
DELINEATION OF ISOMERS AND STRUCTURAL ELUCIDATION OF 

MACROMOLECULES USING HIGH-FIELD ION MOBILITY SPECTROMETRY WITH 

MASS SPECTROMETRY 

A Dissertation by 

Pratima Pathak 

Master of Science, Wichita State University, 2021 

Master of Science, University of Madras, 2011 

Bachelor of Science, Tribhuvan University, 2013 

Submitted to the Department of Chemistry and Biochemistry 
and the faculty of the Graduate School of 

Wichita State University 
in the partial fulfilment of the requirements for the degree of 

Doctor of Philosophy 

December 2022 



© Copyright 2022 by Pratima Pathak 

All Rights Reserved 

 

 

 

 

 

 

 

 

 

 

 

 

 



 iii 

DELINEATION OF ISOMERS AND STRUCTURE ELUCIDATION OF 

MACROMOLECULES USING HIGH-FIELD ION MOBILITY SPECTROMETRY AND 

MASS SPECTROMETRY 

 

The following faculty members have examined the final copy of this dissertation for form and 

content and recommend that it be accepted in partial fulfilment of the requirements for the 

degree of Doctor of Philosophy in Chemistry.   

 

Alexandre Shvartsburg, Committee Chair  

Maojun Gong, Committee Member  

Kandatege Wimalasena, Committee Member  

David Eichhorn, Committee Member  

George R. Bousfield, Committee Member 

 

 

Accepted for the College of Liberal Arts and Sciences  

Andrew Hippisley, Dean  

Accepted for the Graduate School 

Coleen Pugh, Dean  

  



 iv 

DEDICATION 

 

 

 

 

Dedicated to my parents (Mother Ganga Devi Pathak and Father Mani Prasad 

Pathak) for their hard work and sacrifice to raise and educate me. 

 

 

 

 

 

 

 

For my husband (Umesh K Acharya) and son (Pramesh Pathak Acharya) 

  



 v 

 

 

 

 

 

 

 

Mass Spectrometry- 

Sometimes astounds with its performance and at times with its capricious 

behavior 

 

 

 

 

 

 

 

 

 

 

 



 vi 

ACKNOWLEDGEMENTS 

 

First and foremost, I would like to offer my gratitude to my PI, Alexandre A. 

Shvartsburg. Despite lacking prior knowledge and training in mass spectrometry, he trusted me 

and believed in my hard work. He constantly supported me and had my back in good and hard 

times. He encouraged me to apply for various conferences and seminars and supported me 

financially for travel. He always ensured that his students were fully funded so they could focus 

on their work. I will always remember him for his constant encouragement. He is hardworking, 

and there is a lot to learn from him. 

I am also thankful to NSF for the financial support that helped me financially during 

my studies and travel for conferences.  

I am grateful to the committee members Dr. David Eichhorn, Dr. Kandatege 

Wimalasena, Dr. Maojun Gong, Dr. George Bousfield. for their time and assistance during my 

proposal and dissertation defense.  

I owe sincere thanks to Matthew A. Baird. My first few months in the lab were a rough 

ride, and I am pretty sure he had a hard time teaching me. I came with no prior knowledge of 

the field, and my learning curve was high. He, however, had patience and kindly showed me 

how to run the instruments and troubleshoot time and again without losing his temper. He made 

me a researcher with his constant advice and criticism. Over the years, we became good friends 

and had fun in the lab carrying out fun-filled reactions and scans. Even repairing instruments 

was a joyful time when Matt was around. He taught me things like “Righty-Tighty, Lefty-

Loosey”, so I know which direction to move the screw. My knowledge expanded while 

working with him; he even taught me how to make posters and prepare for my ASMS talks. 



 vii 

The list could go on forever, but he was a constant support, and that counted. I could thank him 

a million times; still, it would be too little.  

Another gentleman that I must count on my list of gratitude is Hayden Thurman. He 

was accommodating in most of my projects of dipole alignment and took the duty of fixing 

instruments shortly after joining our lab. His ability to repair instruments facilitated my isotopic 

work in high-resolution instruments and negative mode FAIMS. He always had my back during 

hard times like pregnancy, delivery, and postpartum. He proofread this dissertation and helped 

me get it printed. Thank you is just trivial to what he did for me, professionally and personally. 

I should also thank Walin Moorsol; he helped me wrap up many projects and was a joyful 

personality to work with. 

Anastasia Sarycheva visited our lab, and we had a wonderful time together. She taught 

me a lot of things and was very helpful in simplifying the data workup process for isotopic shift 

work in FAIMS. She used MATLAB to work up the isotopic shift data and helped me during 

the MIA project. We had a deeper personal connection and felt like sisters. I would have been 

delighted if she could have joined us to pursue her PhD. I thank her for her superior technical 

skills. The beautiful and funny personality that she carried filled our lab with joy.  

Technical support around the corner is a savior for any PhD student. Likewise, we had 

Gordon A. Anderson and Dr. Kevin Langenwalter as a support system. They were always there 

to help with technical issues and had extraordinary ideas to solve problems.  

Safety is a must and ensuring safe practice in a laboratory is a headache. The lady who 

happily took over this headache made sure we transported gases and chemicals safely and wore 

the proper outfit in the lab and I highly acknowledge Susan McCoy. In addition, she took care 

of the inventory and ordered items from vendors, which is another tedious task. I also admire 



 viii 

Mary Cambridge for what she did for the students. She made sure that the gases were ordered 

and stocked up on time so we could run experiments. 

Debbie Mitchum, Margene Webster, and Laurie Reese took care of all the 

administrative stuff for me. Debbie and Margene stood up as a support system, and I could 

share so much with them. They patiently listened and shared their stories which always 

encouraged me to work hard.  

I would like to thank Dr. Dough English for his kind support and the entire Chemistry 

Department for their love and involvement as a community. Friends in the chemistry 

department made me continue my path, and I remember everyone I got to connect with.  

Without family support and love, the roller-coaster ride would not end. My husband 

made a lot of sacrifices, and I owe him a lifetime for this. My son had to compromise with 

love, care, and affection, and I am thankful that he was a part of this expedition. I am sincerely 

grateful to my sister Kribina Pathak who formatted the sections in this dissertation, and she is 

a constant push on my back. My dad, mom, mother-in-law, and father-in-law always 

encouraged me. I would like to extend my gratitude to Jim and Bonnie Loewen; they provided 

me with a home away from home. Pashupatinath (Lord Shiva), everyone in the family, 

relatives, and friends, please remember I am thankful for everything you did for me. The 

readers are thanked here for their time.  

