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Ion mobility spectrometry is an analytical technique used to separate ionized 

molecules based on their differing mobilities (which result from the ions’ chemical and 

physical properties) through an applied electric field.  Despite recent advancements in 

instrumentation and method development in both drift-tube ion mobility mass 

spectrometry (DTIMS-MS) and high-field asymmetric waveform ion mobility mass 

spectrometry (FAIMS-MS), these separation techniques are relatively underutilized.  

With the growing demand for more rapid and less complex separation techniques, 

particularly those of clinical relevance, ion mobility methods have the potential to fill this 

void where traditional LC and/or GC separation methods fall short. 

The work presented in this dissertation can be divided into three studies. First, a 

fundamental, proof-of-concept investigation of drift-tube ion mobility mass spectrometry 

was conducted using an Agilent 6560 drift-tube ion mobility quadrupole time-of-flight 

mass spectrometer (IMS-QTOF).  This work explored the optimization of instrumental 

parameters for improved ion transmission and resolution, as well as the development of 

DTIMS methodologies for the separation of small molecules.  In addition, an LC-IMS-
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MS method was also evaluated, which demonstrated the utility of ion mobility in tandem 

with traditional separation techniques for an added dimension of separation.  Second an 

investigation of high-field asymmetric waveform ion mobility mass spectrometry (ultra-

FAIMS-MS) was conducted using an Owlstone ultra-FAIMS A1 paired with an Agilent 

6460 triple quadrupole mass spectrometer (QQQ). This work involved an exploration of 

the fundamentals of separation by FAIMS and included the development of an 

apparatus for the addition of gas and/or solvent vapors into the FAIMS environment for 

enhanced separation of small isomeric compounds.  The final study involved the 

development of methods for the separation of clinically relevant isomeric molecules 

using both DTIMS and FAIMS techniques.   

In summary, the research described in this dissertation introduces two ion 

mobility mass spectrometry techniques and provides experimental data to support the 

use of these techniques for the straightforward and rapid separation of small isomeric 

molecules.  
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CHAPTER 1 
AN INTRODUCTION TO ION MOBILITY MASS SPECTROMETRY 

Research Motivation 

Over the last decade, the field of ion mobility spectrometry (IMS), and more 

specifically ion mobility mass spectrometry (IMS-MS), has grown in popularity and 

acceptance as a useful and advantageous analytical technique for separations.  The 

rapid growth in this field is a result of two important occurrences.  First, due to 

significant advancements in instrumentation design and technology, improved 

resolution, selectivity, and sensitivity - comparable to that of traditional separation 

techniques - has been achieved.1,2  Second, these advancements have also resulted in 

the introduction of commercially available ion mobility instruments, featuring traveling 

wave ion mobility spectrometers (TWIMS),3  drift-tube ion mobility spectrometers 

(DTIMS),4 and high-field asymmetric waveform ion mobility spectrometers (FAIMS),5,6,7 

which provide a more universal platform for research conducted in the field.  With these 

recent developments in ion mobility, the realm of potential applications has expanded 

significantly, furthering the acceptance of ion mobility as a fast and selective analytical 

technique for separations.1,8  

In the analytical field of chemistry where hyphenated mass spectrometry (MS) 

techniques are dominated by liquid chromatography (LC), ion mobility mass 

spectrometry (IMS-MS) coupled with LC offers a new method that would yield more 

comprehensive data in comparison to that generated by LC-MS methods only.9,10  In 

many cases, ion mobility techniques can provide a degree of isomeric and conformer 

position data that is not easily attained by LC-MS methods alone.  It is also possible to 

use IMS-MS as a standalone separation technique;4 however, its effectiveness  in 
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comparison to the current LC-MS standard of separation is still under investigation.    

Ion mobility methods have also been considered a “greener” technique in comparison to 

LC, where analytical separations may be achieved at least an order of magnitude faster 

than LC separations and without the use of a mobile phase.  With ion mobility, sample 

throughput can be increased while reducing the amount of waste produced for analytical 

separations.11 

The research presented in this dissertation is focused on evaluating and 

demonstrating the utility and novelty of two prototype ion mobility mass spectrometers. 

The overall goal of this research was to develop a robust foundation and understanding 

of the ion mobility spectrometry (IMS) techniques so that it can be applied to the 

development of IMS-MS methods of separation for clinical applications in the growing 

field of metabolomics.  The results of this research indicate that both drift tube ion 

mobility (DTIMS) and high-field asymmetric waveform ion mobility (FAIMS) provide 

rapid separation of small molecules, and can be utilized as tandem analytical 

techniques with LC (LC-IMS-MS) or as independent separation techniques (IMS-MS).  

A Brief Introduction to Ion Mobility Mass Spectrometry 

Ion Mobility Spectrometry (IMS) 

Ion mobility spectrometry (IMS) is reliant on the principle that ions subjected to 

an electric field in a gas media will flow along the applied field lines with a velocity equal 

to (eq 1-1) 

𝑣 = 𝐾𝐸 (1-1) 

 

where ʋ is the drift velocity of the ion, K is the coefficient of mobility, or “ion mobility”, 

and E is the electric field strength.  If the electric field is held constant, drift velocity is 



 

18 
 

directly proportional to K, and so ions with different K values will have different 

velocities.  The coefficient of mobility (K) is dependent on an ion’s charge state, mass, 

and collision cross section (CCS). The CCS is dependent on an ion’s physical size and 

shape, as well as the ion’s interactions with neutral molecules within the drift media.  It 

is from these principles that drift tube ion mobility spectrometry has emerged.  

Drift Tube Ion Mobility Spectrometry (DTIMS) 

Drift tube ion mobility spectrometry (DTIMS) is centered on the principle that ions 

can be effectively separated based on their differing drift velocities, or “mobilities”, which 

arise from their various chemical and physical properties.   As illustrated in Figure 1-1, 

ions enter the hollow drift tube, composed of ring electrodes, from the ionization source.  

The ions are then trapped between the trapping gates to form an ion packet. The ion 

packet is then quickly released in order to reduce the width (in time) of the ion packet, 

thus improving resolving power.  As the ions pass through the effective drift region (the 

length of the drift tube held at constant field) they are exposed to the drift gas. The 

collisions sustained with the neutral drift gas consequently affect each ion’s mobility, 

which is dependent on size, shape, and ion charge state, and thus results in a change 

in individual ion velocity. The change in the ions’ velocity (ion mobility) is recorded by 

the detector as a shift in drift time. The calculated mobility is typically expressed as the 

average rotational collision cross sections (Ω) of the ion as expressed in this derivation 

of the Mason-Schamp equation (eq 1-2)  

Ω =
(18π)1/2

16
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(kBT)1/2
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where Ω is the average rotational collision cross section (CCS), ze is the charge state of 

the analyte ion, kB is the Boltzman constant, T is temperature of the buffer gas 

(normalized to standard conditions to correct for variation in laboratory conditions), mI is 

the mass of the ion, mB is the mass of the buffer gas molecules, td is the corrected drift 

time, E is the electric field strength, L is the length of the effective drift tube, P is the 

pressure of the drift tube (normalized to standard conditions to correct for variation in 

laboratory conditions), and N is the number density inside the drift tube.  It has been 

demonstrated by comparison with experimental data that this equation accurately 

measures CCS values under ideal conditions and using helium as a drift gas.  However 

as an economic alternative, it has also been demonstrated that using nitrogen as a drift 

gas produces good correlation between theoretical and experimental CCS values.12   

Separation utilizing DTIMS is highly effective for ions with significant differences 

in mobility.  If the mobility differences are small, a longer drift tube is required to improve 

resolution of the various ions.  The resolving power is dependent on the degree of ion 

packet diffusion, drift tube voltage, drift gas composition, temperature and pressure.1,13  

The longer the ion mobility drift tube the greater the degree of ion packet diffusion, 

which results in broader drift peaks.  In order to improve both resolution and resolving 

power, advancements in instrumentation, such as the ion funnel, which refocuses ions 

both in front of the ion trap (front funnel and trap funnel) before the drift tube and after 

the drift tube (rear funnel) to improve ion transmission, and a dual-gate ion trap is used 

to improve ion packet formation and release into the drift tube, both these have been 

implemented in this instrumentation.14  Various drift gases, which alter the ion-neutral 

collision in the drift tube, may be used, ultimately changing the mobility of ions in order 
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to induce potential separation.15  However, even with these modifications it is still 

possible for ions to exhibit similar mobility.  As a result, a more non-conventional ion 

mobility technique emerged, which exploits the variation in the ion mobility constant for 

each individual ion at high and low electric fields.  This subdivision of ion mobility is 

known as differential mobility spectrometry (DMS) or high-field asymmetric waveform 

ion mobility (FAIMS).  

High-field Asymmetric Waveform Ion Mobility Spectrometry (FAIMS) 

Like DTIMS, high-field asymmetric waveform ion mobility spectrometry (FAIMS) 

is also centered on the idea that ions may be separated based on their differing 

velocities, or mobilities, but, in this case, the use of two different electric fields greatly 

increases the potential for variance in mobility between two ions.   In FAIMS an 

asymmetric waveform is applied between two parallel electrodes at atmospheric 

conditions, which creates a differential field perpendicular to the direction of ion motion, 

as shown in Figure 1-2.16,17   This differential high/low electric field, or dispersion field 

(DF), induces an ion mobility based on the variance in the ion’s mobility at each field.17  

Under these conditions any two ions with differing net variances, or mobility coefficients, 

will separate.16  Under dispersion field conditions alone, only an ion with a net variance 

of zero will pass through the FAIMS electrodes, while an ion with a positive or negative 

net variance will drift towards one of the two electrodes and become neutralized.16  

Figure 1-3 illustrates the three types of theoretical ion trajectories: 1) equal high- and 

low-field mobilities, 2) larger high-field mobilities, and 3) larger low-field mobilities.  As 

the difference in ion mobilities increases, an additional supplementary field, called the 

compensation field (CF), may be applied across the DF electrodes.  This allows the 
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trajectories of the ions to be redirected so that ions with net variances in mobility other 

than zero may be detected.16,17   

Based on experimental observations, it has been shown that ions exposed to 

varying dispersion fields will demonstrate one of three theoretical mobility trends.17,18  

As shown in Figure 1-4 type A ions increase in mobility as the strength of the dispersion 

field increases.  Type B ions initially increase in ion mobility, followed by a decrease in 

mobility as the dispersion field voltage increases.  Type C ions decrease in mobility as 

the dispersion field voltage increases.17,18  These mobility trends are theorized to be the 

result of ion interactions with the applied field and/or specific components of the gas 

phase molecules in the FAIMS atmosphere.16,19  Increased mobility is induced by a 

greater ion to applied field interaction, whereas decreased mobility is the result of 

greater ion to atmosphere interaction,16 thus making it difficult to predict type B ion 

behavior.  Table 1-1 lists theoretically predicted ion behavior based on the ion’s polarity, 

the polarity of the high field, and the applied polarity of the CV needed to detect the ion 

under a dry nitrogen atmosphere.  These trends will be discussed in further detail in 

chapter 3 of this dissertation.  

Instrumentation 

The instrumentation used to collect data for this dissertation is described below. 

All mass spectrometers were manufactured by Agilent Technologies, thus allowing the 

ionization sources to be used interchangeably between the instruments.  Any additional 

modifications made to the commercial instruments will be further discussed in later 

chapters of this dissertation.  



 

22 
 

Ionization Sources 

Electrospray ionization  

Electrospray ionization (ESI) is a technique used in mass spectrometry that 

produces charged aerosol particles by applying a high DC voltage to a liquid.  This 

technique applies a high voltage to the ESI needle while the capillary inlet of the mass 

spectrometer is held at ground, or vice versa.20  This charge offset produces a Taylor 

cone20 at the tip of the ESI needle, thus producing small, highly charged droplets.  The 

droplets are then expelled away from the tip of the needle by the electric field, assisted 

by the flow of heated nebulizer gas.  As these droplets drift towards the capillary of the 

mass spectrometer they are heated by a drying gas, which evaporates the solvent, or 

desolvates the analyte ions. As the solvent dissipates, the charges are left behind on 

the shrinking droplet as it approaches the Rayleigh limit.20  At this point, analyte ions 

can evaporate out of the charged droplet, or as the solvent completely evaporates, the 

charge is left attached to the remaining analyte molecule, producing an ion.  The Agilent 

Jet Stream ESI source has an additional heated sheath gas, which is a slight 

modification from conventional ESI sources.21  This heated nitrogen sheath gas 

enhances desolvation, which minimizes ion/solvent clusters.  This is essential for 

reducing the amount of neutral clusters entering the mass spectrometer and improving 

ion transmission. This method of ionization may also produce multiple-charging of 

analyte compounds as well.   

There are several advantages of using ESI as opposed to other ionization 

sources.  Possibly the most significant advantage of ESI is that it is considered a “soft” 

ionization technique—it produces very little fragmentation of the compound of interest, 

so the molecular ion is almost always observed.20  In addition, ESI is capable of ionizing 
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an array of compounds, forming ions such as charged, nonvolatile small molecules, 

multiply-charged ions, and/or inorganic cations and anions.20  This capability allows ESI 

to generate a large field of potential analyte ions that can be separated and/or observed 

by ion mobility mass spectrometric methods. 

Atmospheric pressure chemical ionization 

Atmospheric pressure chemical ionization (APCI) is also widely used as an 

ionization technique in mass spectrometry, where analyte ions are produced via 

interactions between the analyte and ionized molecules.  In APCI, electrons are 

produced by a corona discharge,20 which then ionize the reagent gas that occupies the 

APCI source region.  The ionized reagent gas molecules collide with gas phase analyte 

molecules (provided by a desolvated nebulized spray), inducing chemical ionization of 

the analyte by transferring the charge on the carrier gas to the analyte molecule.20   

APCI is also considered a soft ionization technique; however, it does generate 

ions that differ from those produced by the ESI source, which increases the probability 

of analyte separation with the availability of two ionization techniques.20  Additionally, 

the use of APCI may also reduce spectral noise that results from samples with a high 

salt content, allowing for the analysis of samples that would otherwise be difficult to 

investigate with ESI methods.20 

Ion Mobility Mass Spectrometry 

Ion Mobility Quadrupole Time of Flight Mass Spectrometer (IM-QTOF-MS)  

An Agilent 6560 ion mobility quadrupole time of flight mass spectrometer (IM-

QTOF-MS), shown in Figure 1-5, was used to obtain drift tube ion mobility data for the 

experiments described in this dissertation.  This Agilent system can be equipped with 

both electrospray and atmospheric pressure chemical ionization sources (described 
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above).  Past the ionization source of the instrument are the advanced ion optics and 

ion mobility drift tube, illustrated in a cutaway view in Figure 1-6.  The overall design of 

the drift tube consists of a series of ring electrodes with a potential gradient that directs 

the ions into the mass spectrometer.  This portion of the instrument is divided into four 

parts: the front funnel, the trapping funnel, the drift cell, and the rear funnel.   

Ions produced in the ionization source enter the mass spectrometer through the 

heated glass capillary entering into the front funnel, which provides the first stage of 

vacuum, lowering the pressure to approximately 20 torr.  The vacuum aids in removing 

excess gas and neutral molecules that have travelled through the capillary, thus 

improving sensitivity.  The electrodes in the front funnel are tapered to improve ion 

transmission into the trapping funnel, which further reduces the pressure to the drift tube 

operational pressure of 4 torr.  In order to achieve a constant pressure inside the drift 

tube, the addition of an auxiliary gas is necessary.  This additional gas is the same as 

the drift gas inside the drift tube and helps reduce the presence of impurities, which 

could alter the drift conditions and result in inaccurate drift times.  The trapping funnel is 

also equipped with “trapping gate” electrodes, which store and pulse ions into the drift 

tube. These electrodes are necessary in order to acquire a time zero for the drift 

spectrum.  

The ion packet is then pulsed into the drift cell of the instrument.  The effective 

drift region of the drift tube is 78 cm long and is equipped with electrodes, which supply 

a uniform electric field that directs the flow of ions through the tube where they interact 

with neutral molecules in the drift tube atmosphere. The constant flow of auxiliary drift 

gas aids in sustaining a constant pressure of 4 torr inside the drift cell (since the 
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vacuum pumps are continuously removing drift gas molecules).  As the ions reach the 

end of the drift region they enter the rear ion funnel, which is used to focus the ions as 

they enter the hexapole ion guide and the mass spectrometer.  

The mass spectrometer is composed of three main components: the quadrupole 

mass filter, the collision cell, and a time-of-flight mass analyzer.  The quadrupole mass 

filter is used to isolate and select a mass-to-charge (m/z) range to enter the collision cell 

in order to generate a multiple stage mass spectrum (MS/MS), or fragmentation 

spectrum. The collision cell may also be used independently of the quadrupole mass 

filter in order to create an “all-ion” fragmentation spectrum.  Although this spectrum is 

difficult to analyze on its own, it can be paired with the ion mobility spectrum (m/z vs drift 

time) in order to decipher the fragmentation of all analyte ions.  Mass spectra are 

generated by an orthogonal acceleration time-of-flight mass spectrometer, where ions 

are accelerated in the time-of-flight drift tube in a direction perpendicular to the initial 

direction of ion motion.  An ion mirror reflects the ions back down the drift tube to the 

detector, which doubles the ions’ flight distance and increases the resolving power.  A 

schematic of the IM-QTOF-MS illustrating the ion flight path is shown in Figure 1-7.   

