5 PFOSA Q113 -70 -6 -80 -18 -12.4
349 80 5 PFPS Q101 -70 -4 -70 -15 -14.8
349 80 5 PFPS Q102 -70 -4 -70 -15 -14.3
349 80 5 PFPS Q103 -70 -4 -70 -15 -13.8
349 80 5 PFPS Q104 -70 -4 -70 -15 -13.3
349 80 5 PFPS Q105 -70 -4 -70 -15 -12.8
349 80 5 PFPS Q106 -70 -4 -70 -15 -12.3
349 80 5 PFPS Q107 -70 -4 -70 -15 -11.8
349 80 5 PFPS Q108 -70 -4 -70 -15 -11.3
349 80 5 PFPS Q109 -70 -4 -70 -15 -10.8
349 80 5 PFPS Q110 -70 -4 -70 -15 -10.3
349 80 5 PFPS Q111 -70 -4 -70 -15 -9.8
349 80 5 PFPS Q112 -70 -4 -70 -15 -9.3
349 80 5 PFPS Q113 -70 -4 -70 -15 -8.8
713 669 5 PFTDA Q101 -50 -10 -21 -30 -15.5
713 669 5 PFTDA Q102 -50 -10 -21 -30 -15
713 669 5 PFTDA_Q103 -50 -10 -21 -30 -14.5
713 669 5 PFTDA Q104 -50 -10 -21 -30 -14
713 669 5 PFTDA Q105 -50 -10 -21 -30 -13.5
713 669 5 PFTDA Q106 -50 -10 -21 -30 -13
713 669 5 PFTDA Q107 -50 -10 -21 -30 -12.5
713 669 5 PFTDA Q108 -50 -10 -21 -30 -12
713 669 5 PFTDA_Q109 -50 -10 -21 -30 -11.5
713 669 5 PFTDA Q110 -50 -10 -21 -30 -11
713 669 5 PFTDA Q111 -50 -10 -21 -30 -10.5
713 669 5 PFTDA Q112 -50 -10 -21 -30 -10
713 669 5 PFTDA Q113 -50 -10 -21 -30 -9.5
663 619 5 PFTrDA_Q101 -40 -10 -17 -30 -18.5
663 619 5 PFTrDA_Q102 -40 -10 -17 -30 -18
663 619 5 PFTrDA_Q103 -40 -10 -17 -30 -17.5
663 619 5 PFTrDA_Q104 -40 -10 -17 -30 -17
663 619 5 PFTrDA_Q105 -40 -10 -17 -30 -16.5
663 619 5 PFTrDA_ Q106 -40 -10 -17 -30 -16
663 619 5 PFTrDA_Q107 -40 -10 -17 -30 -15.5
663 619 5 PFTrDA_Q108 -40 -10 -17 -30 -15
663 619 5 PFTrDA_Q109 -40 -10 -17 -30 -14.5
663 619 5 PFTrDA_Q110 -40 -10 -17 -30 -14
663 619 5 PFTrDA_ Q111 -40 -10 -17 -30 -13.5
663 619 5 PFTrDA Q112 -40 -10 -17 -30 -13
663 619 5 PFTrDA Q113 -40 -10 -17 -30 -12.5
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563 519 5 PFUnA_ Q101 -20 -10 -17 -25 -23.5
563 519 5 PFUnA_ Q102 -20 -10 -17 -25 -23
563 519 5 PFUnA Q103 -20 -10 -17 -25 -22.5
563 519 5 PFUnA_Q104 -20 -10 -17 -25 -22
563 519 5 PFUnA Q105 -20 -10 -17 -25 -21.5
563 519 5 PFUnA Q106 -20 -10 -17 -25 -21
563 519 5 PFUnA_Q107 -20 -10 -17 -25 -20.5
563 519 5 PFUnA_ Q108 -20 -10 -17 -25 -20
563 519 5 PFUnA_ Q109 -20 -10 -17 -25 -19.5
563 519 5 PFUnA_QI110 -20 -10 -17 -25 -19
563 519 5 PFUnA Ql11 -20 -10 -17 -25 -18.5
563 519 5 PFUnA Q112 -20 -10 -17 -25 -18
563 519 5 PFUnA_ Q113 -20 -10 -17 -25 -17.5

@ Note that the “ Qxxx” following the compound IDs represent the CV steps, where the IDs labeled
“ Q1077 correspond to the CVop for most PFAS. For PFHXS, PFHpS, and PFOS the ID labeled with

“ Q110” corresponds to the CVop, as these compounds contained an extra 6 steps each.
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Figure A.1. Electrostatic potential (ESP) surfaces of PFOS (left) and PFOA (right) calculated with
Gaussian16 using B3LYP 6-31G(D). Note that the CO, headgroup of PFOA exhibits much more
electron density (i.e. deeper red) than the SOz headgroup of PFOS.
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Table A.5 CV shifts of PFAS between LCxDMS and DMS measurements.

Compound CVqpt in DMS (V) CVqpt in LCXxDMS A CVopt (V) % Difference
(V)

PFBS —15.65 —14.53 1.13 7.19
PFPS -13.57 -12.42 1.16 8.51
PFHxS -11.93 —10.65 1.28 10.76
PFHpS -10.77 -9.50 1.27 11.76
PFOS -9.72 -8.36 1.36 14.03
PFNS -8.99 —7.69 1.30 14.42
PFDS -8.24 -7.02 1.21 14.74
PFDoS -6.83 -5.66 1.18 17.22
PFHxA —46.87 —45.20 1.67 3.56
PFHpA —40.14 —38.93 1.22 3.03
PFOA —34.52 -33.74 0.78 2.27
PFNA -29.25 -28.79 0.46 1.58
PFDA —24.84 —24.60 0.25 0.99
PFUnA -21.01 —20.76 0.25 1.20
PFDoA -17.74 -17.68 0.06 0.32
PFTrDA —14.98 —14.98 0.00 0.02
PFTDA -12.71 -12.78 —-0.06 0.49
PFHxDA -9.18 -9.22 -0.04 0.46
4:2FTS —42.61 —40.85 1.76 4.14
6:2FTS —32.33 -31.20 1.13 3.50
8:2FTS —24.43 -23.69 0.74 3.04
3:3FTCA —48.99 —48.77 0.22 0.45
5:3FTCA -33.02 -32.64 0.38 1.14
7:3FTCA -23.30 -23.23 0.07 0.32
8:2FTUCA —26.63 -26.53 0.11 0.11
8:2diPAP —4.60 -4.35 0.25 0.25
NMeFOSA —20.85 —18.83 2.03 9.71
NEtFOSA -16.87 —14.81 2.06 12.21
NEtFOSAA -14.82 —14.58 0.24 1.59
PFOSA -19.41 -17.27 2.14 11.04
PFEESA -12.51 -11.35 1.15 9.20
9CI-PF30NS -3.70 -2.59 1.10 29.87
11CI-PF30UdS -2.60 —1.47 1.14 43.63
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