 

 

  



 ix 

ABSTRACT 

Ion Mobility Mass Spectrometry (IMS) is a powerful tool that has been utilized to 

disentangle components out of a complex mixture, distinguish isomers and elucidate 

geometries. Linear IMS is based on the absolute mobility K at a moderate normalized electric 

field E/N while the field asymmetric waveform IMS (FAIMS) relies on the difference in 

mobilities at high E/N. FAIMS has previously been demonstrated for isomer differentiation 

and separation of PTMs of histone tails.  

Characterizing isomers (like glycoforms) and obtaining dipole moment and directional 

collision cross section of proteins has been a challenge for IMS, MS, and other techniques, that 

require extensive chemistry or a lot of time. FAIMS has been utilized to study isomer 

separation and dipole alignment. The superior abilities of FAIMS studied here are to 

distinguish and characterize isomers based on their isotopic shifts, separation of isomeric 

glycoforms with variations on the peptide and glycan level and extraction of dipole moment 

and directional collision cross section of aligned macromolecules. Various halogenated aniline 

isomers are delineated by the structurally specific splitting of isotopologues in FAIMS. 13C, 

37Cl and 81Br shifts are powerful in differentiating molecules containing them at the structural 

level and show the specificity of the approach. 

A new tool, low-field differential IMS (LODIMS), is introduced here, which operates 

at low field and ambient pressure, and the weak heating favors the locking of the permanent 

macromolecular ion dipoles. This locking facilitates the production of novel separations based 

solely on their alignment and provides the directional collision cross section that is more 

relevant to the structure. This powerful approach will facilitate structural biology, forensics, 

and drug development.  
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CHAPTER I 

INTRODUCTION TO IMS AND FAIMS 

 

 

Mass Spectrometry is an analytical technique used to measure mass to charge ratio of 

ions. The instrumentation and history are fascinating, and the application is captivating. 

1.1. History of the development of MS 

Mass Spectrometry (MS) was initially used to measure atoms' masses in the 20th 

century. The Discovery of isotopic masses attracted researchers and industry towards it. MS 

was only utilized in the petroleum industry which used MS to measure the abundance of small 

hydrocarbons in process streams. Natural product scientists and chemists understood the MS 

fragmentation that led to this instrument's comprehensive utilization.  

J.J. Thomson, while trying to answer whether cathode rays are waves or particles, ended 

up pioneering the invention of MS. He devised an apparatus to measure e/m (charge-to-mass 

ratio) and eventually measured the mass of an electron, receiving a Nobel Prize in Physics in 

1906. This foundation then led Francis Aston to be able to measure the masses of charged 

atoms. A gas discharge tube generated ions that passed through parallel electric and magnetic 

fields and deflected into parabolic trajectories to be detected on a photographic plate. Nier-

Johnson mass spectrometry combined electrostatic and magnetic analyzers, which steered the 

commercialization of MS.1  

Fred McLafferty, Klaus Biemann and Carl Djerassi contributed to the application of 

MS by identifying organic molecules with fragmentation mechanisms. The new identification 
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method by fragmentation allowed chemists to identify compounds and their mixtures to 

determine the structures of unknown molecules by MS.2 

When most scientists felt everything possible had been achieved in MS and there was 

nothing more to improve or add to it, Alan Marshall and Melvin Comisarow thought out of the 

box to apply Fourier transform (FT) to ion cyclotron resonance (ICR) MS. FT is a mathematical 

tool that transforms the signal from one domain (time or space) into another domain, the 

frequency domain. Fourier analysis provides functional decompositions of signals into 

fundamental components opening application fields in science as it simplifies the complicated 

sums and integrals and reveals the hidden structure in data.3 

ICR is the movement of ions in a magnetic field that determines the masses of an ion 

by relating to its frequency of orbit in a uniform magnetic field. FT combined with the analyzer 

ICR is FTICR.3,4  

Until the 1980s, MS was only regarded as an analytical tool for small organic 

molecules; the molecular elephants (large macromolecules) were challenging to ionize and 

analyze. The scientist had the problem that the ionization of molecules into the gas phase came 

with extensive fragmentation and decomposition. Extensive research took place to bring it to 

action, but nothing worked best until electrospray ionization (ESI) and matrix assisted laser 

desorption ionization (MALDI) in 1988 emerged in the game and “made the elephants fly”.1  

John Fenn (Nobel Prize in Chemistry) developed ESI based on Malcolm Dole's 

principle that one could produce highly charged droplets when a nonvolatile solute is dissolved 

in a volatile solvent. The evaporation of solvent led to the intact gaseous ions of solute. This 

low-energy method took a decade to find its path, slowly leading to proteins, and in 1988, Fenn 

opened it to the scientific community that proteins could fly. On the other hand, MALDI was 

also witnessing extensive development and Karas and Hillenkamp found a suitable matrix, and 
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the laser beam could make a study of biomolecules feasible. ESI and MALDI thus included a 

whole new group of researchers in the MS community, and finally, MS found its way into 

biology.1 

If you think this is probably the end of the development of MS, what more could have 

been done? Well, you may think Orbitrap-Fourier transform mass spectrometry (FTMS) was 

never mentioned; yes, it is another milestone in MS. But there is more happening with machine 

learning, deep learning, and artificial intelligence. Machine Learning solves the problem after 

learning from the data itself rather than following an expert's codes like facial recognition, deep 

learning uses deep artificial networks (neural networks with three or more layers), and artificial 

intelligence is problem-solving at human intelligence field5. These technologies have 

minimized the problems faced by mass spectrometry, like the bulky data and improved spatial 

metabolomics and imaging, drug development and screening field.6  

1.2. Stages of Mass Spectrometry  

The history talks about the development of this instrument over the years and the 

potential application it found. Regardless, MS is an analytical tool composed of components 

essential to run the instrument, and each stage saw its own development and variations. In MS, 

analyzers are the heart of the instrument, and MS types are based on the analyzers used, but 

each component has its importance. MS comprises sample introduction, ion source, mass 

analyzers, detectors, and data processing (computers) as described in the flow chart in Figure 

1.1.  
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Figure 1.1. Schematics of components of Mass Spectrometry showing ion source, analyzers, detectors, and data 

processors4. 