High-field Asymmetric Waveform Ion Mobility Spectrometry Triple Quadrupole 
Mass Spectrometer (FAIMS-TQMS) 

All FAIMS studies described in this dissertation were conducted on an Owlstone 

FAIMS unit as shown in Figure 1-8.  The instrumentation is composed of two main 

components: (1) the FAIMS chip (Figure 1-8a), which is mounted in front of the 

sampling capillary (Figure 1-8b), and (2) the waveform generator (Figure 1-8c).  The 

micro-machined FAIMS chip is composed of multiple vertically stacked micro-channels, 

which allow for elevated ion transmission in comparison to a single channel, and is an 
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order of magnitude smaller than conventional FAIMS electrodes, with a gap width of 

100µm and a thickness of 700µm.  Due to its size, the FAIMS chip requires much lower 

voltages (in comparison to larger, conventional cells) to achieve the field strength 

required for separation.  A custom Owlstone waveform generator powers the FAIMS 

chip, providing a waveform dispersion field (DF) range of 0 to 350 Townsends (Td) 

(electric field per number density of the gas) and a compensation field (CF) range of -30 

to 30 Td (equivalent to a dispersion voltage (DV) of 0 to ~600 V and a compensation 

voltage (CV) of ~-50 to +50 V).  The lower operational voltages permit rapid scanning of 

both the DF and CF, and allows for complete DF/CF scans in less than one minute, as 

opposed to larger FAIMS electrodes that require higher operational voltages and longer 

scanning sequences.  The operational capabilities of the FAIMS cell allow for sample 

conservation and minimize analysis time when optimizing the DF and CF settings for 

individual samples. 

The OFU hardware was controlled remotely using custom software provided by 

Owlstone/Agilent, which was synchronized with the triple quadrupole mass 

spectrometer (TQMS).  For FAIMS analysis, the following parameters must be 

specified: FAIMS cell temperature, cell dimensions, bias voltages, and CF and DF 

values.  The firmware will then calculate the necessary CV and DV to achieve the 

desired experimental parameters.  The FAIMS instrumentation may be utilized in one of 

two modes: primary (P) mode or hop (H) mode. When using the primary mode the 

FAIMS waveform can be fixed using either a constant CF/DF setting or a “sweep” 

CF/DF setting.  Using the sweep method, the DF will remain constant while the CF will 

be scanned over each step between the specified start and end CF.  At the conclusion 
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of the CF sweep, the DF will undergo a specified increase and the CF sweep will be 

repeated. This process will continue until the specified DF sweep has concluded.  A 

complete 3-dimensional CF/DF/intensity plot can be constructed from the data obtained 

from the sweep to visually observe ion mobility behavior under the specific field 

conditions.  Using the 3-D CF/DF/intensity plot, it is possible to determine specific 

CF/DF values where analyte separation is observed.  With these known values the hop 

mode, which switches between two or more specific CF/DF values, may be employed.  

This mode is particularly useful for determining the presence or absence of several 

analytes in a given sample. 

All experiments utilizing tandem FAIMS-MS were conducted on an Agilent 6460 

triple quadrupole mass spectrometer (TQMS) illustrated in Figure 1-9.21  The TQMS is 

capable of single-stage mass spectral analysis as well as MS/MS analysis, which can 

be achieved by tailoring the radio frequency (RF) and direct current (DC) voltages of the 

Q1 and Q3 quadrupole mass filters and applying a collision gas (N2) for collision 

induced dissociation (CID) in Q2.20  MS/MS analysis is particularly important for the 

characterization of many isobaric ions, which are identified by their differing 

fragmentation patterns as a result of CID in the collision cell.20   

The TQMS can be operated in a number of modes: scan, selected ion monitoring 

(SIM), product ion, precursor ion, neutral loss, and selected reaction monitoring (SRM).  

The studies described in this dissertation primarily utilized scan and SIM mode, and 

used the other modes only for specific tracking of known fragmentation pathways. Scan 

mode operates by applying a scanning RF/DC voltage to Q1 while keeping Q3 in RF-

only mode (or vice versa) to observe the complete m/z range of the TQMS.  This 
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method allows for the detection of any m/z values within the detectable range of a given 

sample (during a scan duty cycle), and is extremely useful for the detection of multiple 

ions; however, it is a slower method (approximately 1-2 orders of magnitude) than the 

SIM mode.  SIM mode is considered a more “direct” analytical method than the scan 

mode because only one (or a few) m/z values may be targeted per scan.  As in scan 

mode, SIM mode maintains Q3 in RF only mode, but the RF/DC voltage of Q1 is held 

constant (rather than scanning the RF/DC voltages).  Using these parameters, detection 

of a single m/z value is permitted. This particular mode is useful for rapid analysis of 

targeted analytes because the MS detection is concentrated on one m/z, optimizing 

sensitivity and detection speed. 

For complex analytes, such as structural isomers, it was necessary to utilize one 

or more of the “customizable” modes.  SRM mode holds Q1 at a constant DC and RF 

voltage, permitting a single m/z value to pass into Q2 where it will undergo CID.  As an 

example, structural isomers will have the same m/z value (held in Q1) and will pass 

freely into Q2 while all other background m/z values will be removed from the spectrum.  

After passing through Q2, the isomers undergo CID, which may result in differing 

fragmentation patterns based on structural variations.  If Q3 is set to scan mode, all 

fragmented ions will be observed; however, if the fragmentation pathways are known, 

Q3 can be held at a constant DC and RF voltage for a targeted m/z value, again 

reducing the scan overhead and MS duty time.  SRM mode also has preset functional 

modes: (1) product ion mode where Q1 is held constant, CID is applied in Q2, and Q3 is 

scanned; (2) precursor ion mode where Q1 is scanned, CID is applied in Q2, and Q3 is 

held constant; and (3) neutral loss mode where Q1 and Q3 are scanned simultaneously 



 

29 
 

while CID is applied in Q2.  If multiple MS/MS transitions are monitored in succession, 

the TQMS is said to be operated in SRM mode or selected reaction monitoring. 

Scope of the Dissertation 

Despite recent advances in instrumentation and methods in the field of ion 

mobility mass spectrometry (IMS-MS) the technique is still relatively underutilized as a 

tool for separations, which is likely due to the critical need for a more fundamental 

understanding of ion behaviors under various conditions.  To address this challenge, 

two ion mobility techniques were investigated: drift tube ion mobility mass spectrometry 

(DTIMS-MS) and high-field asymmetric waveform ion mobility mass spectrometry 

(FAIMS-MS).  The studies presented in this dissertation involve the detailed exploration 

of the fundamentals of each technique and how various conditions and parameters 

affect ion mobility.  It is anticipated that these studies will aid in the understanding of ion 

mobility behaviors in order to expand the use of ion mobility spectrometry, particularly in 

applications of clinical relevance.   

Chapter 2 investigates the use of drift-tube ion mobility mass spectrometry for the 

separation of small isomeric molecules.  Various instrumentation parameters are 

explored as well as the use of liquid chromatography in tandem with ion mobility (LC-

IMS-MS) for the separation of co-eluting compounds. Chapter 3 explores the 

fundamentals of the new high-field asymmetric waveform ion mobility mass 

spectrometry (ultra-FAIMS-MS) platform as well as the utility of gas/solvent vapor 

modifiers for enhancing the separation of small isomeric compounds.  Chapter 4 

assesses the use of both DTIMS-MS and ultra-FAIMS-MS for the separation and 

analysis of clinically relevant isomeric metabolites, demonstrating the utility of ion 

mobility as a rapid separation technique.  Finally, Chapter 5 provides a brief summary of 
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the work presented in this dissertation and suggests future areas of study within the 

field of ion mobility mass spectrometry. 
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Figure 1-1. Illustration of a drift tube ion mobility spectrometer.  Ions are created in the 

ion source and enter into the hollow ring electrodes of the drift tube. The ions 
are then trapped in the trapping gate creating an ion packet.  This ion packet 
is then released into the drift tube; the effective drift region of the tube is held 
at a constant electric field, E, and as a result ions of different mobilities, K, will 
separate due to differences in velocity. As the ions reach the detector their 
drift times are recorded and plotted against time, resulting in the mobility 
spectrum.  



 

32 
 

 
Figure 1-2. Illustration of a high-field asymmetric waveform ion mobility spectrometer 

(FAIMS).  Ions are created in the ion source and enter the gap between the 
FAIMS electrodes, which is composed of two parallel plates.  As the ion 
enters the gap between the electrodes its mobility becomes dependent on the 
applied field.  This field is created by the applied voltage from the asymmetric 
waveform.  The ratio of the time the ion is exposed to the low field tL 
(illustrated as the blue portion of the waveform) and high field tH (illustrated as 
the red portion of the waveform) is 2 to 1, with the intensity of the low to high 
field to be 1 to 2.  Ions that have the same net difference in mobility over this 
asymmetric field (illustrated as the blue line for low field mobility and the red 
dotted like for high field mobility) pass through the FAIMS electrode to the 
mass spectrometer inlet.  Any deviations in mobility will result in a positive or 
negative shift from zero depending on the change in mobility, and is 
extrapolated over the length of the FAIMS electrode.  Ions with a net 
difference in mobility greater than the gap distance will be neutralized by 
colliding with the FAIMS plate electrode. To detect these ions an additional 
compensation voltage is applied in order to shift the applied waveform to 
compensate for the ion trajectory.  
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Figure 1-3. Conceptual representation of different FAIMS mobility trajectories and their 

reaction to a compensation voltages.  Zero on the X axis represents the front 
the FAIMS electrode, and thirty represents the back of the FAIMS cell or the 
entrance into the mass spectrometer end.  The yellow line depicts the 
detection trajectory of ions that pass through the FAIMS electrode. The solid 
lines represent ion trajectories under dispersion field (DF) alone, and the 
black solid line demonstrates a zero difference in mobility, or where the 
mobility at high field (KH) is equal to the mobility at low field (KL). The zig-zag 
trajectory pattern is representative of the frequency of the applied asymmetric 
waveform, where if the ion trajectory exist the FAIMS cell around the yellow 
line it will be detected.   The red solid line represents an ion that has a larger 
KH and gradually moves towards the high field and away from the detected 
trajectory.  The solid blue line represents an ion with a larger KL and 
gradually moves towards the low field and away from the detected trajectory.  
In order to detect ions that drift away from the detection trajectory a 
compensation voltage (CV) is applied.  The dotted lines indicate the 
respective trajectories after a CV is applied to the waveform, resulting in the 
detection of ions with a larger KL, and equal mobility and the larger KH ions 
drifting away from the detection trajectory. 
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Figure 1-4. Theoretical differential ion mobility trends.  The solid back line shows equal 

mobility at high fields (KH) and low fields (KL).  The solid red line represents 
an overall increasing differential mobility (KH > KL) and has been referred to 
as type A ion behavior.  The solid blue line shows a decreasing mobility trend 
(KH < KL) and is denoted as type C ion behavior. The solid green line 
represents type B ion behavior where the ion mobility increases at lower fields 
and then decreases as the field strength increases. The dotted line denotes 
where type B ion behavior mimics type A and C behavior relative to its own 
mobility.  
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Figure 1-5. Agilent 6560 ion mobility quadrupole time-of-flight mass spectrometer (IM-

QTOF-MS).22 
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Figure 1-6. Cutaway of the Agilent 6560 ion guide (drift tube). Photo courtesy of Agilent 

Technologies.  

 
 
 
 

 

Figure 1-7. Diagram of Agilent 6560 IM-QTOF and ion flight path.22 
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Figure 1-8. FAIMS instrumentation. A) Micro-machined FAIMS chip composed of 
multiple vertically stacked micro-channels. B) FAIMS chip mounted in front of 
the capillary inlet to the mass spectrometer. Photo courtesy of author. C) 
FAIMS waveform generator mounted under the ionization source. D) Agilent 
6460 TQMS. Photo courtesy of author. 

 
 
 
 
 

 

Figure 1-9. Diagram of the Agilent 6460 triple quadrupole mass spectrometer (TQMS).21 
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CHAPTER 2 
FUNDAMENTAL STUDIES OF DRIFT-TUBE ION MOBILITY MASS SPECTROMETRY  

Introduction  

As the field of mass spectrometry continues to expand as an important analytical 

technique, particularly with the growing interest in metabolomics and clinical analysis, it 

is faced with an increasing demand for more rapid, less complex analyses as well as 

methods that require smaller sample sizes and minimal amounts of additional chemicals 

(e.g., solvents) for analysis.  To address these challenges, the technique of drift-tube 

ion mobility mass spectrometry (DTIMS-MS) was investigated.  DTIMS-MS is capable of 

analyzing sample volumes in the nanoliter range and doesn’t require mobile phases for 

analysis.  In addition, many current separation methodologies (such as LC-MS and GC-

MS) of clinical significance require complex and time-consuming derivatization steps 

prior to analysis, and with DTIMS these steps could be minimized or eliminated 

altogether.   

This chapter addresses the fundamentals of the DTIMS-MS technique and its 

utility as a rapid separation tool.  DTIMS is centered on the principle that ions can be 

separated, on the millisecond timescale, based on their differing mobilities, which arise 

from their various chemical and physical properties.   Based on the size, shape, and 

chemical properties of the ions of interest, varying interactions between the analyte ions 

and gas molecules of the drift tube atmosphere will result in different mobilities for each 

ion.  These differing mobilities translate to slight deviations in drift time for each ion, and 

even drift times varying just half of a millisecond can result in baseline separation of the 

ions of interest.  Additional supporting background information regarding drift-tube ion 

mobility can be found in the previous chapter.  The work presented below focuses on 1) 
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instrumentation optimization for increased ion transmission and improved resolution for 

mobility data and 2) method development and strategies for separation of small 

molecules and isomeric compounds.  

Model Compounds 

The DTIMS-MS technique was evaluated using several sets of isomers.  The 

small isomeric molecules phthalic acid (ortho-phthalic acid), isophthalic acid (meta-

phthalic acid), and terephthalic acid (para-phthalic acid) were selected for analysis as 

they represent relatively noncomplex structural isomers.  In addition, the presence of 

the carboxylic acid functional groups made them easy to ionize, which was important for 

avoiding difficulties with ion transmission.  The phthalic acid isomers have also been 

successfully separated by FAIMS-MS techniques (see chapter 3),19 making them a 

suitable choice for further ion mobility studies.   

Another set of small isomeric molecules, fumaric acid and maleic acid, were also 

examined by DTIMS-MS methods.  These compounds represent a second type of 

relatively simple isomers – cis/trans stereoisomers.  Like the phthalic acid isomers, 

maleic and fumaric acid also contain the easily ionized carboxylic acid functional group, 

which minimizes issues with ion intensity related to the chemical structure of the 

compound.  These two isomers also resemble the clinically relevant metabolite succinic 

acid, which is the saturated form (no double bond) of fumaric acid.  The analysis of 

succinic acid (and methylmalonic acid) by ion mobility methods (DTIMS and FAIMS) is 

discussed in further detail in chapter 4.  

Finally, to demonstrate the utility of IMS in tandem with LC techniques (LC-IMS-

MS) a complex sample of pooled blood plasma was analyzed.  To reduce complexity, 

one target compound, tryptophan, was selected for analysis.  Tryptophan was a suitable 
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choice as methods for the extraction of tryptophan from blood plasma and analysis by 

LC were well established, minimizing any issues related to analyte detection.  

Tryptophan was used to illustrate a “proof-of-concept” that ion mobility data could be 

collected without hindering LC-MS analysis (i.e., IMS did not cause a delay in the 

introduction of sample into the MS from the LC, which would have resulted in a delayed 

response from the MS and inaccurate retention times).  Deuterated tryptophan (d3-

tryptophan) was spiked into the sample of blood plasma as an internal standard for the 

proof-of-concept study, and it was also used to monitor analyte fragmentation patterns 

(by following the deuterated tryptophan fragments) that occurred after the sample exited 

the drift tube. 

Experimental 

Reagents and Solutions 

Phthalic acid (ortho-phthalic acid), isophthalic acid (meta-phthalic acid), and 

terephthalic acid (para-phthalic acid) were purchased from Acros Organics.  No further 

purification was necessary, and fresh stock solutions were prepared prior to 

experiments.  Stock solutions were prepared in the following manner: each phthalic acid 

isomer was weighed in a separate volumetric flask, dissolved in 90/10 methanol/water, 

and diluted to a final concentration of 10 ppm.  Sample was introduced into the ESI 

source of the DTIMS-MS instrument at a constant flow rate of 10 µL/min from the 

syringe pump.  

Fumaric acid and maleic acid were purchased from Fisher Scientific. No further 

purification was necessary, and fresh stock solutions were prepared prior to 

experiments.  Stock solutions were prepared in the following manner: fumaric acid and 

maleic acid were weighed in separate volumetric flasks, dissolved in 100% methanol, 
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and diluted to a final concentration of 10 ppm.  Sample was introduced into the ESI 

source of the DTIMS-MS instrument at a constant flow rate of 10 µL/min from the 

syringe pump.   

