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INTRODUCTION

STATE OF THE FIELD AND PERSONAL CONTRIBUTIONS

The field of mass spectrometry has been developing rapidly after its initial debut in the
second half of the previous century.! The separation capacity of instrumentation in MS has
increased by orders of magnitude in comparison to initial devices developed in the previous
century, and new platforms are being developed each year. While mass spectrometry is still
enjoying steady growth in the analytical community, several intrinsic challenges remain in the
analysis of complex samples. Specifically, the analysis and characterization of isomeric species in
complex biological matrices remains a distinct issue of paramount importance for downstream
metabolic pathway analysis. To address the challenge these isomeric species present, many
orthogonal separation techniques have been developed to separate isomeric compounds prior to
mass analysis. These techniques include, but are not limited to, gas and liquid chromatography,

capillary electrophoresis, and ion mobility spectrometry.

As ion mobility spectrometry is a gas phase separation which takes place in the millisecond
timescale, this technique is rapidly growing in popularity in the analytical community, specifically
studies related to mass spectrometry.? Currently, two of the most popular instrument platforms in
IM-MS are time-dispersive methods, namely drift tube and traveling wave ion mobility
spectrometers, which are currently marketed by Agilent Technologies and Waters Corporation,
respectively. While these two instrument vendors have been very successful in terms of marketing
their new platforms, new instruments are being commercialized each year. As a result of the
rapidly expanding market for ion mobility technology, other instrument manufacturers are

developing additional strategies to improve the separation capacity of ion mobility spectrometry,



including high pressure separations and ion trapping devices (Tofwerks and Bruker, respectively).®
The more recent additions to the ion mobility field achieve an increased capacity for separation by
extending the effective path length in which the gas phase analytes are able to interact with the
drift gas, which operates as a pseudo stationary phase in these devices. In this manner, the
emerging ion mobility platforms can be seen in analogous fashion to advances in liquid
chromatography with smaller particle diameter or increased column length. My initial ion mobility
studies illustrated exciting separation potential for constitutional isomers related to amino acids
(see Chapter 4), while stereoisomers proved to be more challenging to separate using ion mobility.
While these results were somewhat expected in that existing chromatography methods illustrate
similar characteristics, these studies did show that ion mobility could provide a comparable level
of separation efficiency in comparison to condensed phase methods with orders of magnitude less
analysis time. More massive chiral compounds did illustrate some propensity for separation based
on macromolecular rearrangement, which is imperative in the production of pharmaceuticals.
These studies are covered in detail in Chapters 1 and 2, and to our knowledge represent one of the
few ion mobility studies which provides chiral recognition (separation of diastereomers) in an

achiral drift gas environment.

With so many new devices launched on the market in the past decade, establishing a
common metric to gauge each platform is imperative in the field to avoid ambiguity with regard
to instrument performance. Using this lens as an objective, my graduate studies have largely been
devoted towards characterizing the fundamental separation performance of both ion mobility
spectrometers in my laboratory as well as those devices just emerging on the market. While an
expanded account of these studies are provided in Chapters 4 and 5 of this work, briefly an

ensemble of literature was collected throughout the ion mobility field and the instrument



performance of each platform was characterized in terms of efficiency of instrumentation
(resolving power, Rp) and difficulty of separation (percent difference in CCS, or %CCSA). Using
the metrics established throughout my graduate studies, the works compiled in this dissertation
were able to definitively demonstrate that the new devices operate with a level of separation
efficiency increased by almost an order of magnitude over the previous generation of instruments,
even those released only a decade ago. Using these emerging platforms allows researchers to
characterize complex mixtures of isomeric species previously inseparable by the previous
generation of instruments, which provides an additional level of selectivity for identification of
unknown compounds. These advances will push the ion mobility field to the forefront of the mass
spectrometry community, increasing the peak capacity of existing workflows and generating

further confidence in establishing collision cross section libraries for untargeted analysis.
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CHAPTER 1

CHIRAL SEPARATION STRATEGIES IN MASS SPECTROMETRY: INTEGRATION OF
CHROMATOGRAPHY, ELECTROPHORESIS, AND GAS-PHASE MOBILITY

1.1. Introduction

As chiral molecules by definition are characterized by rotation of plane polarized light, it
may initially seem odd that many analytical studies have utilized mass spectrometry (MS), a non-
spectroscopic technique, to analyze chiral systems. As the biological function of compounds is
derived from molecular structure, many mass spectrometry studies specifically focus on what
structural forms of the analyte contribute to an observed phenotype.! Modern mass spectrometers
are highly selective, often able to identify small molecule analytes (< 200 Da) based solely on
accurate mass measurement to a level of better than 2 ppm in mass error (0.0002%) and approach
unambiguous molecular formula determination at 100 ppb.2 However, mass spectrometry is
intrinsically a “chiral blind” experiment, wherein the mass measurement has no inherent
differentiation towards the chirality of the molecule detected. For these reasons chiral recognition
by MS is typically obtained by condensed phase-separation techniques which we focus on in this

chapter.

Mass spectrometers separate and detect analyte ions by means of their mass-to-charge ratio,
which can be subsequently deconvoluted to the corresponding neutral analyte mass. For
identification of unknowns, the molecular mass is typically screened against a compound database
(e.g. PubChem, Metlin, etc.) in order to determine the most probable molecular formula of the
analyte.® However, as the molecular mass increases, so does the potential structural complexity of
the system and the likelihood of detecting multiple isomeric species possessing a shared molecular

4



formula.* For example, as shown in Figure 1.1, as molecular mass increases from 150-400 Da the
number of corresponding entries catalogued in the PubChem database for each molecular formula

increases dramatically.

As the number of potential isomers increases for a single molecular formula, separation
and identification of unique structures becomes increasingly challenging. The implementation of
various fragmentation techniques (e.g. CID, ETD) in tandem MS/MS methods has been very
successful in providing an approach toward differentiating constitutional isomers (compounds
with differing molecular scaffolds) either by variations in observed fragment ion masses or bond
disassociation energies.>® However, more structurally similar stereoisomers (chiral isomers)
predominantly fragment with similar fragmentation patterns, and hence are difficult to differentiate
through tandem MS/MS approaches. In order to overcome the challenge of differentiating isomers
by MS, other analytical techniques are commonly utilized prior to mass analysis. These methods
include capillary electrophoresis (CE),” gas chromatography (GC),® liquid chromatography (LC),°
supercritical fluid chromatography (SFC),*° electrochemical sensing'* and more recently ion
mobility (IM).12 As liquid chromatography is the most frequently used method of chromatographic
separation, we will initially focus on typical LC strategies and mechanics and then devote the

remaining chapter on the emerging role of ion mobility in isomer separations.

Regardless of the chosen analytical approach to chiral selectivity, it is thought that the
general mechanics of chiral separations are related on a molecular level to the so called “three-
point model” known as Pirkle’s Rule (see Figure 1.2 A).}* In order to distinguish chiral
molecules in a chromatographic system, both isomers must interact with the chiral selector in such
a manner that one analyte interacts more strongly with the chiral selector than the other and hence

is more retained. Theory advocating for the three-point model suggests that at the heart of chiral



(C18H21N03)
15,329 Isomer Structures

1

400 Da

e.g. hydrocodone

(CasH3505)

e.g. methaqualone
4,495 |somer Structures

(CBHQNOZ)

e.g. acetaminophen
2,311 Isomer Structures

Figure 1.1. Illustration of increasing structural isomer complexity within a given molecular
formula which scales as a function of the molecular mass. Example formulae corresponding to a
given mass is provided for relative example.



recognition is a three-point interaction between the substituents in a chiral molecule in the analyte
and the structure of chiral selector (e.g. stationary phase) which preferentially retains one
stereochemistry of the analyte (Analyte 1, Figure 1.2 A). This preferred mechanism of retention is
based on the stereochemistry at the chiral center and of the subsequent neighboring atoms which
interact stronger with the chiral selector in one enantiomer form compared to the other (for
example by hydrogen bonding), leading to enantioselectivity in chiral separations. This selective
binding requires multiple interactions, thus chiral separations have been most successfully
implemented in the condensed phase, where the collision frequency is high, such as in LC or SFC

separations.

1.2. Chromatography and Mass Spectrometry

Although the specific origins of chromatography are still debated, several literature sources
attribute the foundation of chromatography to Russian scientist Mikhail Tsvet'>1” who published
his first work detailing the separation of chlorophyll pigments in green plants in the early 1900s.18
Tsvet’s observations relating analyte adsorption (with what is now called the stationary phase) to
the importance of solvent composition (later termed the mobile phase) established the framework
for our current understanding of chromatographic techniques. Later work from Martin and Synge
further developed the study of partition chromatography, and for their efforts they were jointly
awarded the Nobel Prize in 1952.2° Chromatography methods continued to increase in popularity
and with the introduction of analytical mass spectrometry the two techniques were combined in
the 1950s to provide orthogonal separation methods based on polarity discrimination and mass
analysis.?® In the separation of complex analytical mixtures, typically the chromatographic
separation is performed prior to mass analysis, which serves as the detector. In this way, the

7



(A)

Three-Point Model (B)

Separation of Chiral

Molecules

a\
o
Rid
{Analyte 1) Pre-Column Chiral Mobile Chiral Stationary
3 Interactions Derivatization Phase Phase

(More retained)

® Derivatization requires conversion to diastereomer-pairs prior

Chiral Stationary Phase (CSP)

@ to chromatography, and sometimes back conversion post-
SN
“0° separation.
Anal 2 ® Chiral Mobile Phase requires extra solvent costs, and may
D= Dl (Analyte 2) complicate implementation of gradient elution strategies.
2 Interactions
..C B (Less retained) ® Chiral Stationary Phase requires more expensive columns, but

utilizes common normal and reverse phase solvents.

Figure 1.2. (A) Depiction of the classic three-point model used to describe stereoselection with
the stationary phase in condensed phase chromatography. (B) Description of the three main
approaches towards chiral separations in chromatography.



chromatographic separation functions to deconvolute the resulting mass spectra and enhance
sensitivity by reducing ion suppression effects. As modern mass spectrometers are highly
selective, an intrinsic molecular formula can often be determined based solely on high resolution
mass analysis.?* However, as a single molecular formula can be shared by many isomeric species,
a key capability of chromatographic separations is to differentiate isomers through differences in
physio-chemical affinities. Because constitutional isomers have distinct skeletal structures, and
hence differing regions of localized polarity, many constitutional isomers may be differentiated by
various chromatography approaches.??> While efforts to combine chromatography and mass
spectrometry have improved the separation efficiency for many isomeric systems, we primarily
focus on the separation of chiral molecules, as they are currently the most difficult class of isomers

to differentiate.

Historically, there are three general methodologies to distinguish chiral molecules via
chromatographic techniques and these approaches are outlined in Figure 1.2 B. Pre-column
derivatization of enantiomers prior to chromatographic analysis (utilizing both an achiral
stationary and mobile phase) is popular in GC and LC. Briefly, prior to analysis both enantiomers
are chemically modified to produce diastereomer pairs which are subsequently separated based on
physical or chemical differences in an achiral environment. This technique has an advantage
compared to other methods due to simplicity in stationary and mobile phase composition which
can be readily adopted from previous achiral methods. However, as this particular method requires
additional sample preparation steps before (and sometimes after) analysis, this technique is
generally less favored than direct analysis methods. These strategies are described in numerous

articles which provide an in-depth background on derivatization for chiral separations.?32°



An alternative approach to stereoisomer separations in chromatography utilizes chiral
mobile phase additives to differentiate chiral molecules in a complex mixture. For example, in
1980 Gil-Av and Hare were able to separate L- and D- amino acids by LC on a conventional C18
column using a chiral mobile phase comprised of a low concentration solution of L-proline and
copper acetate.?® Because the mobile phase must be chiral to facilitate the separation of analytes
in this method, traditional mobile phase compositions and gradient methods are difficult to
implement. For these reasons, this method has decreased in popularity over time despite not
requiring analyte derivatization and being successfully applied to chiral selectivity in several

applications.?’%8

For the remainder of our discussion on chromatography we will focus on the third approach
to chiral separations, which utilizes chiral stationary phases (CSPs) combined with traditional
mobile phase compositions (e.g. H20, ACN, MeOH) to achieve chiral selectivity. An early
example of this technique is the 1960’s study by Gil-Av and coworkers exploring potential
methods to separate enantiomer amino acid derivatives in GC.?® As chiral stationary phases allow
for direct analysis of enantiomer pairs in a complex mixture with no additional derivatization steps
or complex mobile phase additives, this technique quickly gained favor due to experimental
simplicity and is currently the preferred method in modern LC-MS applications with several

reviews covering this topic in depth.t33°

1.2.1. Liquid Chromatography

With the advent of electrospray ionization (ESI)®"% liquid chromatography is now the

preferred method of separation prior to mass analysis. While chiral mobile phases have illustrated
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some propensity for LC separations, we will focus here on the current trend of utilizing chiral
stationary phases to introduce stereochemical selectivity to a conventional LC setup. Briefly,
several mechanisms of chiral selectivity are proposed for chiral LC separations, including dipole-
dipole interactions, n-n staking, hydrogen bonding, inclusion complexation, and steric hindrance
(see Figure 1.3 A).3* Many modern CSPs utilize a combination of these strategies to enhance chiral
recognition and selectivity. For example, many macrocyclic selectors such as cyclodextrin based
CSPs possess pockets of hydrogen bonding in addition to larger areas of inclusion complexation
which preferentially select one enantiomer over the other. While uncovering the intricacies of the
partitioning interaction in chiral LC is important from a fundamental standpoint, for an in-depth
explanation of the chemistry behind CSP selectivity the reader is directed to several comprehensive

literature reviews which have been dedicated to this topic.**3*

Broadly speaking, while each specific column can incorporate various methods of
enantiorecognition (Figure 1.3 A), there are three main classes of chiral columns (see Figure 1.3

B) utilized in research and industry.

Although many of these stationary phases provide selectivity, they often target a narrow
scope of isomeric species for chiral recognition. For instance, the Pirkle-type CSP developed by
William H. Pirkle’s lab at Illinois (currently marketed as Whelk-O1 CSP by Regis Technologies)
was initially developed to target the separation of S- and R- naproxen.®® Naproxen is a
commercially available non-steroidal anti-inflammatory drug (NSAID) that alleviates pain and
soreness in the S chirality (the eutomer form), yet the distomer form (R-naproxen) exhibits no

analgesic effect and has been implicated in liver toxicity. Although a controlled chiral synthesis of

naproxen was patented in 1988, given the acute toxicity of R-naproxen it is important to test for
and quantify its presence. The Whelk-O1 CSP has been shown to provide baseline resolution of

11
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Figure 1.3. (A) Diagram illustrating several mechanisms for intermolecular interactions that
facilitate chiral separation. (B) Description of the three main types of chiral stationary phases
commercially available with corresponding description of the CSP. Included in the lower panel is
a description of a commonly used Pirkle type CSP with reported separation obtained for
enantiomers of Naproxen. Reprinted (adapted) with permission from Pirkle et. al. Copyright
(1992) American Chemical Society.
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the two enantiomers.*® When enantioselectivity is achieved it can be described by determining the

enantiomeric excess of the desired product (see Figure 1.3 B).

Areap—Areag

% Enantiomeric Excess = x 100 (1)

Areap+Areag

While these types of separations are highly advantageous in pharmaceutical industries that
focus on synthesizing a few target molecules in large quantities, their high degree of analytical
selectivity may not be particularly beneficial when deployed in broadscale untargeted analysis. As
mentioned previously, while many CSPs available in LC are highly selective, they typically require
more diligent care and maintenance and are only compatible with a narrow range of mobile phase
compositions. Also CSP columns are typically very expensive ($1,000 USD or more from 2017
estimates), which can be a barrier for adoption by modest research institutions or small companies
developing interest towards chiral separations. Finally, many enantiomer separations require very
specific mobile phase compositions, gradients and flow rates to obtain separation, which severely

limits wide range applicability.

1.3.  Electrophoresis-Mass Spectrometry

lon mobility spectrometry (IMS) is an isomer selective gas-phase electrophoretic technique
which is complementary to traditional chromatographic approaches. While GC and LC separate
molecules based on differences in volatility or polarity, ion mobility is selective to differences in
size, shape and charge in the gas-phase. Essentially, under an applied electric field (Eo) the gas-
phase ion formed by the ionization process (e.g. APCI, MALDI, or ESI) migrates through an inert

buffer gas (termed the drift gas) towards the detector, which is commonly a mass spectrometer in
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modern research applications (see Figure 1.4). As an analogy, the drift gas is similar to the
stationary phase in traditional chromatography, although strictly speaking IMS is not a
chromatographic technique as the drift gas is not stationary and ions do not partition within it. The
time required for an ion to traverse the drift region (termed drift time, tq, equation 2) is proportional

to the ion’s mobility in the gas phase (K).

)

Here, L is the length of the drift region. The drift time measured in IMS is similar to retention time
in chromatography applications, and K is analogous to the normalized retention factor. It is
common practice to convert raw ion mobility drift times to a collision cross section (CCS), which
is both a fundamental ion property and a standardized value useful for cross-systems
comparisons.3”%® After accounting for relevant laboratory conditions and other experimental
parameters (e.g. temperature, pressure and drift gas composition) the ion’s collision cross section
can be calculated using the fundamental low field ion mobility equation, which is commonly
referred to as the Mason-Schamp relationship (equation 3), where V is the voltage applied in the
drift tube (of length L), ec is the elementary charge constant, N, is the gas number density and
mgas and mion are the masses of the drift gas and analyte, respectively.>®4° An ion’s CCS is a
measure of its rotationally averaged surface area in the gas phase and is a descriptor of molecular

size, typically reported in square angstroms (A?).

1 1

_ 3Zec (2m)\z  (Mion+tMgas\2 Vg 27315 P
ces = 2. (1) (—) ) ©)

" 16N, \KkpT Mjon Mgas L2 T
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The classic instrument platform used to measure ion mobility (and hence collision cross
section) is the drift tube ion mobility spectrometer (DTIMS), which utilizes a low magnitude and
uniform electric field to conduct ion mobility separations (see Figure 1.4). lons with sufficiently
different gas phase electrophoretic mobilities (or CCS) are then separated in drift time space, and
subsequent mass analysis determines the molecular formula and ion intensity. In this manner IM
separations are complementary to mass analysis, and provide unique information in the form of
size-mass relationships.*! These two techniques are commonly interfaced to separate (IM) and
detect (MS) isomer species in complex samples similar to LC-MS. Considering a hypothetical
example in Figure 1.4 of folded forms of secondary peptide structure the more compact a-helix
structure may have a reduced cross sectional area in the gas phase compared to the more open -
sheet form and hence these two theoretical conformers could be separated by ion mobility. If both
molecules share the same molecular formula, the mass spectrometer alone could not differentiate
between the two folded forms based solely on mass. Although there are many other instrumental
designs for which IM separations have been investigated (e.g. Traveling Wave IM, High-Field
Asymmetric Waveform 1M, Differential Mobility Spectrometry) all IM techniques are selective to
molecular size and shape. There are many literature reviews available which discuss the subtle

differences in each technique.*?*

The inherent properties of IM offer several distinct advantages that have recently generated
interest in the field both in lieu of and combined with chromatography. First, IM separations occur
on the millisecond timescale, and hence readily interface with detection from mass spectrometry
which operates on a micro to milli second timescale (see Figure 1.5). GC and LC separations occur
on a timescale of minutes and in some cases can exceed one hour, which results in limited sample

throughput in comparison to IM-MS analysis. Also, because the equivalent stationary phase in ion
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Figure 1.4. Instrument schematic of the Agilent 6560 uniform field ion mobility-mass
spectrometer. Adapted from May et. al. 2015, Ref. 41 with permission from the Royal Society of
Chemistry.
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corresponding number of spectra. Adapted with permission from May et. al., Ref. 42. Copyright
2017 American Chemical Society.
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mobility is the buffer gas (typically pure helium or nitrogen), there are no “column choices” or
solvent elution profiles to optimize aside from drift gas composition. While this characteristic
limits the amount of experimental variables which can be altered to enhance selectivity, analytical
reproducibility is high and there exist no memory effects. In effect, once the experimental
parameters of drift tube voltage and pressure are optimized, these variables are then held constant
independent of sample composition, which simplifies experimental design and facilitates inter-
laboratory comparisons. The remainder of this chapter will focus on exploring some recent isomer

separations by this technique.