1.3. Mass Analyzers  

Analyzers are the heart of MS instrumentation and have seen the most development 

compared to other areas of MS. The application of MS found new areas that were never 

imagined; better instrumentation and more powerful analyzers were developed to meet the 

need. The analyzers are maintained in a matter-free state under a vacuum and a collision-free 

environment.7 The ions need to travel without collision with neutrals and other molecules as 

the trajectories get deflected, and this collisional activation can bring fragmentation or 

disappearance due to charge neutralization.7,8 To maintain these pressure requirements, a fore 

pump (rough pump) is usually employed to reduce the initial pressure for the turbo pump to 

kick in and maintain the need for a vacuum depending upon the analyzers.9  

The analyzer of any MS separates the ionized masses based on their mass-to-charge 

ratios in an electric or magnetic field. It outputs them to the detector so that their abundance 

can be determined.  
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1.3.1. Types of Mass Analyzers 

1.3.1.1 Time-of-Flight m/z Analyzers 

Abbreviated as ToF, these analyzers separate ions by time without the use of an electric 

or magnetic field like that in chromatography. Here there is no stationary/mobile phase; instead, 

the separation is based on the kinetic energy and velocity of ions. The operating principle 

measures the time required for an ion to travel from an ion source to a detector. The ions start 

with the same kinetic energy and are under instantaneous acceleration. But as they move, the 

ions experience different velocities depending upon their m/z values. This provides an 

advantage that no other analyzers have; that is, there is no upper limit of m/z here. Reflectron 

(with a series of ring electrodes of high voltage at the end of the tube) is added to the analyzer 

as flight time is longer for higher masses. The ion deflects and travels in opposite directions in 

a reflectron, increasing resolution. ToF is the most favored analyzer for MALDI and 

chromatography applications. The ToF analyzer allows all ions of m/z values to be detected 

during each pulsed cycle, and there is no spectral skewing. Higher-quality spectra are obtained 

even from low concentrations. Some drawbacks are low resolution and constant resolving 

power (resolution changes with m/z values), which require a high vacuum.1,10 

1.3.1.2 Quadrupole Ion Trap 

The electric field is utilized for separating ions by m/z, and the analyzer is made with 

ring electrodes (four rod-shaped electrodes) of a specific voltage-grounded end cap electrode. 

The ions through one of the end caps are received into the area between these electrodes; the 

ions with certain m/z then orbit in the spaced due to the electric field in the cavity. The ions are 

ejected depending upon the m/z with increasing radio frequency voltage. These are widely used 

for ion transfer in most MS instruments.  Several ion traps are experimented with and utilized 

in MS, like 3D and linear ion traps. These traps are also called Paul traps in honor of Wolfgang 

Paul, who invented the device and was honored with the Noble Prize in Physics in 1989.1,11,12 
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1.3.1.3 Linear Quadrupole Ion-Trap 

The array of four electrodes, like that of the transmission quadrupole, is utilized here 

for trapping, manipulating ion trajectories, and m/z selective ion ejection. It is widely used in 

Thermo Instruments, and all the data presented in this dissertation is with the utilization of 

these analyzers. Some advantages of this trap are its high sensitivity, no spectral skewing when 

used as a single stage analyzer and can be used with other analyzers. The drawbacks are unit 

resolution on normal operation, low mass range, and limited MS/MS experiments that can be 

performed.13,14  

1.3.1.5 The Orbitrap 

This is the latest development in m/z analyzers; it uses a static electrostatic field to 

sustain ion trapping with the specialized dynamic injection pulse. There are two electrodes, the 

barrel-shaped outer surface, and an inner spindle-shaped electrode, imposed with constant 

electric potential in the gap. The injected ions follow a circular motion above the outer surface 

of the internal spindle and below the barrel-like outer electrode. The ions oscillate naturally, 

and the frequency of natural oscillations is mass dependent. These oscillations are detected as 

a time-domain signal using image current. Using a fast Fourier transform, these frequencies of 

oscillating image current are transformed into mass spectra. This provides high resolving power 

but, at the same time, requires a high vacuum.15,16 

1.3.1.5 Magnetic Sector and Electrostatic Sector 

Sector mass analyzers separate ions based on the Lorentz force, and they consist of 

electric and magnetic sectors. The ions are separated based on their mass in the magnetic sector 

and energy focused in the electrostatic sector to ensure that all ions with the same m/z appear 

as a single peak by having their energy distributions corrected for.1 
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1.3.1.6 Ion cyclotron Resonance (ICR) 

It is like an ion trap but uses a magnetic field to trap ions at a frequency in orbit inside 

the field. All ions of a particular range are trapped, and there is no separation; the applied 

electric field helps to generate a signal. The mass spectrum from ICR represents an array of 

m/z dependent frequencies. The array of frequencies in a time domain appears as a complicated 

waveform, overlaid with individual frequencies and amplitudes, which is expressed by Fourier 

transform into peaks. Frequency is the physical parameter that can be easily and accurately 

measured; hence, FTICR and FTMS provide the most accurate m/z values.17,18 

1.4 Ion Source 

As stated earlier, MS can only analyze ions and not neutrals; the output is in the form 

of m/z; hence, ionization sources are also an important aspect of MS. Several developments 

have been made to ionize molecules so a mass spectrum of a compound can be achieved. 

Among the several developments in ionization method few of them are listed here: 

• Electron Ionization- electron beam ionizes gas phase molecules 

• Chemical Ionization -a reagent reacts with the analyte to form ions 

• Fast-atom Bombardment-high energy neutral beam strikes a solid sample to generate 

ions 

• Laser Ionization (LIMS)-a laser pulse ablates material from the surface to ionize the 

sample 

• MALDI- LIMS method that vaporizes and ionizes molecules from a solid matrix 

• Electrospray Ionization (ESI): 

ESI is the ionization source used in all activities for this dissertation and is 

described in detail below.  
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1.4.1. ESI 

This ionization technique uses electrospray (disperse the liquid or fine particles) when 

a high voltage is applied to generate an aerosol of ions.19The voltage gradient creates an 

electrolytic cell between the emitter and the inlet of the mass spectrometer.19,20,ESI as a new 

technique, brought about a revolution to MS, opening fields of biomolecule analysis. Some of 

the advantages due to the development of ESI are that ions of nonvolatile, thermally labile 

compounds could be generated for MS analysis, large macromolecules could be studied as 

multiply charged ions can be produced, successful interface for LC/MS. In addition a soft 

ionization method favors the study of noncovalent associations of macromolecules, direct 

analysis of inorganic cations and anions providing information on valence state and molecular 

formulation.21  

The schematic diagram in Figure 1.2 shows the operation of ESI and ion generation. 

When the sample is sprayed using the voltage applied, a change in the shape of the meniscus 

is observed. At this point, the surface tension of the liquid and the electrostatic force are equal, 

and thus the elliptical fluid cone is developed called the “Taylor cone”.22 The jet then spreads 

into a plume of fine droplets that further diminish in size due to simple evaporation of the 

solvent or by the drying gas (nebulizing gas) if present. This shrinking of the droplet size also 

increases the repulsive forces between the excess charges in the droplet, promoting 

electrodynamic disintegration into many smaller droplets. Coulombic repulsion favors further 

evaporation from spherical charged droplets to residual charges attached to the analyte 

molecule itself. Both negative and positive charged analytes are generated.19,23 Home build 

fused capillary silica is used for sample delivery and emitter made from the fused silica is 

utilized as a direct ESI source in all the experiments described here.  
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Figure 1.2. Schematic Diagram of Electrospray Ionization demonstrating the Taylor cone formation and naked 

charged analyte development.1 

1.5. Ion Mobility Mass Spectrometry (IMS)  

IMS is a complementary technology to MS; an ion mobility spectrometer is combined 

with MS and used for characterizing many compounds of different natures. IMS can be 

confused with ToF as both have a flight tube in which ions drift, but in IMS, the ions drift under 

the influence of an electric field, while in ToF, the ions drift in a field-free region (vacuum). 