Pooled blood plasma was obtained from the American Red Cross. The blood 

plasma was purified via a protein precipitation: 100 µL of thawed plasma sample was 

pipetted into a 2 mL Eppendorf tube.  10 µL of the d3-tryptophan was added, followed 

by 800 µL of acetonitrile to precipitate the proteins in the solution.  The Eppendorf tube 

was then vortexed for ~15 seconds and cooled for 30 minutes in a -80 ⁰C freezer for 

further precipitation of the proteins.  After freezing, the samples were centrifuged for 10 

minutes (<10 ⁰C) at 20,000 x g, followed by a transfer of 250 µL of the supernatant to a 

new 2 mL Eppendorf tube.  The liquid supernatant was blown to dryness under N2 and 

reconstituted in 150 µL of H2O with 0.1% formic acid.  The reconstituted sample was 

vortexed for ~15 seconds, transferred to an LC autosampler vial, and analyzed by LC-

IMS-MS. 

Instrument Parameters 

Drift-tube ion mobility mass spectrometry (DTIMS-MS) analysis 

An Agilent 6560 drift-tube ion mobility quadrupole time-of-flight mass 

spectrometer (IMS-QTOF) was used for data acquisition. The IMS-QTOF was tuned for 

intensity and resolving power and calibrated for m/z accuracy daily. Additionally, a 

collision cross section calibration method was conducted daily in order to normalize 

calculated CCS values for variations in daily conditions. The CCS calibration method 

measures the drift time of the m/z 922 calibration ion (with a known CCS value) over a 

range of eight drift tube drift fields (18.6, 17.3, 16.0 14.7, 13.5, 12.2, 10.9, and 9.6 V/cm, 



 

42 
 

synonymous with drift voltages 1450, 1350, 1250, 1150, 1050, 950, 850, and 750 V).  

Each spectrum was collected for 30 seconds, resulting in an overall experiment of 4 

minutes. The data were then examined in the Agilent IM-MS Browser B.06.00, which 

permits the calculation of the CCS value based on the different drift times of the ion over 

the varying drift voltages. The CCS calculation was then compared to the known CCS 

value of the ion to generate a CCS calibration factor, which accounts for daily variations 

in temperature and pressure in the drift tube.  In addition CCS calibration the Agilent IM-

MS Browser B.06.00 software was used for all subsequent data analysis.  

All direct analysis methods on the IMS-QTOF utilized direct injection of the 

analyte standards in to the ESI source.  IMS studies were conducted using nitrogen as 

the drift tube collision gas with the drift tube pressure held at approximately 4 trorr.  The 

drift tube temperature was maintained at approximately 32 ⁰C.  Both pressure and 

temperature measurements were recorded for each experiment and used in the 

calculations for analyte collision cross section (CCS).  Standard solutions were directly 

infused via a syringe pump at a flow rate of 10 μL/min.   The mass spectrometer and 

ionization source parameters were as follows: gas flow at 5 L/min, gas temperature at 

325C, nebulizer pressure at 20 psi, sheath gas flow at 8 L/min, sheath gas temperature 

at 275C, capillary voltage at 4000 V, nozzle voltage at 1000 V, and fragmentor voltage 

at 400 V.   

Liquid chromatography ion mobility mass spectrometry (LC-IMS-MS) analysis 

An Agilent 1200 series liquid chromatography system with an Agilent Zorbax SB-

Aq column, 2.1 x 100 mm, 1.8 µm particle size, maintained at 35 C was used for HPLC 

analysis.  Pooled blood plasma samples were analyzed as follows: a flow rate of 0.3 
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mL/min of 100% mobile phase A (0.1% formic acid in water) for 1 minute, followed by a 

linear ramp to 35% mobile phase A / 65% mobile phase B (0.1% formic acid in 

acetonitrile) at 11 minutes and holding at 35% A / 65% B until 13 minutes, a second 

linear ramp to 5% A / 95% B at 18 minutes and holding at 5% A / 95% B until 20 

minutes, and a third linear ramp to 100% A at 21 minutes and holding at 100% A until 

22 minutes (Table 2-1).  Injection volume was 2 l.  

The Agilent 6560 drift-tube ion mobility quadrupole time-of-flight mass 

spectrometer (IMS-QTOF) was operated in positive mode in the low mass range.  The 

mass spectrometer and ionization source parameters were as follows: gas flow at 10 

L/min, gas temperature at 350C, nebulizer pressure at 30 psi, sheath gas flow at 12 

L/min, sheath gas temperature at 300C, capillary voltage at 3500 V, nozzle voltage at 

2000 V, and fragmentor voltage at 400 V.  

Results and Discussion 

In order to apply the DTIMS technique to a wide-range of separations 

applications it was necessary to establish a more fundamental understanding of the 

instrumentation.  Initially, all experiments were conducted using the optimized 

parameters established for the tune and calibration ions (m/z 622 and 922); however, 

the analysis of the smaller molecules (m/z range of 100-200) described above resulted 

in a significant decrease in ion transmission and drift time resolution.  Due to these 

observations further optimization over a number of instrument parameters was explored 

to improve ion transmission and resolution of molecules at the low end of the 

observable m/z range.  
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Ion Mobility Parameters  

The m/z 922 ion was used for daily tuning and calibration of the CCS correction 

factor, with the following normal DTIMS-MS operating parameters: fragmentor voltage 

at 200 V, high pressure funnel RF at 150 V, trap funnel RF at 150 V, trap entrance grid 

delta at 14.5 V, trap exit grid 1 delta at 7 V, trap exit grid 2 delta at 1.5 V, and rear 

funnel RF at 150 V.  These optimized values produced sharp drift time spectra for the 

calibration ion, resulting in an accurate CCS correction factor and calculated collision 

cross section value (in comparison to the theoretical CCS value for the calibration ion). 

However, for the smaller molecules studied in this work (m/z range of 100-200) these 

operational parameters produced broad peaks in the drift time spectra with low ion 

intensity in comparison to the larger calibration ion.  As a result, new ion mobility 

parameters were explored to improve the ion intensity and drift time resolution for the 

smaller molecules. 

After manual tuning of the ion mobility parameters it was observed that a higher 

fragmentor voltage in the ion source improved the ion intensity for lower m/z values.  It 

is likely that dimers, trimers, and adducts are more readily formed after the ionization of 

compounds of lower m/z.  This is theorized to be due to charge stabilization for the 

smaller molecules.  The increased presence of these dimers, trimers, and adducts 

would require a higher fragmentor voltage in order to break up these species, leaving 

behind the monomer ion of interest.  As a result the fragmentor voltage was increased 

from 200 V to 400 V for the molecules of interest in this study.   

Another important ion mobility parameter that significantly affected the ion 

intensity of the smaller molecules was the RF voltages used for focusing of the ions in 

the ion funnels.  When the RF voltages were lower, to 60 V for all three funnels (signal 
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was greater when the voltages for all three funnels were equal), there was an observed 

increase in the ion intensity for low (50-400) m/z ions. In addition, the lower RF voltages 

on the ion funnels affected the observed ratio in intensity of the two drift peaks that 

corresponded to the same analyte ion for the lower mass molecules.  [An interesting 

phenomena was observed where two considerably different drift times (approximately 

10 milliseconds apart) were recorded for a single analyte ion.  This is believed to be the 

result of fragmentation of a dimer, trimer, or adduct of the analyte ion after exiting the 

drift tube.  Since the larger dimer/trimer/adduct species would exit the drift tube (and 

then fragment) later than the monomer species two drift times would be observed for 

the same ion.  This idea is discussed in detail later in the chapter.]  The lower RF 

voltages resulted in an increase in intensity for the true monomer species of the analyte 

(the faster drift time).  One proposal to explain this observation is that the lower RF 

voltages increased pre-drift tube fragmentation of the dimer/trimer/adduct species to a 

more stable monomeric ion, thus increasing the ion intensity of the monomer at the 

earlier drift time.  Another theory is that the lower RF voltages simply increased 

transmission for the monomeric ion from the ion source.  It was observed that the lower 

RF voltages increased the intensity of the shorter, monomeric drift time for a number of 

small molecules examined experimentally, and therefore, the lower RF voltage setting 

was optimized to 60 V.  

Optimization of other ion mobility parameters addressed drift spectra resolution.  

The voltages of the ion trapping gates had a tremendous effect on drift spectrum 

resolution.  The voltage off-sets on these gates are responsible for preventing ions from 

penetrating the drift tube before the ion packet is released.  If the voltages are too low, 



 

46 
 

some ions may not have enough energy to pass through the gates and enter the drift 

tube, resulting in inaccurate drift times.  If the gate voltages are too high the ions can 

become unstable and collide with the trap, reducing the ion intensity.   High voltages 

can also push the ions further away from the gates, reducing the resolution of the ion 

pulse when the gates open for ion packet injection into the drift tube.  Fine tuning of the 

ion trap grid voltages improved ion intensity and drift peak resolution, which was thought 

to be the result of a smoother, more compact ion pulse into the drift tube.  The 

optimized ion trap grid voltages were as follows: trap entrance grid delta at 8.5 V (was 

14.5 V), trap exit grid 1 delta at 6 V (was 7 V), and trap exit grid 2 delta at 9 V (was 1.5 

V). 

Finally, the ion trap ‘trap-time’ was also optimized to improve drift peak 

resolution.  It was observed that quicker trap release times and shorter trap fill times 

improved resolving power; however, for low analyte concentrations decreasing these 

times drastically reduced ion intensity.  With increased trap fill times the signal for the 

lower concentration analyte ion improved.   However, longer trap fill times for high 

concentration analyte ions induced a space-charging effect where a drastic reduction in 

ion drift spectrum resolution was observed.  Due to the significant effect the analyte 

concentration has on the optimized ion trap trap-time, the trap fill times were adjusted 

for each experiment.  The trap release time was held constant at 150 µs, but the trap fill 

time was adjusted from run to run and ranged from 5 – 20 ms.   

Drift-Tube Ion Mobility Mass Spectrometry (DTIMS-MS) 

Phthalic acid isomers 

Neat standards of phthalic acid (ortho-phthalic acid), isophthalic acid (meta-

phthalic acid), and terephthalic acid (para-phthalic acid), shown in Figure 2-1, were 
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analyzed in negative mode by drift-tube ion mobility mass spectrometry (DTIMS-MS).  

The most prominent ion observed in the mass spectrum was the [M-H]- ion at m/z 165.  

The ionization source, drift tube, and mass spectrometer were optimized for the analysis 

of smaller molecules as described in the previous section.  The DTIMS-MS data were 

processed using the IM-MS browser to calculate the CCS value for each isomer as 

described in a previous section.  For direct comparison of drift times for each isomeric 

ion the experimental data were collected on the same day in order to reduce any 

variation due to day-to-day temperature and pressure changes.  The data were also 

collected using a single drift tube field setting of 18.6 V/cm.  This value resulted in the 

greatest observed resolution in drift time spectra in comparison to all other drift tube 

field settings.   

The drift time spectrum for the phthalic acid isomers is shown in Figure 2-2.  The 

drift time plot shows separation between ortho-phthalic acid and its isomers meta- and 

para-phthalic acid, with Rs (resolution) = 1.99 between ortho- and meta-phthalic acid 

and Rs = 1.76 between ortho- and para-phthalic acid.  These differing drift times 

correlate to the following calculated CCS values for ortho-, meta-, and para-phthalic 

acid: 130.3Å, 136.3Å, and 135.3Å, respectively.  Separation was not observed between 

meta- and para-phthalic acid.  

After review of the data, additional drift peaks, with longer drift times, were 

observed for each of the monomeric m/z isomeric ions (as confirmed by the mass 

spectrum for each peak).  Further analysis revealed that the longer monomeric ion drift 

times matched the drift times for sodiated dimer/double sodiated trimer analyte ion 

peaks.  This suggests that the secondary monomeric peaks are a result of 
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fragmentation of the dimer and trimer analyte ions (forming the monomer ions) after 

exiting the drift tube.   

Since it was clear that dimer and trimer analyte species were present in the drift 

tube, the drift spectra for these species were analyzed.  The drift spectra of the dimer 

[2(M-H)+Na]- ions, m/z 353 (Figure 2-3), and the trimer [3(M-H)+2Na]- ions, m/z 542 

(Figure 2-4), were particularly interesting and unexpected.  The observed separation 

between the dimer and trimer isomeric peaks was considerably different than the 

separation observed in the monomeric drift spectrum (Figure 2-2).  Ortho-phthalic acid 

was baseline separated from the meta- and para-phthalic acid ions in the monomeric 

drift spectrum, but baseline separation was not quite achieved for any of the ions in the 

dimer ion drift spectrum (although the small degree of separation between meta- and 

para-phthalic acid in the dimer spectrum was not observed in the monomer drift 

spectrum).  Even more interestingly meta-phthalic acid was baseline separated from 

ortho- and para-phthalic acid in the trimer drift spectrum.  All calculated CCS values 

corresponding to the monomer, dimer, and trimer species of the three phthalic acid 

isomers are shown in Table 2-2.  The data obtained from these studies suggest that gas 

phase clustered molecules 1) exist and are stable in the drift tube and 2) have unique 

drift times and separation trends in comparison to their corresponding monomeric 

species.  

The evaluation of the phthalic acid isomers by DTIMS-MS not only demonstrated 

baseline separation of small isomeric ions, but that separation trends vary significantly 

between monomer, dimer, and trimer species of the analyte ions.  Although it was only 

possible to achieve separation between ortho-phthalic acid from meta- and para-
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phthalic acid in the monomer drift spectrum, meta-phthalic acid could be separated from 

ortho- and para-phthalic acid in the trimer drift spectrum, illustrating that the use of 

higher order ion structures could become a useful and versatile strategy for designing 

DTIMS-MS separation methods.  This separation strategy also illuminates the possibility 

of utilizing various ion adducts, such as cation or anion clusters, to induce the formation 

of higher order ion structures.  However, further studies regarding the instrumentation 

and fundamentals of the DTIMS technique are required in order to take advantage of 

the versatility and complexity that ion adducts may provide for separation purposes.  

Fumaric acid and maleic acid  

Neat standards of fumaric acid and maleic acid (shown in Figure 2-5), along with 

a mixture of these two standards, were analyzed in negative mode by drift-tube ion 

mobility mass spectrometry (DTIMS-MS).  The most prominent ion observed in the 

mass spectrum was the [M-H]- ion at m/z 115.  The ionization source, drift tube, and 

mass spectrometer were optimized for the analysis of smaller molecules as described in 

the previous section.  DTIMS-MS data of the maleic and fumaric acid standards were 

processed using the IM-MS browser to calculate the CCS value for each isomer 

(analogous to the method described for the phthalic acid isomers).   

The drift time spectrum for the two standards of the cis/trans isomers, as well as 

the mixture of the isomers, is plotted in Figure 2-6.  The drift time plot shows separation 

between maleic and fumaric acid (in both the individual standards and the mixture) with 

Rs (resolution) = 1.31. These differing drift times correlate to the following calculated 

CCS values for maleic and fumaric acid: 115.7Å and 121.8Å, respectively (Table 2-3).  

Also listed in the table is the CCS value for the monomeric fragment peak of the fumaric 

acid dimer ion, calculated for the dimer drift time at the monomeric mass.  Although this 
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is not a “true” CCS value for the dimer (since it was calculated using the monomeric 

mass), this value is reproducible and can be used for monitoring this particular 

fragment.  A CCS value could not be calculated for the maleic acid dimer because of a 

lack of intensity for this peak, as shown in Figure 2-6 as the small orange peak 

overlapping with the fumaric acid dimer peak.   

Similar to the data obtained from the phthalic acid isomer studies, the data from 

the fumaric and maleic acid studies provided additional insight into the impact of ion 

structure on drift time separation.  These results indicate that cis and trans isomerism in 

a relatively small molecule is adequate structural variation for separation by drift-tube 

ion mobility.  However, the higher order dimer structures for this particular isomeric pair 

could not be resolved as they had identical drift times, suggesting that not all ion 

adducts can be used to improve separation.  In addition, these data also illustrate 

significant differences in ion intensity between the monomer and dimer peaks for each 

isomer without varying any instrumental parameters.  This observation suggests that 

different isomers may have different gas phase chemical properties that may selectively 

favor the monomer or dimer structure.  It is also possible that the dimer of maleic acid 

may be fragile and fragment easily, which would alter the observed intensity ratio 

between the monomer and dimer ion. These behaviors are important factors to consider 

when processing data and, in the future, and could be used to further improve 

separation methods by DTIMS.   

Liquid Chromatography Ion Mobility Mass Spectrometry (LC-IMS-MS) 

The work presented in this section focuses on the addition of ion mobility 

spectrometry (IMS) to existing LC-MS methodologies (LC-IMS-MS).  It was of interest to 

determine whether IMS data could be collected in tandem with LC data without inducing 
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a delayed response from the MS, which could result in a mismatch of a peak at a 

specific retention time with its mass spectrum.  IMS data collected in tandem with LC 

data could be particularly advantageous.  First, ion mobility adds an additional 

dimension of separation to chromatography methods.  It is possible to separate 

compounds by ion mobility that could not otherwise be separated by LC methods 

without making any changes to existing LC-MS methodologies.  Second, in untargeted 

studies IMS data can be used to confirm the identity of compounds determined by MS 

analysis.  Using drift time data it is possible to determine if compounds identified by MS 

are endogenous in a sample or if they are fragments of larger molecules, thereby 

minimizing the occurrence of “false positives”.   