1.3.1. Isomer Separations by IM-MS

Traditional mass spectrometry analysis is isomerically blind, so a key application of 1M
separation prior to mass selection is focused on differentiating isomeric species, including some
stereoisomers, although currently the application space for IM-MS separation of chiral isomers is
limited. IM-MS separations have targeted isomers of many chemical systems including
carbohydrates,® lipids,*®*’ peptides,*® and organometallic complexes.*® For example, recent work
in our lab surveyed the intricacies of IM separation for amino acids related to the classically studied
system of leucine and isoleucine (see Figure 1.6).>° An analysis of 11 leucine/isoleucine isomers
(molecular formula CeH13NO>) illustrated that for small molecule systems (< 200 Da),
constitutional isomers typically possessed larger differences in CCS in comparison to
stereoisomers (diastereomer and enantiomers). Diastereomers did show distinct differences in
CCS (although they were unresolvable in a multi-component mixture with the current

instrumentation, see Figure 1.6 B-111). These findings are in agreement with other studies noting
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Figure 1.6. (A) Skeletal structures for 11 isomers related to leucine and isoleucine are shown with
modifications of both bond coordination and stereochemistry. Also noted are the measured
collision cross sections and corresponding standard deviations. (B) (I) lon mobility arrival time
distributions for all corresponding isomers are illustrated by analyzing individual standards. (Il
and 111) Separations for constitutional isomers examined in this work, along with the
corresponding mixtures (black traces). Stereoisomers (IV and V) have more structural similarities
in cross section space, and hence are more challenging to separate. Adapted with permission from
Dodds et. al., Ref. 50, Copyright 2017 American Chemical Society.
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that diastereomers have intrinsic differences in chemical and physical properties, which forms the
basis of separation with other techniques (e.g. chiral chromatography). In comparison, the
enantiomers investigated in this study possessed cross sectional differences within experimental
error, suggesting they may not be resolvable by conventional uniform field IM. While these results
were intuitive, they demonstrated that IM approaches exhibit similar tendencies towards separation
of compounds comparable to the selectivity observed in traditional chromatography techniques,

that is, constitutional isomers are more readily separated in contrast to stereoisomers.

Other studies by Hofmann and coworkers have examined IM separations of various
isomeric carbohydrates utilizing traveling wave IM.* Their investigation of carbohydrate isomers
demonstrated that constitutional rearrangements in monomer connectivity (1—3 vs. 1—4
linkages) and stereochemical variations in o/} bonds were more influential in IM separations in
comparison to alterations in axial/equatorial functional groups. Likely the differences in o/p
connectivity in covalent linkages alter the gas phase packing efficiency of the ion on a
macromolecular level and hence induce larger structural changes in cross sectional area compared

to axial/equatorial substitutions.

While these studies suggest that small chiral molecules are not separable by current IM
instrumentation, larger peptides and proteins with L/D amino acid substitutions have been shown
to produce cross sectional differences within the current level of detection). Also, preliminary
results for larger chiral systems (nonapeptides, ca. 1100 Da) obtained in the author’s laboratory
yielded similar capacity for separating L/D amino acid substitutions by IM-MS. Desmopressin, a

nine amino acid system (see Figure 1.7 A) yielded experimentally distinct cross sections for each
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the ring and tail regions. (B) Experimental separation of desmopressin diastereomers with
corresponding collision cross sections.
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diastereomer studied, both of which are structurally identical except for differences in chirality at
Arg 8. These desmopressin diastereomers possessed significantly different CCS values as to be
nearly half-height resolved. The current hypothesis for this IM separation is that the change in
chirality at Arg 8 produces a large structural shift in conformation between the tail and ring system
of the molecule, and hence facilitates the separation of both isomers in a two-component mixture
(see Figure 1.7 B). While these molecules are an exception to the challenge of separating
stereoisomers by IM approaches, they do indicate a possible future of rapid separation of specific
pharmaceuticals whereby changes in stereochemistry produce macromolecular rearrangements
separable by IM. Such macromolecular stereoselectivity could be exploited through tailored
chemical derivatization. Another approach to achieving chiral separations via ion mobility was
demonstrated using chiral drift gas modifiers to provide selectivity towards enantiospecific
separations. While a majority of ion mobility experiments are conducted in a single component
high purity gas (e.g. helium or nitrogen), these drift gas modifier experiments introduce small
quantities of a chiral dopant (e.g. (S)-2-butanol) to facilitate chiral selectivity.>? Current research
suggests that the chiral modifier interacts with the analyte in a similar fashion to the
chromatographic approaches described above (via the three-point rule). The addition of a chiral
modifier in the drift gas functions to retain one isomer form in preference. The two analyte isomers
will subsequently have distinct drift times, facilitating separation in drift time space. However, as
the addition of a chiral modifier inherently changes the composition of the drift gas (an integral
component of the Mason-Schamp relationship), the collision cross sections measured from these
experiments will be specific to the exact gas composition utilized, and thus the addition of these
modifiers loses both structural context and makes cross-platforms comparisons challenging.

Additionally, chiral separations by doped IM have only been demonstrated in this single study
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using an ambient pressure IM, and thus this capability may be specific to this type of

instrumentation.

1.4. Conclusions

In order for ion mobility to become a widely adopted separation technique, many
instrument improvements are currently being developed to obtain increased selectivity of analytes
based on differences in gas phase molecular structure. These new instruments utilize an increased
number of interactions between the analyte and drift gas to improve separation efficiency, in
similar manner to longer column length or increased packing efficiency in traditional
chromatographic approaches. Examples of these new high-resolution ion mobility instruments
include the high pressure drift tube IM-MS marketed by TOFWERK,*" the trapped ion mobility
spectrometer (timsTOF) produced by Bruker (Billerica, MA),>® and new cyclic traveling wave
devices currently undergoing simultaneous development by Waters Corporation (Milford, MA)>*
and Pacific Northwest National Lab (Richland, WA).>® These new IM instruments are now
demonstrating the capability to resolve some isomers with a level of selectivity approaching
modern LC separations. For example, both LC and IM can provide baseline resolution of leucine

and isoleucine isomers.>®

While it is unlikely that IM will replace traditional methods of chromatography such as LC
and GC, the relative speed of IM separations also enable this technique to be used in conjunction
with traditional LC/GC-MS approaches.! For example, Lareau et. al. were able to analyze non-
derivativized glycans by LC-IM-MS/MS utilizing traveling wave IM following LC separation on

a traditional C18 column.®” However, the lengthy gradients of LC may become a limiting factor
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for high-throughput and large scale studies, and hence ion mobility approaches may be more
amenable towards applications where rapid measurements are desirable. Therefore, the push for
higher resolution IM instruments with separation capabilities rivaling those of traditional
chromatographic approaches are a principle aim of future instrument design, and these emerging

technologies may be more amendable to chiral separations by IM.
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CHAPTER 2

ISOMERIC AND CONFORMATIONAL ANALYSIS OF SMALL DRUG AND DRUG-LIKE
MOLECULES BY ION MOBILITY-MASS SPECTROMETRY (IM-MS)

2.1. Introduction

The process of developing new drug candidates has changed significantly over time, as a
result of the Human Genome Project and other technological advances in computational modeling
and bioformatics.* For example, high-throughput screening methods provide unparalleled capacity
to screen millions of chemical structures for potential drug efficacy,>® as opposed to simply
developing a target candidate and anticipating relevant biochemical action. Regardless of the
desired approach towards production of novel drug candidate molecules by either reverse
pharmacology, the classical approach, or natural product discovery,*>® most drugs take several
years to develop and millions of dollars to become marketable as a requirement of validation
through in-depth clinical trials, evaluation of safety risks and FDA approval.” As part of this
development process, the analytical need to study the structural characteristics of these small

molecules is imperative.

Structural characterization of potential drug candidates, either derived from natural sources
or synthesized in the laboratory, is a complex and time consuming process, and for rapid analyses,
pharmaceutical companies value the high degree of analytical selectivity and sensitivity afforded
by modern mass spectrometry (MS) methods towards overall quality control of synthesized
products and characterization of new drug targets.®° Although mass spectrometers are highly
selective, often able to assign a molecular formula for a target analyte based solely on molecular
mass measurement, isomeric species are difficult to differentiate by traditional MS methods, even
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with the addition of tandem MS/MS approaches.'!! Because the biological function of chemical
compounds can change with their structural variation, isomeric species are a highly researched
area of the pharmaceutical field.> Condensed phase separation techniques such as gas or liquid
chromatography are often utilized to separate complex mixtures prior to mass analysis and provide
the ability to separate isomers by differences in chemical properties, such as polarity or boiling
point. These methods, while effective, are often highly selective to narrow classes of isomers and
are not inherently high-throughput techniques. In this chapter, we describe the application of IM-
MS, an emerging analytical technique for structurally characterizing small molecule isomer
systems, with a particular focus on the role of IM-MS in characterizing biological systems and

relevant pharmaceutical applications.

2.1.1. Isomers

Isomers are defined as compounds having the same molecular formula, but differing in
their overall chemical structure.’® Isomeric species are further sub-divided into categories that
reflect their structural variations, which may include covalent bond rearrangements (constitutional
isomers), stereochemical variations (stereoisomers), or rotational isomers, commonly referred to
as rotamers. As constitutional isomers vary in skeletal structure between constituent atoms, these
isomers possess a broad scope of biological activity based upon their particular structural
arrangements. For example, the molecular formula CgHsNO: is reported to have 33 isomers by the
PubChem database,'* and many of these isomers have unique chemical behavior and physiological
function (Figure 2.1). In one case, paracetamol (more commonly known as acetaminophen) is a
well-known analgesic, yet its constitutional isomer, methyl anthranilate functions as a bird
repellent and a flavor additive in drinks.™ The structural makeup of constitutional isomers can also
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Figure 2.1. Structures related to four constitutional isomers of chemical formula CsHgNO> and
corresponding function or typical use.
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vary widely depending on their biological class. For example, lipid isomers typically vary in alkyl
chain position and cis/trans double bond positioning,® while peptides tend to have sequence order
variation or even amino acid substitutions comprised of the same chemical formula (e.g.

leucine/isoleucine).t’

In addition to constitutional isomers, compounds with the same molecular formula can
differ in stereochemistry, (i.e. diastereomers and enantiomers) resulting in varying chemical and
physical properties. For example, ethambutol is a 204 Da molecule (C10H24N202) possessing two
stereocenters. In the (+) form (S,S) ethambutol is frequently used to treat tuberculosis.*® However,
with inversion of chirality at its two stereocenters to form (-) or (R,R) ethambutol, the molecule is
known to cause blindness.'® Isomers also exist for two compounds possessing the same chemical
scaffold and chirality. For example, rotamers are small molecule conformers where multiple three-
dimensional molecular structures can arise as a result of rotation around a single bond. In some
cases this bond rotation gives rise to atropisomerism, which is the restriction of rotation around a
single covalent bond which results in distinct optical isomers. A commonly cited rotamer example
which exhibits freedom of rotation around a single bond are the Newman projections of butane.°
In other cases where rotation is not restricted, different stable conformations are still possible,
especially in protein analysis. Small molecules in particular are noted for producing a variety of
conformations as a result of their flexibility.?! Because of the diverse chemical activity that can
exist within constitutional and conformational isomers, finding useful and efficient ways to explore

the structure of these molecules can provide insight into their specific chemical properties.

For the past 15 years IM-MS has made large contributions in the analysis of constitutional
and conformational isomers.?22352 As result of the commercialization and rapid adoption of IM-

MS instrumentation,2*3337 the Web of Science database cites over 3,500 articles in the last decade
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related to IM-MS studies.® While ion mobility has been traditionally utilized to study large
biological systems, more recently it has been applied to the study of smaller (< 400 Daltons) drug
and drug-like molecules.?®?" In this chapter, we describe the technique and theory of IM-MS,
provide examples of the use of IM-MS to characterize various small drug and drug-like molecules,
and provide some basic methodology towards collecting and analyzing IM-MS data using a

commercially available IM-MS platform (Agilent 6560) as an example.*’

2.2.  Instrumentation and Theory

IM-MS is an emerging analytical technique that separates gas phase ions into two
dimensions based upon molecular size and weight. In the mobility dimension, analyte ions are
separated based upon their two-dimensional orientationally-averaged size in the gas phase
(collision cross section, CCS), which provides information regarding their size and shape.?®* In
the mass spectrometer dimension, separation is based upon the mass to charge ratio (m/z) of the
analyte ion, which is directly correlated to its intrinsic molecular formula. Combined, IM-MS
provides unique and important information regarding the gas-phase density preferences of
different classes of molecules, which can identify unknown compounds which share similar

structural scaffolds.36*’

There are four basic components of an IM-MS instrument: the ion source, the ion mobility
separator, the mass analyzer, and the detector [Figure 2.2 (A)]. The type and arrangement of these

components can vary depending on instrument vendor and experiment application.?°°

In the source region, analyte ions are commonly generated by electrospray ionization (ESI),

which allows the option for directly coupling an LC separation. In ESI, ions enter the source as a
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Figure 2.2. (A) Block diagram of a typical IM-MS instrument. lons are separated in the presence
of a neutral drift gas by (B) a declining electric field along a series of ring electrodes (DTIMS), or
(C) by a pulse wave generated by applied sequential voltage along a series of ring electrodes
(TWIMS).
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liquid and are vaporized using a combination of gas flows and electric fields, which ultimately
generate gas-phase ions. While ESI is the most commonly used ion source, other ion source types
include laser and chemical ionization (e.g. MALDI and APCI).3t ESI commonly produces
protonated and deprotonated ions ([M+H]", [M-H]"), as well as various alkali metal cation species,
such as [M+Na]" and [M+K]", where M represents the neutral form of the molecule. Once ions
are generated, they are released into the ion mobility spectrometer where they are separated based
on their gas-phase size and shape (CCS). Following the mobility separation, ions enter the mass
analyzer where they are separated by their mass-to-charge ratio (m/z). For more in-depth
information regarding the experiment, we refer the reader to a recent literature review which covers

the various IM techniques and instrumentation in detail 3233

lon mobility techniques can be broadly separated into two method types: time dispersive
methods, which include drift tube and traveling wave ion mobility spectrometry (DTIMS and
TWIMS, respectively), and space dispersive methods, which primarily include high field-
asymmetric waveform IM and differential ion mobility spectrometry (FAIMS and DMS,
respectively) which collectively operate as mobility filtering devices. The examples presented in
this chapter will focus on recent applications of the time dispersive methods of DTIMS and

TWIMS, which collectively represent the majority of IM instrumentation currently utilized.®®

2.2.1. Drift Tube lon Mobility

In drift tube ion mobility (DTIMS), the IM region consists of a series of ring electrodes
contained within a neutral drift gas (typically helium or nitrogen) [Fig. 2.2 (B)].>**®* DTIMS is

operated at one of two pressure regimes: low (1-10 Torr) and elevated (ca. 760 Torr) pressures.
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Typically, ion transmission is more efficient at reduced pressure, yet typically results in somewhat
reduced IM resolving power from high diffusion. As ions are introduced into the drift tube, they
are drawn through the drift region as a result of an applied electric field along the ring electrodes.
During ion drift, the ions interact with the buffer gas at low energy and molecules with smaller
rotationally averaged surface area (smaller CCS), transverse the region faster as a result of fewer
collisions. Mathematically, the CCS of the analyte ion can be calculated using the Mason-Schamp
equation®-3” where Ko is the measured mobility of the ion, z is the charge of the ion, T is the
temperature of the drift gas, and No is the number density of the drift gas at standard temperature
and pressure. The terms e and ks are the elementary charge and Boltzmann’s constant,

respectively.

CCS =

" 16N,

3ze ( 2 )1/2 1

ukgT K_o (1)

2.2.2. Traveling Wave lon Mobility

Similar to DTIMS, a traveling wave ion mobility drift cell uses an inert buffer gas and a
series of ring electrodes to move ions through the drift region, but typically the electrodes have
smaller inner diameters than what is used in DTIMS to facilitate better axial ion focusing [Figure
2.2 (©)].33 In TWIMS, ion pulses are mobility separated by sequentially applying a direct current
voltage to the rings in a series along the drift cell to create a migrating potential along the length
of the cell. These sequential low voltage pulses generate waves of electric potential that push ions
through the drift region. As the wave propels the ions forward through the device, low energy
elastic collisions occur between the analyte ions and the buffer gas. Smaller ions experience fewer

collisions with the buffer gas, and as a result, traverse the drift region faster than larger ions,

37



resulting in shorter drift times. This mechanism is almost identical to what is experienced in
DTIMS, but with the exception that larger ions are slower in TWIMS as a result of “falling over”
the wave pulses during their transit through the cell. The drift times are converted to collision cross
sections through a calibration procedure which takes into account the drift times and CCS of
known internal standards.*®*! The ion mobility spectra obtained from both TWIMS and DTIMS

are qualitatively similar.

2.3. Current Work in Isomer Structural Separations

Historically, there have been several reported studies where DTIMS and TWIMS have
been used to observe both constitutional and conformational structures of large molecules, where
structural differences are significant and readily measured.*>44* In this section, we will present
some recent examples of the use of TWIMS and DTIMS to separate constitutional and
conformational isomers in small molecule systems, which have been given less attention in the
literature, but nonetheless are important avenues for developing IM-MS for the separation and

characterization of drug and drug-like small molecule isomer systems.

2.3.1. Separation of Constitutional Isomers

Often chromatography resolution can be difficult to achieve for molecules with similar
polarities, and hence constitutional isomers have been studied in detail by IM-MS. In an effort to
differentiate molecules of interest from complex matrices (e.g. biological samples and natural
product extracts), mobility techniques have investigated the separation of a wide variety of

chemical classes including lipids, carbohydrates,*>*® peptides**® and fossil fuels.*® As a specific
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example, we will consider the highly studied isomer system of leucine and isoleucine, which
represent a classically studied isomer pair from an analytical separation perspective, as both
compounds have the same chemical formula (CeéH13NO2) and hence cannot be distinguished by
MS measurements alone. From an ion mobility perspective, leucine and isoleucine have been
shown to be differentiable using several ion mobility techniques, including FAIMS®® and
TWIMS.®! In a recent study by Dodds et al., 11 different leucine/isoleucine isomers were studied
using DTIMS and focused on the positive ion forms of these molecules, [M+H]*.>2 The sub-classes
of isomers investigated in this study include enantiomers (two molecules whose stereochemistry
IS opposite at every chiral center), diastereomers (two molecules with multiple chiral centers of
which some, but not all, have opposite stereocenters), and constitutional isomers related to leucine
and isoleucine. A plot of the range of diversity in CCS for these compounds appears in Figure 2.3.
As illustrated in the figure, the differences in the CCS vary depending on isomer type. For example,
the enantiomers (e.g. L-leucine and D-leucine) show no statistical difference their measured
collision cross sections, and similarly, diastereomers (e.g. L-isoleucine and L-allo-isoleucine)
exhibit different CCS values, but are still very challenging to differentiate (typically 0.4%
difference in CCS). However, as the molecules become more structurally diverse, the isomers
possess more significant differences in cross section. Specifically, 3 constitutional isomers (N-N-
dimethylglycine ethyl ester, L-tert-leucine, and L-norleucine) are structurally distinct enough to
yield baseline or near-baseline separation and possess 3.6% and 3.1% difference in their respective

empirical cross sections.

In addition to illustrating the separation of various constitutional isomers, the authors
proposed a mathematical relationship correlating the percent difference in cross section of any two

isomers of interest with respect to instrumental resolving power (Rp). Briefly, the efficiency of ion
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mobility instruments is described quantitatively in terms of resolving power, defined for DTIMS
instruments as the ion drift time (tq) divided by the width of the peak at half height (full width at

half-maximum height, FWHM).