Ions drift through a collision gas that flows opposite at atmospheric pressure, and ions separate 

according to size or cross-sectional area. Still, in ToF, ions separate by m/z values.  

In IMS, the ions are pulled through the gas by an electromagnetic force. The separation 

depends on ion mobility (K), the physical properties of ions caused by the electromagnetic 

force.24,25 IMS has become a new technique for pre-separation and cross-sectional calculations 

for various molecules and adapted in different sectors like the detection of explosives, 

narcotics, structure of small molecules and biomolecular separations.26–28 ESI and IMS have 

revolutionized the studies of peptides, proteins, and macromolecules.29,30 

In IMS, the ions are characterized based on their gas-phase transport in the electric 

field. The foundation of IMS development is credited to the drift tube (DTIMS). In a drift tube, 

the axial field of constant intensity E drives an ion through a gas-filled tube with the velocity 
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of v. Thus, in a drift tube, an ion experiences mobility [K, cm2/(Vs)] and travels with a velocity 

of (vd, cm/s) under the electric field gradient (E, V/cm).31 The equation then calculates the 

mobility of the ion: 

vd   =   KE     (1.1) 

The mobility of an ion under the electric field can be expressed below with the time (td) 

an ion takes to drift through a cell of a given length (d, cm) as the ions travel the tube at different 

times 

K = d / td E                   (1.2) 

Fick's 1st law governs the free molecular diffusion of ions. The law states that the 

molecular flux (JM) is a function of diffusion coefficient that is a molecular characteristic (D) 

and concentration gradient (N).32,33 

JM = -D N     (1.3) 

Then the velocity of diffusion is given by:  

vd  =  - (D / N) N.     (1.4) 

 

D =  
3

16
{

2𝜋𝑘𝐵𝑇

𝜇
}1/2 1

𝑁Ω(1,1)
   (1.5) 

 

Here, kB is the Boltzmann constant, T is temperature, µ is the reduced mass and Ω is the binary 

first-order collision integral (cross-section). 
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The Einstein relationship for diffusion and mobility of an ion in gas is expressed as  

K = Dq / (kB T)      (1.7) 

Where q is the ion charge. Rearranging the above equations yields the Mason-Schamp 

equation34 

𝐾 =  
3

16
(2𝜋

𝜇𝑘𝐵𝑇⁄ )1/2𝑧𝑒/𝑁Ω  (1.8) 

This equation provides the ion mobility of an ion in gas traversed by an electromagnetic 

force. However, there is a limitation to this approach; this relationship is only feasible in the 

low-field limit, where E/N is small. This low field limit is the fundamental principle of linear 

IMS. This field limit (E/N) exceeds > 20-17 coulomb cm2; the mobility is no longer constant 

but depends on field strength. This forms the fundamentals of differential or field asymmetric-

waveform ion mobility spectrometry (FAIMS).31 

1.6. FAIMS 

In IMS, the ions drift collinearly with the electric field against the flow of drift gas, but 

in FAIMS, the ions drift with the drift gas in the direction orthogonal to the electric field. The 

non-linear method of IMS utilizes the field dependence of ion mobility at high E/N.35 

FAIMS is composed of two electrode plates, of which one is supplied with asymmetric 

waveform and the other has the compensation voltage (CV), the FAIMS device used with the 

bisinusoidal waveform are shown in Figure 1.4. The ions are then pulled through the gap of 

these plates by a periodic orthogonal electric field (the schematics are shown in Figure 1.3) 

with the help of a buffer gas mixture. The asymmetric electric field is applied orthogonal to the 

flow of gas that deviates the path of the ions pulled by gas in the gap. Thus, ions are dispersed 

orthogonally to the gap by asymmetric waveform, and the trajectories are deflected by the CV 
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added. The ion of interest is augmented by the fixed CV added to the plate. This compensation 

field (EC equilibrates the given species out of the device to the MS to be detected. The CV is 

then scanned at 1 V/min or other rates to yield the spectrum of interest.36This ability of FAIMS 

has allowed ion selection out of a bulky mixture; hence, it is widely used for the pre-separation 

of proteins in biological studies.37  

 

Figure 1.3. Schematic diagram of FAIMS demonstrating the working principle.31 

 

 

Figure 1.4. FAIMS stage showing the CV, RF, and the funnel interface. The practical bisinusoidal waveform 

utilized in the experiments. The images are captured at MC 318, WSU. 
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The ions are dispersed orthogonally to the gap by asymmetric waveform38,39 and the 

CV governs the trajectories. This CV depends on several parameters. The first is the time-

dependent profile and intensity of the asymmetric field that exposes ions to alternating strong 

and weak fields (high and low). A high-frequency waveform is required to apply these fields 

with a significant difference in the positive and negative polarities.38,40 The second is the mean 

derivative of K(E/N)- dependence of ion mobility on the gas's field strength and number 

density.  This can be expressed mathematically as, 

K(E/N) = K (0) [1+ a(E/N) +….]   (1.9) 

here, K (0) is the low field limit, and a is the field-dependent part. 34The variable E/N is elicited 

by a time-dependent electric field comprised of short segments of high field and longer 

segments of lower field integrating to zero over a period.41This ratio of peak voltage (dispersion 

voltage, DV) and maximum absolute voltage in the opposite polarity is an important parameter, 

and this drives the most separations achieved in FAIMS. 

The optimal waveform profile is then determined mathematically by the series of 

moments. The waveform profile can be defined as a function of time (t): 

F(t) = E(t)/Emax     (1.10) 

where F(t) is the function profile, E(t) is the field strength, and Emax is the field at peak 

voltage41,42.  

〈𝐹2𝑛+1〉  =  
1

𝑡𝑐
∫ 𝐹2𝑛+1(𝑡)𝑑𝑡 ≠ 0

𝑡𝑐

0
   (1.11) 

where <F1> = 0 and <F3> ≠0.  
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The profile can be determined mathematically as a series of moments43. Many profiles 

meet these conditions in an optimum condition, and the optimum waveform provides maximum 

separation while minimizing the ion loss to electrodes.43 Thus, the best separation and ion 

focusing are achieved by the rectangular waveform, which is the optimum waveform.43,44 

However, it is physically impossible to achieve an exact waveform, as it requires instant 

switching between high positive and low negative voltages. In such circumstances, 

compromise is made between the performance and engineering practicality, and a common 

bisinusoidal profile is adopted. This bisinusoidal waveform is achieved by superimposing two 

harmonics (the first two terms of the Fourier series for a rectangular waveform.  