In the following experiment a sample of pooled blood plasma was analyzed by 

LC-IMS-MS methodologies.  The purpose of this investigation was to demonstrate 

“proof-of-concept” – that is, to show that IMS analysis could be performed in tandem 

with LC-MS methods without compromising the validity or specificity of the LC-MS data.  

For simplification, the experiment focused only on the identification of tryptophan 

(Figure 2-7) in the blood plasma sample.  Deuterated tryptophan was spiked into the 

plasma as an internal standard.  LC-IMS-MS data were collected for all peaks in the 

chromatogram, but only the LC peak at 4.47-5.06 min (tryptophan) was evaluated in the 

IM-MS browser to extract drift time ion mobility data.  Tryptophan was confirmed as the 

identity of the selected LC peak using the LC-MS extracted ion chromatogram (EIC) 

data for the d3-tryptophan [M+H]+ ion at m/z 208. 

Tryptophan and d3-tryptophan 

Extracted samples from the pooled blood plasma were prepared as described in 

the experimental section and auto-injected onto the LC column.  Samples were 
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analyzed in positive mode by LC-IMS-MS. The data acquired using this technique can 

be examined using two different methods: 1) analysis of the traditional LC total ion 

chromatogram (LC-TIC), where all eluting compounds are viewed in order of their 

retention times, or 2) analysis of the ion mobility total ion chromatogram (IMS-TIC), 

where all eluting compounds (and fragments of compounds) are viewed in order of their 

drift times.  By combining the LC-MS data with the IMS data, a LC retention time / IM 

drift time / ion intensity plot could be constructed (Figure 2-8), which visually illustrates 

the additional dimension of separation provided by ion mobility under each LC peak.  

The blue trace in Figure 2-8 is the LC-TIC where the retention time of each peak is 

plotted vs its intensity.  The orange intensity plot displays the drift time of each 

compound (or fragment) vs the LC retention time.  Although this graphical interpretation 

is vague in terms of identifying the eluted compounds in the sample, it does illustrate the 

presence of co-eluting compounds hidden under certain LC peaks.  The data in this plot 

can then be further analyzed by extracting the m/z information from a given area on the 

plot.  

The green rectangle in Figure 2-8 highlights the tryptophan peak in the LC 

chromatogram.  The ion mobility data were extracted from this peak and expressed in 

Figure 2-9 as the tryptophan drift spectrum vs the corresponding m/z values for each 

drift peak.  This plot illustrates the m/z window where the [M+H]+ ions of tryptophan (m/z 

205) and d3-tryptophan (m/z 208) were expected.  (The mass spectrum in Figure 2-9 

does not show the complete range of m/z values, but dimer and trimer peaks of 

tryptophan and d3-tryptophan were observed.)  The orange traces are the peaks in the 

mass spectrum (m/z vs intensity), and the blue intensity plot illustrates the 
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corresponding m/z values for each observed drift peak.  The data in Figure 2-9 were 

simplified further by extracting each individual m/z value and corresponding drift time 

(Table 2-4) and replotting them to better illustrate several interesting patterns (Figure 2-

10).  The series of three data points to the far right in Figure 2-10 correspond to the 

homo-dimer, tryptophan-tryptophan (m/z 409), the deuterated homo-dimer, d3-

tryptophan-d3-tryptophan (m/z 415), and the hetero-dimer, tryptophan-d3-tryptophan 

(m/z 412).  As illustrated in the plot two distinct patterns emerge.  1) The vertical 

association, shown in the blue boxes in Figure 2-10, represents ion lineage.  All green 

dots within the blue box correspond to the same ion, but the ion has several drift times 

because it arises from fragmentation of a higher order molecule after the drift tube.  For 

example, the longer drift times (~24 and 28 ms) associated with the dimer peaks at m/z 

409, 412, and 415 resulted from fragmentation of trimer and tetramer ions, while the 

earlier drift time (~22 ms) corresponds to the true dimer ions.  2) The horizontal 

association, shown in the green box in Figure 2-10, represents the fragmentation 

pattern of a parent drift tube ion.  For example, the dimer ions of m/z 409, 412, and 415 

have the same drift time as the monomer ions (m/z 205 and 209) and the [M+H-NH3]
+ 

/ 

[Md3+H-NH3]
+ fragment ions (m/z 188 and 191).  This indicates that the monomer ions 

and the fragment ions at this particular drift time (~22 ms) are the result of fragmentation 

of the dimer ions after exiting the drift tube.  The collision cell was not active for all data 

collected in this experiment, indicating that all observed fragmentation arose from 

normal ion mobility mass spectrometer parameters.  However, when the collision cell 

was active similar fragmentation patterns were observed.  
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The data collected in this experiment demonstrated that ion mobility could be 

successfully paired with existing LC-MS methodologies without affecting the quality of 

the LC-MS data.  In addition, these studies illustrated that ion mobility data could offer 

an additional dimension of separation as shown by the various observed drift peaks 

under a single LC peak.  This is particularly advantageous for molecules that cannot be 

separated by traditional LC methods.  Finally, some of the most interesting results 

obtained from these studies revealed that extensive m/z fragmentation and drift time 

patterns could be deduced by combining the LC, IMS, and MS data in a single plot.   

With an improved understanding of these fragmentation patterns it may be possible to 

reduce the “false positives” (in untargeted analysis) that could arise from analysis of MS 

data alone by determining whether a MS peak is endogenous in a particular sample or if 

it was the result of fragmentation of a higher order molecule. 

Summary 

The work presented in this chapter explored the technique of drift-tube ion 

mobility mass spectrometry (DTIMS-MS) and its utility as a rapid separation technique. 

Initial investigations demonstrated the need for optimization of several instrumental 

parameters to improve ion intensity and drift peak resolution for smaller molecules 

(<200 m/z).  After optimization, the structural isomers, ortho-, meta-, and para-phthalic 

acid, and the cis/trans stereoisomers, maleic and fumaric acid, were explored by 

DTIMS-MS.  The data acquired from the phthalic acid studies not only demonstrated 

baseline separation of the monomeric phthalic acid ions, but also varying degrees of 

separation between the dimer and trimer phthalic acid species.  The results of the 

maleic and fumaric acid study revealed that cis/trans isomerism in relatively small 

molecules can provide an adequate degree of structural variation to induce separation. 
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Findings in both isomeric separation studies indicated that higher order species of the 

monomeric analyte ions exist in the drift tube and have unique mobilities/drift times, 

which, with further fundamental studies, could be exploited for the development of 

separation methodologies.  Finally, the analysis of tryptophan in blood plasma by LC-

IMS-MS demonstrated that ion mobility data could be paired with LC-MS without 

negatively impacting the quality of the LC-MS data.  In addition, interesting 

fragmentation patterns could be observed by combining the LC, IMS, and MS data into 

a single plot.  Although additional studies will be required to expand the utility of DTIMS-

MS as a tool for rapid separations, this work provides a solid foundation for the 

fundamental understanding of instrumental parameters and basic separation strategies. 
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Table 2-1. LC gradient method.  

Time (min) Flow (mL/min) %A %B 

0 0.3 100 0 

1 0.3 100 0 

11 0.3 35 65 

13 0.3 35 65 

18 0.3 5 95 

20 0.3 5 95 

21 0.3 100 0 

22 0.3 100 0 

 

 

 

 

 

 

 

 
 

Figure 2-1. Phthalic acid isomers molecules: phthalic acid (ortho-phthalic acid), 
isophthalic acid (meta-phthalic acid), and terephthalic acid (para-phthalic 
acid). 

ortho-phthalic acid            meta-phthalic acid                para-phthalic acid   
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Figure 2-2. Intensity vs drift time plot for the phthalic acid monomers at 18.6 V/cm. 

 

 

 

 
Figure 2-3. Intensity vs drift time plot for the phthalic acid dimers at 18.6 V/cm. 
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Figure 2-4. Intensity vs drift time plot for the phthalic acid trimers at 18.6 V/cm.  

 

 

Table 2-2. Calculated CCS values for the phthalic acid isomers. 

Ions m/z CCS (Å
2
) 

o-phthalic acid [M-H]
-
 165 130.3 ± 0.2 

m-phthalic acid [M-H]
-
 165 138.1 ± 0.2 

p-phthalic acid [M-H]
-
 165 136.7 ± 0.2 

o-phthalic acid [2M+Na-2H]
-
 353 185.7 ± 0.3 

m-phthalic acid 2M+Na-2H]
-
 353 191.9 ± 0.3 

p-phthalic acid [2M+Na-2H]
-
 353 192.1 ± 0.3 

o-phthalic acid [3M+2Na-3H]
-
 541 222.3 ± 0.5 

m-phthalic acid [3M+2Na-3H]
-
 541 243.7 ± 0.5 

p-phthalic acid [3M+2Na-3H]
-
 541 224.5 ± 0.5 
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Figure 2-5. Fumaric acid and maleic acid. 

 

 

 

 

 

 

 

 
Figure 2-6. Drift spectrum for the fumaric and maleic acid [M-H]- ions at m/z 115.  The 

peaks to the left (before 14 ms) correspond to the true monomer ions.  The 
peaks to the right at 17.5 ms are the result of fragmentation of the fumaric 
and maleic acid dimers to the monomer ions after exiting the drift tube.  
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Table 2-3. Calculated CCS values 

Compound Ion t
d
 (ms) Resolving 

power CCS (Å
2
) 

Fumaric acid dimer [2(M-H)
-
+Na

+
]
-
 [M-H]

-
 17.5 54.8 153.9 ± 0.2 

Fumaric acid [M-H]
-
 13.8 60.1 121.8 ± 0.2 

Maleic acid [M-H]
-
 13.2 47.9 115.7 ± 0.2 

 

 

 

 

 

 

 

 

 

 
Figure 2-7. Structure of tryptophan. 
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Figure 2-8. LC-IMS total ion chromatogram (TIC) of pooled blood plasma spiked with d3-tryptophan (internal standard).  

The blue trace is the LC-TIC and the orange intensity plot is the IMS-TIC.  The green rectangle illustrates the 
tryptophan peak.  
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Figure 2-9. IMS-MS data of pooled blood plasma extracted from the tryptophan peak (green rectangle in Figure 2-8).  This 

m/z window shows the mass spectrum produced from tryptophan and d3-tryptophan and the corresponding drift 
times for each drift peak. 
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Table 2-4. Observed drift times and resolving power calculations for each ion of 
tryptophan. 

Tryptophan m/z t
d
 (ms) R

p
 t

d
 R

p
 t

d
 R

p
 

[M+H-CO
2
-NH

3
]
+
 144 13.50 46.5 15.16 40.2 16.34 48.5 

[Md
3
+H-CO

2
-NH

3
]
+
 147 13.53 43.1 15.19 36.7 16.22 38.8 

[M+H-CH
2
O

2
]
+
 159 14.37 50.9 14.88 42.8 16.46 58.1 

[Md
3
+H-CH

2
O

2
]
+
 162 14.38 48.3 14.92 49.7 16.42 50.0 

[M+H-NH
3
-H

2
O]

+
 170 14.35 35.5 15.17 30.3 

  

[Md
3
+H-NH

3
-HDO]

+
 172 14.34 32.4 15.12 45.7 

  

[Md
3
+H-NH

3
-H

2
O]

+
 173 14.40 37.6 15.19 37.9 

  

[M+H-NH
3
]
+
 188 15.25 27.5 16.45 51.8 20.90 69.0 

[Md
3
+H-NH

3
]
+
 191 15.25 25.3 16.45 49.6 20.93 60.7 

[M+H]
+
 205 16.49 51.4 21.00 57.7 

  

[Md
3
+H]

+
 208 16.46 53.5 21.03 58.9 

  

[2M+H]
+
 409 21.22 52.0 24.15 60.0 27.03 90.0 

[M+Md
3
+H]

+
 412 21.33 31.0 24.34 34.0 26.97 54.0 

[2Md
3
+H]

+
 415 21.42 33.5 24.20 48.0 26.94 48.0 
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Figure 2-10. Drift times and m/z values for each tryptophan (or fragment) ion in in Table 

2-4.  The green box shows illustrates fragmentation of higher order molecules 
to smaller fragments after exiting the drift tube (resulting in identical drift 
times).  The blue boxes show ion lineage, where identical ion species exhibit 
multiple drift times. 
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CHAPTER 3 
FUNDAMENTAL STUDIES OF HIGH-FIELD ASYMMETRIC WAVEFORM ION 

MOBILITY MASS SPECTROMETRY 

Introduction 

Over the last few years high-field asymmetric waveform ion mobility (FAIMS) has 

found use in a handful of applications, typically for the separation of isomeric 

compounds.  However, despite its use and recent advances in instrumentation the 

fundamentals of the FAIMS technique are still not well defined or understood, making it 

difficult to predict separation trends and develop methodologies.  In order for FAIMS to 

become useful in a broader range of applications, studies regarding the fundamental 

principles of the separation technique must be conducted.  This chapter has aimed to 

take a detailed look at the various factors that affect FAIMS separation, including 

auxiliary gas flow rate, temperature, and FAIMS atmosphere composition, in the hopes 

of establishing some broad FAIMS separation principles that can aid in method 

development.  The results of the following studies illustrate that the addition of chemical 

modifiers, in the form of gas and/or solvent vapors, have a significant effect on ion 

mobility behavior, and play an important role in the separation of the phthalic acid 

isomeric compounds, demonstrating the potential usefulness of the technique for 

isomeric separations of clinical significance.  

High-Field Asymmetric Waveform Ion Mobility Mass Spectrometry (FAIMS-MS) 

Recent advancements within the field of ion mobility spectrometry have brought 

about the development of a new analytical technique called high-field asymmetric 

waveform ion mobility spectrometry (FAIMS).  Traditional drift-tube ion mobility 

methodologies involve the separation of ions at atmospheric or sub atmospheric 

conditions by applying a counter current drift gas and a uniform electric field through the 
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“drift tube”, where ion mobility is dependent on ion drift velocity23, as discussed in the 

previous chapter.   In contrast, FAIMS applies an asymmetric waveform between two 

parallel electrodes at atmospheric conditions creating a differential field perpendicular to 

the direction of ion motion as described in Chapter 1.16,17   This differential high/low 

electric field, or dispersion field (DF), induces an ion mobility based on the variance of 

the ion’s mobility at each field.17  Under these conditions any two ions with differing net 

variances, or mobility coefficients, will separate.16  Ions exposed to a dispersion field 

(DF) fall into one of three theoretical mobilities as discussed in Chapter 1.  Type A ions 

increase in high-field mobility as the dispersion field strength increases, Type B ions 

initially increase in high-field mobility followed by a decrease in ion mobility at higher 

fields, and Type C ions decrease in high-field mobility as the field increases.17,18  These 

mobility trends are theorized to be the result of ion interactions with the applied field 

and/or specific components of the gas phase molecules in the FAIMS atmosphere.16,19  

Increased mobility is induced by a greater ion to field interaction, whereas decreased 

mobility is induced by a greater ion to atmosphere interaction.16  Under dispersion field 

conditions alone, only an ion with a net variance of zero will pass through the FAIMS 

electrodes, while an ion with a positive or negative net variance will drift towards one of 

the two electrodes and become neutralized.16 To detect additional ion mobilities, a 

supplementary field, called the compensation field (CF), may be applied over the DF 

electrodes, which allows one to scan ion mobilities with net variances other than 

zero.16,17 

The FAIMS technique described above can be applied to a number of FAIMS cell 

designs including (1) a planar FAIMS electrode, composed of two parallel plates with an 
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applied waveform over one or both plates, (2) a cylindrical electrode, composed of an 

inner and outer curved plate with the waveform applied to the inner plate, and (3) a 

micro-machined FAIMS chip (ultra-FAIMS), composed of two interlocking parallel plates 

forming multiple planar channels.24,5,25  The research presented in this chapter focuses 

on the ultra-FAIMS design, which has several advantages over other cell geometries.  

The ultra-FAIMS cell is approximately one order of magnitude smaller than conventional 

FAIMS electrodes, and is composed of multiple micro-channels spaced closely 

together. The smaller gaps in the FAIMS electrodes permit lower voltages to be used to 

achieve the field strength required for separation.5,25  Due to its size (µm scale) and low 

operational voltages, ultra-FAIMS also allows for rapid scanning of the DF and CF for 

efficient detection of multiple analytes, but most importantly  a comprehensive spectrum 

of the entire mobility field range can be acquired in a short time frame.     