__ta
P ™ FWHM (2)

As two isomers become more structurally similar (i.e. closer in terms of their cross
sectional areas), higher levels of instrument efficiency (Rp) are required to resolve the isomeric
species of interest. The final equation proposed in the above study relates separation efficiency,
termed two-peak resolution (Rpp) to instrumental resolving power and analyte cross sectional

difference (A CCS%).

Rp_p = 0.00589x R,x ACCS% (3)

To illustrate the utility of the above equation, consider two isomers of interest who possess

cross sectional differences of 1.0% (e.g. 200 A? and 202 A?). The above equation predicts that
separating these isomers to half height resolution (0.83 Rp.p) would require ca. 140 Rp. In this
manner the study by Dodds and coworkers can predict how efficiently two isomers of interest will
separate on a specific instrument platform, provided that the CCS of each analyte is previously

known and the resolving power of the ion mobility instrument well characterized.

2.3.2. Separation of Conformational Isomers

Another biological class where IM-MS has been utilized to facilitate the separation of
isomers is carbohydrates. Carbohydrates, or saccharides, are a class of compounds which includes

sugars, starches, and cellulose. Carbohydrates are challenging systems to study with most
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analytical techniques as they commonly exist as complex mixtures in nature with variations in
skeletal structure, bond coordination, and stereochemistry (Figure 2.4). Studies are further
complicated because many of the compounds in these mixtures have the same molecular formula
(isomers) which again prevents them from being fully characterized using traditional mass
spectrometry methods. This makes ion mobility a particularly intriguing tool to explore

carbohydrate systems.

A recent example of the utility of IM to study carbohydrates was carried out by Li and
coworkers.> In their study of sugars, TWIMS was used to measure drift time profiles for ions of
monosaccharide-glycolaldehydes and disaccharides of various simple sugars. While this work is
another example of the ability of ion mobility to separate constitutional isomers, there were
occasions where the presence of multiple conformations appeared, even for what was believed to
be a single analyte ion. For example, the monosaccharide glycolaldehyde 3-D-glucopyranosyl-2-
glycolaldehyde (B-D-glc-GA) was analyzed in negative mode ESI and produced a drift time profile
that generates two distinct peaks for the deprotonated ion. The authors propose that the appearance
of these multiple conformations may be attributed to several cyclic/acyclic forms produced by
hemiacetal formation in the gas phase. While most conformers are typically noted for large
bimolecular species (i.e. proteins), these small molecule analytes produced multiple distributions
(peaks) for one ion form. Thus this work illustrated the possibility to observe conformers even in

a relatively small molecule system.

The appearance of conformational isomers for small drug-like molecules has also become
evident in studies related to thalidomide in the authors’ laboratory. Thalidomide is a small
molecule drug that is currently used primarily for the treatment of specific cancers and for

alleviating various symptoms of leprosy. However, historically thalidomide is recognized as one
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Figure 2.4. Complexity of carbohydrate isomers represented graphically pertaining to both
constitutional isomers (connectivity isomers) and stereoisomers (axial/equatorial substitutions,

chair/boat conformations, and o/f glycosidic linkage orientation).
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of the first drugs whose different enantiomer forms produced drastically different biological
effects. Figure 5 illustrates the structures and drift time profiles for the [M+H]* and [M+H]" ions
of (S,-)-thalidomide and (R,+)-thalidomide along with corresponding CCS. The drift time profiles
of both positive and negative mode ions for both enantiomers are identical. This result is expected
as stereochemical differences in small molecules are not expected to result in different drift time
distributions. However, multiple peaks were detected for both enantiomers of thalidomide in each
ionization mode. Structurally, this observation is reasoned as being a consequence of the
possibility for multiple molecular conformations arising from rotation around the single N-C bond

that links the two ring moieties.

The development of methods for characterizing small drug and drug-like molecules has
become an important focal point for the pharmaceutical industry. As a result there has been a
concentrated effort towards discovering new technologies to aide in the development of new drugs.
The examples presented in this work provide strong support for the use of IM-MS as an important
analytical technology in exploring the structural diversity of constitutional and conformational
isomers of small drug and drug-like molecules. In the following sections, we provide the materials
and methods necessary to obtain an IM-MS spectra for small molecules (here S-thalidomide, 258

Da) using a commercially available IM-MS platform (Agilent IM-MS 6550).

2.4. Materials

a) The sample preparation described here is for use with direct infusion via a syringe pump
operated at low flow rates (i.e. 5-100 puL/min). As with any analytical study, it is beneficial to have

analyte samples and solvents with optimal purity for analysis. In this study, S-thalidomide was
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Figure 2.5. Drift time profiles of (R) and (S) thalidomide enantiomers with corresponding CCS
observed in both positive and negative mode (A and B, respectively) for nitrogen drift gas.
Structures are illustrated at the bottom for chiral reference.
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purchased from Sigma-Aldrich and the solvent (Optima LC-MS grade Water) was obtained from
Fisher Scientific. A range of analyte concentration can be used and should be selected based upon
instrument sensitivity and limits of detection. Standard protocol for this instrument using direct
infusion recommends an analyte concentration of 1-10 pug/mL. For the experiment described here,

a 10 pg/mL sample of S-thalidomide was prepared using 10 mM ammonium acetate in water.

b) The instrument must be tuned prior to data collection in order to perform at optimal
sensitivity, resolution, and accuracy. Towards this end a commercially-available tune mix solution
containing several standards over a range of masses and mobilities was used (Agilent Tune Mix,

part number G1969-85000). Specifics of the tuning method are described in the methods section.

c) Direct infusion was carried out using a 500 uL glass syringe and a kD Scientific syringe

pump. Flow rates were as described in the methods section to follow.

d) Collection of IM-MS data was obtained using Agilent Mass Hunter Acquisition
Software (v.7.00). Data workup of IM-MS distributions was performed using Agilent IM-MS

Browser Software (v. 7.02)

2.5. Methods

The method described below is for new users to the Agilent 6560 IM-MS instrument who
have general knowledge of traditional mass spectrometry operation. It is intended to provide the
novice user with the basic steps necessary to obtain a routine IM-MS spectra. It is not intended to
provide an exhaustive description of all instrument settings and their uses. The reader should

consult their service manual for extended instructions and a comprehensive description of settings.
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2.5.1. Preparing the Instrument

a) To ensure drift time and collision cross section reproducibility, check instrument
pressures in each of the following instrument compartments: the high pressure funnel region
should be set to 4.80 Torr (+/- 0.02), trap funnel region pressure at 3.80 Torr (+/- 0.01), and drift
tube pressure should be maintained at 3.95 Torr (+/- 0.01). A pressure regulation manifold
(alternate gas kit, Agilent) is recommended here in order to automatically maintain these pressure
settings. Alternatively, the user may choose to monitor and make manual adjustments to the drift

tube pressure in order to maintain the precision of the IM measurements.

b) Open the Agilent Mass Hunter Workstation Data Acquisition Program. Under the
“Context” menu (Figure 6A), choose the “Tune” setting to perform an autotune. The source
temperatures and voltages will be preset for the Agilent Tune Mixture (Figure B.1), and the ion
polarity and scan mode will be selected as a function of the molecules of interest per individual
experiment (low mass mode (50-250 m/z), normal mode (50-1700 m/z), or high mass range (100-
3200 m/z). In this case we are investigating thalidomide (258 Da), and have selected the normal

instrument tuning mode (50-1700 m/z).

c) Select the “Tune and Calibration” tab [Figure B.1 (C)]. Select desired ionization mode
(positive mode is used here), TOF (time of flight), mass calibration/check, and the corresponding
mass range depending on the analyte to be studied. Once settings have been chosen, click “Apply”

to apply these settings prior to tuning [(Figure B.1 (D)].

d) Ensure that the calibrant line contains adequate calibrant solution and is plumbed into
the primary nebulizer before starting the autotune. It is recommended that at minimum, a quarter

of the calibration bottle volume (ca. 30 mL) be filled with calibration solution prior to tuning. Turn
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on the tune mix by right clicking in the Q-TOF selection box [Figure B.1 (E)] and selecting

calibrant.

e) When the tune mix ions appear in the spectra window (e.g., m/z 322, 622, and 922 in

positive ion mode), click on the “Start TOF Mass calibration” button [Figure B.1 (F)].

f) Upon tune completion, a calibration report will be generated as a portable document file
(.pdf) file. From this report, ensure that signal intensity is greater than 1 x 10° ion counts and that
the ion mobility resolution is between 40-60. If not, the user may wish to repeat the autotune
procedure. After tuning, click the “Instrument State” tab [Figure B.1 (G)], and then click “Save”

and “Apply”.

g) Once the instrument is tuned in the desired ion mode, switch to the acquisition mode

under the context menu [Figure B.1 (A)] to start collecting data.

2.5.2. Data Acquisition (consult Figure 7)

a) Load the pre-existing low mass method in the drag-down box in method editor and click
“Apply” [(Figure B.2 (A)]. If the user is interested in collecting collision cross sections, the method
should include a voltage gradient in the drift tube region in order subtract out the non-mobility
flight time. This voltage gradient can be accessed under the “Advanced Parameters” tab of the
method editor screen, [Figure B.2 (B)]. For a detailed explanation of the voltage gradient method
we refer the reader to Ref. 36 and its Supporting Information to describe the non-mobility

component of the drift time, and subsequent conversion to CCS.
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b) Load the sample in the syringe and syringe pump for direct infusion. Ensure that the
syringe pump is set with the correct syringe diameter in order to output the correct flow rates.
Although flow rate will vary based on specific instrument source settings and sensitivity, the flow
rate used here is 1-10 pL/min. Turn on the syringe pump. Once sample reaches the instrument,

analyte ion peaks begin to appear in the mass window.

¢) NOTE: If minimizing sample consumption is important, the user may wish to conduct

step 4 prior to turning on the syringe pump.

d) To setup the data acquisition, select the “Sample Run” tab at the bottom of the method
editor screen [Figure B.2 (C)]. In the sample run mode, name the file [Figure B.2 (D)] and select

the path directory [Figure B.2 (E)] for your file.

e) To acquire data, click the forward arrow [Figure B.2 (F)] in the sample run screen.

2.5.3. Data Workup

a) After data acquisition is complete, load the “Agilent Mass Hunter IM-MS Browser”
software and open the desired file. OPTIONAL: Once the file has opened, select “Condense File”
under the “Actions” tab [Figure B.3 (A)]. Condensing files will compress the data from each
experimental sequence into a single frame, which is convenient for viewing multiple segment runs

(e.g., CCS experiments) or long infusion experiments.

b) In IM-MS Browser, you can view the resulting mass spectrum [Figure B.3 (B)], drift

spectra data [Figrue B.3 (C)] and the 2-D plot of mass-to-charge vs drift time [Figure B.3 (D)] for
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all ions in the sample. In the example spectrum of thalidomide [Figure B.3 (E)], we will focus on

the mass-to-charge ion at 259.0708, [M+H]".

c¢) Expand the Counts vs. Mass-To-Charge window by right clicking and holding on the
mass axis and dragging over the desired mass range. (To expand or contract any axis right click
hold any axis and move the mouse right or left.) To move the peak right or left, left click and hold

the axis and drag accordingly [Figure B.3 (B)].

d) To obtain a drift time spectrum for a specific mass-to-charge region, right click and drag
over the desired ion in the drift time vs m/z region. This produces a box around the desired ion
[Figure B.3 (F)]. Command “Ctrl X” copies the selected region and “Ctrl D” pastes the spectra in

the user drift spectra window [Figure B.3 (G)].

e) This work flow was repeated for each thalidomide enantiomer in both positive and

negative ion mode and a processed version is illustrated in the main text as Figure 2.5.
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CHAPTER 3

ASSESSING ION MOBILITY RESOLVING POWER THEORY FOR BROADSCALE
MOBILITY ANALYSIS WITH A HIGH PRECISION UNIFORM FIELD ION MOBILITY -
MASS SPECTROMETER

3.1. Introduction

In the early ion mobility literature, the term “resolving power” was used to characterize the
precision and accuracy of an ion mobility spectrometer and was based on the sharpness of a single
peak.? In its initial use, resolving power was a qualitative metric used to compare the relative
capabilities of one ion mobility technique or instrument to another. Following the
commercialization and development of ambient pressure, uniform field ion mobility spectrometry
(IMS) in the 1970s,% there were several attempts at quantifying the IMS separation efficiency
including the use of theoretical plate numbers,® two-peak resolution,®® and single-peak resolving
power.”1% Of these, the single peak resolving power was widely adopted and is currently the
conventional means by which the separation efficiency of IMS is quantified.>'® The
experimentally measured ion mobility resolving power (Rm) is a dimensionless ratio defined as the

mobility drift time (tq) divided by the width of the peak (Atq):

Ry = % (1)

T Aty

Here, the drift time is measured from the centroid of the ion mobility peak and the peak
width is determined using the full width at half maximum (FWHM) definition. The single peak
resolving power can be used to directly compare the achievable resolution of different IMS
instruments utilizing the same ion mobility technique. Thus, a temporal resolving power definition

can directly assess the separation performance between uniform field instruments, but an
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alternative definition such as a cross-section based resolving power may be more applicable to

compare, for example, a uniform field drift tube to a traveling-wave instrument.

The theoretical drift time of an ion in a uniform electric field is described by a

rearrangement of the ion mobility proportionality equation:*®

L
K'EO

td=

)

where L is the drift length (cm), K is the ion mobility constant (cm?V ! s™! ) measured under the
experimental conditions (i.e., not using a standardized temperature and pressure), and Eo is the
electric field (V cm™) in which the IMS separation is being conducted. Equation 2 can be linked
through the commonly reported “reduced mobility” value (Ko) by multiplying the right hand side

by the standardized temperature and pressure conditions:

L (27315 P
b= E, ( T '770) 3)

Here, T and P are the temperature (in K) and pressure (in Torr), respectively, of the drift
tube. Equation 3 provides a direct theoretical prediction of the drift time of an ion with a known
reduced mobility value under conditions in which the electric field and drift length are well-
characterized, such as the case in uniform field IMS. A theoretical expression for peak width,
necessary to predict the denominator in equation (1), is somewhat more complicated. Revercomb
and Mason derived a peak width expression which includes considerations for ion diffusion and

the width of the initial ion packet (gate width, tg):’
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V-z-e

Here, three correction terms (a, B, and y) are introduced and the value of these terms are
found through linear regression analysis of empirical data. The o term replaces the diffusion term
coefficient in equation (4) (16In2ky/ze) and is related to the ion drift time (residence time in the
instrument). Deviations from the value of the diffusion term are attributed to broadening during
ion drift, such as effects caused by field inhomogeneity, space-charge, and inelastic ion-neutral
interactions. The B term accounts for dependencies on the initial ion gate pulse width, which
include space-charge effects and distortions associated with the initial gating event. The y term is
a catch-all for additional sources of variance, such as peak broadening occurring outside of the ion
mobility region, detector effects, and post-acquisition distortion of the arrival time distribution.

For ideal correspondence to eqn (4), a = 0.957 x 103 VK%, B =1, and y =0s2.

Combining egn (3) and (6) with egn (1) yields the following theoretical expression,

termed the semi-empirical resolving power (RSE):

L _(273.15. P )
R _ Ko'Eg T 760
c =

()

1
2, 16ln2:kp'T 2)5
(tg ez td

Once a semi-empirical linear regression analysis is conducted for a particular instrument
platform, the correction terms can be included in equation (7) to provide a theoretical means of
predicting the resolving power for any analyte with a known gas-phase reduced mobility. The
obvious caveat to this semi-empirical approach is that the solution to the correction terms in
equation (6) and (7) are instrument-specific and will not have predictive capabilities beyond that

of the instrument configuration in which the initial evaluation data was obtained.
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In this report, we investigate the extent of agreement between ion mobility resolving power
theories and experimental results obtained on a commercially-available ion mobility-mass
spectrometer (IM-MS). The IM-MS used in this work is a recently developed uniform field IMS
coupled to a quadrupole time-of-flight MS.22 This instrument is based on the IM-MS designs by
Smith and coworkers?*-2% and incorporates a low-pressure (ca. 4 Torr) drift tube bracketed by
electrodynamic ion funnels for efficient ion trap gating and transmission between spectrometer
components. Because this instrument operates at uniform electric field and under conditions of
constant temperature and pressure, it is expected that a semi-empirical treatment of resolving
power theory should garner further insight into the separation performance of such instruments

under constant conditions of controlled IMS parameters.

3.2.  Experimental

A commercially-available MS tuning solution consisting of a range of symmetrically-
branched phosphazines (Agilent tuning mixture, ATM; Agilent Technologies, Santa Clara, CA)
was used to generate the ion mobility data necessary for determining the semi-empirical terms.
This ATM solution is predissolved in an acetonitrile/water solution (95:5, % v : v) at a weight-to-
volume (w/v) concentration of less than 0.01% for each constituent. The ATM solution was diluted
by a factor of ten using a 59:1 (v:v) acetonitrile : water solution prior to use. For generalized
comparisons, SDGRG peptide (Sigma-Aldrich), ten-carbon quaternary ammonium salt (TAA10,
Sigma-Aldrich) and melittin peptide (Sigma-Aldrich) were obtained as dry powders and used at
working concentrations of ca. 1 pg mL™t. SDGRG and melittin were reconstituted in a 1:1
methanol:water solution with ca. 1% trifluoroacetic acid to promote protonation. TAA10 was

dissolved in a 1:1 methanol:chloroform solution.
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3.2.1. Uniform Field IM-MS Instrument

The instrumentation used in this study is a commercial IM-MS (6560 lon Mobility-QTOF,
Agilent) and has been described in detail previously.?? A conceptual schematic detailing the major
components of the instrument is contained in Figure 3.1. Briefly, ions are transferred to the ion
mobility region through a heated capillary and a two-stage ion funnel. The first ion funnel stage
operates at elevated pressures and serves to collect and focus ions exiting the capillary.?* The
second ion funnel stage is configured as a dual-gate ion funnel trap,2> which operates in a trap-
and-release scheme to introduce discretely-gated ion pulses into the IMS. An ion storage time of
2000 ps is used for these experiments. The ion release time (gate width) can be defined anywhere
from 0 to upwards of several hundred ms, although for this study the gate widths were surveyed
in the range of 100 to 500 ps. Following their release from the ion trap, ions are introduced directly
into a uniform field drift tube operated at ambient temperature, which was slightly elevated for all
days in which the data was obtained (305.4 = 0.6 K). The drift tube is constructed from 0.6 mm
thick guard rings of 5 cm inner diameter, has a length of 78.1 cm, and is capable of operating in a
drift field range from 0.7 to 25 V cm™ (E/N of 0.5 to 19.3 Tq at 4 Torr). Nitrogen (UHP), helium
(UHP), and carbon dioxide (Coleman Grade) maintained at ca. 4 Torr are used for ion mobility
separations described in this work. All gases are passed through a gas purifier trap (nitrogen and
helium; RMSN and RMSH, Agilent; for carbon dioxide, and regulated into the IMS through a
precision flow controller (640B 10 Torr range, MKS Instruments) monitoring the read-out from
an absolute pressure capacitance gauge (CDG 500, Agilent) mounted directly on the drift tube
chamber. In a single experiment, this flow controller setup is capable of maintaining a constant

drift tube pressure to £0.01 Torr, which enables high measurement reproducibility. To ensure
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Figure 3.1. A generalized schematic of the uniform field IM-MS used in this work. Instrument
components are as follows: (A) orthogonal “Jet Stream” electrospray ion source, (B) ion transfer
capillary, (C) high pressure ion funnel, (D) trapping ion funnel, (E) uniform field drift tube, (F)
rear ion funnel, (G) transfer hexapole, (H) quadrupole mass filter, (1) hexapole collision cell, (J)
beam compressor, and (K) time-of-flight mass spectrometer, with (L) 2-stage reflectron and (M)
microchannel plate detector. The ion beam path is highlighted in blue.
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purity, the IMS is operated at an elevated pressure with respect to the trapping ion funnel region.
For nitrogen and carbon dioxide, this pressure difference is ca. 150 mTorr. For helium, it was
found that a difference of ca. 230 mTorr or greater is necessary to ensure drift gas purity. Following
IMS separation, radially diffuse ions are recollected by a third ion funnel located at the exit end of
the drift tube. This rear ion funnel is operated at the same pressure (4 Torr) as the drift tube with a
DC field of ca. 18 V cm™. Following the IMS, ions are transferred through a hexapole into the
high vacuum Q-TOF stage of the instrument, where they are analyzed by their mass-to-charge.
Optional mass selection and ion activation (collision-induced dissociation) can be conducted in
this interfacing region between the IM and MS stages, though these schemes are not utilized in
this present work. Although the time-of-flight mass spectrometer is capable of a resolving power
greater than 40,000 (m/4m), for purposes of these experiments the instrument was operated with
settings designed to improve sensitivity and mass transmission range (“extended dynamic range”

mode), and this resulted in a mass resolving power of ca. 20,000.