F(t) = [f sin wt + sin (2wt – π/2)] / (f + 1)   (1.12) 

where w is the frequency and f are the ratios of the harmonic. This waveform is the foundation 

of FAIMS separations and experimental triumphs compiled in this dissertation.  

The ions travelling through these waveforms experience mobility changes depending 

on the field and ion gas properties. The low field mobility with a function tabulated for many 

systems31,45,46 is provided by equations 1.8 and 1.13. (below).  

v = (KE)2 / s         (1.13) 

where v is the velocity of an ion and s is the wave speed.  

In DTIMS, drift velocity scales linearly with K and E but this equation is the drift 

velocity of an ion in TWIMS, and the velocity scales as KE squared and the latest commercial 

implementation is the Synapt G2.  

An ion moving in FAIMS also experiences heating and collision. Hence, the ion-

molecule interaction and, thus, FAIMS CV are temperature-dependent. Blanc's law states that 
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the diffusion constant of a species in a gas mixture is the weighted harmonic mean of values in 

each component.45,47 This law applies to mobilities in the low field, but not in the high field 

and hence in the high field, the non-Blanc phenomenon is observed. This property is highly 

exposed in our experiments utilizing high-field IMS.  

Ions tend to have higher mobility in helium (He) than nitrogen (N2) or carbon dioxide 

(CO2). Again, per Paschen's curve48 (Figure 1.5) for gases, pure He cannot be used at high 

voltages like (4 and 5 kV) due to electrical breakdown in the FAIMS device. The gap could be 

lowered to achieve a higher percentage of lighter gases.49 

 

Figure 1.5. The Paschen curves demonstrate the common discharge tube gases. It shows the dependence of voltage 

(V) on the product of gas pressure (mm Hg) and the maximum breakdown distance (cm).48 

Hence lighter gases like He and hydrogen (H2) are utilized in addition to CO2 and N2 at 

a fraction allowed at the given DV. At 4 kV, the breakdown for the He/N2 (or CO2) mixture is 

above 65% He fraction; hence, the data are collected up to this threshold. Similarly, at 5 kV, 

the breakdown threshold is 43-45% He, limited to a 43% He fraction.  

Typically, ions have similar mobilities up to a particular electric field. As the electric 

field increases, the mobilities diverge, as shown in the Figure 1.6. The mobility change thus 
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classifies the ions as the electric field increases. The ion with type A demonstrates increasing 

mobility as the field increases and yields EC < 0. Type B ion shows increasing mobility first 

and then decreasing mobility at the higher field, while type C ions experience declining 

mobility in the high field that yields EC > 0. However, more complex ions have been 

recorded.50,51 This mobility discrepancy is observed in non-Blanc effects for gas mixtures that 

can change the ion type and increase the observed separation, benefitting FAIMS for its 

superior separation capacity. It has been widely used in conjunction with MS to study 

biomolecules such as a peptide38,52,53, proteins52,54,55 lipids56,57 and other metabolites.  

 

Figure 1.6. A plot of Ion mobility against electric field here shows the trajectories of ions. At high field the 

trajectories are different, and the types of ions are differentiated based on this. The difference of mobility (∆K) at 

two different electric fields is extracted in FAIMS.31 

The IMS techniques developed so far are dispersive.28,29,32 FAIMS is a filtering method 

with no timescale outputs and yields continuous ion beams. Ion species only exit the device at 

a particular CV applied for its selection in a continuous manner unless the CV is scanned for 

the selected output.37,38 This is the selective aspect of FAIMS mentioned earlier, where it only 

allows a single species of ion from the sample to be eluted through the device and omits all 
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other components27,52. This unique feature enables post-separation identification like ETD and 

CID compared to other IMS devices that allow CID only.  

The EC defines the resolving power (R) in FAIMS over the full peak width at half-

maximum (w). It also depends on the gap width and maximizes the homogeneous fields in the 

planar gap.41,58 EC and R can be intensified using the mixtures of light and heavy gases like 

He/N2 or He/CO2. These mixtures promote the non-Blanc effect56,58,59 intensifying resolution, 

for example, R ~ 500 achieved for peptides.60 

1.7. LODIMS 

A vital development of the past two decades in IMS is the emergence of a new branch 

of IMS – FAIMS. The fundamental of IMS is the mobility based on a modest electric field, and 

that for FAIMS is the difference in mobilities at two field levels. As described above, the 

mobility is extracted using an asymmetric field created in the gap, and the ions are pulled 

through the electrode by a gas. The compensation field, EC, added to the plate governs the ion 

of interest. FAIMS is usually performed at ambient pressure, although a low-pressure FAIMS 

has been recently implemented.61 

Beyond this high field FAIMS and ion heating observed, we envisioned a new 

paradigm, low-field differential IMS abbreviated as LODIMS. The hardware and operation 

imitate ambient-pressure FAIMS. However, LODIMS has no heating or a few OC at the 

waveform peaks. E and not (E/N) direct the alignment of proteins. E/N leads to the FAIMS 

effect like ion heating and other high-field IMS experience. The DV is typically under 5 kV, 

and the separation is driven strictly by the variable alignment of macroion dipoles in an 

asymmetric field low enough to avoid heating. The separation occurs as those ions that do not 

align elute at zero compensation field, EC and the ones that align appear at EC > 0. Thus, the 
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same unit at high DV shows FAIMS effect and at low DV transforms as LODIMS, further 

discussed in Chapter III. 
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CHAPTER II 

SEPARATIONS OF VARIANT GLYCOPEPTIDES 

 

Note: Most of the contents in this chapter are published in J. Am. Soc. Mass Spectrom. 