FAIMS has been employed as a stand-alone analytical method for a number of 

applications;25 however, coupling FAIMS with mass spectrometry can make it a more 

powerful and selective analytical technique.26  Although FAIMS is capable of separating 

ions of similar size, shape, and mass-to-charge (m/z) values, it is possible for ions with 

differing structures and m/z values to  co-elute at the same CF/DF voltages and, 

therefore, require MS for identification.16  In addition, mass spectrometry can further 

enhance analyte resolution/characterization through the use of MS/MS.26 

Although many compounds of clinical and industrial relevance can be resolved 

by traditional separation methods, FAIMS-MS methodologies offer several advantages 

over these techniques by 1) reducing analysis time in comparison to other analytical 

techniques (e.g., liquid chromatography (LC) and/or gas chromatography (GC)), 2) 
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reducing sample waste (demonstrating a “green” chemistry methodology)5,11, and 3) 

eliminating the need for derivatization of the analyte(s) prior to separation.27 Given the 

growing demand for clinical assays, rapid sample analysis is crucial, and the use of 

ultra-FAIMS-MS methodologies could potentially reduce this analysis time to only a few 

seconds for a complete CF/DF map (which would improve sample throughput by at 

least two orders of magnitude), and also reduce acquisition times to a few micro-

seconds for a fixed CF/DF for targeted analysis. 5  Additionally, a complex sample can 

be directly injected into the ultra-FAIMS ionization source, significantly reducing the 

amount of generated waste compared to conventional separation methodologies, such 

as liquid chromatography, which require relatively large volumes of mobile phase.11,28 

Furthermore, many conventional methods of separation (e.g., LC and/or GC) require 

time-consuming derivatization of the analyte(s) prior to separation.27  Ultra-FAIMS-MS 

has the ability to not only reduce workflow from minutes to seconds as described above, 

but can also eliminate the need for derivatization with the addition of FAIMS modifiers, 

effectively enhancing separation of compounds with only minor structural variations—a 

capability typically not attributed to techniques such as LC or GC.        

While FAIMS-MS does offer its advantages over traditional separation methods, 

at the present it has relatively few applications.5,11  Since it is a comparatively new 

technique to the field of ion mobility spectrometry (approximately 20 years old), there is 

still much to be understood on a fundamental basis before highly effective, efficient 

methodologies can be developed.  Because ion mobilities are highly dependent on the 

atmospheric conditions (e.g., temperature, flow rate, and atmosphere composition) in 

which the FAIMS electrodes are held,16,26,29 differing atmospheric conditions are 
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capable of inducing considerable differences in ion mobilities.16,17,19,30,31  The 

introduction of FAIMS modifiers (gases and/or solvent vapors that are introduced into 

the FAIMS atmosphere) has shown significant promise for the separation of ions, 

especially in clinical applications;19,29,31,32,33,34,35 however, an in depth understanding of 

specifically how FAIMS modifiers affect ion mobility is largely unknown.    

The purpose of the research presented in this chapter was to develop a 

fundamental understanding of the ultra-FAIMS instrumentation as well as to construct 

an apparatus that could be used to introduce various gases and solvent vapors into the 

FAIMS atmosphere.  The effects of temperature and auxiliary gas flow rates were 

investigated.  In addition, a number of combinations of gas and/or solvent vapor 

modifiers were explored to potentially identify any trends in ion mobilities or separation 

based on the composition of the modifier.  The information obtained from this study is 

important for the development of highly effective and efficient ultra-FAIMS-MS 

methodologies, and was applied to the development of methods for the separation of 

clinically relevant metabolites, as discussed in Chapter 4.  

Model Compounds 

The ultra-FAIMS technique was evaluated using a common set of isomeric 

molecules, phthalic acid (ortho-phthalic acid), isophthalic acid (meta-phthalic acid), and 

terephthalic acid (para-phthalic acid), shown in Figure 3-1.  These compounds have 

been separated using the conventional planar FAIMS cell design under multiple 

conditions.  D.A. Barnett et al.35 separated these molecules using a 5% CO2 and 95% 

N2 atmosphere, while L.C. Rorrer et al.19 were able to achieve separation in two 

separate experiments: 1) with the addition of 7,000 ppm water vapor to the N2 

atmosphere and 2) with 15,000 ppm methanol vapor added to the N2 atmosphere.  The 



 

70 
 

use of these isomers allowed us to directly compare the planar cell design to the micro-

machined FAIMS chip (ultra-FAIMS).  Furthermore, they were also an ideal choice as 

model compounds for illustrating potential mobility trends as they have already been 

shown to be separated by ion mobility methodologies.    

Experimental 

Reagents and Solutions 

Phthalic acid (ortho-phthalic acid), isophthalic acid (meta-phthalic acid), and 

terephthalic acid (para-phthalic acid) were purchased from Acros Organics.  No further 

purification was necessary, and fresh stock solutions were prepared prior to 

experiments.  Stock solutions were prepared in the following manner: each phthalic acid 

isomer was weighed in a separate volumetric flask, dissolved in 90/10 methanol/water, 

and diluted to a final concentration of 20 ppm.  Sample was introduced into the ESI 

source at a constant flow rate of 15 µL/min from the syringe pump.    

Instrument Parameters  

All ultra-FAIMS methods utilized direct injection of the standard into the ESI 

source.  All experiments were conducted on an Agilent 6460 triple quadrupole mass 

spectrometer (TQMS), equipped with an Agilent Jet Stream ESI source that was used in 

tandem with an Owlstone ultra-FAIMS chip.  The ultra-FAIMS chip, composed of 

multiple micro-channels with a gap width of 100 m and a thickness of 700 m, was 

powered by an Owlstone waveform generator, which generated fields within a range of 

0–350 Townsends (Td) over the dispersion field (DF) and -30–30 Td over the 

compensation field (CF).   

Standard spectra were acquired using scan mode in order to determine ion(s) of 

interest for evaluation by FAIMS.  The most abundant ion for the isomeric phthalic acids 
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was the [M-H]- ion at m/z 165.  All subsequent data were obtained in SIM mode for 

targeted analysis of the m/z 165 ion, reducing acquisition time.  All standard solutions 

were directly infused into the ESI source using a syringe pump with a flow rate of 15 

μL/min.   The mass spectrometer parameters were as follows: gas flow at 8 L/min, gas 

temperature at 150C, nebulizer pressure at 12 psi, sheath gas flow at 5 L/min, sheath 

gas temperature at 250C, capillary voltage at 2500 V, nozzle voltage at 2000 V, 

fragmentor voltage at 50 AU, and cell accelerator voltage at 1 AU.  

Results and Discussion 

Instrumentation Modifications 

No commercial apparatus for the introduction of auxiliary gases and/or solvent 

vapors into the FAIMS cell atmosphere is currently available for the Owlstone ultra-

FAIMS system, so one was constructed in-house.  The instrument modifications needed 

to accommodate a wide variety of gases and solvents in order to complete a 

comprehensive study regarding the effects of the FAIMS atmosphere composition on 

ion mobility.  A survey of the literature revealed that gases such as nitrogen 

(N2),26,33,35,11 carbon dioxide (CO2),26,33,35,11 oxygen (O2),26,33,11 sulfur hexafluoride 

(SF6),26,33 and  helium (He),29,33 and solvents such as isopropanol ((CH3)2CHOH),36 

acetonitrile (CH3CN),36 ethanol (CH3CH2OH),37 and acetone ((CH3)2CO),30,36 were 

promising candidates for use as FAIMS atmosphere modifiers to induce differential ion 

mobilities.  Therefore, the apparatus was designed keeping in mind compatibility with 

these particular gases and solvents.    

To deliver accurate flow rates of each gas (or gases), mass flow controllers from 

MKS Instruments (Andover, MA) were used.  The mass flow controllers were attached 
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to high purity gas cylinders or, for nitrogen, to a nitrogen gas line supplied by a liquid 

nitrogen dewar.  The flow controllers were calibrated for their respective gases and 

operated at flow rates between 0 and 4 L/min (the maximum flow rate obtainable for 

each flow controller was 4 L/min).  Copper and/or stainless steel tubing with Swagelok 

fittings were used for the gas lines, and the gas plumbing was designed to connect the 

gas lines from the mass flow controllers to a common gas manifold, where the gases 

could mix before entering the FAIMS cell.  This common mixing manifold is illustrated 

on the left in Figure 3-2.  

In order to regulate the addition of solvent vapor into the FAIMS atmosphere, one 

gas line from a mass flow controller was redirected into the top of a HPLC bottle.  The 

gas line was connected to a sparger attachment (below the surface of the solvent), 

which induced aeration (bubbling) of the solvent and produced a saturated solvent 

vapor headspace in the HPLC bottle.  A second gas line was plumbed out of the top of 

the HPLC bottle so that the solvent vapor in the head space could be directed into the 

mixing manifold.  The aeration of the solvent was maintained at a set flow rate (into and 

out of the HPLC bottle) using the mass flow controller, and calibration of solvent flow 

from the headspace into the FAIMS cell was performed for each set of solvents by 

measuring the flow rate of the gas and the decrease in mass of the solvent (using a 

mass balance - illustrated on the right in Figure 3-2) over a given time.  A schematic 

representation of the gas/solvent vapor delivery system is shown in Figure 3-3.  The exit 

line from the mixing manifold, carrying premixed gas and/or solvent vapors, was 

introduced into the heated drying gas port of the mass spectrometer.  The gas and/or 

solvent vapors were heated to 150C (temperature details discussed in the following 
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section).  This heated gas/solvent vapor was passed over the FAIMS cell, under the 

capillary spray shield, occupying the atmosphere of the ultra-FAIMS cell before entering 

the gas transfer capillary and  mass spectrometer. 

In order to maintain stable and reproducible conditions in the FAIMS atmosphere 

there were several other miscellaneous features of the delivery system that were 

considered.  First, all gas lines were made as short as possible in order to reduce the 

delay of gas delivery into the FAIMS system, which minimized any deviations in flow 

rate.  Second, smaller volumes of solvent (relative to the volume of the solvent bottle) 

were used to maximize the headspace within the HPLC bottle, which ensured ample 

solvent vapor was available to be pumped into the FAIMS atmosphere.  Finally, to 

ensure a fixed concentration of solvent was being introduced into the FAIMS cell over 

the duration of a FAIMS experiment, a mass balance was used to record the loss of 

solvent mass (inside the HPLC bottle) at a constant gas flow rate over a given period of 

time. The results of this experiment indicated a linear loss of solvent mass over time, 

suggesting that a constant concentration of solvent from the headspace of the HPLC 

bottle was being introduced into the FAIMS cell during the experiment.  In order to 

calculate the concentration of solvent vapor in the FAIMS atmosphere it was assumed 

that the headspace of the solvent bottle was completely saturated.  Using the vapor 

pressure of the solvent of choice the concentration of the solvent vapor at a given 

solvated gas flow rate and time was calculated and then divided by the total volume of 

gas entering the cell over the given period of time (dry nitrogen gas was added in the 

mixing manifold to achieve 8 total L/min of gas flow).  This calculation yielded the total 

concentration of solvent vapor in the FAIMS cell.  These modifications to the 



 

74 
 

gas/solvent delivery system optimized the quality of the data obtained during FAIMS 

analysis.   

Optimization of the CF/DF Scan Range 

The first step in optimizing a FAIMS method for the separation of the phthalic 

acid isomers required scanning of the full CF and DF ranges (-30 to 30 Td and 125 to 

300 Td, respectively) in order to ensure the complete FAIMS spectra, which included 

the most abundant 165 m/z ion, was captured during the experiment.  After conducting 

a full CF/DF scan an optimized CF/DF range was selected with a reduced scan window 

to increase acquisition speed.  The optimized CF scan range was set to -2 to -4 Td, with 

scanning of the range occurring over 302 individual steps.  The optimized DF scan 

range was set to 125 to 275 Td, with scanning occurring in 66 increments.  Because the 

number of CF/DF increments had little effect on the resolving power, this method was 

further refined by decreasing the number of CF steps to 90 and the number of DF steps 

to 16, which reduced the total acquisition time to approximately 40-60 seconds.  Scans 

of m-phthalic acid were obtained using the full 20,000 steps (A) and the shortened 

1,440 steps (B) and are displayed in Figure 3-5.  This figure demonstrates a significant 

reduction in scan time with minimal loss in resolution. 

Optimization of Gas Flow Rate and Temperature   

In order to investigate the effects of the FAIMS atmosphere composition on the 

mobility and separation of ions it was important to first optimize gas flow rate and 

temperature so that a set of “base” parameters (which would remain constant during the 

study) could be established.  Possible flow rates for the mass spectrometer ranged from 

5 – 12 L/min.  Under dry N2 conditions and without the FAIMS cell attached to the mass 

spectrometer flow rates in the range of 5 – 6 L/min yielded ion intensities in the range of 



 

75 
 

approximately 100,000 counts - more than sufficient for MS analysis.  However, after 

installing the FAIMS cell (but without turning the voltages on), the ion intensity dropped 

more than two orders of magnitude (to around 6,000 counts) at flow rates in the 5 – 6 

L/min range.  This was due to the decreased efficiency in ion transfer with the addition 

of the FAIMS chip.  This could be observed by buildup of sample on the front face of the 

FAIMS chip under the spray shield.  This suggests that the stacked parallel plates may 

cause gas turbulence, resulting in more sample collisions with the FAIMS cell reducing 

ion transfer into the mass spectrometer.  (It is likely that the significant decrease in ion 

transmission is due to a flaw in the instrumental design.   If a curved or rounded-faced 

FAIMS chip, instead of a flat-faced FAIMS chip, was used it would likely reduce gas flow 

disturbances before entering the parallel plates of the FAIMS cell.)  Increasing the N2 

flow rate to 8 L/min (with the FAIMS cell in place) increased the ion intensity counts to 

around 10,000; flow rates greater than 8 L/min did not produce further increases in ion 

intensity, so 8 L/min was chosen as the optimum flow rate for FAIMS-MS analysis.    

In addition to flow rate, the temperature of the FAIMS cell was also optimized.  

The possible operating temperatures ranged from 50 – 150 °C. Before the FAIMS chip 

was installed it was observed that at lower temperatures the ion intensity was slightly 

lower due to a reduction in desolvation of the ESI droplets.  Once the FAIMS chip was 

installed this effect was observed to have an even greater impact on the loss in ion 

intensity.  An increased buildup of sample on the face of the FAIMS chip was also 

observed.  Therefore, to achieve the highest possible signal the temperature for all 

FAIMS experiments were conducted at 150 C.   
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While it was determined that higher temperatures increase ion intensity, it is also 

important to note that temperature is a critical component of the FAIMS atmosphere and 

could potentially have a strong influence on mobility behavior.  The temperature 

parameter was reevaluated after separation of the phthalic acids isomers was achieved 

by solvent vapor addition (discussed in further detail later in the chapter).  An example 

of the potential importance of utilizing temperature as a modifying parameter is 

illustrated  in Figure 3-6, where a change in temperature at an already recognized 

mobility separation setting for methanol vapor (with regards to the phthalic acid isomers) 

demonstrates a completely different ion mobility behavior at a lower temperature (50 C.  

However, the ion intensity loss from the decrease in temperature reduces signal an 

additional order of magnitude, which introduces problems with signal stability, thereby 

hindering the usefulness of this parameter.  Additional modifications to the 

instrumentation are necessary to further the utility of the temperature parameter in order 

to explore ion mobility behavior at low temperatures.   

Using the baseline parameters established above (dry N2 atmosphere, 8 L/min 

gas flow rate, and FAIMS cell temperature of 150 °C), the model compounds ortho, 

meta, and para-phthalic acids were analyzed by FAIMS-MS.  Analysis by mass 

spectrometry was performed using SIM mode, monitoring the m/z value of 165. The 

data from these experiments were extracted and plotted in a three dimensional DF and 

CF vs intensity plot for each individual isomer.  These individual plots were overlaid into 

a comprehensive CF vs DF plot, shown in Figure 3-7A, which illustrates minimal 

separation between the ortho, meta, and para phthalic acid isomers.  It should be noted 

that two ion traces for each isomer are observed. The traces on the left are the result of 
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the monomer species of the phthalic acid isomers and the traces on the right belong to 

fragmented dimer and trimer species (these species were confirmed by mass 

spectrometry).  Data obtained for the dimer and trimer phthalic acid species were not 

used in this work; additional studies regarding the formation and mobility of these 

species are necessary in order to exploit them for separation purposes. Although the 

isomers could not be separated under dry N2 conditions (and the parameters specified 

above), which was thought to be due to a lack of selective ion-molecule interactions 

between the inert N2 gas molecules and the phthalic acid isomer ions, the method was 

able to demonstrate the successful and rapid acquisition of FAIMS-MS data using the 

CF/DF scan function.  In addition, the data provided an excellent reference point for 

future experimentation, where data obtained utilizing the gas/solvent vapor modifier 

system could be compared to the data obtained under “standard” operating conditions. 