The ATM solution used to evaluate the semi-empirical fits was infused into one of two ion
sources: a dual electrospray ionization source (dual “Jet Stream”, Agilent), or an orthogonally-
configured nano-electrospray ionization source (G1992A Nanospray, Agilent). For the Jet Stream
source, the ATM solution was infused from the “reference B” sample solution reservoir with the
default injection backpressure. For nanoelectrospray, the ATM solution was directly infused using

a syringe pump (Cole-Parmer) at a flow rate of ca. 1 pL min ™.

3.2.2. Analytical Precision
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The instrumentation used in this work is considered a “high precision” ion mobility
instrument in that it is capable of obtaining reproducible measurements of the mobility drift time
to better than 0.1 ms. For conversion of drift time measurements to ion transport coefficients (Ko
and collision cross section), this represents a relative error of better than 0.5%.%2 Analytical
precision affects the reproducibility of the ion mobility drift time, but does not directly affect the

FWHM.

3.3.  Data Acquisition and Analysis

All ion mobility data was obtained using the MassHunter Data Acquisition software
(Agilent). A software feature which allows individual experimental sequences to be defined was
utilized to obtain consecutive ion mobility spectra at various drift potentials between 350 and 1750
V (4.5 t0 22.4 V cm™) in increments of 100 V. This corresponds to instrument settings from 600
V to 2000 V for the “drift tube entrance” potential and 250 V for the “drift tube exit” potential.
For each sequence, data was signal averaged for 2 minutes. These drift voltage sequence
experiments were acquired for initial ion gate widths ranging from 100 to 500 ps in 100 ps
increments, which corresponds to the ion release time setting in the instrument control software.
Following acquisition, each segmented data file was analyzed using the MassHunter IMS Browser
software (Agilent). Peaks of interest were isolated and their centroid drift time values and FWHM
were extracted as tabulated data using capabilities within the software. In some cases, the FWHM
was determined manually. Ko values necessary to conduct the resolving power analysis were
obtained directly from the software, using procedures previously described.?? Briefly, this involves

conducting drift time measurements for a sequence of fields in order to determine the time
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component associated with ion transit outside of the mobility region. Ko can then be solved via

equation (3).

3.3.1. Semi-empirical Fitting Procedure

The semi-empirical coefficients (a, B, and y) for equation (6) and (7) were determined for
each ion system using procedures outlined by Siems et al.!? Details of the procedure as utilized in
this study are included in the ESI. Briefly, this involves a linear regression analysis of equation
(6). The a coefficient is the slope of the best-fit line to data projected as Tts?/V (the diffusion
parameter) versus At? for a series of ions. The P coefficient is determined from a slope of the best-
fit line to data plotted as ty® versus At?. The y coefficient is obtained through orthogonal correlation
of results from the linear regression analysis of a and f. Plots corresponding to this analysis are
contained in Figure C.5 and C.7. A strong correlation was observed between the ion species and
the B and y coefficients, so these terms were replaced with an equation which includes Ko (Figure

C.8). These coefficients and coefficient equations are summarized at the bottom of Table 1.

3.4.  Results and Discussion
3.4.1. Factors affecting semi-empirical coefficients

Because each of the semi-empirical coefficients are associated with a specific component
of variance from equation 6, their deviation from the “ideal” values (equation 4) can provide some

insight into the physical source of band broadening within the instrument. For the a coefficient,

previous work has demonstrated this value is consistently larger in stand-alone drift tube
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Ion K, (em* V' s™) ax10° (VK™ v (ms?)

mfz 322 1.39 0.87 0.536 0.07
mfz 622 1.01 0.84 0.298 0.06
mfz 922 0.83 0.93 0.181 0.07
mfz 1222 0.72 0.96 — 0.07
mfz 1522 0.64 0.96 — 0.15
mfz 1822 0.58 0.89 — 0.24
mfz 2122 0.53 0.87 — 0.30
mfz 2422 0.49 0.97 — 0.25
mfz 2722 0.46 0.87 — 0.48
a=0.91x 10°

f=0.3145 (K,)* = 0.035 (Kp)
y = 0.0434 (K,)511)

% K, is calculated in nitrogen from 4 replicate measurements; variable

gate width data for the § coefficient experiments was limited to m/z
322, 622, and 922.

Table 3.1. Summary of results from the semi-empirical linear regression analysis. Ko values are
for nitrogen drift gas®
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instruments than the ideal value of 0.957 x 10-3 V K™, with experimental o values of ca. 1.2 x
10-3 V K* or greater.2 This observation has been previously attributed to inhomogeneity in the
electric field. In this work, we obtain an average o value of 0.910 x 10—-3 V K™ (Table 3.1), which
does not depend strongly on the ion species (Figure C3). The a value found in this study is close
to the ideal value. A cursory explanation would be that the drift tube in this work operates with a
high degree of homogeneity, yet ions also pass through an electrodynamic ion funnel prior to being
measured (Figure 1F). Because a is essentially the magnitude of the response of the peak width to
the drift time, we can only say that for the current instrumentation, peaks broaden as expected from
diffusion. This may be a general characteristic of drift tubes coupled to MS via a conductance-
limiting aperture, as the previous work had been carried out on ambient pressure instrumentation
using relatively large diameter Faraday plate detectors which would sample the entire radially-
diffuse ion cloud. The explanation of B and y is not so straightforward. Previous work had
characterized these coefficients using measurements obtained from a single ion (CI~, H3O", or
0O27), and thus the B and y values were previously reported as a single value for each instrument
geometry evaluated. In this present study, we evaluated these semi-empirical terms using a series
of analytes possessing a wide range of mobility values. Thus, our results for  and y are different
for each ion investigated (Table 3.1). For B, we obtain a range of values from 0.181 to 0.536, which
is significantly smaller than the ideal situation of f = 1. In the previous study by Siems et. al.,
was consistently greater than 1 (ca. 1.1 to 1.6). Since B is a multiplier for the gate width, this
coefficient represents a correction for peak width variations which are caused during the ion gating
event. Values greater than 1 were explained as originating from additional band broadening due to
space-charge effects (Coulombic repulsion), which would become greater as the pulse width was

increased, i.e., as more ions were introduced per pulse. In contrast, all of the  values measured in
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this work were well below 1, suggesting that the resulting ion pulse widths are narrower than
would be expected from the time duration that the ions are admitted into the drift tube via the
control software (i.e., the applied temporal gate width). We infer that this is a consequence of
conducting the ion gating using an ion trap, rather than a more traditional electrostatic ion depletion
gate (Tyndall or Bradbury-Nielsen gate). A similar ion compression effect has been observed when
operating the ion gate region using multiple grid stages,?”?® and we suggest a field-focusing
behavior may also be occurring in the present instrumentation which utilizes a similar 2-grid
structure in the region of ion confinement.?®> We note that unlike what is observed for most ambient
pressure IMS instruments, this instrument operates closer to the diffusion limit in terms of
resolving power. For v, the ideal value is 0 s, that is, no additional sources of variance other than
the initial gate width and normal diffusion.!® For previous drift tubes, the value for y was found to
vary anywhere from 0.47 x 1078 s? to as high as 2.1 x 107 s?, 12 which corresponds to an added
variance of between ca. 0.07 to 0.14 ms. In this work, the value of y determined for the present
instrumentation was found to be ion dependent, with upper values of 4.8 x 1077 s? (Table 3.1),
which corresponds to a variance of ca. 0.69 ms. This value of y is about 5-fold greater than what
was determined in the previous study, where the source of band broadening was attributed to image
current induction and detector response effects for the Faraday detector used. For the present IM-
MS instrument, the IMS spectra are obtained through temporal correlation of ion signal from the
electron multiplier in the MS stage. Microchannel plate electron multipliers exhibit peak
broadening effects on the order of picoseconds,?® and so detector effects would not be an issue in
this current work. We suggest that the primary source for y is due to ion transit through the rear
ion funnel, which is not accounted for in the length term used to determine the theoretical drift

time from equation 3. This claim is supported by the observation that y is mobility-dependent
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(Table 3.1). The relatively large values for y suggest that there is a significant contribution to band-
broadening occurring in the rear funnel, yet the measured resolving power values and the analysis
of the a coefficient both suggest that the instrument is operating near the diffusion limit. One
explanation for this is that the band broadening which occurs in the rear funnel is counteracted by
the additional mobility separation which occurs due the rear funnel operating as an extension of
the drift tube. The additional contribution of the rear ion funnel as a mobility separator which
operates with no significant loss in resolving power has been noted in a previous study.? While
the data in this current work also suggests that the funnel operates as an extension of the drift tube,
no attempt was made to match the field between the drift tube and the rear funnel, which would be
expected to further improve the quantitative agreement between experiment and theory. Finally, it
is worth noting that drift time correction is not utilized in this study due to the difficulty in
determining the peak width contribution of the non-mobility transit time of the ions. While not
investigated further here, the temporal contribution of the rear ion funnel is well characterized and
could be incorporated into the ion mobility peak width theory in the form of an added source of
variance, as the ion funnel length (11.6 cm), pressure (4 Torr), and electric field (17.8 V cm™)

used in this present study are known.

3.4.2. Empirical Correlation of Theoretical Resolving Power

Once the semi-empirical coefficients are determined for a wide range of gate widths and
ion systems, equation 7 can be expanded in order to generate a generalized resolving power
expression which describes the performance of the current instrumentation. These results are
provided as equation (S10) in the ESI. An evaluation of both the conditional and semi-empirical
theories
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Figure 3.2. Empirical resolving power curves (data points) compared to theory (solid lines) as a
function of the ion mobility separation field (drift field) for three molecular ions (hominal m/z 322,
622, and 922). Error bars for each point are obtained from four replicate measurements. (A) The
conditional resolving power (Rc) from equation (5) predicts the qualitative trends of the
experimental observations, but quantitative correlation varies based on the ion system and gate
width used. (B) The semi-empirical resolving power (RSE) from equation (7) exhibits a more
quantitative correlation than the conditional resolving power for all gate widths investigated in this
study (100, 200, 300, 400, and 500 ps). For clarity, only the data for 100 and 500 ps gate widths
are shown.
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is contained in Figure 3.2 for the m/z 322, 622, and 922 ions. Experimental data is projected as
points with error bars obtained from 4 replicate measurements. Of general note is that in many
cases, the error associated with the measured resolving power for a single data point is in excess
of 5%. This reflects the challenges associated with obtaining quantitatively-reproducible
measurements of the peak width, as opposed to the drift time which exhibits close correlation to
equation 3 (Figure B.1). In Fig. 2.1 A, the conditional resolving power theory via equation 5
exhibits only qualitative agreement with experimental results, with significant deviation being
observed at low and high gate widths. Conditional resolving power consistently predicts
significantly better resolving power when using lower gate widths, but the data suggests that this
is only significant when studying low-mass ions (i.e., ions possessing high Ko values above ca. 1
cm? V1s71). Experimental results indicate that higher mass ions do not benefit significantly in
resolving power from smaller gate widths, and so for such studies, increasing the gate width would
be advantageous to improve instrument sensitivity. This gate width dependence on the accuracy
of equation 5 is consistent with previous observations,* and deviation has also been noted in
experimental measurements at extreme pressures (up to 2280 Torr).%° Note that a gate width of
200 ps is commonly utilized in IMS studies, and under this condition, there is a coincidentally
good correlation between conditional resolving power theory and experimental results (Figure
C.2), which suggests that deviations between theory and experiment are not obvious under routine
investigations. To our knowledge this work represents the first study where the conditional
resolving power was explicitly tested for ions spanning a wide range of reduced mobilities (Table
3.1), and in particular, for larger ions with Ko values below ca. 1 cm? Vst as what would be
encountered for biomolecules. This work also represents the first comprehensive study of resolving

power theory for reduced pressure IMS. Because the present instrumentation is configured in a
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manner that is far from the conditions assumed by conditional resolving power (i.e., ion trap gating,
sub-ambient IMS pressures, and post-mobility focusing via the ion funnel), the observed
deviations between conditional resolving power theory and empirical results is not surprising,
particularly for larger ions which spend more time in the IMS stage of the instrument. Figure B.2
B contains the results from the semi-empirical resolving power theory via egn (7) utilizing the
methods described in the ESI. A significant improvement in the correlation between experiment
and theory is observed in this case across all initial ion gate widths investigated (100 to 500 s, cf.
Figure C.3). Some deviation does occur for the lower mobility ion, m/z 922, where the semi-
empirical treatment underpredicts the resolving power by about 15% on the high end, which is a
fairly consistent deviation across all gate widths at this mobility (Figure C.3). Similar results are
also observed for the m/z 2722 ion (Figure C.4). The m/z 922 ion was explicitly used in the initial
evaluation of the semi-empirical theory, and so better correlation was anticipated, but this would
appear to be a more realistic expectation of accuracy when working with a theory generalized
against a wide range of parameters. Because both the conditional and semi-empirical resolving
power expressions account for the ion’s reduced mobility, a 3-dimensional resolving power curve
can be obtained which is ion species dependent. Figure 3.3 contains the resulting 3D analysis for
both the conditional resolving power of egn (5) (Figure C.3 A), and the semi-empirical resolving
power of equation 7 (Figure C.3 B). Both curves were generated using a drift gas pressure of 4.00
Torr and a temperature of 304.2 K and describe the performance of singly-charged ions only. A
gate width of 200 us was also chosen for comparison between the two theories, as the best
correlation between conditional resolving power and experimental data was observed at this

setting, meaning any differences observed between the two theories at this gate width is expected
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Figure 3.3. 3D resolving power curves projecting the predicted resolving power for singly-charged
ions across a range of drift fields and ion mobilities. (A) Conditional resolving power (equation
5), and (B) semi-empirical resolving power via equation (7) using coefficient expressions obtained
in this current work. Both expressions assume 4 Torr drift gas pressure with an initial gate width
of 200 ps. As compared with the conditional resolving power, the semi-empirical resolving power
predicts a relatively narrow drift field range for accessing the optimal resolving power, as well as
a more uniform resolving power response for a wide range of ion species.
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to be significant. Conditional resolving power predicts that higher resolving powers are accessible
as the mobility of the ion decreases (i.e., large ions), and that accessing these higher resolving
powers requires different drift fields.!® This observation suggests that conditional resolving power
theory underestimates diffusional effects that increase with lower mobilities, which is accounted
for in the semiempirical treatment. Additionally, the semi-empirical treatment pertaining to
observations from the current instrument indicates that the resolving power performance is
relatively linear across a range of ion mobilities. This observation is better illustrated by extracting
the resolving power maxima (highest values) for both 3D surfaces and plotting these as a function
of Ko (Figure C.4 A). This analysis indicates there is good correlation between conditional and
semi-empirical resolving power theory at high mobilities (fast ions) where ions spend a limited
amount of time in the mobility region, but deviation becomes significant in the low mobility (slow
ions) regime. This deviation between the two theories occurs at a Ko of ca. 1 cm? Vs, which
for a peptide drifting in nitrogen represents an analyte mass of ca. 500 Da.?? Additional molecular
class specific mobility ranges for nitrogen drift gas are projected at the bottom of the plot to help
frame these observations in the context of practical results. The implication of this observation is
that for the current instrumentation, the accuracy of predictions made by the conditional resolving
power theory are limited to small analyte systems (i.e., ions with high Ko values). A second
observation which can be made from Figure C.3 is that the highest resolving power values
predicted by the semi-empirical theory are fairly constant and experimentally-accessible across a
relatively narrow range of drift fields (between 14 and 17 V cm™). This can be better illustrated
by plotting the drift field corresponding to the highest resolving power values as a function of the
ion’s reduced mobility (Figure C.4 B). Thus, in practice, accessing high resolving power values

should require only minor adjustments to the drift field. Taken collectively, these observations

73



(A) (B)

80 - 24
) === Conditional . I === Conditional
E 70 -“"-.._. = Semi-Empirical £ s Semi-Empirical
[+] 4 Sso 2 20
% 60 Rt =
5 - 2
o — [N
% 50 + e
o ' IS
E 40 + E
£ - .
= 30 = lipids - 2
I — peptides — I metabolites 1 o g F— peptides — F metabolites 1
20 — carbohydrates —_— s — carbohydrates —
0.4 0.8 1.2 1.6 04 0.8 1.2 1.6
Reduced Mobility (cm?/V-s) Reduced Mobility (cm?2/V-s)

Figure 3.4. Plots of the highest achievable resolving power values predicted by both theories for
singly-charged ions. Trends are extracted from the maxima in Figure 3.3 (i.e., the “crest” of each
surface plot). (A) The highest (optimal) resolving power accessible as a function of the reduced
mobility. Corresponding molecular class-specific mobility ranges are also provided for ion
mobility in nitrogen drift gas (lower bars). (B) The required drift field necessary to access the
optimal resolving power as a function of the reduced mobility. Both projections indicate that the
semi-empirical resolving power theory predicts a narrow range of both optimal resolving powers
(50 to 60) and drift fields (14 to 17 Vem™?) across a fairly wide range of mobilities.

74



suggest that the present instrumentation performs at optimal resolving power for a wide dynamic
range of ion species under similar operational conditions. This may be a general observation for
all ion mobility instrumentation, as quantitative investigations of the conditional resolving power
to date have focused only on small analytes with reduced mobility values greater than 1.2 cm?
Vv 1g71 13183132 although this study also represents the first test of conditional resolving power
theory for reduced pressure IMS, so these results may also be specific to subambient pressure

operation around 4 Torr.

3.4.3. Broadscale Validity of Semi-Empirical Results

In order to further investigate the extent of correlation between experiment and theory,
three ions systems exhibiting vastly different gas-phase transport properties were compared against
the current theories. The ion systems used in this comparison are: (1) a small peptide in nitrogen
with a Ko close to 1 (SDGRG, Ko = 1.02 cm?V1s71),22 (2) a quaternary ammonium cation in carbon
dioxide, which exhibits very low mobility (TAA10, Ko = 0.50 cm?V~1s%), and (3) a triply-charged
peptide (melittin bee venom) in helium, which has a very high gas phase mobility (Ko = 3.03
cm?V~1s™), Typical operational conditions (200 ps gate width and 4 Torr drift gas) are used in
these comparisons. Note that both theories are drift gas independent, since both theoretical
expressions describe ion transport in terms of the gas-phase reduced mobility, which inherently
accounts for differences in ion motion in various drift gases. Thus, the theories developed in this
work are applicable to a variety of drift gases. Experimental results for the three ion systems are
contained in Figure 3.5. For ions with reduced mobility values around ca. 1 cm?V!s™%, both
theories correlate well with experimental results (Figure 3.5 A). This is consistent with the
previous observation for m/z 622 (Ko = 1.01 cm?V s ™) at this gate width (Figure C.2 and C.3).
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Figure 3.5. Comparison of experiment and theories generalized to a wide range of reduced
mobility values. (A) Singly-charged SDGRG peptide measured in nitrogen drift gas (Ko = 1.02
cm?V1s™) exhibits good correlation to both theories. (B) Singly-charged quaternary ammonium
cation with ten-carbon branches (TAA10) measured in carbon dioxide drift gas possesses a very
low mobility value (Ko = 0.50 cm?V1s™), and here the semi-empirical resolving power better
predicts the experimental resolving power of this system. (C) The triply-charged melittin peptide
in helium drift gas exhibits a high mobility (Ko = 3.03 cm?Vv1s1) as well as being multiply-
charged, which despite the unconventionally high mobility still shows good correlation to the
semi-empirical resolving power developed in this work.
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At low mobilities, which represents large ions or ions drifting in more massive drift gases (such as
carbon dioxide in this case), conditional resolving power theory significantly overestimates the
magnitude of the resolving power, whereas the semiempirical theory correlates closely to
experimental results, albeit with slightly underestimated predictions (Figure 3.5B). This is similar
to the trends observed for the m/z 922 system (Figures 3.2C, S2 and S3). In the third case for very
high mobility ions, both theories show qualitative agreement, with semiempirical theory
correlating better than conditional resolving power (Figure 3.5 B). Note that in this latter system,
a multiplycharged ion is evaluated (z = 3), and thus requires that the integer charge state be
introduced into the denominator of the diffusion term in the semi-empirical theory. Extension of
the semi-empirical theory to higher charge-state systems was not an original intention of this work,
but results are indeed favorable. We caution here, however, that preliminary work with a protein
exhibiting even higher charge states (myoglobin, z = 9 to 24) has not resulted in the good
correlation to semi-empirical theory as seen for the melittin system, so further refinement to the
theory is necessary. While the systems in Figure 3.5 represent extreme cases in terms of the
reduced mobility, the good correlation observed indicates that the semi-empirical theory can be

qualitatively extended beyond the range in which it was initially evaluated (cf., Table 3.1).