2020, 31, 1603-1609 

 

 

2.1 Separations of Variant Glycopeptides in FAIMS 

Proteins are synthesized by a ribosome, under the direction of messenger RNA 

templates bound or not to the endoplasmic reticulum (ER). In the lumen of ER, the protein 

undergoes folding and association with other subunits. The removal and derivatization of 

specific residues in proteins are post-translational modifications (PTMs) of proteins, and this 

makes proteins an immensely vast class of analytes.62 Some of the PTMs are phosphorylation, 

nitration, ubiquitination, and glycosylation. Glycosylation is the most prevalent protein PTM 

as more than half of the proteins are glycosylated and found in all domains of life.63–66 This 

ubiquitous form of PTM has high biomedical importance with roles in protein quality control, 

protein folding, and antibody recognition. Due to this diverse functionality, glycosylation 

patterns are linked to many diseases, including cancer and inflammatory67 and autoimmune 

disorders68, and thus are probed as potential biomarkers.69–73 

The different site of attachment of PTM in a peptide or protein leads to isomeric 

proteoforms, for example, histones with methylation (me), acetylation (ac), and 

phosphorylation (p) modifications.52,54,74 Glycosylation is the most complex PTM, and 

glycoproteomics aims to characterize the glycome or glycoforms of proteins with covalently 

attached glycans.75,76 The identical protein with the same glycosylation site(s) may have 

variable glycan compositions and linkage patterns, increasing the importance of studying 

glycoproteome. Glycoproteomic studies have aided in a deeper understanding of the 

mechanisms of several diseases and the development of treatment and cure. The study of spike 
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glycoprotein of a novel coronavirus, severe acute respiratory syndrome coronavirus 2 (SARS 

CoV2, which caused the alarming coronavirus disease 2019 (COVID-19) pandemic, opens new 

doors to treatment.77 

There are two main protein glycosylation sections depending on where the glycans 

attach (location of the sugar and its linkage to amino acid); they are N-linked and O-linked 

glycosylation.78 Glycans attached to residue in (asparagine, serine, threonine) NXS/T sequence 

via N-links and (serine) S or (threonine) T via O-links.76 There are other types of isomers of 

Glycans: linkage isomers that differ in the subunit connectivity79,80, α/β anomers differing in 

stereochemistry78, isomeric subunits differing in the sugar forms of galactose and glucose, 

namely N-acetyl galactosamine (GalNAc) and N-acetyl glucosamine (GlcNAc)79–82. This 

variety of isomeric and anomeric forms allows the development of different techniques to study 

these glycopeptides.   

An excellent technique for glycopeptide characterization is mass spectrometry (MS), 

especially electrospray ionization (ESI-MS)20,83 coupled with HPLC-MS/MS. The frequently 

used method of collision-induced dissociation (CID) is ergodic. It can only localize tightly 

bound PTMs (acetylation)84,85 but not labile PTMs84, like glycans that have weak glycosidic 

bonds. These glycosidic bonds are cleaved before the backbone, deleting the PTM localization 

information. The preferred method over this is electron capture or transfer dissociation 

(ECD/ETD), which preserves the glycans and can determine their sites.65,86,87,88 

Unfortunately, it is difficult to characterize mixtures of more than two PTM localization 

variants because only variants with bookend PTM sites yield unique-mass fragments and 

require pre-separation to binary mixtures.52,54,89,90 Even though MSn methods can distinguish 

isomeric saccharides91–93 of all three classes, it cannot spilt a glycan but retains the peptide link 

making glycan-level isomerism a tougher problem to deal with.  On the other hand, 
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oligosaccharides comprising anomers and isomeric monomers (not in conjunction with 

peptides) could be identified by a newly built infrared action (messenger) spectroscopy.94,95 

Ion Mobility Spectrometry (IMS) emerges as a new tool replacing condensed phase 

separation. Linear IMS is based on absolute mobility (K), and FAIMS on the increment of 

mobility at high E have resolved peptide variants of 50 aa residues with different PTMs.52,54,96 

In FAIMS, the PTM sites impact the peptide folding upon heating and hence a greater effect 

can be projected for glycopeptides of 200-600 Da compared to much lighter and smaller me 

(14 Da,), ac (42 Da) and p (80 Da).  

Previous studies observed great resolution for linkage, anomers and substituted position 

isomers for polysaccharides studied by linear IMS93,97,98 and FAIMS.99,100 Separation of 

glycopeptides with isomeric glycans on a given site is difficult. There are few footprints of 

these experiments, like that of linear (travelling wave) IMS used to resolve isomers of a tryptic 

digest of human butyrylcholinesterase.80 Broad separation of glycopeptide isomers with either 

N- or O- linked glycans are yet to be demonstrated in IMS. 

FAIMS has been previously utilized to separate two forms of mucin peptide: 

GTT*PSPVTTSTT*SAP (1500.7 Da monoisotopic mass) with O- linked α-GalNAc (+203.1 

Da) on T3 or T13.  Thermo Scientific FAIMS device (2006) with lateral cylindrical gap and 

1:1 He/N2 buffer gas was utilized to study these MUC5AC (3- and 13) peptides.101  

In this section, we will observe the broad separation of glycopeptides in high-definition 

FAIMS that separates the peptides with localization variants with smaller PTMS52,90,102,103 in 

order from localization to isomeric and then anomeric forms of MUC5AC peptide.  
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2.2. Experimental Section 

2.2.1 Materials and Reagents 

For the experiment to separate glycopeptides, 5 different types of isomers of MUC5AC 

peptide were taken under the study. MUC5AC peptide with α-galactose on the 3rd position is 

represented as α-GalNAc in the (1) T3, simultaneously on the 9th amino acid as (2) T9, and 13th 

amino acid as (3) T13 position. Further, β-galactose and β-glucose on the 9th amino acid are 

(4) β-GalNAC and (5) β-GlcNAc, respectively, in T9, as described in Figure 2.1. Localization 

variants (1-3), Glycan-level isomers (2,4,5) with anomers (2, 4) and internal isomers (4,5) are 

sets of different isomers studied for separation in this study. The structures of all five 

glycopeptides are shown in Figure 2.1. The threonine (T) sites where the Glycan attaches are 

color coded. The dotted lines in the β glycans represent β glycosidic bond. These standards 

were separated using FAIMS/MS platform. 

These samples were custom synthesized by Anaspec and claimed to have 95% isomeric 

purity. The standards and their mixtures were prepared at 5 µM in 1:1 water/methanol with 1% 

acetic acid (Solvent I, pH=2.8) or 2% formic acid (Solvent II, pH = 2.1).   
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Figure 2.1. The Glycopeptide isomers (1-5) were studied in this experiment. 

2.2.3 Instrument and Operation 

These samples were analyzed utilizing the FAIMS/MS platform.101 A custom built 

room temperature, ambient pressure FAIMS unit with a planar gap width of g = 1.88 mm is 

directly coupled to an ion funnel interface that raises the signal by 10X with an LTQ XL ion 

trap (Thermo) that has an ETD option. An asymmetric waveform of DV 4 kV and frequency 1 

MHz was supplied to the back plate of the FAIMS unit, and the front plate received the 
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compensation voltage (CV). The buffer gas that carries the ion of interest augmented by the 

CV to the MS is formulated in different percentages of He/N2 composition. The formulated gas 

buffer for He fractions (v/v) of 0 to 63% (maximum avoiding electrical breakdowns) were 

obtained using digital flowmeters (MKS Instruments). Most of the scans were achieved at a 

normal flow rate (Q) of 2L/min; other 1.2 and 1.5 L/min flow rates were utilized, leading to 

the separation time (t) of ∼150−250 ms. The legacy Thermo FAIMS system also had the closer 

Q and t values to these. The CV scan rates were low for these experiments, from 0.1- 0.33 

V/min allowing maximizing resolution at a lower scan rate and a lower flow rate.  The sample 

was then sprayed with an electrospray ionization (ESI) source of 5 kV at 0.3 µL/min. The data 

were obtained with an internal calibrant, and the CVs were converted to compensation field 

(EC) for normalization across all FAIMS data. Several distinct peaks/conformers are assigned 

capital letters to discuss spectral features.  