Modifier Addition: Carbon Dioxide 

Using the baseline parameters established above a number of gas/solvent vapor 

modifiers were explored with the hopes of improving the separation between ortho, 

meta, and para phthalic acids.  Initial experiments investigated the use of carbon 

dioxide as an auxiliary gas modifier.  Carbon dioxide was expected to add a greater 

degree of chemical interaction between the isomeric ions and the CO2 molecules in the 

FAIMS atmosphere because of the increased polarizability of CO2 (in comparison to N2) 

under applied electric field, which would, therefore, more likely induce mobility 

separation.  The isomeric phthalic acid standards were analyzed by FAIMS-MS using 

various ratios of carbon dioxide/nitrogen, with carbon dioxide percentages in the FAIMS 

atmosphere ranging from 0 to 65 percent (greater percentages of CO2 were not 

explored because a minimum N2 gas flow was required by the mass spectrometer in 
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order to operate, and this was maintained to avoid re-plumbing the gas lines for the 

mass spectrometer).  The percentage of carbon dioxide gas was adjusted using the 

mass flow controllers on the gas/solvent vapor delivery system, and each set of FAIMS 

atmospheric conditions were allowed to normalize for one minute in order to avoid 

collecting data based on an unstable atmospheric environment.  As described above, 

the mass spectrometer was operated in SIM mode monitoring the m/z 165 [M-H]- ion.  

The data collected for each individual isomer were plotted in a 3D CF and DV vs 

intensity plot and then overlaid to generate the CF vs DF plots displayed in Figure 3.7.  

In contrast to the lack of differential ion mobility for each phthalic acid isomer under 

standard conditions (dry N2 only), shown in Figure 3.7A, the subsequent plots (Figure 

3.7B-D) illustrate a significant effect on ion mobility with the addition of CO2 gas to the 

FAIMS atmosphere.  As shown in plots B-D, a stronger shift to greater CF values as the 

DF field increases is observed in the ion intensity traces as the percentage of CO2 in the 

FAIMS atmosphere increases.  Furthermore, the addition of 25% CO2 to the FAIMS 

atmosphere led to differential ion mobilities that resulted in partial separation of the 

phthalic acid isomers, as shown in Figure 3-8.  This plot illustrates the conditions at 

which the best separation could be achieved for all CO2 percentages and CF/DF values.  

The addition of carbon dioxide to the FAIMS cell atmosphere successfully altered 

the ion mobility behavior of the three isomeric ions; however, baseline separation using 

CO2 alone could not be achieved.  The major contributing factor to the lack of 

separation is thought to be due to the relatively short length of the FAIMS cell.  The 

short length of the cell reduces the ions’ exposure to the FAIMS waveform, which 

reduces the number of oscillations experienced by the ions.  This limits the overall 
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differential mobility between different ions, resulting in minimal differences in CF values 

and insufficient separation.  Since the length of the FAIMS cell could not be altered, 

various solvent vapor modifiers were applied to the FAIMS cell atmosphere in order to 

potentially induce more extreme differences in ion mobilities, thereby improving 

separation.   

Modifier Addition: Methanol 

According to the literature the addition of solvent vapor to the FAIMS atmosphere 

should result in larger shifts in CF values19 (in comparison to auxiliary gas alone) for 

each isomeric compound, producing the most significant separation between the 

isomers.  Under a 100% N2 gas atmosphere, a number of solvent vapors (in various 

combinations) were investigated by adding 100 mL of the solvent in a 1 L HPLC bottle 

and using the mass flow controllers and manifold gas lines to introduce the solvent into 

the FAIMS atmosphere.  Each isomeric standard was analyzed by FAIMS-MS using 

various concentrations of solvent vapors ranging from 0 to 80,000 ppm in the N2 

atmosphere. The various solvent vapor concentrations were achieved by changing the 

flow rate of N2 gas bubbled through the solvent as well as the flow rate of dry N2 

pumped into the FAIMS cell atmosphere.  The FAIMS atmospheric conditions were 

allowed to normalize for one minute before data acquisition, and data was acquired in 

SIM mode monitoring the m/z 165 [M-H]- ion. 

Of the various solvents investigated the most significant changes in ion mobilities 

were observed using methanol.  CF vs DF plots of increasing methanol concentrations 

(Figure 3-9A-D) display drastically different mobility behaviors than what was observed 

under CO2/N2 atmospheric conditions.  With increasing methanol, the ion intensity 

traces shift to more negative CF values as the DF field increases.  Even more 
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interestingly, the o-phthalic acid ion intensity trace has the most negative CF value of 

the isomers at low DF values, but as the DF field increases the mobility of the o-phthalic 

acid ion shifts to more positive CF values in comparison to m- and p-phthalic acids.  

Although these results support the idea of chemical selectivity based on ion/atmosphere 

interactions, the specific cause of the observed mobility shifts is not well understood.  

Figure 3-10 illustrates the conditions (31,000 ppm methanol) where near baseline 

separation was achieved for the phthalic acid isomers.  It should be noted that 

separation was also achieved at all concentrations of methanol above 31,000 ppm (as 

shown in plots c and d in Figure 3-9 – the separation was observed at more negative 

CF values in plot d); however, as the concentration of methanol increased the intensity 

of the ion traces decreased, to the point that the traces nearly disappeared at the point 

of separation.  The conditions of 31,000 ppm methanol and 100% dry N2 atmosphere 

resulted in the most ideal combination of separation and ion intensity.  Complete 

baseline separation of these isomers under similar conditions was expressed in 

literature, but using a conventional FAIMS cell (larger gaps between the parallel plates 

and greater cell length).  Again, as described above, it is speculated that the slightly 

lesser degree of separation using the ultra-FAIMS cell is due to the shorter length of the 

cell in comparison to the conventional cell.  Another possible contributing factor may be 

the accelerated gas flow of the ultra-FAIMS-MS system compared to conventional 

FAIMS-MS systems.  This accelerated gas flow of 8 L/min (in comparison to ~2 L/min) 

reduces the time the ion is exposed to the FAIMS waveform, resulting in smaller 

differences in ion mobility.  
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Modifier Addition: Other Modifiers 

In addition to methanol, other gas/solvent modifier combinations were 

investigated including the use of acetone, acetonitrile, ethanol, isopropanol, and water 

in a dry N2 atmosphere, as well as combinations of modifiers such as carbon 

dioxide/methanol and carbon dioxide/water (discussed in chapter 4).  These modifiers 

and combinations of modifiers resulted in significantly different ion mobilites from one 

modifier to the next, as well as varying degrees of separation between the isomers (but 

none that achieved baseline separation).  These studies demonstrate the utility of the 

gas/solvent vapor delivery system and the substantial and meaningful effects the 

FAIMS atmosphere composition has on ion behavior.  However, obtaining a full 

understanding of ion behaviors under various conditions remains an extremely complex 

task.     

Summary 

The work presented in this chapter explored the utility of the new Owlstone ultra-

FAIMS-MS instrumentation.  Baseline parameters of gas flow rate and temperature 

were established before investigating the effects of various gas and solvent vapor 

modifiers on ion mobility behavior.  The isomeric compounds  ortho-, meta-, and para-

phthalic acid, which have been previously studied using a conventional FAIMS cell, 

were used as model compounds to demonstrate the effects of various FAIMS conditions 

on isomeric separation.  Using the home-built gas/solvent vapor delivery system it was 

shown that partial separation of the isomers could be achieved with a FAIMS 

atmosphere composition of 25% CO2 (75% N2), and near baseline separation was 

observed with 31,000 ppm methanol (in N2).   
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In addition to the instrument modifications described above, it was also shown 

that the smaller ultra-FAIMS-MS system (in comparison to conventional FAIMS cells) 

could scan a complete CF/DF spectrum in under one minute without a substantial loss 

of resolution. This scanning mode is tremendously useful for complete CF/DF screening 

under various modifier conditions, which should ultimately aid in the understanding of 

FAIMS ion behaviors. Although the small ultra-FAIMS chip does offer rapid screening in 

comparison to conventional cells, its size is also one of its limitations, as it reduces the 

retention of the analyte in the FAIMS cell.  This reduces the amplification of the 

differential mobilities between two different ions, minimizing separation by the ultra-

FAIMS-MS instrumentation.  In order to overcome this limitation of the ultra-FAIMS cell 

it is necessary to find gas/solvent vapor modifier combinations that considerably 

enhance differential ion mobilities.  

Although it is clear from the studies described above that various FAIMS 

atmosphere conditions impacted ion behavior in different ways, it was difficult to extract 

any information regarding mobility trends from the data, making it challenging to predict 

experimental outcomes based on various FAIMS modifier additions.  Indeed, the studies 

above show the usefulness of FAIMS-MS as a powerful tool for separations, but, at the 

present, method development for this technique remains a challenging, trial-and-error 

process.  
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Figure 3-1. Phthalic acid isomeric molecules: phthalic acid (ortho-phthalic acid), 

isophthalic acid (meta-phthalic acid), and terephthalic acid (para-phthalic 
acid). 

 
 
 
 

 
Figure 3-2. Gas/solvent vapor delivery system for the addition of gas/solvent vapor 

modifiers to the FAIMS cell. A) Multi-port gas manifold. Photo courtesy of 
author. B) HPLC solvent degassing bottle.  Solvent evaporates into the 
headspace of the bottle and the balance is used to record the loss in solvent 
mass. Photo courtesy of author. 
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Figure 3-3. Schematic of the solvent vapor delivery system. MKS digital mass flow 

controllers regulate the flow of dry nitrogen and dry carbon dioxide to the cell, 
as well as provide nitrogen and carbon dioxide for bubbling through the 
solvent in the HPLC solvent degassing bottle. 

 

 
Figure 3-4. Schematic of the solvent vapor delivery system incorporated into the heated 

drying gas for the mass spectrometer. The heated drying gas is used to 
provide the FAIMS  “atmosphere”. The yellow cylinder represents where the 
ultra-FAIMS chip would be positioned on the capillary of the mass 
spectrometer. 
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Figure 3-5. CF/DF plots. A) Comprehensive CF/DF scan of the m-phthalic acid [M-H]- ion taken in SIM mode with 20,000 

steps in 11 minutes. B) Rapid CF/DF scan of the same ion taken in SIM mode with 1440 steps in 48 seconds. 
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Figure 3-6. FAIMS CF vs DF intensity plots for ortho, meta, and para-phthalic acid [M-H]- ions at 165 m/z at a 31,000 ppm 

concentration of methanol in a 100% dry N2 atmosphere.  Ortho-phthalic acid is the red intensity trace, meta-
phthalic acid is the blue intensity trace and para-phthalic acid is the green intensity trace. The plot to the left 

shows the ion intensity traces at 150C and the plot to the right shows the ion behavior at 50C. 
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Figure 3-7. FAIMS CF vs DF intensity plots for ortho, meta, and para-phthalic acid [M-H]- ions at 165 m/z under dry CO2 

conditions.  Ortho-phthalic acid is the red intensity trace, meta-phthalic acid is the blue intensity trace, and para-
phthalic acid is the green intensity trace.  The monomer intensity traces are on the left in each plot and the 
dimer traces hover over 0 to 1 Td in the CF range on the right. Each sequential plot going from left to right is an 
increasing concentration of CO2 in the FAIMS atmosphere, going from 0 to 50 percent.  
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Figure 3-8. FAIMS CF vs DF intensity plots for ortho, meta, and para-phthalic acid [M-H]- ions at 165 m/z under 25% dry 

CO2 conditions (left plot).  Ortho-phthalic acid is the red intensity trace, meta-phthalic acid is the blue intensity 
trace and para-phthalic acid is the green intensity trace.  The monomer intensity traces are on the left in each 
plot and the dimer traces hover over 0 to 1 Td in the CF range on the right.  The plot to the right is the 2D CF vs 
intensity plot at 255 Td DF field, which shows partial separation of the isomeric ions. 
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Figure 3-9. FAIMS CF vs DF intensity plots for ortho, meta, and para-phthalic acid [M-H]- ions at 165 m/z with various 

concentrations of methanol vapor in a 100% dry N2 atmosphere.  Ortho-phthalic acid is the red intensity trace, 
meta-phthalic acid is the blue intensity trace and para-phthalic acid is the green intensity trace.  The monomer 
intensity traces are on the left in each plot and the dimer traces hover over 0 to 1 Td in the CF range on the 
right. Each sequential plot going from left to right is an increasing concentration of methanol vapor in the FAIMS 
atmosphere, going from 0 to 60,000 ppm. 
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Figure 3-10. FAIMS CF vs DF intensity plots for ortho, meta, and para-phthalic acid [M-H]- ions at 165 m/z at a 31,000 

ppm concentration of methanol in a 100% dry N2 atmosphere (left plot).  Ortho-phthalic acid is the red intensity 
trace, meta-phthalic acid is the blue intensity trace and para-phthalic acid is the green intensity trace. The plot 
to the right is the 2D CF vs intensity plot at 255 Td DF field, which shows near baseline separation of the 
isomeric ions.
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CHAPTER 4 
ION MOBILITY METHODOLOGIES FOR TARGETED METABOLOMICS 

Introduction  

The results shown in previous chapters demonstrate the utility of drift-tube ion 

mobility mass spectrometry (DTIMS) and high-field asymmetric waveform ion mobility 

mass spectrometry (FAIMS), both of which can be used as stand-alone separation 

techniques, or in tandem with conventional separation approaches for overall 

improvement of existing analytical methodologies for separation. The work presented in 

this chapter is a culmination of the fundamentals and principles established in the earlier 

chapters of DTIMS and FAIMS applied to the development of ion mobility 

methodologies for the separation and analysis of compounds of clinical relevance. 

Current methods for clinical analysis are burdened by extensive sample preparation, 

time demanding LC-MS-MS methods, and isomeric or isobaric interferences.  Although 

many of these methods are dependable and robust, the growing demand for analysis of 

clinical samples requires an increase in sample throughput.  A simple “scaling-up” of 

these existing methodologies to accommodate this growing demand is not an 

economical or practical solution.  However, improvements to the existing analytical 

methods may provide the necessary solution.  The employment of ion mobility 

instrumentation for rapid acquisition of mobility data, with an additional separation 

dimension, may not only provide the necessary increase in sample throughput, but also 

offer additional ion mobility information not currently acquired through conventional 

methodologies.  

The following studies demonstrate the use of ion mobility techniques that, in 

comparison to current analytical methodologies for targeted metabolomics, significantly 
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reduce sample preparation and/or analysis time.  In addition, this work also establishes 

the applicability of DTIMS and FAIMS, facilitating the development of future ion mobility 

methodologies for clinically, as well as industrially, relevant separations.    

Metabolites of Interest 

This investigation focused on two pairs of common isomeric metabolites: (1) 

methylmalonic acid (MMA) and succinic acid (SA), relevant to the detection of a vitamin 

B12 deficiency, and (2) fructose and glucose, compounds related to the onset of obesity.  

These molecules were selected for study based on clinical demand, complexity of 

current conventional methods of separation, and clinical importance.  Improving 

detection/separation methodologies for common isomeric compounds will greatly 

expand the field and study of metabolomics.  It is anticipated that ion mobility will fill a 

void among current analytical techniques, not only in terms of reducing sample 

preparation and improving throughput, but by expanding upon the information obtained 

from experimental data, which will aid in the understanding of certain metabolic 

pathways.  

Methylmalonic acid and succinic acid 

The first set of isomers, methylmalonic acid (MMA) and succinic acid (SA) shown 

in Figure 4-1, are part of the metabolic pathway for cobalamin (vitamin B12), wherein 

MMA is converted into SA through a reaction that requires vitamin B12.38  In the absence 

of vitamin B12, the MMA concentration will become elevated indicating a vitamin B12 

deficiency and methymalonic acidemia.38,39,40  Both conditions may result in mild to 

severe symptoms of neuropathy, memory impairment, depression, and dementia, all of 

which may become permanent if the conditions are not diagnosed and treated.38  

Conventional methods for MMA detection involve extensive LC-MS-MS or GC-MS-MS 
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assays to differentiate between SA and MMA.  These methods may be carried out in 

one of two ways: 1) verifying MS-MS fragmentation pathways of an MMA-d3 standard 

and comparing to the fragmentation pathways of an unknown sample, this method 

suffers from contaminating fragmentation peaks from SA, or 2) the t-butyldimethylsilyl 

derivatives of both MMA and SA can be separated on an LC-MS method in 

approximately 10 minutes.38, 39  Both methods involve extensive sample preparation 

and/or analysis time, resulting in low throughput and costly methodologies.38 

Fructose and glucose 

The second set of clinical isomers studied in this work is glucose and fructose, 

shown in Figure 4-2. These isomers also currently require extensive LC-MS or GC-MS 

separation methodologies that are costly and time consuming (over 5 min LC 

methods).41  Due to the growing concern that fructose may be a contributing factor in 

the onset of obesity, lipogenesis, insulin resistance and metabolic dyslipidemia,42,43,44 it 

has become increasingly necessary to look for an alternative analytical method for the 

separation of these compounds.  Although fructose is a natural source of sugar found in 

many fruits and vegetables, additional intake of high-fructose corn syrup and sucrose 

(glucose/fructose) disaccharide, added to processed foods and beverages, may have 

harmful effects on many metabolic pathways.42,43,44  Although fructose rapidly 

metabolizes in the liver, it does not stimulate insulin (an energy regulator), as would 

glucose, thus inhibiting the body’s ability to control energy storage/consumption.42  The 

detection of fructose in the absence of glucose interference in blood sugar would be 

important for the regulation and diagnoses of fructose-induced conditions. 
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Experimental 

Reagents and Solutions 

Methylmalonic acid and succinic acid were purchased from Acros Organics and 

Fisher Scientific, respectively. No further purification was necessary, and fresh stock 

solutions were prepared prior to experiments.  Stock solutions were prepared in the 

following manner: MMA and SA were weighed and dissolved in 100% methanol and 

diluted to a final concentration of 1 ppm.   