3.5. Conclusions

A wide-scale evaluation of two current theories for ion mobility resolving power
(conditional and semi-empirical) was applied to high precision results obtained on a recently
developed IM-MS instrument. The predictive capabilities of conditional resolving power theory
were found to be qualitatively good for high mobility ions (e.g., small molecules), but deviated

significantly for low mobility ion systems and gate widths beyond 200 ps. Better correlation to
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experimental observations was found for a semi-empirical treatment of resolving power which was
developed using empirical data on the current instrumentation, and initial evaluation of the semi-
empirical theory demonstrated good correlation across a relatively wide range of ion mobilities
(Ko between 0.50 and 3.03 cm?V 1s™1). The semi-empirical theory was used to generalize the
performance of the current instrument and results suggest that the instrumentation is capable of
accessing the optimal resolving power for a wide range of analytes within a relatively narrow range
of drift fields, independent of the drift gas utilized. When taken collectively, these observations
indicate that the linear response of the instrument in terms of ion mobility separation efficiency is
high. The decreased dependency of the gate width on the accessible resolving power for lower
mobility ions (Ko below ca. 1 cm?V1s™) indicates that for higher mass studies (greater than m/z
of ca. 500), the gate width may be increased to improve sensitivity without a significant loss in
resolving power. As with any semi-empirical treatment, the results are specific to the
instrumentation and experimental conditions used in this study, namely operating the drift tube at
ca. 4 Torr and ambient temperature, and investigating low charge-state ions. Conditional resolving
power is thus recommended over the current semi-empirical theory for estimating the accessible
resolving power for ion mobility instrumentation that differs significantly from the present study,
such as ambient pressure drift tubes and stand-alone IMS instruments. Finally, it should be noted
that obtaining quantitatively reproducible resolving power values on any drift tube platform is
challenging without careful attention to maintaining drift gas purity and stability of all important
ion mobility conditions, specifically drift fields, gas pressures, temperatures, and robust methods
to extract the quantitative data (drift time centroids and temporal peak widths) from the raw
measurements. The high precision capabilities of the present instrumentation greatly facilitates

these types of quantitative studies.
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CHAPTER 4

INVESTIGATION OF THE COMPLETE SUITE OF THE LEUCINE AND ISOLEUCINE
ISOMERS: TOWARDS PREDICTION OF ION MOBILITY SEPARATION CAPABILITIES

4.1. Introduction

The separation of isomers, or compounds that contain the same atomic composition yet
possess different chemical structures, has been an active area of analytical chemistry since the first
isomer separation was documented by Pasteur in 1849.! The biological activity of compounds
exhibit isomeric specificity which manifests in a broad range of physiological processes including
metabolic pathways,? reactive oxygen species,’ and cancer research.* Isomers represent a broad
range of structural heterogeneity which are classified based on differences either in bond
coordination or stereochemistry. Compounds that differ as a result of physical rearrangement of
chemical bonds, (i.e. constitutional isomers) represent the most structurally diverse isomer class.
Stereoisomers are compounds which have identical branching between atoms but differ in chirality
at one or more stereocenters. A specific sub-class of chiral molecules are enantiomers which
exhibit mirrored stereochemistry. Biological compounds tend to exist in only one particular
stereochemistry,” such as the amino acids, which predominately exist in the L- form. While the
precise origin of stereochemistry preference is still unknown, observations of chirality in meteorite
samples and in deep space suggests L- stereochemistry preferences are primordial.®’ Due to
identical chemical compositions, chemical isomers are of the same mass and thus are challenging

to separate by traditional mass spectrometry techniques alone. Tandem MS/MS methods such as

9 10-12

collision induced dissociation®® and electron transfer dissociation can alleviate these

challenges in cases where two isomers either differ in bond dissociation energies or possess
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constitutional arrangements that produce unique fragmentation spectra. However, for structurally
similar isomers, fragment ions are often shared by both precursors and hence tandem MS is not
sufficient to confidently identify these components in a biological mixture (see Figure D.1,

Supporting Information).!*!4

lon mobility-mass spectrometry (IM-MS) has gained recent interest as a rapid separation
technique which can be applied to the separation and characterization of isomers.*>2° Although
condensed phase separation technigues such as gas and liquid chromatography can be tailored for
the separation of specific isomeric classes, IM-MS operates on a timescale that is several orders of
magnitude faster and can be used in conjunction with condensed phase separations and tandem
MS/MS techniques.?>?? IM-MS is a particularly useful analytical combination in that the mass
spectrometry separates molecules based on their intrinsic mass, whereas ion mobility provides a
complimentary separation based on molecular size and shape based on the gas-phase collision
cross section (CCS). While there has been significant progress in correlating the CCS to the
primary molecular structure and composition,?>?° it is challenging to predict CCS particularly for
isomeric systems. Consequently, the ability of IM-MS to separate any given isomeric system is

difficult to predict without referring to empirical studies.

For our study of isomeric separations we chose to investigate the classic amino acid isomer
system leucine and isoleucine, which has been previously studied by both chromatography
approaches?528 and various ion mobility techniques including field asymmetric waveform ion
mobility spectrometry (FAIMS),?*3! traveling wave ion mobility spectrometry (TWIMS),*? and
uniform field ion mobility operated at ambient pressure.® This small molecule system (131 Da)
was chosen as it is large enough to possess a diverse family of isomers yet small enough not to

exhibit significant higher-order structural effects (i.e. conformers) that would otherwise
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complicate the interpretation of results. A total of eleven leucine/isoleucine isomers (CsH13NO>)
were chosen for this study, including four biologically-relevant forms (L-leucine, L-isoleucine, L-
norleucine, and L-tert-leucine) which collectively include examples of different bond coordination
and stereochemistry (Figure 4.1). Although nonlinear field IM-MS techniques (e.g., FAIMS) have
been shown to enhance the separation of these types of isomers, drift tube ion mobility
spectrometry (DTIMS) was specifically chosen for this work, as this uniform field-based technique
facilitates the quantitative comparison of separations through the empirical measurement of the

CCs.

4.2.  Experimental Methods

4.2.1. Preparation of Standards

Optima LC-MS grade water and ammonium acetate were purchased from Fisher Scientific
(Fair Lawn, NJ, USA). 6-aminocaproic acid, L-norleucine, D-leucine, L-isoleucine, L-allo-
isoleucine, N,N-dimethylglycine ethyl ester, and L-leucine were purchased from Sigma-Aldrich
(St. Louis, MO, USA). D-tert-leucine, D-allo-isoleucine, L-tert-leucine and D-isoleucine were
purchased from Alfa Aesar (Ward Hill, MA, USA). Samples were prepared at an initial
concentration of 1 mg/mL and were subsequently diluted in water buffered with 10 mM
ammonium acetate (pH 6.5) to a final concentration of 10 pg/mL for analysis. No additional acid
was needed to promote protonation. All isomers investigated in this work are summarized in Figure

4.2.

4.2.2. Experimental Parameters
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A commercial uniform field ion mobility-mass spectrometer (6560, Agilent Technologies, Santa
Clara, CA, USA) was used to obtain high resolution mass spectrometry and ion mobility data
(nominally 15,000 and 60, respectively). Details of the instrument have been previously
described.®*% Briefly, the instrument consists of a uniform field 78.1 cm drift tube coupled to a
tandem quadrupole time-of-flight (QTOF) mass spectrometer. The drift tube is bracketed by
electrodynamic ion funnels and ion mobility separations were conducted in nitrogen drift gas (4.00
Torr, ca. 30°C) for these studies. All samples were directly infused using a syringe pump (Cole-
Palmer, Vernon Hills, IL) operated at 10 puL/min into a thermally-assisted electrospray ionization
source (Agilent Jet Stream). The instrument was operated in positive ion mode with 3.8 kV applied
to the ion transfer capillary and 1.8 kV applied to the ion focusing nozzle. Source temperatures

were kept low (200 °C) to aid in ionization of fragile molecules.

lon mobility parameters were adjusted to obtain maximum resolving power as described
previously.®®3" These prior studies indicate that the resolving power for drift tubes is optimized
when the initial ion pulse width is small, and hence the gate width (referred to as “Trap Release
Time” in this instrument) was set to a short duration (100 ps) relative to the ion drift time which
is on the order of tens of milliseconds. The drift field also strongly affects the instrument resolving
power, and separations were conducted at drift voltages which maximize the resolving power
within the mobility and mass range of the analytes, corresponding to 14.7 VV/cm (see Figure D.2,
Supporting Information). The nominal resolving power (58 * 2) was consistent for all analytes
investigated and represents the optimal values for singly-charged analytes for this particular
instrument (see Table D.1, Supporting Information).®” All mobility spectra correspond to the
protonated species of the CeH1sNO2 molecule. Other adducts observed (M+Na and M+K) were

not evaluated further in this study.

85



Constitutional Isomers

D-Leucine D-tert-Leucine
(2R) (2R)

(o] (o]
\(\i)‘\OH >L2)LOH
NH, NH,

Diastereomers

L-Isoleucine L-allo-Isoleucine
(2S,39) (2S,3R)

\/\HI\OH \/H/u\OH
NH, NH,

Enantiomers

L-Leucine D-Leucine
(2S) (2R)

o (o]
Y\‘)‘\OH \V/\E)LOH
v =
NH, NH,

Constitutional Isomers
Structural rearrangement of constituent atoms.

Diastereomers

Two molecules that posses one or more (but not all)
opposite stereochemistry for a given number of
stereocenters.

Increasing IM-MS Structural Selectivity Required

Enantiomers
Two molecules that have opposite stereochemistry at
every point of chirality.

Figure 4.1. Isomer classifications for various pairs of leucine or isoleucine compounds with
corresponding definitions.
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4.2.3. Collision Cross Section Measurements

Cross sections were determined from a stepped field technique in which the applied voltage
across the drift tube was varied in 7 increments from 550 to 1550V (7.0 to 19.8 VV/cm, or 6 to 16
Td at 4 Torr) in order to determine the time ions reside outside the drift cell. The corrected drift
times are then used with relevant laboratory conditions (pressure, temperature) to obtain a collision
cross section value based on the fundamental low field equation, commonly referred to as the

Mason-Schamp relationship (Figure D.3, Supporting Information).38:3°

4.3. Results and Discussion
4.3.1. Isomer Classifications and Separations

Figure 4.2 A illustrates the chemical structures of the 11 leucine/isoleucine isomers
(CsH13NO2) with corresponding collision cross sections and standard deviations obtained in this
study. All of the isomers exhibit a nitrogen cross section that spans approximately 10 square
angstroms (from ca. 127 to 137 A?) with an average CCS of 133 A2. The percent relative standard
deviation of all CCS values is ca. 0.2% for 7 sequential replicate measurements of each analyte.
Mobility spectra and corresponding ion mobility data are provided in Supporting Information
(Figure D.4 and Table D.1, respectively). Figure 4.2 B-I contains the overlaid IM spectra of all 11
isomers which were individually measured. No secondary peak features are observed for any of
the individual analytes, and mobility peaks are narrow with a resolving power at the limit of the
instrumentation for singly-charged ions (ca. 60).3” Figure 4.2 B-11 illustrates the overlaid mobility
profiles for the constitutional isomers N,N-dimethylglycine ethyl ester (1), L-tert-leucine (3), and

L-norleucine (11). These three constitutional isomers possess a percent difference in cross section
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Figure 4.2. (A) The leucine/isoleucine isomers with chemical formula CeH13NO2 examined in this
study. Experimental cross sections with respective standard deviations are shown at the right with
corresponding stereochemistry. (B) (1) Experimental IM spectra overlays for all isomer
compounds (standard error bars omitted for clarity). (I11) Overlay of the 1M spectra corresponding
to N,N-dimethylglycine ethyl ester, L-tert-leucine, and L-norleucine and the IM spectrum
corresponding to the mixture (black). (111) Overlays of L-isoleucine and L-leucine in addition to
the equal ratio mixture. (IV and V) Overlays of diastereomers and enantiomers, respectively. IM
spectra corresponding to the mixture of standards in (1V) and (V) can be found in the supporting
information (see Figure D.4).

88



of 3.6%and 3.1%, respectively. This CCS difference is sufficient to allow for near baseline
separation of the corresponding three component mixture (black trace). Figure 4.2 B-111 depicts an
overlay of L-isoleucine and L-leucine, which have a 1.2% difference in cross section. These two
isomers are also classified as constitutional isomers, but are more structurally similar compared to
the three analytes in panel B-I1. While the mobility overlays of these two compounds are distinctly
different, the analysis of the corresponding mixture indicates that they are unresolvable at the

current level of resolving power (ca. 60).

Figure 4.2 B-1V and V contain the overlaid IM spectra of diastereomers and enantiomers
respectively. Although the cross sections for L-allo-isoleucine and L-isoleucine are statistically
different (ca. 0.4%), the mixture of both diastereomers yields a single broad distribution (see
Figure D.5, Supporting Information). For the enantiomers, the centroids of each peak are not
statistically different. Specifically, the difference in their cross sections (0.2 A?) is within the
standard error of the measurement (+ 0.3 A2 or 0.2%). Collectively, these observations
demonstrate that for relatively simple small molecules, constitutional isomers show the most
disparate cross sectional differences, followed by diastereomers and enantiomers, respectively.
While the correlation between structural and CCS differences is an intuitive result, these
observations underscore that small molecules of this size and class predominately undergo

structurally-selective 1M separations under conditions of low E fields in nitrogen drift gas.

4.3.2. Peak Shape Modeling in lon Mobility
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Drift profiles collected from uniform field ion mobility represent a composite of individual
ion arrival times and can be described by a normal distribution. Rigorously, peak shape fitting in
DTIMS is accomplished using the ion transport or flux equation,**“° but it was found that this
higher level of peak fitting did not contribute to the accuracy of the fit and added an unnecessary
level of complexity. Therefore, a simple Gaussian fit was used to describe the ion mobility arrival
time distributions. The mean of the normal distribution represents either the measured drift time
(i.e. the peak centroid) or cross section, and the standard deviation of the peak itself (o) can be
derived from the measured full width at half the maximum height (FWHM = 2.355 o). Note that
this standard deviation is not the same as the standard deviation reported for the CCS uncertainty,
the latter of which is associated only with the peak centroid and is determined from replicate

experimental measurements.

Figure 4.3 A illustrates the modeled mobility distributions and experimental data
(dashed and solid lines, respectively) for L-isoleucine and L-norleucine (dashed lines) which are
overlaid with experimental measurements (solid lines). Both peaks are separated in the individual
overlays by ca. 70%, yet when a mixture of the two compounds is analyzed with equal peak
abundance (Figure 4.3 B), the actual valley between the two peaks is about 50% i.e., half-height
separation. The importance of this distinction between the separation of a true mixture versus
individual overlays can also be noted for the mixture of leucine and isoleucine in Figure 2 as well
as the stereoisomer mixtures spectral overlays provided in the Supporting Information (Figure
D.5). For a given separation of two components the optimal resolution will occur when both
species are in equal abundance as defined by equal ion mobility peak areas. This would occur in

an equimolar mixture only if both species exhibit the same ionization efficiency. The normal
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Figure 4.3. Experimental (solid lines) and modeled distributions (dashed) for isomer standards
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Mixtures of L-isoleucine and L-norleucine in equal relative abundance. (C) Experimental and
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distribution model allows for simulation of both equal abundance mixtures (Figure 4.3 B) as well
as practical mixtures that do not have equal abundance for each isomer. Panel C of Figure 4.3
portrays a mixture of D-leucine and D-tert-leucine and illustrates that an unequal ratio of two
isomers can be modeled by scaling the relative abundance of the isomer in lower abundance (60%
for D-leucine) as compared to the base peak. Typically, if two compounds exhibit half-height
separation (50% valley, FWHM) as in panel B, the two peaks are still distinguishable even if the
relative abundance of the two isomers is fairly disparate (secondary peak exhibiting around 25%
of the peak area of the base peak). As the percent difference in cross section between the two peaks
increases, the relative abundance of the two analytes has significantly less of an impact on the

overall separation (see Figure D.6, Supporting Information).

4.3.3. Resolving Power and Separations

Resolving power for drift tube instruments has been extensively studied previously.**
Resolving power (Rp) is a single peak measurement defined in DTIMS as in the ion drift time (tq)

divided by the peak full width at half maximum height (FWHM).

=—4 (1)

P FwHM

Because the relative CCS of analytes is not altered in low-field DTIMS, the peak width has
a significant effect on the resulting separations. In other words, at low field, the relative spacing
of analytes in either the drift time or CCS scale (the dispersion dimension) does not change and so
narrowing the peak width will directly benefit the resulting resolution of two closely-spaced

analyte peaks. Resolving power is thus an important metric for characterizing the resolution in
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low-field DTIMS instruments. Other ion mobility techniques such as TWIMS or FAIMS do not
exhibit a simple relationship between resolution and their respective dispersion dimensions, and
so the relationship between single-peak resolving power and two-peak resolution are more

complicated and this will be the subject of future work.

A relevant and important question is how much resolving power is actually needed for a
routine separation of chemical isomers. This idea has been approached in mass spectrometry by
Marshall** who noted that mass resolution precedes in “plateaus” of separating analyte systems
exhibiting similar mass differences (e.g., adducts and isotopes). In order to expand this concept to
uniform field studies, the mathematical modeling developed in this study was used to map the
separation of two hypothetical IM peaks for varying degrees of cross sectional similarity. For a
given percent difference in cross section, there exists a minimum peak width (resolving power)
needed to obtain separation in a drift tube instrument. The results for 10, 50, and 90% separation
are shown in Figure 4.4. Note that for simplicity, the plot in Figure 4.4 was constructed considering
two peaks of equal abundance. The correlation of values depicted in Figure 4.4 was verified
experimentally using data from the current study (circle 3) as well as higher resolving power data
from other uniform field studies (circles 1 and 2). For example, a recent high pressure DTIMS
demonstrated the half-height separation of phosphatidylcholine lipid isomers exhibiting a ca. 0.4%
cross sectional difference by operating at greater than 300 resolving power (circle 1).%° In another
study, ambient pressure DTIMS was able to demonstrate the separation of leucine and isoleucine
to half-height (circle 2).#® To connect these observations to physically meaningful systems, various
isomer classes are portrayed with ranges of percent difference in cross section based on the isomers

in this study (colored regions, Figure 4.4).
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Classically, the quality of a separation is quantified in terms of two-peak resolution (Rp-p),
which is defined as the distance between peak centers divided by their average peak widths
(Equation 2). A coefficient of 1.18 (2.355 o/ 2) is included in order to define the peak widths in

half-height terms.