2.3 Results and Discussion 

As mentioned earlier, the samples were sprayed using ESI to produce intense 

protonated peptides with z = 1 and z = 2. Even after the addition of acid, lowering the pH, z = 

3 was not detected; hence solvent I was utilized for further experiment. The z = 2 of m/z 852.9 

is of more focus obtained from the overall mass spectra as it had a higher intensity with better 

peaks. These peptides show positive EC increasing upon He addition showing Type C ion 

behavior. Now we will discuss the separations of isomers. 

2.3.1. Localization variants  

Analyzing these isomers that fall under the localization variants category, we have 1-3 

molecules as listed above.  First, we experimented with these variants in the default FAIMS 

regime of Q= 2 L/min, a lower scan rate of sr = 0.33 v/min, and a DV of 4 kV. The Figure 2.2 

(a) demonstrate experiment for the localization variant pairs of 1, 2 and 1, 3 at different He 
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fraction from 0-63%. Figure 2.2 (b) shows for 2, 3 pairs at 40 and 50% He fraction. The 

separation of variant pairs is verified with the mixture, and their computed sum is overlaid. The 

resolution increases upon He addition with the best possible separation obtained at the higher 

He fractions. The EC value is the highest at ∼110 V/cm for 3 and the lowest for 1 at about 95 

V/cm.  
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Figure 2.2 (a). FAIMS spectra at 0 - 63% He is the default regime for the 1,2 pair (left column) and 1,3 pair (right 

column) mixtures, overlaid by the scaled individual traces and their computed sum. 
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Figure 2.2 (b) He verified the separation of 2,3 pairs at 40 and 50% with the mixture and fitted with the sum. 

All conformer peaks from A-F appear at 40% He, and we can observe that conformer 

peaks if tracked over a wide range of gas compositions, split into distinct features. Except that 

of 1D and 3D, where they have similar folding for 1 and 3 isomers compared to dominant 

conformers 1B and 3F. The EC spacing over mean peak full width half maximum (fwhm ) is 

the resolution, r shown in Figure2.3, increasing from 0.6-9 in N2 and 63% He, respectively. We 

can also observe 1 and 3 can be fully disentangled at major peak apexes and hence baseline 

resolved at any given He fraction. The resolution achieved here is an order magnitude higher 

than that obtained from Thermo FAIMS.95,101 
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Figure 2.3. FAIMS spectra were obtained for 1, 2, and 3 variants at 0-63% He is the default FAIMS regime. The 

resolution of separation increases with He addition, and the peptides split into different conformations allowing the 

selection of isomers at peaks designated by bars at apexes at He Fractions 50 and 63. 

Variant 2 has not been examined by IMS before and has EC identical to 3 at N2 only 

and has a wider peak that indicates multiple conformers. These conformers at 2E and 2F unfold 

and separate baseline at 50-63% He. 2F and 3F coincidently unfold at similar EC, increasing 

the complexity for separation. We can filter 2 at the apex E at 63% He from 1 and 3, and thus 

we can separate 2 from 1 at apex 2E and 1 from 2 at apex 1B. Similarly, looking at the 63% 

He plot, we can distinguish 2 from 3 at apex 2E from apex 3F. However, 5% isomeric 

impurities may occur due to 1 and 3 at 2E, which does not permit clear separation of these 

isomers at this position. Despite that, we have a 2A conformer in Figure 2.3, which occurs at 
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the lowest EC encouraging explicit filtering of isomer 2 from the other two isomers here. 

However, we were not able to resolve isomer 3 from 2 at this point.  

Moving away from the default regime, Figure 2.4 demonstrates the separation of 1 and 

3 at Q = 1.5 L/min and sr = 0.1 V/min, increasing the resolution. This extended filtering 

produced similar spectra for both isomers with narrower features, and the EC for both is 

conserved with major peak apexes at 1B and 3F and overlapping minor 1D/3D features.  The 

exciting part of this experiment is the resulting r metric for 1B and 3F that reaches 13 and the 

elucidation of multiple conformers. The resolution gain was within the threshold upon the 

reduction of Q by 25%, exceeding the theoretical Q-1/2 factor as conformational annealing and 

fringing field occurs.  

 

Figure 2.4. The extended regime of FAIMS spectra at 63% He. Here Q = 1.5 L/min, sr = 0.1 V/min and (a) 

normalized for 1 and 3, with bars pointing to optimum variant selection and the r = 13, (b) 1 and 3 mixtures 

overlaid by computed sum. 
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So far, from the separation demonstrated in Figure 2.2, 2.3 and 2.4 we could separate 1 

and 2 isomers at peak apexes from the mixture of the other two variants but were not able to 

separate 2 from 3. The 2, 3 mixtures could be characterized using ECD/ETD65; hence, each 

isomer could be separated from the other.  

2.3.2. Glycan-Level Isomerism 

2.3.2.1. Anomers 

Glycan-Level isomers differ only in the position of the glycans on the same amino acid 

in a peptide. Hence, T9αGalNac (2) and T9βGalNAc (4) are used to study the separation of 

anomeric isomers.  

 

Figure 2.5 Normalized FAIMS spectra for 2 and 4 isomers at different He fractions (0-63%) were taken at the 

default FAIMS regime. The dashed lines represent peak selection, and the letters represent conformation 

The FAIMS spectra obtained for these isomers in N2 only are very close to each other, 

as shown in Figure 2.5 After adding He, the spectra split into different conformer peaks 

covering a wide range of EC. The spectral differences that can be marked are (i) peak 4B 
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emerges between 2A and 2C, (ii) peak 4E splits into 4E1 (overlapping with 2E or 2E1) and 

4E3 at higher EC extending that of 2E2, and (iii) the rightmost peak (4G) shifts above 2F. From 

Figure 2.5 at 65 % He isomer 4 can be perfectly separated from 2 at B or G apexes and 2 from 

4 at F apex. Hence, the anomeric isomers can be differentiated and separated. 

 

Figure 2.6. The separation of isomers 2 and 4 at an extended regime of FAIMS at 60% He (a) normalized for 2 and 

4, with bars pointing to the optimum variant selection, (b) for the 2/4 mix overlaid by scaled individual traces and 

their computed sum. 