D-fructose, D-glucose, and L-fructose were purchased from Fisher Scientific. No 

further purification was necessary, and fresh stock solutions were prepared prior to 

experiments.  Stock solutions were prepared in the following manner: D-fructose, D-

glucose, and L-fructose were weighed and dissolved in 60:40 methanol:water and 

diluted to a final concentration of 10 ppm.  Mixtures of these standards were also 

prepared: (1) D-fructose and D-glucose, 2) D-fructose and L-fructose, and 3) D-glucose 

and L-fructose from the individual standard solutions at concentrations of 10 ppm. For 

FAIMS experimentation, stock solution of D-fructose and D-glucose standards were 

weighed out and dissolved in 60:40 methanol:water, and diluted to a final concentration 

of 10 ppm solutions with 1mM of ammonium nitrate. 

Instrument Parameters – Drift-Tube Ion Mobility Mass Spectrometry (DTIMS-MS) 

An Agilent 6560 IMS-QTOF instrument was use for all data acquisition, and all 

data were processed using Agilent IM-MS Browser B.06.00. All IMS-QTOF methods 

utilized direct injection of the analyte standards in to the ESI source.  IMS studies were 

conducted using nitrogen as the drift tube gas with the drift tube pressure held at 

approximately 4 torr.  Drift tube temperature was maintained at approximately 32 ⁰C. 

Both pressure and temperature of the drift tube were recorded for each experiment and 
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used in the calculations for analyte collision cross section (CCS).  The CCS 

measurements were calibrated daily by evaluating the varying drift time measurements 

of known calibration ions over a series of different drift tube voltages, which resulted in a 

calibration factor.  The measured CCS values are adjusted using this calibration factor, 

which takes into account the day-to-day temperature and pressure changes in the drift 

tube. For a direct drift time comparison of two ions, one experimental run is conducted 

at a single drift tube field setting, normally 18.6 V/cm (or 1450 V as a drift tube voltage) 

to reduce the likelihood of peak shifting due to instrumentation condition (temperature 

and pressure) instability. All drift time data presented in this chapter are of same day 

experiments, and at a drift tube field of 18.6 V/cm, to reduce any drift variance due to 

day-to-day changes in temperature and pressure.  

All standard solutions were directly infused into the ESI source using a syringe 

pump at a flow rate of 10 μL/min.   The mass spectrometer and ionization source 

parameters were as follows: gas flow at 5 L/min, gas temperature at 325C, nebulizer 

pressure at 20 psi, sheath gas flow at 8 L/min, sheath gas temperature at 275C, 

capillary voltage at 4000 V, nozzle voltage at 1000 V, and fragmentor voltage at 400 V.  

Instrument Parameters – High-Field Asymmetric Waveform Ion Mobility Mass 
Spectrometry (FAIMS-MS) 

All ultra-FAIMS-MS methods utilized direct injection of the compound standard in 

to the ESI source. All experiments were conducted using an Agilent 6460 triple 

quadrupole mass spectrometer (TQMS), equipped with an Agilent Jet Stream ESI 

source, that was used in tandem with an Owlstone ultra-FAIMS chip.  Standard spectra 

were acquired using scan mode in order to determine ions of interest for evaluation by 

FAIMS.  Once the ions of interest were determined all data were obtained in SIM mode 
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for targeted analysis, reducing acquisition time.  The full CF and DF ranges (-30 to 30 

Td and 125 to 300 Td, respectively) were evaluated for each FAIMS gas/solvent vapor 

additive to ensure the complete FAIMS spectra was captured during the experiment.  

All standard solutions were directly infused into the ESI source using a syringe 

pump at a flow rate of 15 μL/min.   The mass spectrometer parameters were as follows: 

gas flow at 5 L/min, gas temperature at 150C, nebulizer pressure at 12 psi, sheath gas 

flow at 5 L/min, sheath gas temperature at 250C, capillary voltage at 2500 V, nozzle 

voltage at 2000 V, fragmentor voltage at 50 AU, and cell accelerator voltage at 1 AU. 

Results and Discussion 

The isomeric pairs methylmalonic acid (MMA) / succinic acid (SA) and fructose / 

glucose were analyzed by both DTIMS-MS and FAIMS-MS.  The fundamental ideas 

and principles established in the previous chapters were taken into consideration when 

developing separation methods for the isomeric compounds.  The current methods, 

described below, demonstrate FAIMS-MS separation of MMA and SA, while separation 

of glucose and fructose is possible utilizing DTIMS-MS methods.  At the present, 

separation of MMA and SA by DTIMS-MS has not been achieved, nor the separation of 

glucose and fructose by FAIMS-MS.  Although further research into the fundamentals of 

each technique may result in respective methods of separation for each set of isomers, 

the current work illustrates the uniqueness and applicability of each analytical 

technique.    

Experiments Using Drift-Tube Ion Mobility Mass Spectrometry (DTIMS-MS) 

Important IMS-QTOF parameters considered in these experiments are displayed 

in Table 4-1. These values were established based on data collected from experiments 
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described in chapter 2, where it was determined that changing various voltage settings 

can improve intensity of the monomer ions as well as the dimer ions, with little dimer ion 

fragmentation.  Currently, our work is concerned with the separation of monomeric ions 

only; dimer separation, although promising, is still in an exploratory phase.  Additionally, 

because small molecules have typically been difficult to tune for on the IMS-QTOF, 

extensive method optimization was necessary to tune the drift tube for ion transmission. 

It was determined that higher fragmentor voltages yield greater ion intensity for lower 

m/z values.  In addition to tuning of the fragmentor voltage, fine tuning of the RF 

voltages in the ion funnels and ion trap gates played an important role in signal 

intensity, and more specifically, selected ion transmission and drift spectrum resolution.  

Low RF voltages (~60 V) were found to increase intensity for the low mass monomeric 

ion at the monomeric drift time, which suggests increased pre drift tube fragmentation of 

the dimer and a more stable monomeric ion transition, or simply increased transmission 

for the monomeric ion at the low RF voltage.  Fine tuning of the ion trap grid voltages 

(shown in Table 4-1) resulted in improved monomeric ion intensity, as well as improved 

drift peak resolution. This was thought to be the result of a smoother ion pulse into the 

drift tube, where ions are ejected from the trap in a more compact ion packet, resulting 

in less diffusion and improving the drift spectra.  

CCS measurements were obtained by collecting drift time spectra for each ion of 

interest over a range of eight drift tube drift fields (18.6, 17.3, 16.0 14.7, 13.5, 12.2, 

10.9, and 9.6 V/cm, synonymous with drift voltages 1450, 1350, 1250, 1150, 1050, 950, 

850, and 750 V).  Each spectrum was collected for 30 seconds, resulting in an overall 

experiment of 4 minutes.  Drift time results collected over this field range yielded a large 
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data set, and precise CCS measurements for the ions of interest were obtained. 

However, to reduce data acquisition time, the same experiment can be conducted with 

as little as three different drift fields, with collection times as short as 10 seconds for 

each spectra, with little reduction in CCS precision. This shortened acquisition time is 

comparable to a typical LC peak width, which would allow drift tube ion mobility data to 

be collected in tandem with chromatographic separation data.   

Methylmalonic acid and succinic acid 

The MMA and SA standards, along with a solution of a mixture of these analytes, 

were analyzed in negative mode of the mass spectrometer.  The most prominent ion 

observed in the mass spectrum was the [M-H]- ion at m/z 117.  The ionization source, 

drift tube, and mass spectrometer parameters were then optimized for signal intensity 

for the [M-H]- ion at the monomeric ion drift time..  

After optimization for the [M-H]- ion at m/z 117, all standards (individual analyte 

and mixed analyte solutions) were analyzed by drift tube ion mobility to calculate the 

CCS value for each isomer.  The drift time spectrum for each ion was also extracted at 

the 18.6 V/cm drift field and plotted in Figure 4-3.  The [M-H]- ions for both isomers have 

similar drift times with peaks appearing at 13.64 ms for MMA and 13.88 ms for SA.  If 

we compare the CCS values for both the MMA and SA ions (116.5 Å2 and 118.1 Å2, 

respectively), it is clear there is no significant difference in the collision cross sections, 

which results in no separation of the ions as shown by the gray trace in Figure 4-3. This 

is believed to be due to the lack of rigidity in the small molecules, causing free rotation 

of the compounds as they travel through the drift tube, which results in similar drift times 

of the isomeric compounds.  (In Chapter 2 it was shown that the cis/trans isomers 

fumaric and maleic acid could be baseline resolved, demonstrating that molecular 
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rigidity may play an important role in separation by drift-tube ion mobility.)  Although 

separation could not be achieved for the monomeric [M-H]- ions, it is possible that other 

ion adducts of these isomers may have potential for separation by inducing different 

rigid ion structures. However, it will first be necessary to gain a better understanding of 

the behavior of these ion adducts before the development of future separation methods.     

Fructose and glucose 

The D-fructose, L-fructose, and D-glucose standards, along with solutions of 

mixtures of these sugars, were analyzed in positive mode of the mass spectrometer. 

The most prominent ion observed in the mass spectrum was the [M+Na]+ ion at 203 

m/z, with a small secondary [2M+Na]+ peak at 383 m/z. It should be noted that sodium 

was not added to these, but was expected to have come from the glassware in which 

the standards were stored. The ionization source, drift tube, and mass spectrometer 

parameters were then optimized for signal intensity for the most prominent [M+Na]+ ion 

at the monomeric ion drift time.   

After optimization for the [M+Na]+ ion at m/z 203, all standards (individual analyte 

and mixed analyte solutions) were analyzed by drift tube ion mobility to calculate the 

CCS value for each isomer.  The drift time spectrum for each ion (individual analyte 

standards and mixtures) was also extracted at the 18.6 V/cm drift field and plotted in 

Figure 4-4.  Near baseline separation was achieved for D-fructose and D-glucose ( Rs = 

0.88) and L-fructose and D-glucose (Rs = 0.86). The [M+Na]+ ions for all isomers, D-

fructose, L-fructose, and D-glucose (individual analyte standards), had different drift 

times with peaks appearing at 17.35 ms, 17.47 ms, and 17.94 ms, respectively. 

However, there was no significant difference in the CCS values (which take in to 

account minor fluctuations in instrument conditions) for D and L-fructose, indicating 
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these compounds could not be separated, which was expected.  The CCS values for 

D/L-fructose and D-glucose were 141.7 Å2 and 147.0 Å2, respectively.  Peaks in the 22 - 

25 ms range are fragment ions of the [2M+Na]+ ion ([2M+Na]+  [M+Na]+).  

Fragmentation occurs after the dimer ion has drifted through the drift tube, resulting in 

the longer observed drift times. As shown in Figure 4-5 the homo-dimer peaks for 

fructose and glucose (from the individual analyte solutions of each) are baseline 

separated (Rs = 1.52); however, in the fructose and glucose mixture a drift peak 

appears between the two homo-dimer peaks, which indicates the presence of a  hetero-

dimer at the intermediate drift time.   

All CCS values for the individual analyte standards and mixed standards were 

calculated from the 203 m/z drift peaks and listed in Table 4-2.  The results indicate that 

the isomeric sugars D-glucose and D/L-fructose can be separated by drift-tube ion 

mobility methods.  In addition, based on the results obtained in these experiments 

significant potential also exists for the separation of isomeric dimers and hybrid dimers, 

although additional research is needed in this area in order to refine this approach.  

Experiments Using High-Field Asymmetric Waveform Ion Mobility Mass 
Spectrometry (FAIMS-MS) 

All FAIMS experiments were conducted on an Agilent 6460 triple quadruple mass 

spectrometer (TQMS).  Standards were initially analyzed in scan mode of the mass 

spectrometer in order to select specific ions to be investigated by FAIMS.  Once an ion 

was selected, FAIMS-MS data were collected in SIM mode so that FAIMS CF/DF scans 

could be completed in less than one minute. The instrumental design of the FAIMS 

system included a gas/solvent vapor modification apparatus (discussed in the previous 
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chapter), allowing for exploration of various FAIMS cell environments that could 

promote separation of the isomers.  

Methylmalonic acid and succinic acid 

The MMA and SA standards, along with a solution of a mixture of these analytes, 

were analyzed in negative mode of the mass spectrometer.  The most prominent ion 

observed in the mass spectrum was the [M-H]- ion at m/z 117.  The ionization source 

and mass spectrometer parameters were then optimized for signal intensity of the [M-

H]- ion.  An ultra-FAIMS dispersion field (DF) and compensation field (CF) method was 

used to obtain CF/DF vs. intensity plots, which illustrate separation trends.  The FAIMS 

method was developed by optimizing a CF/DF scan range where the ions of interest are 

expected to be transmitted.  (The full range of the CF/DF fields are -30-30 Townsend 

(Td) and 125-275 Td, respectively.)  After conducting a full CF/DF scan, an optimized 

CF/DF range is selected with a reduced scan window to increase acquisition speed. 

The optimized CF scan range was set to -5 to 1 Td, with scanning of the range 

occurring over 90 individual steps.  The optimized DF scan range was set to 125 to 275 

Td, with scanning occurring in 16 steps.  These parameters allowed for a 60 second 

scan time while still covering the entire mobility range of the two isomers. 

Both MMA and SA were analyzed under standard conditions (pure N2 

atmosphere, 8 L/min gas flow rate, and 150 °C FAIMS cell temperature); however, no 

separation between the two isomers was observed, which was similar to the observed 

ion behavior described in chapter 3 for the phthalic acid isomers.  Preceding 

experiments utilized the custom FAIMS gas/solvent vapor modifier apparatus (described 

in chapter 3) in order to modify the environmental conditions inside the FAIMS cell.  

Modifier experiments combined gas and/or solvent vapor in a common bottle head 
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space, which was then pumped into the FAIMS cell in order to modify the FAIMS 

atmosphere.  Flow of the gas and/or solvent vapor into the FAIMS cell is controlled by 

an additive gas mass flow controller, where any flow from 0 to 4 L/min of head space 

gas/solvent can be mixed in with dry nitrogen to achieve the operational flow parameter 

of 8 total L/min.  During method development, head space flow was increased in a slow, 

step-wise manner, where the increased flow rate was allowed to equilibrate before data 

acquisition. 

The first gas modifier introduced into the FAIMS cell was dry CO2.  Based on the 

behaviors of the phthalic acid isomers, it was anticipated that CO2, may induce shifts in 

the mobilities of MMA and SA that would result in separation of the isomers; however, 

as shown in Figure 4-6 separation could not be achieved under these conditions.  

Although the mobility peaks of each isomer drift to more negative CF values as the DF 

increases, very little separation is observed.  It is important to note, however, that under 

dry CO2 conditions both compounds had strong ion transmission intensities at high DF 

values, which was an improvement over standard (dry N2) conditions.  

Further experimentation with FAIMS modifiers included the use of solvent vapor, 

mixed solvent vapors, and the continuous addition of CO2 since it was demonstrated 

that increased ion transmission at high DF values could be achieved under dry CO2 

conditions.  The first solvent modifier introduced into the FAIMS cell was methanol, with 

the expectation, based on the behavior of the phthalic acid isomers, that it would induce 

large mobility changes in MMA and SA ions.  However, the addition of methanol actually 

induced a significant loss in total ion transmission and no relevant variations in the ion 

mobilities.  The addition of water as a solvent modifier resulted in similar ion behavior.  
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Acetonitrile was selected next and showed interesting intensity behaviors shown in 

Figure 4-7.  As illustrated in the FAIMS CF/DF vs intensity plots there was an overall 

decrease in ion intensity as the acetonitrile concentration increased in the FAIMS cell, 

but more interestingly the MMA peak did not exist past 180 Td in the DF range. This 

same phenomenon was also observed when isopropanol was used as a solvent vapor, 

as shown in Figure 4-8.  Although the cause of this behavior is not fully understood, it is 

thought to be the result of drastic differences in the interactions of the isomeric ions with 

the FAIMS atmosphere.  Although the isomers have the same chemical formula, the 

variation in their structures is enough that interactions of each ion with the FAIMS 

atmosphere could induce different mobility behaviors, and, in this case, cause one of 

the isomeric ions to become unstable and drift into the FAIMS electrode, becoming 

neutralized.     

A number of mixed solvents were also used as modifiers, with the most favorable 

results unexpectedly being obtained from the combination of acetonitrile and water, as 

shown in Figure 4-9. Since the MMA isomer was neutralized above 180 Td in the DF 

range when using 100% acetonitrile as the modifier, it was interesting that the largest 

partial separation observed thus far was achieved with the acetonitrile/water mixture.  In 

hopes of improving the separation of these isomers further, CO2 was added as an 

additional modifier.  In previous experiments, CO2 improved the MMA ion intensity at 

higher DF values, and, based on previous experimental trends, it was expected that 

larger ion mobility differences would be observed at higher DF values.  However, while 

the addition of CO2 did increase the intensity of the MMA ion at higher DF values, it also 
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negatively impacted the ion mobility trends observed with only acetonitrile/water as the 

modifier and reduced the separation between MMA and SA (Figure 4-10).  