— ) tas)~ta
Ry =118 FWHM g)—~FWHM 4y @)
The insets in Figure 4.4 contain theoretical distributions corresponding to two overlapping
peaks of equal height, and indicate that the scale for two-peak resolution is between ca. 0.5 and
1.5 for unresolved and completely resolved peaks, respectively. Through substitution of equations
1 and 2, resolving power and resolution have been shown to be directly correlated in ion mobility

by Tabrizchi*’ through the selectivity factor (o).

-1
Ry p = 0589 R, ~— 3)

For ion mobility, the selectivity factor is the ratio of the separation parameter for the two peaks
which for DTIMS can be described in terms of drift time,*’ reduced mobility,*® or CCS. As
collision cross section represents an important physical descriptor of molecular size which is now
routinely obtainable, we have made substitutions for CCS instead of a. By examining the normal
distribution corresponding to the separations obtained for the leucine and isoleucine isomers, we
were able to confirm Tabrizchi’s findings, and the result is Equation 4, which relates resolving
power and the percent difference in CCS (Accs%) to overall separation efficiency in terms of the

two-peak resolution.

Ry,_p, = 0.00589 - Ry, - Accs ®
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Figure 4.4. A plot of the resolving power required to separate two compounds for a given percent
difference in CCS for uniform field ion mobility. The middle trace (solid black) represents a half-
height separation (50%). Theoretical traces for 90, 50, and 10% separation are illustrated in the
top right insets (A, B, and C) with their corresponding values for two-peak resolution. Quantiles
are based on observations from this study. Experimental observations are also noted for previous
uniform field studies (circles 1 and 2) and the current study (3).
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To verify Equation 4 experimentally, we examined a baseline separation of the isomers D-
leucine and 6-aminocaproic acid. The predicted resolving power of 57 for each of the two isomers
with a cross section difference of 4.5% should provide a peak-to-peak resolution of 1.50 using
equation 4. Comparison of these predictions to experimental data showed ca. 5 % error in the
prediction with an actual two-peak resolution of 1.43, which has 94% separation, or only 6% peak
overlap. The corresponding experimental and theoretical ion mobility distributions for this system
are contained in Figure 5.5 A. To examine the accuracy for equation 4 on a broad scale, the
experimental drift times and peak widths for each of the 11 isomers were matched in a pairwise
comparison and the two-peak resolution (Rpp) was calculated for all iterations (55 pairs).
Collectively, over 67% of the resolution values determined from overlaying each experimental
distribution deviate by less than 0.1 from values predicted through equation 4. For reference, the
insets in Figure 5 illustrate a two-peak resolution difference of 0.1 for two closely spaced peaks.
Overall, the predicted resolutions for the isomer matches are in agreement to experimental
measurements across a wide range of percent difference in cross section. This agreement illustrates
the general applicability of equation 4 to predict separations for both structurally similar molecules
(small % difference in CCS) as well as two isomers that are readily separated (large % difference
in CCS). For reference, Figure 5 also includes vertical dotted lines (blue) which delineate the
number of corresponding isomer pairs which are resolvable via different degrees of resolving
power. For example, at 50 resolving power, the analysis predicts that 30% of the 55 isomer pairs
can be resolved. A resolving power of 100 is predicted to separate 60% of the pairs, whereas at
200 resolving power, 74% of the isomer pairs are predicted to be resolved. Finally, to resolve all
isomer pairs, theory predicts a required ion mobility resolving power of ca. 2000 (Table 4.1),

which is approximately an order of magnitude higher than current state-of-the-art
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of the two component mixture. (B) Comparison of the predicted separation via equation 4 with
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difference in Rpp 0f 0.1 is illustrated in the top two theoretical traces. For half height separations,
a resolving power of 200 is sufficient to separate 74% of the isomer pairwise matches. Resolving
powers of 100 and 50 would be able to separate 60% and 30% of the isomer matches, respectively.



instrumentation.*®>C It should be noted, however, that this determination of separation potential
for closely related isomers in Table 4.1 (within 0.4%) is based solely on percent difference in CCS
and should be taken as such noting the precision of the CCS measurement (+ 0.2-0.3%). These
isomers may not be separable despite increases in resolving power due the level of precision in
CCS with the current instrumentation. Another practical approach for isomer separation in ion
mobility utilizes the introduction of chiral drift gas modifiers, such as (S)-2-butanol,>* to facilitate

separation of isomers based on differences in stereochemistry.

4.4. Conclusions

In this current study of small molecule isomers (131 Da), typically enantiomers were on
average 0.1% different in cross section. For diastereomers, the percent difference in cross section
was found to be around 0.4%. Constitutional isomers represented the most resolvable isomer class,
but CCS differences varied significantly, with percent differences in cross section ranging from
0.3 t0 6.9%. The predictable performance of uniform field DTIMS and the capability of deriving
molecular information in the form of the CCS allows for the development of a mathematical model
which relates percent differences in CCS to both single peak resolving power (Rp) and two-peak
resolution (Rp-p). It was found that the instrument utilized could resolve at half-height
approximately one-third of the isomers chosen for this study, which represent a significant number
of stereoisomers and enantiomers which are mostly unresolvable. The current state-of-the-art
resolving power is approximately 250 for ambient pressure DTIMS® and trapped ion mobility
(TIMS),* which can theoretically resolve about three-quarters (ca. 78%) of the isomer pairs.
Finally, the model developed predicts that a resolving power in excess of 2000 would be necessary
to resolve all combinations of the leucine/isoleucine isomers investigated in this study. Other
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% difference in predicted

compounds CCS R,

Enantiomers

D-leucine L-leucine 0.07 1904

D-isoleucine L-isoleucine 0.15 939

p-allo-isoleucine  L-allo-isoleucine 0.15 937
Diastereomers

D-isoleucine p-allo-isoleucine 0.15 939

D-isoleucine L-allo-isoleucine 0.30 469

L-isoleucine L-allo-isoleucine 0.45 313

Constitutional Isomers

L-allo-isoleucine  D-ferf-leucine 0.30 467
L-leucine L-isoleucine 1.19 118
D-leucine p-fert-leucine 2.02 70
p-leucine 6-aminocaproic acid 4.46 32

“The predicted resolving power is calculated based on the percent
difference in CCS for the isomer pairs and eq 4.

Table 4.1. Predicted resolving power required to separate each of the isomer pairs at half height.
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studies from the author’s laboratory show that larger systems (nonapeptides, ca. 1100 Da) exhibit
large differences in cross section (2.0%) for diastereomers due to macromolecular rearrangements
based on stereochemistry. Larger molecular systems, however, will also possess significantly more
possible isomeric forms than the relatively small system investigated in this current work?? and
can exist as conformers which are expected to impose greater demands on the required ion mobility
resolving power. The correlation between CCS and resolution developed in this and ongoing work
are expected to benefit the development of computational approaches which can predict the
separation of any two compounds with known CCS given that the resolving power of the ion
mobility instrument utilized is well-characterized. This in turn will provide the capability for
prediction of ion mobility separation behavior so as long as a high precision experimental
measurement of the CCS (or other transport property) exists. The broadscale applicability of
equation 4 and Figure 4.4 to other ion mobility techniques (e.g., FAIMS/DMS, TWIMS, and

TIMS) is currently under investigation.
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CHAPTER 5

CORRELATING RESOLVING POWER, RESOLUTION, AND COLLISION CROSS
SECTION: UNIFYING CROSS-PLATFORM ASSESSMENT OF SEPARATION
EFFICIENCY IN ION MOBILITY SPECTROMETRY

5.1. Introduction

Ion mobility combined with mass spectrometry (IM-MS) is now an important and
established analytical technique for characterizing chemical compounds simultaneously by
molecular size (collision cross section, CCS) and molecular weight (mass-to-charge ratio, m/z).!*
In the past decade, a myriad of ion mobility technologies have been developed and interfaced with
MS (Table 5.1), including traveling wave drift cells (TWIMS),>¢ uniform field and confining RF
drift tubes (DTIMS and rf-DTIMS),”*8 mobility separators (FAIMS/DMS),*° field-flow dispersive
devices (DMA TIMS, and Transversal Modulation IMS, TMIMS),!'!* and confining 2-

),'>1® among others. While each of these IM technologies utilize

dimensional ion conveyors (SLIM
different mobility dispersive fields to generate an ion mobility spectrum, all operate on a common
basis of separating molecules based upon differences in their gas-phase ion mobility behavior.
Thus, it should be possible to relate the separation efficiency of all IM techniques to a common,

normalized parameter such as the reduced ion mobility coefficient (Ko), or the gas-specific CCS

value.

In ion mobility and mass spectrometry, the resolving power (R,) is defined quantitatively

from a single peak as a ratio of the location of the peak divided by its width (eqn. 1).!7

Rp =+, (1
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IM Technique

Abbreviation

Dispersion Dimension

Drift Tube Ion Mobility Spectrometry
Confining RF DTIMS

Ambient Pressure DTIMS

Traveling Wave lon Mobility Spectrometry
Cyclic Traveling Wave Ion Mobility Spectrometry
Trapped Ion Mobility Spectrometry
Structures for Lossless Ion Manipulations
Asymmetric Field lon Mobility Spectrometry
Differential Mobility Spectrometry
Differential Mobility Analyzer

Overtone Mobility Spectrometry

Cyclic Ion Mobility Spectrometry

DTIMS
rf-DTIMS
ap-DTIMS
TWIMS

Cyclic TWIMS
TIMS

SLIM (DTIMS and TWIMS)
FAIMS

DMS

DMA

OMS

Cyclic IMS

Time
Time
Time
Time
Time
Time
Time
Voltage
Voltage
Voltage
Frequency
Frequency

Table 5.1. Various IM techniques and the respective dispersion dimension commonly reported for

each technique.
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Here, X is the dimensional location of the measurement, which is technique-specific, and
Ax is commonly defined as the full width of the peak at half its maximum height (fwhm). In mass
spectrometry, the dimension of x is mass-to-charge (m/z) which is an intrinsic property of the ion.
As all mass spectrometers report separations in m/z space, mass resolving power provides a
convenient and reliable common basis for comparing results from different MS techniques (e.g.,
quadrupole, time-of-flight, and Fourier transform ion trap instruments). For modern mass
spectrometers, mass separation efficiency can range from a few thousand (quadrupoles and
electrodynamic ion traps), to tens of thousands (time-of-flight), to upwards of one million
resolving power (Fourier transform MS). In contrast, IM resolving power is commonly calculated
from the technique-specific mobility dispersion dimension (e.g., drift time or dispersion voltage)

and resolving powers are rarely reported above 100.

While the time-based definition of resolving power (#/4¢) has been utilized for over two
decades to report the separation efficiency of DTIMS instruments, the emergence of other IM
techniques has complicated the interpretation of the time-based IM resolving power. For example,
TWIMS ion mobility dispersion occurs on a timescale that is about an order of magnitude faster
than many DTIMS platforms, resulting in erroneously low resolving power value when the time-
based definition is utilized. The shortcomings of a time-based resolving power definition led Giles
and coworkers to report a CCS-based resolving power (CCS/ACCS) when quantifying the
separation efficiency of a second-generation TWIMS device.® For some IM techniques, mobility
separations do not directly occur in the time domain, such as with TIMS and FAIMS/DMS where
a scanned electric field is utilized to generate a time-dependent IM spectrum. As recently
underscored by Glish and coworkers, FAIMS/DMS is capable of achieving very high resolving

power numbers (e.g., 7903), however, the corresponding 2-peak separation is lower than this high
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resolving power suggested.'® Hence, a technique-specific resolving power definition cannot give

a comparable description of the analytical selectivity of different IM instruments.

While a single peak resolving power definition is a convenient metric for assessing IM
instrument performance, practical separation efficiency is also often defined in terms of two-peak
resolution (Rpp), Which is a definition commonly used in condensed phase chromatography to
quantify separation efficiency. IM shares similarities with chromatography, namely that analyte
separations in both techniques are based on an extrinsic property (retention time and CCS,
respectively) which can be altered to enhance the analytical selectivity of the separation. Two-
peak resolution in IM is defined as separation of two closely-spaced Gaussian peaks (e.g.

compounds A and B) via equation 2.1%2°

Xg—Xa
Axg+AxXp

)

Rpp(experiment) = 1.18 x

Conventionally for IM, equation 2 is defined in the time-domain (drift time for x) and the
fwhm of each peak is used. Our previous study indicated a direct relationship between two-peak
resolution (Rpp), single-peak resolving power (Rp) and the ion’s gas-phase collision cross section

(CCS), through equation 3.2

R,p (predicted) = 0.00589 x R,x ACCS% 3)

Here the resolution is denoted as “predicted” to indicate that this value can be obtained
theoretically. For a mobility separation of two analytes, Ry should be calculated as the average
resolving power of both peaks, whereas the percent difference in cross section (ACCS%) is based

on the average CCS, as defined in equation 4.
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(CCSg—CCSy)
avgerage CCSp B

ACCS% = x 100% 4)

We emphasize here that the ACCS% is a measure of how different two compounds are in cross
section space, calculated as a percentage, and in this manner ACCS% is size-independent. For
example, two molecules with CCS measurements of 100 and 101 A% (A 1 A?) have the same
ACCS% (1.0% difference) as a separate pair of compounds measuring 200 and 202 A2 (A 2 A?).
These two separations should be equally challenging, and hence require the same measure of
resolving power to separate as their percent difference in CCS space is equal. It is also important
to note that when resolving power is measured as CCS/ACCS, that ACCS is the FWHM of a given

IMS peak, and is not related to the percent difference in cross section of two peaks (ACCS%).

The validity of equation 4 was previously established based on a Gaussian fit to uniform
field IM data and provided the basis for predicting the IM separation of two analytes in a
hypothetical mixture given that both their CCS values and the instrument resolving power was

known.?

In this present study, we attempt to ascertain whether the relationship in equation 3 reflects
a general observation of mobility behavior across various instrumentation and techniques. Thus
this work endeavors to unify the various methods of mobility separation under a single descriptor

of analytical efficiency in order to predict analyte separation for cross systems assessment.

5.2. Experimental Methods

5.2.1. Chemical Standards
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L-leucine (61819) and L-isoleucine (12752) were obtained from Sigma-Aldrich (St. Louis,
MO, USA). The protein digest standard (MassPrep Mix 1) was obtained from Waters Co. (Milford,
MA, USA) and consists of four tryptically-digested proteins (yeast enolase, rabbit phophorylase
b, yeast alcohol dehydrogenase, and bovine serum albumin). The L-leucine and L-isoleucine
standards were reconstituted to a final concentration of 10 pg/mL in high purity water (18 MQ,
Milli-Q, EMD Millipore, Billerica, MA, USA) buffered with 10 mM ammonium acetate (Sigma-

Aldrich) to a pH of 6.5 (SevenEasy pH Meter, Mettler-Toledo, Columbus, OH, USA).

5.2.2. Instrumentation and Methods

A commercial DTIMS instrument (6560, Agilent Technologies) was used for all empirical CCS
measurements performed in this study. Details of the instrumentation and CCS method have been
previously described.”°22 Briefly, chemical standards were directly infused into the electrospray
ionization source (Jet Stream, Agilent) at a flow rate of 5 uLL/min using a syringe pump (KDS 101,
KD Scientific, Inc.). lon mobility separations were conducted in a uniform field drift tube operated
with high purity nitrogen drift gas at 3.95 Torr and room temperature (ca. 298 K). A seven-frame
stepped electric field method was utilized in the range of 10.9 to 18.5 V/cm, which provided the
necessary data to perform a linear regression analysis used to determine the non-mobility ion
transit times. This DTIMS CCS method was previously optimized based on the results of an

interlaboratory study.>

5.2.3. Selection of Published Spectra
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Previously published IM spectra were selected for this current study based on the quality
of the published spectra, the inclusion of two well-defined ion mobility distributions (either
partially or fully resolved), and the requirement that measurements were obtained from pure
chemical standards. A diverse set of spectra were selected representing different IM
instrumentation and techniques. The applicability of a Gaussian-based model for separation was
assessed using a protocol described in the Supporting Information (Figure E.1). Briefly, theoretical
Gaussian distributions were generated and overlaid onto IM spectra obtained from the literature
(see Figure 5.1 A-F). The important assumption made here is that the published IM spectra
represent near optimal separations for each IM technique, as these spectra were obtained from
experts in their respective fields. While not comprehensive, the spectra chosen here are
representative of many well-conducted studies across the field. A comprehensive and annotated
list of references to each spectrum used in this assessment is provided in the Supporting

Information (Appendix E.1).

5.2.4. Evaluation of Separation Efficiency

A total of 22 published ion mobility separations were examined from multiple sources
including peer-reviewed literature, conference posters, and instrument vendor white papers, which
represent various IM techniques and platforms (Table E.2) and a broad range of analyte masses
(131 to 8566 Da). For each separation, CCS values were used as reported from the cited source
and the percent difference in CCS was calculated through equation 4. Average resolving power
and resolution were calculated via equations 1 and 2, respectively, using the dimension of the
reported separation. Utilizing the average resolving power and the calculated percent difference in
CCS, the predicted resolution (Rpp) is subsequently calculated via equation 3. In order to compare
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the theoretical resolution predicted by equation 4 to the observed experimental two-peak

resolution, we calculate the percent error in our prediction through equation 5.

Experimental Rpp—Predicted Rpp

Percent Error = x100% (5)

Experimental Ry,

5.3. Results and Discussion
5.3.1. Gaussian Distributions

While the mechanics of ion diffusion in drift tube instruments are well characterized and
can be described as Gaussian to a good approximation,?2 the band-broadening mechanisms for
other IM separation methods cannot be easily described by the first principles established in the
kinetic theory of gases. To determine if other mobility techniques exhibit peak shapes that can
modeled with a normal distribution, the IM spectra selected for this study were examined using a
protocol described in the Supporting Information (Figure E.1). Based on the quality of correlation
observed between the published IM spectra and the theoretical Gaussian distributions, it was
concluded here that the spectra from a wide distribution of IM techniques exhibit peak shapes
accurately described by a normal distribution in standard operating conditions (e.g. no secondary
conformers or peak saturation is observed (Figure 5.1 A-F). This observation, in turn, justifies the

use of a Gaussian-based mathematical description of ion mobility separation efficiency.

5.3.2. CCS-Based Resolving Power

Obtaining CCS from different IM experiments can be challenging as the fundamental ion

mobility equation is only applicable for uniform field instruments with well-characterized gas
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Figure 5.1. Selected IM spectra obtained from the literature representing challenging analyte
separations using various IM techniques and instrumentation. Gaussian distribution overlays are
shown as dotted traces. The corresponding single-peak resolving powers and percent differences
in CCS as determined in the current analysis are provided for each example. (A)
Reproduced/Adapted with permission from Groessl and coworkers, 2016 (see Supporting
Information). (B) Reproduced/Adapted with permission from Ref. 30. American Chemical
Society, 2014. (C) Reproduced/Adapted with permission from Ref. 6. Wiley and Sons, 2011. (D)
Reproduced/Adapted with permission from Ref. 52. Elsevier, 1999. (E) Reproduced/Adapted with
permission from Ref. 32. American Chemical Society, 2010. (F) Reproduced/Adapted with
permission from Ref. 36. American Chemical Society, 2010.
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compositions, e.g., DTIMS and DMA. Other IM techniques, namely TWIMS, OMS?% and
TIMS!23031 have established protocols for converting the corresponding transmission frequency
of analytes into CCS or Ko,33 which is of particular utility in relation to equations 3 and 4.
Defining the FAIMS and DMS separations in terms of CCS is more challenging as the mobility
spectra are reported in terms of the compensation voltage that transmits the ion of interest.
Depending on the particular experiment setup, nominal resolving power in FAIMS (V/AV) can be
artificially low (Figure 5.1 D), or uncharacteristically high, as noted by a recent report.® It is not
currently possible to translate FAIMS or DMS measurements directly into cross section space
using a fundamental relationship. In addition, many FAIMS and DMS experiments are carried out
in a mixture of drift gases in order to enhance selectivity,*3* making comparisons to published
CCS values (which are gas-specific) challenging.®® For the purposes of this study, chemical
systems with known CCS values are selected, which allows each chosen spectra to be evaluated

in terms of the percent difference in CCS.