Since the addition of CO2 to the acetonitrile/water modifier did not have a positive 

impact on the separation of MMA and SA, it was decided that another approach utilizing 

the FAIMS “hop” function would be used to isolate each ion.  Using the partial 

separation achieved with acetonitrile/water FAIMS was used as a filter, where only a 

single DF/CF value, where each isomer exists separately, was selected at a time.  

Figure 4-11 illustrates how FAIMS can be used to isolate these isomers.  As shown in 

the top plot in Figure 4-11 the SA isomer ion can be transmitted at DF and CF values of 

205 Td and -2.2 Td, respectively, while the MMA ion is not transmitted at all.  

Unfortunately, MMA is the more significant molecule of the isomeric pair because it is 

indicative of a vitamin B12 deficiency.  However, it is possible to detect both isomers 

independent of each other.  Using the hop function the FAIMS system can jump back 

and forth between two DF/CF values.  In this case MMA is transmitted at a DF value of 

175 Td and a CF value of -1.4 Td, while SA is neutralized.  On the other hand, SA is 

transmitted at a DF value of 175 Td and a CF value of -2.2 Td, while MMA is neutralized 

(Figure 4-11). Using this hop function to jump back and forth between CF values of -1.4 

Td and -2.2 Td allows the detection of these isomers to be exclusive for each FAIMS 

DF/CF setting.  

Fructose and glucose 

D-fructose and D-glucose standards were analyzed in both positive and negative 

modes of the mass spectrometer.  (The L-fructose standard was not available at the 

time of these experiments.)  The most prominent ion observed in the mass spectrum 

was the [M+NH4]+ at 198 m/z in positive mode and [M+NO3]- at 242 m/z in negative 
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mode.  The source and mass spectrometer parameters were optimized for signal 

intensity in both positive and negative ionization modes for signal intensity of the 

respective ions of interest.  As was done in the optimization for MMA and SA, a 

preliminary full CF/DF scan was conducted for the D-fructose and D-glucose standards 

in order to select a reduced scan window while still capturing both isomers.  The 

optimized CF scan range was set to -5 to 1 Td, with scanning of the range occurring 

over 90 individual steps.  The optimized DF scan range was set to 125 to 275 Td, with 

scanning occurring in 16 steps.  These parameters allowed for a 60 second scan time 

while still covering the entire mobility range of the two isomers. 

Both D-fructose and D-glucose were initially analyzed under standard conditions 

(pure N2 atmosphere, 8 L/min gas flow rate, and 150°C FAIMS cell temperature) in both 

positive and negative mode, and, similar to the phthalic acids and MMA and SA, there 

was no separation observed under these conditions.  The addition of CO2 gas as a 

modifier also resulted in overlapping peaks for the isomeric sugars.  Methanol was also 

used as a solvent vapor modifier and again, no separation was observed for the 

[M+NH4]+ isomer ion in positive mode or the [M+NO3]- in negative mode.  Water vapor 

was also investigated as a modifier, but after a few injections of the standards under 

these conditions, and again seeing no separation, a total loss in ion intensity was 

observed.  A close inspection of the FAIMS cell revealed the presence of a thick 

caramelization layer caused by the build-up of sugar after interacting with the 

superheated ESI Jetstream gas.  In order to maintain the integrity of the FAIMS chip for 

future experiments the investigation of isomeric sugars was halted.    
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Summary 

The work presented in this chapter describes two examples of the separation of 

isomeric metabolites using ion mobility methodologies. Both drift-tube ion mobility 

(DTIMS) and high-field asymmetric waveform ion mobility (FAIMS) techniques can 

provide separation on the millisecond time scale.  Although MMA and SA could not be 

separated by DTIMS, the sodium adduct ions of D/L-fructose and D-glucose could be 

nearly baseline separated, demonstrating a rapid ion mobility method for the 

differentiation of isomeric sugars, and the potential for the redevelopment of current 

analytical methods for sugar analysis.  FAIMS, on the other hand, could not be used to 

separate the sugars, but was able to achieve separation of MMA and SA by using a 

unique approach of “hopping” between two different CF/DF values where only one 

isomer was observed.  Although the sugar analysis by FAIMS was halted before 

completion, this study could be potentially be resumed with an adjustment in 

instrumentation parameters (to reduce “baking” of the sugars) and a reduction in sugar 

concentration in the standard solutions.  

Although these studies demonstrate separation by ion mobility there is still a 

large body of work to be completed regarding the fundamentals of each technique and 

how those fundamentals impact ion behavior.  However, this research was intended to 

offer a glimpse into the future of metabolomics and clinical separations.  Based on this 

work ion mobility techniques offer a promising approach to address common difficulties 

in clinical analyses, as well as provide a wealth of knowledge regarding ion mobility 

behavior that cannot be obtained using traditional separation techniques.  
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Figure 4-1. Isomers methylmalonic acid (MMA) and succinic acid (SA).    

 
 

 
Figure 4-2. Isomeric sugars D-glucose and D-fructose 

 
 
Table 4-1. Important IMS parameters 

Category Name Value (V) 

Source Fragmentor 400  

IM-FrontFunnel High Pressure Funnel RF 60  

IM-FrontFunnel Trap Funnel RF 60  

IM-Trap Trap Entrance Grid Delta 14.5 

IM-Trap Trap Exit Grid 1 Delta 6  

IM-Trap Trap Exit Grid 2 Delta 1.5 

IM-RearFunnel Rear Funnel RF 60  

. 

Methylmalonic acid                              Succinic acid 
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Figure 4-3. Drift spectrum for methylmalonic and succinic acid. Separation of the isomeric monomer ions was not 

achieved even with optimized IM parameters.  
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Figure 4-4. Drift spectrum for D-glucose, D-fructose, L-fructose, and mixtures of these sugars. Separation of these sugars 

was achieved as their sodiated ions.  The monomer ions are the peaks with drift times between 16-19 ms, and 
the dimer fragment ions are between 22-25 ms. The small D-glucose peak at 17.11 ms can be attributed to in 
source contaminant of remaining fructose as a result of the order of experimentation.  
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Figure 4-5. Drift spectrum of the fragment ions for D-glucose, D-fructose, L-fructose, and mixtures of these sugars. Dimer 

fragment ions were partially separated; however, the hetero-dimer ion drifts between the two homo-dimer pairs. 
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Table 4-2. Calculated CCS values for various analytes/ions. 

Compound Ion CCS (Å
2
) Ion CCS (Å

2
) 

D-Glucose [M+Na]
+
 147.0 ± 0.2 [2M+Na]

+
  [M+Na]

+
 195.0 ± 0.2 

D-Fructose [M+Na]
+
 141.7 ± 0.2 [2M+Na]

+
  [M+Na]

+
 184.9 ± 0.2 

L-Fructose [M+Na]
+
 141.7 ± 0.2 [2M+Na]

+
  [M+Na]

+
 185.0 ± 0.2 

D-Fructose – D-Glucose [M+Na]
+
 141.3 ± 0.2 [2M+Na]

+
  [M+Na]

+
 188.5 ± 0.3 

 [M+Na]
+
 147.1 ± 0.2 [2M+Na]

+
  [M+Na]

+
 192.2 ± 0.5 

   [2M+Na]
+
  [M+Na]

+
 195.0 ± 0.3 

L-Fructose – D-Glucose [M+Na]
+
 141.4 ± 0.2 [2M+Na]

+
  [M+Na]

+
 185.0 ± 0.3 

 [M+Na]
+
 147.0 ± 0.2 [2M+Na]

+
  [M+Na]

+
 192.5 ± 0.4 

   [2M+Na]
+
  [M+Na]

+
 195.1 ± 0.3 

L-Fructose – D-Fructose [M+Na]
+
 141.1 ± 0.2 [2M+Na]

+
  [M+Na]

+
 183.9 ± 0.3 
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Figure 4-6. FAIMS CF vs DF intensity plots for MMA and SA, [M-H]- ion at 117 m/z under dry CO2 conditions.  MMA is the 

blue/purple intensity trace and SA is the red intensity trace.  The left peak in each plot is the monomer trace, 
and the right peak hovering over 0 to -1 Td in the CF range is the dimer fragment ion peak. The artifact in the 25 
ppm CO2 plot at 190 Td DF and -2 Td CF is a total loss ion count for SA.  This was a glitch in the system that 
disrupted the FAIMS waveform causing no ions to be transmitted. 
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Figure 4-7. FAIMS CF vs DF intensity plots for MMA and SA, [M-H]- ion at 117 m/z under solvent vapor addition 

conditions with the head space containing acetonitrile.  MMA is the blue/purple intensity trace and SA is the red 
intensity trace.  The left peak in each plot is the monomer trace, and the right peak hovering over 0 to -1 Td in 
the CF range is the dimer fragment ion peak. 
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Figure 4-8. FAIMS CF vs DF intensity plots for MMA and SA, [M-H]- ion at 117 m/z under solvent vapor addition 

conditions with the head space containing isopropanol.  MMA is the blue/purple intensity trace and SA is the red 
intensity trace.  The left peak in each plot is the monomer trace, and the right peak hovering over 0 to -1 Td in 
the CF range is the dimer fragment ion peak. 
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Figure 4-9. FAIMS CF vs DF intensity plots for MMA and SA, [M-H]- ion at 117 m/z under solvent vapor addition 

conditions with the head space containing acetonitrile and water.  MMA is the blue/purple intensity trace and SA 
is the red intensity trace.  The left peak in each plot is the monomer trace, and the right peak hovering over 0 to 
-1 Td in the CF range is the dimer fragment ion peak. The artifact in the 800 ppm ACN and1,600 ppm H2O plot 
at 200 Td DF and -1 Td CF is a total loss ion count for SA.  This was a glitch in the system that disrupted the 
FAIMS waveform causing no ions to be transmitted.  
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Figure 4-10. FAIMS CF vs DF intensity plots for MMA and SA, [M-H]- ion at 117 m/z under solvent vapor addition 

conditions with the head space containing acetonitrile and water and an axillary gas addition of carbon dioxide. 
MMA is the blue/purple intensity trace and SA is the red intensity trace.  The left peak in each plot is the 
monomer trace, and the right peak hovering over 0 to -1 Td in the CF range is the dimer fragment ion peak. The 
artifact in the 1,600 ppm ACN, 3,000 ppm H2O, and 10 ppm CO2 plot at 175 Td DF and -2 and 0 Td CF is a total 
loss in ion count for MMA.  This was a glitch in the system that disrupted the FAIMS waveform causing no ions 
to be transmitted. 
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Figure 4-11. FAIMS CF  vs intensity plots of MMA and SA, [M-H]- ion at 117 m/z under solvent vapor addition conditions 
with the head space containing acetonitrile and water (left) with corresponding 2D CF vs DF plot (right).  MMA is 
shown as the blue intensity trace and SA is the red intensity trace.  The left peaks in the traces are the 
monomer peaks and the right peaks (hovering over 0 to -1 Td in the CF range) are dimer fragments. The green 
line in the 2D plot (corresponding to the top left plot) indicates FAIMS conditions under which only SA is 
present.  The black line in the 2D plot (corresponding to the bottom left plot) shows partial separation of MMA 
and SA under FAIMS modifier conditions of 1,000 ppm acetonitrile and 2,000 ppm H2O at DF 175 Td.  MMA 
can be isolated by the use of the FAIMS “hop” function at a CF value of -1.4 Td (blue dotted line), and SA can 
be isolated by the use of the FAIMS hop function at a CF value of -2.2 Td (red dotted line).
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CHAPTER 5 
SUMMARY AND FUTURE WORK 

Conclusions 

The research presented in this dissertation focuses on the emerging field of ion 

mobility spectrometry (IMS) and its use, in tandem with mass spectrometry (IMS-MS), 

for the rapid separation and detection of small isomeric compounds and metabolites.  

Despite the recent advancements in instrumentation, ion mobility applications are still 

somewhat limited due to a lack of a fundamental understanding of how certain 

conditions affect ion mobility behaviors.  The studies described above took a detailed 

look at the techniques of drift-tube ion mobility mass spectrometry (DTIMS-MS) and 

high-field asymmetric waveform ion mobility mass spectrometry (FAIMS-MS) in the 

hopes that the insight gained from these investigations would aid in the development of 

new and innovative methodologies for small molecule separations by ion mobility. 

First, an investigation of drift-tube ion mobility mass spectrometry (DTIMS-MS) 

led to several key findings: 1) ion transmission could be enhanced with higher 

fragmentor voltages and lower RF voltages for the ion funnels and 2) improved drift 

spectrum resolution could be achieved by fine tuning of the ion trap grid voltages and 

decreasing the ion trap fill and release times. Additionally, further experimentation not 

only revealed that small isomeric monomer species could be baseline separated by 

DTIMS-MS, but that dimer and trimer ion species of the molecules of interest exist in the 

ion mobility drift tube, demonstrating the potential that dimer and trimer species could 

be examined for separation when the monomeric analyte species cannot be resolved.  

Finally, ion mobility mass spectrometry (IMS-MS) methods were paired with LC (LC-

IMS-MS), demonstrating that LC can be used as a “cleanup”  method, where specific 
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analytes of interest that cannot be resolved in complex samples can be separated 

based on their drift times by the additional IMS dimension. 

Following the investigation of DTIMS-MS methodologies, the technique of high-

field asymmetric waveform ion mobility mass spectrometry (FAIMS-MS) was explored. 

In comparison to conventional FAIMS cells it was shown that the new ultra-FAIMS 

instrumentation could complete a full CF/DF scan in seconds as opposed to minutes.  In 

addition, it was demonstrated that the incorporation of gas and/or solvent vapor 

modifiers in the FAIMS atmosphere had a significant impact on ion mobility behavior, 

resulting in the separation of the phthalic acid isomeric species.  However, identifying 

trends in mobility behavior based on the chemical properties of the FAIMS atmosphere 

remains a significant challenge.   

Finally, the fundamental understanding attained from the studies of the DTIMS-

MS and FAIMS-MS techniques was applied to the development of methods for the 

separation of small molecules and metabolites of clinical significance.  Standards of the 

isomeric pairs methylmalonic acid (MMA) and succinic acid (SA), and D/L-fructose and 

D-glucose were analyzed by DTIMS-MS and FAIMS-MS.  Although DTIMS-MS 

methods were unsuccessful in separating MMA and SA, it was possible to resolve 

sodium adduct ions of D/L-fructose from D-glucose with nearly baseline separation.  

Additionally, FAIMS-MS methods were unsuccessful in separating the isomeric sugars, 

but could achieve separation of MMA and SA by using a unique approach of “hopping” 

between two different CF/DF values where only one of the analyte ions is present at 

each value.     
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The central theme of the work presented in this dissertation focuses on the 

potential of ion mobility spectrometry techniques for the rapid, separation of small 

molecules, particularly those of clinical significance.  Both DTIMS-MS and FAIMS-MS 

offer their own distinct advantages for the separation of small isomeric molecules.  

Because the “mode” of separation by DTIMS-MS is relatively understood (i.e., 

molecules are separated based on their drift times, which are influenced by their 

chemical and physical properties), it is possible to predict the mobility of ions based on 

their theoretical CCS (collision cross section) values.  Ion mobilities based on FAIMS-

MS analysis, however, are much more difficult to predict since the effects of ion-

atmospheric molecule interactions on mobility are not well understood.  Nevertheless, 

the studies presented in this dissertation demonstrate the separation of a number of 

isomeric molecules by FAIMS-MS, which was achieved by “customizing” the FAIMS 

atmosphere with various gas and solvent vapor modifiers.  This is a distinct advantage 

of the FAIMS-MS technique over DTIMS-MS methodologies – the FAIMS-MS platform 

permits altering the chemical composition of the FAIMS cell atmosphere in order to 

induce differential ion mobilities; at this time the DTIMS-MS platform does not have this 

capability – the separation of ions can only be minimally influenced by the fine tuning of 

the ion trap grid voltages.  These observations in ion mobility suggest that mobility 

behaviors may have a greater dependence on chemical interactions rather than the 

physical structure of the molecule. 

Future Work 

Future studies will continue to focus on broadening the use of ion mobility 

spectrometry as a rapid tool for separations, particularly for clinical applications.  Further 

investigations should include an exploration of the dimer and trimer analyte species and 
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their potential for expanding ion mobility separation strategies when monomeric analyte 

species cannot be resolved.  Additionally, the use of cations (e.g., sodium, potassium, 

cesium, lithium, etc.) for analyte adduct formation should also be investigated as 

another potential separation strategy, as it would require very little sample preparation 

in comparison to LC derivatization methodologies.  Finally, if instrument modifications 

are possible, changing the drift gas inside the drift tube of the DTIMS could potentially 

influence ion mobility behaviors, similar to that of the various FAIMS modifiers, 

enhancing the separation capabilities of the DTIMS-MS platform.  Overall, achieving a 

more in-depth understanding of the fundamentals of DTIMS-MS / FAIMS-MS and ion 

mobility behaviors is vital to expanding the applications of ion mobility spectrometry.   
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