5.3.3. Cross-Platform Assessment

For the 22 ion mobility separations surveyed in this study, both the observed experimental
resolution (equation 2) and predicted resolution (equation 3), were calculated and the
corresponding percent error between these calculations was determined via equation 5. The percent
error is a reflection of the ability of equation 3 to predict the level of separation efficiency for two
analytes possessing a characterized difference in cross section at a given level of resolving power.
Results are summarized in Table 5.2. Mobility separations for DTIMS, TIMS, and OMS
instruments®22¢-4! (Data Points A to J, and T) show sufficient agreement with equation 3, with
typically less than 10% error between the experimental and predicted resolution. We consider this
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First Ref. Percent

Author Point Difference in
CCS (@)

Groessl, M. A 0.4
Groessl, M. B 0.8
Groessl, M. C [1.2]

©  Asbury,G.R. D [1.2]
= Groessl, M. E 1.3
E Pierson, G. U. F 17
Tang, G. R. G 1.7
Dodds, J. N. H 2.3

Gaye, M. M. | 2.6
Adamov, A. J 3.2

Deng, L. K 0.4

%) Giles, K. L 1.5
= Giles, K. M 51
E Giles, K. N 5.7
Hofmann, J. (e} 5.9

0 Silveira, J. A. P 1.0
s Bruker Q 1.0
= Bruker R 1.7
x Barnett, D. A. S [1.0]
% Lee, S. T 2.8
= Glaskin, R. S. U 2.7
O  Glaskin,R. S. v 2.2

Reported
Resolving
Power

2
R)
>250
250
[251]
[130]
[187]
[66]
[62]
58
[83]
77

124
18
25
26

154-183
[113]

185

[66]
121
417

Calculated
Resolving

Power
3
R)
332
268
251
131
187

66
63

58
83
72

342
[208]

145

Experimental
Resolution

4
R,,)

0.84
1.38
1.77
0.76
1.31

0.65
0.58

0.79
1.26
1.46

0.71
4.34
1.21
1.36
151

1.05
0.68

1.74
0.83
1.09
1.42
1.90

Predicted Percent Error Dispersion

Resolution in Resolution

(R

pp

0.78
1.26
1.77
0.93
1.46

0.65
0.63

0.79
1.26
1.46

0.26
1.90
0.55
0.83
0.88
1.06
0.69
1.74
1.09
1.33
5,72

5

)

)’

7.3
8.3
-0.3
-22.2
-11.8
0.1
-8.0
0.1

0.0
-0.2

63.1
56.3
55.0
38.7
41.4
-0.3
-0.6
0.1
0.1
6.3
185

1. Calculated from equation 4. Bracketed values were determined using CCS values obtained in the PI's laboratory

2. Bracketed values were calculated from equation 1 using the dispersion axis provided.

3. Calculated from equation 1 using the CCS-based definition for R,

4. Calculated from equation 2 using the dispersion axis provided.
5. Calculated from equation 3 using the dispersion axis provided.

6. Calculated from equation 5.

Axis
Projected in
IM Spectra

t, (ms)
t, (ms)
t, (ms)
t, (ms)

t, (ms)
CCS (A?)
t, (ms)
CCs (A?)
CCS (A?)
K, (cm*/Vs)
t (ms)

t, (ms)

t (ms)

t (ms)

t (ms)
CCs (A?)
K, (cm?Vs)
K, (cm?Vs)
Voltage (V)
Frequency (Hz)

Frequency (Hz)
Frequency (Hz)

Table 5.2. Separation parameters reported for various ion mobility platforms. The “Reference
Point” column references the annotations in Figure 4 and in Appendix S1 of the supporting

information.
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good agreement as experimental single-peak resolving power can vary by as much as 11% between
consecutive measurements on a DTIMS instrument.?? This good correlation suggests for DTIMS,
TIMS, and OMS, the separation efficiency as determined from each corresponding dispersion
dimension correlate to their respective CCS-based resolving powers. In some cases, for
FAIMS/DMS, the (time and frequency, respectively) correlate closely with the CCS-based Rp
definition developed in this work. However, FAIMS/DMS and cyclic IMS separations are
currently reported based on dispersion voltages or field application frequency, respectively, which
yield Rp values that do not dispersion axis is reported with negative values which cannot be used
to determine resolving power. For cyclic IMS, the frequency based Ry values are higher than the
CCS-based Rp, whereas utilizing the voltage axis in FAIMS vyields R, values that are lower than
their corresponding CCS-based Rp. An erroneously low Rp was also found for TWIMS when using
the time-domain definition of resolving power, and this result is discussed in detail in the following

section.

5.3.4. Traveling Wave Resolving Power

Large deviations from equation 4 in terms of percent error (typically 40% or larger) were
found for traveling wave instruments, which are utilized extensively by the IM-MS community.
This limitation in time-based Rp calculations for TWIMS has been previously reported. For
example, in their well-documented separation of reverse peptides (SDGRG and GRGDS, point M)
Giles and coworkers were able to separate these two sequence isomers with ca. 5.1% difference in
CCS to near baseline resolution using a second generation TWIMS geometry (Synapt G2).® Using
their experimental time-based resolving power of ca. 18 (ta/Atq) results in ca. 55% error through
the prediction given by equation 4 (Figure D.2 A). The interpretation of this discrepancy is that
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although both drift tube and traveling wave experiments are time-dispersive separations, traveling
wave devices operate at a higher level of selectivity than would be expected for their corresponding
time based resolving power.4243 Interestingly, using the established protocols for converting
analyte drift time to CCS in TWIMS,**** Giles and coworkers also calculated resolving power in
cross section space (CCS/ACCS). Their resulting experimental CCS-based R, are nearly identical
to what is found in this current work (ca. 40 CCS/ACCS) and show much more agreement to the
predicted Rp (equation 3) than the time-based Rp, with 1% versus 55% error, respectively, based
on equation 5 (Figure E.2 B). Following this example, we converted TWIMS resolving power
from the time domain (ta/4tq) to CCS space (CCS/ACCS) for five different TWIMS separations
reported in the literature, and the results are summarized in Table E.1 (also Figures E.3, E.4, and
Table E.1). The five selected TWIMS separations include 3 studies of isomer separations obtained
on the Synapt G2 (Points M, N, and O) where time based Ry is ca. 20-25,54¢ however once the
CCS-based definition of equation 1 is used, the Rp is approximately doubled (ca. 40 CCS/ACCS).
These larger Ry values better-reflect the analytical selectivity of TWIMS, with a corresponding
low percent error predicted by equation 5. Conversion to CCS-based Ry is also necessary for the
recently developed cyclic TWIMS*#" (Point L) which indicates that this device operates with a
resolving power of ca. 480 for 50 cycles (c.f., Table E.1). Additionally, the SLIM-based TWIMS
instrument currently being developed by Smith and coworkers at Pacific Northwest National
Laboratory (Point K),*® has shown very high analytical separation capabilities, and using the CCS-
based definition, we can quantify for the first time the resolving power of current SLIM-based
TWIMS devices as benchmarking around 340 (Figure E.4). We note that the SLIM technology

was initially developed for DTIMS-based separations.*®° The discrepancy between CCS and time
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based Rp in TWIMS is related to the nonlinear relationship between voltage and analyte drift time

in these devices, which has been discussed previously.24351

5.3.5. Cross-Platform Assessment of Separation Capabilities

Unlike the TWIMS instruments, both time and CCS based R, are nominally very similar
for drift tube instruments. For example, in our previous work the separations related to isomers of
leucine/isoleucine indicate the same level of nominal resolving power in both the time dimension
and CCS space (ca. 60 tg/Atqg and CCS/ACCS).?t Other DTIMS conversions from time to CCS-
based Ry also indicated negligible differences in resolving power, typically less than 5%. This
correlation of Rp in both the time and CCS dimension is a result of the linear relationship between
drift time and CCS in uniform field instruments. Other IM techniques in Figure 5.1 measure Rp in
terms of reduced mobility (Ko/AKo) and also exhibit low percent error. As FAIMS is not able to
empirically measure CCS, the only FAIMS spectrum used in this work (Point S, Table 5.2),%? is
included for comparison using previously measured nitrogen-based CCS values in our laboratory.
Also, it should be noted that Barnett et. al. utilized ambient air (compressed) as the buffer gas
instead of pure nitrogen, which will yield a slightly different CCS than what is used in this

comparison.®2

With a common frame of reference, we can compare the separation abilities of various IM
techniques. The plot in Figure 2 depicts boundary regions representing various levels of separation
efficiency calculated through equation 3 covering a wide range of percent difference in CCS and

resolving power. Numerical relationships between Ry and 4CCS% are tabulated in Tables 5.2 and

E.1. The location of a given data point in Figure 5.2 corresponds to the percent difference in CCS
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Figure 5.2. Plot depicting the required resolving power to separate two compounds in ion mobility
with a known percent difference in cross section. Various levels of separation efficiency are
indicated along the top panels both in terms of two-peak resolution (Rpp) and visually by means of
percent separation. Previously published ion mobility separations (c.f., Table 2) are referenced in
the plot and represent various ion mobility techniques. The techniques labeled “Other” (green
triangles) include FAIMS, OMS, and cyclic IMS. Resolving powers for traveling wave and cyclic
IMS instruments are reported here in the ion cross section domain (CCS/ACCS).
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of the specific compounds analyzed, the experimental resolving power (determined as described
previously), and the calculated two-peak resolution of the published separation. The light shaded
region at the top left section of the graph corresponds to all combinations of ACCS% and Rp which
will yield baseline or greater separation (Rpp > 1.23). For example, reverse peptides
(SDGRG/GRGDS (+1), ACCS = 1.5%) were baseline separated by Giles et. al. using a prototype
cyclic TWIMS instrument with ca. 480 resolving power (CCS/ACCS) (Point L, Rpp = 4.34).5 The
darker shaded regions at the bottom right of Figure 2 indicate regions of greater than half-height

separation (Rpp> 1.23), equal to half height separation (Rpp = 0.83) and minimum resolution (Rp-p

<0.61, or 10% separation), respectively. Note the current state-of-the art in IM performs with Rp
over 300, which enables separation of ions differing by as little as ca. 0.5% in CCS (e.g., 1 A? at
200 A?).54% |n the ap-DTIMS examples chosen for this work, high resolution is achieved by
operating the instrument at greater than atmospheric pressures (ca. 1050 Torr) and utilizing

Hadamard transform multiplexing.>¢7

Figure 5.2 reveals several important analytical trends for the field of ion mobility. First,
despite the wide range of CCS values represented here (ca. 100 to 500 A?), the percent difference
in CCS and the CCS-based Ry represents robust parameters for comparing the relative separation
capabilities of different IM instrumentation. Second, various IM instruments operate across a very
wide range of separation efficiencies, with the majority of commercially-available IM-MS
platforms accessing IM resolving powers of 80 or less. The highest separation efficiencies
represent ap-DTIMS and long path length TWIMS devices (both cyclic and serpentine), which

have demonstrated resolving powers (CCS/ACCS) in excess of 300.
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5.3.6. How Much Resolving Power is Necessary

In order to assess the amount of resolving power required for routine ion mobility
separation in biological applications, a protein digest was evaluated, which yielded a total of 100
CCS measurements for +1 and +2 protonated tryptic peptides. Identifications were made on the
basis of mass measurement accuracy, which was less than 5 ppm for all peptides used in the

subsequent analysis.

5.3.6.1. Mass Analysis

In order to describe the separation of the digested peptides by IM-MS, first we examine the
mass dimension of the separation (Figure 3A). Of the 204 possible peptides (no missed cleavages),
10 peptides (ca. 5%) are constituents of isomeric pairs generated by permuted amino acid
sequences (e.g., LAK and ALK) or isomeric amino acid substitutions (e.g. leucine/isoleucine) and
hence are not resolvable by single-dimensional MS alone. To separate all 204 possible peptides in
the digest (excluding the 5 isomer pairs) from the nearest neighboring peak (i.e. 203 separations)
would require ca. 100,000 mass resolving power (Figure 3A and 3C), which is currently obtainable
by FTMS (Orbitraps and ion cyclotron resonance).%®% The smallest observable difference in the
mass dimension was 0.062 Am/z, which requires greater than 10,000 mass Rp to separate at half
height. Interestingly, by noting all of the possible peptides produced in the digest, Figure 3A shows
that a mass resolving power of 10,000 should be able to resolve ca. 95% of the possible peptides
in the mixture at half height. If the mass R, was increased by an order of magnitude to 100,000

(e.g., an Orbitrap mass analyzer) peptide coverage only increases by 3% (198/203 peptide pairs
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Figure 5.3. Comparison of mass spectrometry and ion mobility data collected from a tryptic
peptide mixture originating from four proteins. (A) Difference in m/z between nearest neighbors
for all possible peptides in the digest mixture (light blue) and from those peptides observed
experimentally in this study (gray). (B) Bar graph of the percent difference in CCS between
nearest-neighboring peptides for the 99 analyte pairs observed. (C) Separation of two doubly
charged peptides by mass spectrometry and suspected conformers of each peptide noted through
ion mobility.
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separable). Thus, for this proteomics example, high resolution MS is the primary analytical

dimension in which most analytes are resolved.

5.3.6.2. lon Mobility Analysis

To examine the potential of separating the peptides based on differences in mobility, the
100 observed analytes were sorted in order of increasing CCS and the percent difference in CCS
from the nearest neighbor peak was calculated (Figure 5.3 B). The results of this pair-wise CCS
analysis indicate that more than half of the compound pairs analyzed (ca. 53%) have a percent
difference in CCS of at least 0.5% from their nearest neighbor. Separating these compounds based
purely on mobility alone would require 280 resolving power or less, which is currently obtainable
(Table S2). 30°781 Tq separate ca. 95% (CCS > 0.02%) of the peptides by IM alone would require
about 7,000 mobility resolving power. Interestingly, this level of mobility resolving power is on
the same order of magnitude as a moderate resolution mass analyzer (c.f., Figure 3 A). However,
this magnitude of resolving power is far beyond the capabilities of current IM instrumentation.
Also, if the sample size was increased (i.e. N>100 compounds), the probability of concomitant IM
peaks would be high and thus decreases the likelihood of discrete analytes being resolved. This
indicates that 1M selectivity is supplemental to the superior separation capabilities of MS and the

best analytical performance is achieved when both techniques are used in concert (IM-MS).

5.3.7. lon Mobility-Mass Spectrometry

Clearly, the full analytical utility of ion mobility is accessible only when directly coupled

to a mass spectrometer.*%263 Current mass analyzers are highly selective (R, > 100,000), and, in
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many cases, accurate mass measurement when combined with tandem MS/MS capabilities can
elucidate an analyte identification. However, when investigating analytical mixtures that possess
isomers or investigating proteins which often express many conformers, ion mobility analysis is
chemically insightful. For example, Figure 5.3 C illustrates a closer examination of two peaks
noted in the IM-MS experiment for the protein digest. Two different peptides (from two different
protein precursors) have an exact mass difference of 0.063 m/z and are resolvable by TOF mass
analysis (features I/1l and I1I/1V). However, the mass spectrometer cannot distinguish that
DIPVPKPK (+2) has two distinct isobaric features (I and 1) that are discernible in the ion mobility
dimension at 70 resolving power (ta/Atq) for this +2 ion. Likewise, YGNPWEK (+2) also possesses
secondary features when observed in the IM dimension (111/1V). However, the primary features (l1
and I11) possess near identical CCS values and are unresolvable by ion mobility alone whereas the
mass spectrometer resolves these features as two distinct peaks. Hence, the utility of IM-MS is
evident in the analysis of complex samples that require identification of both distinct molecules
(MS) and potential isomers, conformers or multimeric species of these compounds (1M),

illustrating the well-known advantages of hyphenated separations.54°

5.4. Conclusions

Here we develop a straightforward theoretical framework for comparing the separation
efficiency of different IM techniques by defining the instrument resolving power in terms of the
gas-phase CCS. We note that defining resolving power in this manner is particularly critical for
obtaining meaningful metrics of separation capabilities for TWIMS techniques. Based on the
analysis developed in this work, the separation capabilities of various IM instrumentation can, for
the first time, be compared relative to differences in the gas-phase CCS. The results of this study
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indicate that current ion mobility instruments operate across a broad range of separation
efficiencies between 50 and 300 resolving power (CCS/ACCS) and the current state-of-the-art IM
instruments are now demonstrating Rp in excess of 300 and thus are capable of separating
compounds with CCS differences as low as 0.5% (c.f., Table 2). While this high level of structural
selectivity enables IM to resolve constitutional isomers and conformers (typically 0.5% difference
in CCS or greater), we hypothesize to resolve the majority of the components in a biological
mixture using ion mobility alone would require resolving powers on the order of several thousand,
which is far beyond the capabilities of current instrumentation and may not be achievable due to
fundamental peak broadening limits imposed by ion diffusion. lon mobility experiments therefore
provide the greatest analytical benefits when combined with mass spectrometry, as well as other
analytical dimensions (e.g. LC-IM-MS), which collectively function to broaden the analytical
selectivity of the chemical separation. Nevertheless, routine ion mobility resolving powers in
excess of 300 which are now being demonstrated will be essential to addressing chemical
separations in highly challenging studies, such as in synthetic biology, medicine, and the omics

sciences.

Finally, the guidance as illustrated in this manuscript suggest a potential criterion for
reporting ion mobility resolving power in the future, similar to guidelines also reported in other
scientific contexts, such as standards set forth for microarray (MIAME)”,% proteomics

(MIAPE)”,*" and glycomics experiments (MIRAGE).%
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APPENDIX B

SUPPLEMENTARY MATERIALS FOR CHAPTER Il

B.1. Supplemental Materials for Acquiring Spectra from IMS Browser
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Figure B.1. Agilent Mass Hunter Work Station Data Acquisition Program tune page with callouts
for various commands.
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Figure B.3. Agilent Mass Hunter IM-MS Browser interface. (A) Mass spectrum of thalidomide,
(B) drift spectra window with expanded window for thalidomide drift profile, and (C) 2-D IM-MS

window with call out of the thalidomide [M+H]" ion species.
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SUPPLEMENTARY MATERIALS FOR CHAPTER Il

C.1. Supplemental Materials for Theoretical and Experimental Resolving Power

Correlation of theoretical drift time to experimental measurements
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Figure C.1. Correlation of theoretical drift time values obtained from equation 3 (in manuscript)
to experimental drift times for the m/z 322 ion. Each point represents 4 replicate measurements.
For drift time, theory accurately predicts the experimental results. The expanded region at low drift
field where error is highest (left inset) illustrates that the gate width contribution is within
experimental error. The right inset demonstrates the difference between experimental and
theoretical drift times, while not zero, is systematically reproducible at the higher drift fields
(beyond 8 V/cm). The higher error at low drift field is reproducible for the other ions and we infer
that this represents error associated with the extrapolation procedure used to correct the drift time
for the non-mobility component. Note here that in order to utilize the IMS drift length (78.1 cm)
in equation 3, the experimental drift times are corrected by subtracting the non-mobility time
component, as obtained by conducting the stepped drift field linear regression analysis used in
determining ion transport data [1]. The low drift field values (below 8 V/cm) are not utilized in
this linear regression analysis.
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Figure C.2. Comparison of the conditional resolving power theory (equation 5) in manuscript,
solid lines) with empirical results for each of the five gate widths investigated, for (A) m/z 322,
(B) m/z 622, and (C) m/z 922. While conditional resolving power predicts the qualitative shape of
the resolving power curves, a notable deviation is observed between experiment and theory for
high and low gate widths, with the most favorable correlation occurring at ca. 200 us (second plot
in each panel).
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Figure C.3. Comparison of the semi-empirical resolving power theory (equation 7 in manuscript)
to experimental results using the coefficients determined for the current instrumentation used in
this study. Empirical results are the same as shown in Figure C.2. Good quantitative correlation is
observed for these three ions across all gate widths investigated.
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Figure C.4. Comparison of the conditional resolving power formula with the derived
semiempirical method for a low mobility ion (ATM m/z 2722) at an applied gate width of 200 ps.
Conditional resolving power theory significantly over-predicts the resolving power at this low
mobility, which is consistent with the trend observed for the other ATM ions (Figure C.2).
Semiempirical resolving power is closer to experimental measurements, with a slight under-
prediction of the resolving power, which is similar to the correlation observed for the m/z 922
system (Figure C.3).
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Details of the procedure for determining the semi-empirical coefficients

The procedure used in this work to derive the semi-empirical coefficients is based on the same
linear regression analysis first outlined by Siems et al. [2], but differs slightly in how the
coefficients are determined from the least-squares fitting. The expression for peak width derived
from first-principles kinetic theory by Revercomb and Mason (equation 4 in manuscript) [3] is as
follows:

1

At = (tg2 + Lotz kT tdz)2 (S1)

V-ze

The semi-empirical resolving power expression introduces three additional terms to equation S1:

1

pt=(y+B-t2+a ts) (S2)

Where the “a” and “B” coefficients are multipliers to the diffusion and gate width terms,

[Y92]

respectively, and the “y” coefficient is introduced as an added source of variance within the square
root. Comparing the diffusion term on the RHS of eqgn. (S1) to eqn. (S2), we obtain the following
correspondence to “o”:

16In2-k
a=—-—2L

ze

(S3)

Which for singly-charged ions (z = 1) gives the “ideal” value of o. = 0.957 x 10® V/K. Likewise,
“ideal” values for the other coefficients are p=1 and y =0 s2.

Determination of the “a” coefficient

Equation S1 can be rearranged to yield the following expression:

02 =a- (- t?) + (B-t,2 +v) (S4)

The “a” coefficient is then determined by plotting the square of the experimental peak width (At?)
as a function of the diffusion term (5 - t42). A slope-intercept analysis of the least-squares linear
fit to the data is then used to obtain the following for the slope (m):
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m=a (S5)

and the y-intercept (y,):

Yo=PB ta*+y (S6)
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Figure C.5. Linear regression analysis used to determine the “a” coefficient, shown here for the
m/z 322 ion. Each line represents a different dataset obtained using one of five different initial ion
gate widths (100, 200, 300, 400, and 500 ps); data within each gate width is measured for eight
separate drift fields (13.4, 14.7, 16.0, 17.3, 18.6, 19.9, 21.1, and 22.4 \//cm). Note that this analysis
was conducted for nine components of the ATM solution (m/z 322, 622, 922, 1222, 1522, 1822,
2122, 2422, and 2722) and the slopes obtained from each linear fit was averaged to obtain the “o”
used in the manuscript.
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Figure C.6. Variation of all “a” values obtained from eight different ions as a function of the ion’s
reduced mobility value (Ko). No strong correlation between “a” and Ko was observed, and so the
average “o” (0.000910 £ 0.00005 V/K) was utilized in all subsequent analysis.
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Determination of the “p” coefficient

As was done previously, equation (S1) can be rearranged to yield the following expression:

The “B” coefficient is determined here by plotting the square of the experimental peak width (At?)
as a function of the square of the gate width (tgz). A slope-intercept analysis of the least-squares
linear fit to the data is then used to obtain the following for the slope (m):

m=p (S8)
and the y-intercept (yo):
Yo =" ta? +y (S9)

The slope corresponding to the highest field (22.4 V/cm) is used as the “P” coefficient in
subsequent analyses as this represents the situation in which ions spend the least amount of time
in the drift tube, and thus would exhibit the strongest “memory” of the initial gating event.
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Figure C.7. Linear regression analysis used to determine the “B” coefficient, shown here for the
m/z 922 ion. A best fit line was plotted for data from each of five field strengths (17.3, 18.6, 19.8,
21.1, and 22.4 VV/cm) with each data set representing measurements obtained from the five gate
widths evaluated (100, 200, 300, 400, and 500 ps). While additional data was obtained at lower
drift fields, the higher fields represent conditions in which ions transit the drift region faster and
thus would retain more memory of the influence of the initial gating event. This also introduces
some additional variability in the data, as noted by the inconsistent slope at the highest field
investigated (22.4 V/cm).
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Determination of the “y” coefficient

The determination of “y” described here deviates slightly from the original work by Siems et al.
In the original work, “y” was determined by performing a linear regression analysis on all y-
intercept values obtained from the “o” and “P” plots to generate new datasets which represent
hypothetical data in the limits of zero gate width, and infinite voltage, respectively. The y-
intercepts obtained from these hypothetical datasets is “y” [2]

Here, we utilize the values obtained for “o” and “p” directly into the y-intercept expressions
(equation (C.6) and equation (C.9) and solve for “y” directly for each linear fit. This results in a
tabulated set of “y” values for each ion investigated. To obtain “y” from the “o” expression via.
equation (C.6), the “B” obtained at the highest drift field is utilized, which represents the case
where ions spend the least amount of time in the drift region. This also simplifies the analysis since
only a single “a” value is evaluated for each data series. Obtaining “y” from the “B” expression
via. equation (C.9) is more straightforward and involves solving for “p” by utilizing the average
“a” obtained for each ion. The average is rationalized here since “a” does not exhibit a strong

dependence on the specific ion utilized in the analysis (Figure C.6).
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Figure C.8. Regression analysis used to determine the function which relates the semi-empirical
coefficients (B and ) to the ion’s reduced mobility, Ko. (A) The curve best fitting the data is a
power fit based on eight high mass ions in the ATM solution (m/z 622, 922, 1222, 1522, 1822,
2122, 2422, and 2722). (B) Fitting parameters for the “f” term as a function of mobility for the
m/z 322, 622, and 922 ions. These equations are reintroduced into the semi-empirical resolving
power expression (equation 7 in the manuscript) in order to introduce the ion-specific contribution
to each of these terms.
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Using the coefficients and coefficient expressions summarized in Table 1 in the manuscript, the
semi-empirical resolving power equation is expanded to the following functional form:

L _(273.15_ P

KgEg\ T ﬁ)'looo

Rgp = —5  (S10)

(0-0434'Ko‘2'8“)+(0-3145-Koz—0.035-Ko)~tgz+<o.oooq1)'§'( o (e

KoEg\ T ﬁ)-1000>

The 10° multipliers in the numerator and the RHS of the denominator within the square root term
IS necessary to convert drift time to milliseconds, which is the unit used in the semi-empirical
expressions. Note also that the gate time (t,) term is in milliseconds (whereas conventionally this

IS reported in microseconds).

References

1. May, JC; Goodwin, CR; Lareau, NM; Leaptrot, KL; Morris, CB; Kurulugama, RT;
Mordehai, A; Klein, C; Barry, W; Darland, E; Overney, G; Imatani, K; Stafford, GC; Fjeldsted,
JC; McLean, JA; “Conformational Ordering of Biomolecules in the Gas Phase: Nitrogen Collision
Cross Sections Measured on a Prototype High Resolution Drift Tube lon Mobility-Mass
Spectrometer”, Analytical Chemistry 86, 2107-2116 (2014).

2. Siems, WF; Wu, C; Tarver, EE; Hill Jr., HH; Larsen, PR; McMinn, DG; “Measuring the
Resolving Power of Ton Mobility Spectrometers” Analytical Chemistry 66, 4195-4201 (1994).

3. Revercomb, HE; Mason, EA; “Theory of Plasma Chromatography/Gaseous
Electrophoresis— A Review” Analytical Chemistry 47(7), 970-983 (1975).

150



SUPPLEMENTARY MATERIALS FOR CHAPTER IV

D.1. Supplemental Materials for Investigation of Leucine and Isoleucine Isomers
D.1.1. Comments on measuring CCS and lon Mobility Distributions Presented in this Work

All IM-MS measurements in this study were obtained in positive ionization mode utilizing
incremental steps of increasing drift field in the mobility portion of the Agilent 6560 IM-MS with
nitrogen as the drift gas. After the non-mobility flight times (i.e. dead times) were subtracted at
each voltage and the collision cross section for each analyte was calculated, the equation shown
in Figure C.3 was used to convert the time component of the experiment (x axis) to CCS. The
optimal drift field occurs at 14.7 VV/cm for the analytes examined in this study (see Figure C.2),
and hence the distributions at this drift field are presented in Figures C.4 and C.5. All theoretical

(modeled) spectra are generated using Equation 4 of the main text.
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Figure D.1. CID fragmentation spectra for the leucine/isoleucine isomers investigated in this
work. Fragmentation data was obtained using the QTOF stage of the IM-MS instrument after
extracting the mobility of the precursor ion (m/z 132.1). Fragmentation energy was kept constant

at 20 eV (laboratory frame).
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Figure D.2. An overlaid IM spectrum obtained at different drift fields which demonstrates the
separation of a mixture of L-norleucine and L-isoleucine for various applied drift fields. The
optimal separation occurs at the maximum observed resolving power, here 61 resolving power at
14.7 VV/cm, which results in a ca. 50% valley for this isomer pair.
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Cccs o CCS ty FWHM K,

Molecule (R?) (R2)  (14.7V/cm) (ms) (cm2/Vs) Rp
D-Leucine 135.2 0.3 19.14 0.32 1.634 59.8
L-Leucine 135.1 0.3 19.1 0.34 1.635 56.2
D-Isoleucine 133.3 0.3 18.9 0.33 1.658 57.3
L-Isoleucine 133.5 0.3 18.89 0.32 1.655 59.0
D-allo-Isoleucine 133.1 0.3 18.87 0.30 1.66 62.9
L-allo-Isolecuine 132.9 0.2 18.87 0.32 1.663 59.0
D-tert-Leucine 132.5 0.2 18.76 0.34 1.668 55.2
L-tert-Leucine 1324 0.3 18.77 0.33 1.669 56.9
L-Norleucine 136.6 0.3 19.35 0.32 1.617 60.5
6-Aminocaproic Acid  129.3 0.2 18.27 0.30 1.709 60.9
N-N-Dimethylglycine  127.5 0.3 18.15 0.32 1.732 56.7

Table D.1. Cross section data for each isomer of CsH13NO- investigated in this work. The standard
deviation of the CCS for each measurement (RSD ca. 0.2%) is included in addition to the
corresponding reduced mobility (ko), drift time, FWHM, and resolving power.
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Figure D.3. Linear correlation between drift time and collision cross section obtained from the
Mason-Schamp equation (below) for isomers analyzed in this study. Drift times correlate to peak

centroids at 14.7 VV/cm in a uniform field instrument. Error bars indicate the uncertainty in the CCS
measurement.
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Cross sections were obtained by calculating the corrected drift time and incorporating various
laboratory parameters of the experiment including ion mass (mion), gas mass (mgas), drift voltage
(V), drift tube length (L), temperature (T) and pressure (P).
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Figure D.4. Individual drift spectra from Figure 4.2 B with dotted lines to indicate the range of
CCS data.
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Figure D.5. (A) Individual overlays and mixtures for panels B-1V and B-V from Figure 2. Note
the discrepancy between separations of overlays (colored spectra) and analytical mixtures (black
traces). (B) For comparison, panels VI and VII represent the enantiomer pairs for the other isomers
overlaid to the left in (A). Another representative enantiomer comparison is depicted in VIII for
reference.
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Figure D.6. Comparison highlighting the effect of isomer abundance ratios on separation
efficiency. Abundance ratios have significantly more of an impact on separation efficiency for
more difficult separations (i.e. lower percent difference in CCS). For isomers that are 2-1.5%
different in CCS both compounds are distinguishable in a 3:1 ratio at 100 resolving power. As the
molecules become more structurally similar (similar cross sections, and hence lower percent
difference) the isomer ratio becomes increasingly more important in order to observe both species
in a mixture.
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SUPPLEMENTARY MATERIALS FOR CHAPTER V

E.1. Supporting Information for lon Mobility Cross Section, Resolving Power and Resolution

Comments on Modeling lon Mobility Distributions Presented in this Work

In this Supporting Information we describe each step in the process to fit Gaussian
distributions to existing publication data (see Figure C.1). We also include additional figures
related to IM separations in TWIMS related to the discrepancy between reporting time based
resolving power versus CCS based R (see Figures C.2 and C.3). Lastly we include descriptive
citations for the 22 sources examined in this work and provide links to the non-peer reviewed
sources. Finally, we discuss each previously reported IM separation in detail and any pertinent
information that provides context for the empirical measurements (e.g. cited resolving power,

CCS, and chemical identity of molecules/isomers that are separated).
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Figure E.1. Workflow for overlaying Gaussian fits to published spectra. This method was applied
for all sources referenced in Figures 2, 3, and 4. Two-peak resolution values (Rpp) were calculated
by using equation 7 in the manuscript along with relevant information noted from the source
publication (i.e. drift time, CCS, and FWHM). Letter abbreviations added to delinate figures in

caption (here A). Reproduced/Adapted with permission from Ref. A with permission from Michael
Groessl, primary author (ASMS 2016, see Ref. A).
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(A) Traveling Wave Time Based R, (B) Cross Section Based Ry
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Figure E.2. Comparison of resolving power in both the (A) time based dimension (ts/fwhm) and
(B) cross section space (CCS/ACCS) for traveling wave instruments as noted in Reference M.
Giles and coworker’s experimental results (Rpp = 1.21) have much closer agreement with Rp
calculated in the CCS domain as opposed to R, determined from the time domain.
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Figure E.3. Separation of Ruthenium complexes (ortho/para isomers) as described in reference
“N”. (A) Time based resolving power, which does not accurately reflect the separation efficiency
of the device. (B) Cross section based Ry is a more accurate depiction of TWIMS selectivity.

Reproduced/Adapted with permission from Ref. 6. Wiley and Sons, 2011.
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Figure E.4. Separation of cis/trans lipid isomers in the SLIM traveling wave currently undergoing
development by Smith and coworkers at PNNL. As with the commercial TWIMS devices, time
based resolving power is not an accurate descriptor of separation efficiency (A). Conversion to
CCS based R, (B) is more reflective of the analytical selectivity of this device.
Reproduced/Adapted with permission from Ref. 48 in main text, Wiley and Sons, 2016.
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First Reference  Percent Experimental Experimental Predicted Percent Error Dispersion Axis

Author Point  Differencein Resolving Resolution Resolution in Resolution Used in the

CCS (%)"  Power (R)’ R,p)’ R, (%)° Calculations
Deng, L. K 0.4 342 0.72 0.72 -0.7 t, > CCS
0 Giles, K. L 15 476 4.34 4.34 0.1 ty > CCS
S Giles, K. M 5.1 40 1.19 1.19 -0.1 t, > CCS
P Giles, K. N 5.7 41 1.38 1.38 0.1 ;> CCS
Hofmann, J. o) 5.9 43 1.49 1.49 0.0 t,> CCS

1. Calculated from equation 4.

2. Calculated from equation 1 using the CCS.

3. Calculated from equation 2 using the CCS as the dispersion axis.
4. Calculated from equation 3 using the CCS-based definition for R,

5. Calculated from equation 5.

Table E.1. TWIMS separation parameters calculated by defining the separation equations in terms
of the CCS.
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Resolving % Difference in CCS

Power resolvable at Half Height

1 400 0.36 1

375 0.38

350 0.40 5
> 325 0.43 s
z 5
3 300 0.47 A
2 275 0.51 g
> (]
= 250 0.56 2
Q (o]
g 225 0.63 >
k5 200 0.70 g
£ 175 0.81 S
s 150 0.94 3
= 125 1.13 §

100 1.41 B

75 1.88

50 2.82

25 5.63

Table E.2. Tabulated relationship between CCS-based resolving power and the percent difference
in collision cross section.
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Perspectives and Outlooks

With the state of the ion mobility community expanding so rapidly, the future directions of the
research provided in this document allow for multiple paths of expansion related to this work.
Using the higher resolution instruments described in Chapter 5 illustrates the bright future of
separation in store for ion mobility. For example, a new professor coming into the field would
have several distinct directions for research topics in the near future. Provided sufficient funding,
a new professor could theoretically use the relationships described in this work to study previously-
inseparable species in complex mixtures. As a concrete example, the diastereomers of L-allo-
isoleucine and L-isoleucine described in Chapter 4 have yet to be separated by ion mobility
analysis alone. In this work we illustrated that these two diastereomers possess collision cross
section values which are about 0.4% different in size. While this difference is not large enough to
separate using the instrumentation currently available in our laboratory (ca. 60 Rp), the new
instruments (e.g. TofWerk HP-Drift Tube and Bruker’s timsTOF) have sufficient resolving power
(ca. 300+ Rp) to separate these compounds. The physical analysis of this specific experiment
would unambiguously demonstrate the predictive ability of the equations described in this work to
model ion mobility separations prior to an empirical experiment. It is also very plausible that the
level of selectivity provided with access to the newest instrumentation in ion mobility spectrometry
would provide further separation across a host of biological classes (e.g. cis/trans lipids and a/p
linkages in carbohydrate chemistry). While often only a sole stereoisomer is responsible for
biological activity (e.g. L- specific amino acids), the additional selectivity of ion mobility could
highlight uncommon instances when the least-preferred chiral variant is included in a sample,
potentially highlighting specific bioanalytical activity that might not have been otherwise

characterized. Furthermore, without limited funding it would be possible to purchase each high
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resolution ion mobility platform variant (TofWerk HP-Drift Tube, timsTOF, and Water’s Cyclic
TWIMS G2S after commercialization) and this process would provide a unifying experimental
separation group for an established set of ion mobility separations. The principle shortcoming of
Chapter 5 in this work is that most research into ion mobility separations is spread across a wide
host of compounds, and very rarely are two or more identical mixtures ever examined across
platforms. Provided unlimited funding, if each of the above instruments were centralized in one
research facility translational experiments across platforms would highlight the intricacies of

separation specific to each device (i.e. TWIMS, DTIMS, TIMS, etc.).

While these ideas are very achievable in terms of purchasing analytical standards and
subsequent analysis by each instrument type, the monetary investment of each platform is around
$1,000,000 USD. Also, while the studies described would be very exciting, they would probably
only be highlighted in a single publication, which is not an ideal return on investment. Towards
this directive in a realistic setting, a new P.I. in the field who would like to examine this hypothesis
would be better served by forming collaborations with the research groups who currently house
each type of high resolution instrument. Also, it is often imperative to have a long working history
with each specific platform in order to gain the highest separation capability possible for each
device (see Chapter 3). With these practical concerns, it seems having a central scientist travel to
each research group along with the samples of interest could follow the experiment within each
group under the supervision of the local instrument expert, ensuring that each IM-MS separation

is operated at peak capacity.

The other major area of interest in ion mobility spectrometry described in this work is related
to developing CCS libraries as an addition identifier of chemical composition. Towards this end,

without financial restrictions it would be a herculean undertaking to purchase every analytical
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standard related to primary metabolism and collect CCS information for future compilation in
future repositories. This work would be monumental in paving the way for untargeted analysis by
IM-MS for analytes across a wide range of biological classes, including carbohydrates, lipids,
peptides and amino acids. While this effort would require large sums of time, money, and effort,
the results produced by such an endeavor would be translational across the ion mobility field.
However, the data analysis of such an effort would be incredibly time consuming, all financial
concerns aside. For example, a recent work in our laboratory examined the factors related to CCS
measurement for 700 primary metabolites purchased as analytical standards. While the actual data
acquisition only required a week of instrument time, the data analysis has currently taken several
months. As such, running every analytical standard with biological relevance is probably

unrealistic, even if the standards do exist.

While the current investigation of primary metabolites by IM-MS is rapidly concluding, if a
new researcher was entering the ion mobility field another area in dire need of research would be
the rapid screening of designer drugs by portable ion mobility spectrometers. Commercial
instruments are often utilized in airport security screens, and increased levels of resolving power
for new devices are directly reflected from advancements in larger IM-MS platforms. Roadside
screening of drugs by ion mobility analysis would require analytical standards for comparison to
ensure instrument reproducibility, and small concentrations (ca. 1 mg/mL) of these narcotics are
available from commercial vendors without requiring DEA approval. Studies related to rapid drug
testing would expand the current realm of ion mobility research from academic institutions into
more broadscale forensic analysis. The devices that are currently available also represent a modest
financial acquisition (ca. $20,000-40,000) and are well within the confines of procurement for a

new faculty member at a small state university.
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