The extended FAIMS spectra for 2 and 4 isomers at 60% He demonstrated in Figure 

2.6 demonstrates a well-defined peak designated as 2A. Also, the peak 4G gets separated, and 

the shoulders 2C evolve into two features (C and D). Peak 4B grows while  4G vanishes upon 

further He addition.  
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Figure 2.7. FAIMS spectra for 2 and 4 isomers overlaid with the mixture and computed sum at 0-63% He at the 

default regime. 

The transition from high EC to low EC is generally standard for peptides, specifically 

2+ ions.  This effect was obtained presumably due to unfolding promoted by strong field 

heating at higher He content and removal of unstable conformers via “self-cleaning”, which is 

augmented by prolonged heating and shows narrower peaks. The self-cleaning effect seen here 

promotes the selection of 4 at 4G as it disconnects from the mainstream and enables a clean 

selection of 2 at the F apex. Figure 2.7 shows the default FAIMS regime separation verified 

with the mixture and overlaid with the sum. This evidence suggests separating anomeric 

species on the same site of glycopeptides used here in FAIMS. The separation of these isomers 

is of high significance as these isomers do not produce unique fragments in the known MS/MS 

methods.  
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2.3.2.2. Isomeric Glycans 

The internally isomeric glycans here, GalNAc and GlcNAc, differ in the position of the 

OH group in the sugar moiety, making it an exciting study for separation.  The experiment was 

carried out in the usual default FAIMS regime for 4, and 5 isomers. The results are shown in 

Figure 2.8 where 4 opens to more conformer peaks than 5. Unlike 5, 4 has a distinct, 

pronounced peak G, and higher bridges between B and C; E and G are seen, allowing spaces 

for isomer selection. Thus, isomer 4 can be enriched by up to 8X at G and 5 by 2-3X at B/C or 

E/G valleys. Moving further to the extended FAIMS regime where Q = 1.2 L/min and sr = 0.1 

V/min at 30% He, we see that the spectra in Figure 2.9 resemble that of 50% He in Figure 2.8. 

The isomer selection shown by the dashed bar in the figure allows the selection of 4 isomers at 

G. It thus will enable us to quantify the isomers over a limited ratio crudely. Even though a 

clear separation was not achieved here, the ability to distinguish these isomers with such minor 

changes is an peculiar. 
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Figure 2.8. Default FAIMS regime separation of isomers 4 and 5 from 20-60% He. The dashed bars mark the best 

isomer selection points with the enrichment factors labelled. 

 

 

Figure 2.9. The separation of isomers 4 and 5 in the extended regime (Q = 1.2 L/min, sr = 0.1 V/min) of FAIMS at 

30 % He. The spectra are overlaid by the sum and verified with the mixture. The dashed bark marks the best 

isomer selection points with labelled the enrichment factors. 
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2.4. Conclusion 

In summary, the separation of glycopeptides in FAIMS was demonstrated before, with 

only two isomers101. However, in this study, we demonstrate the ability of high-definition 

FAIMS to distinguish and separate five different types of glycopeptide isomers of the 

MUC5AC-GalNAc (1704 Da) with a higher resolution for the same species.    

The first achievement of this work is that the three localization variants (1, 2, 3) can be 

fully separated at the major peaks in the default FAIMS regime except for a pair where one 

isomer could not be resolved from another (2 cannot be resolved from 3). In this situation, a 

binary mixture is handy for localization variants that can be quantified using ECD/ETD or 

equivalent MS/MS techniques.  

The second accomplishment is separating anomeric species into a pair with α/β anomers 

on the same site. These were baseline resolved at the secondary peaks and required to move 

away from the default FAIMS regime for extended filtering and clean selection.   

Different stereochemistry of OH on the ring gives rise to two stereoisomers, GalNAc 

and GlcNAc.  When OH is cis- to CH2OH, the former is created and trans- makes the latter. 

Even though the flip pattern is similar to the anomers, they are only different at one O atom 

rather than the entire glycan. Thus, the challenge here was the separation based on the sole 

atom, increasing the complexity of the task. Even though the isomers were not fully resolved, 

the spectral features could distinguish them, allowing us to assess their mixtures. Thus, it is 

regarded as an awarding achievement for such a daunting task. This is an encouraging forecast 

for separation of internal (linkage/branching) isomers of larger glycans as they are less 

structurally similar. The peptides that contain them are larger and must be easier to resolve  but 

that remains to be investigated in the future.  
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The recent coupling of Fourier Transform (Orbitrap) MS and ETD opens new 

possibilities for the utilization of FAIMS in real glycoproteomics. For now, we took FAIMS to 

new boundaries exploring the separation of different isomers of glycoproteins with a higher 

resolution and this predicts to find application in various biological studies.  
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CHAPTER III 

THE LODIMS CONCEPT  

 

Note: Most of the contents in this chapter are published in Anal. Chem. 2020, 92, 

13855-13863 and Anal. Chem. 2022, 94, 7041-7049. 

 

3.1. The LODIMS Concept: Analyses of protein and complexes employing LODIMS and 

FAIMS 

3.1.1. Conditions to Align Macromolecule Dipoles  

Even though FAIMS is orthogonal to MS28, it could not compete with IMS. In IMS, 

one can obtain an orientationally averaged ion-molecule collisional cross-section32. FAIMS 

lacks this ability as FAIMS relies on ∆K, not K like IMS31,45,104. Ions in FAIMS also experience 

collisional heating that isomerizes or alters the fragile native species. Hence, many physical 

phenomena are agglomerated due to this K(E) dependence36,105. The ions that were  rotary in 

FAIMS are perfectly aligned in a plane perpendicular to the dipole106; we are exploring this in 

this section.  

The dipole moment of a species is the sum of contributions from polar bonds and net 

charges. The dipole moment is thus the magnitude of partial charges (z±) multiplied by the 

distance (d) between them.  

p = z± d     (3.1) 

Thus, higher dipoles are observed for larger molecules. Typically, p values for small 

molecules are < 10 D, like 1.86 D for H2O. Larger molecules have a higher dipole and show 

different behavior in FAIMS.  
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As stated earlier, the ions in the FAIMS separation were grouped into Type A with EC 

< 0 and Type C with EC > 0. Species above 400 Da, like lipids, peptides, and small molecules, 

belong to type C at positive EC in regular FAIMS operation.107 Above 30 kDa for proteins, a 

pronounced band at negative EC shows up for the same proteins with dipole moments (p) of 

300 Debye (D).58,102 The first-principles theory states that these proteins assume pendular states 

at ambient gas pressure. This state appears with firmer locking in the high-E and low-E 

waveform segments.105,108 In simpler terms, these molecules align with the field. In previous 

IMS experiments, the ion mobilities were determined by the orientationally averaged collision 

cross section (Ωavg)
32,109,110 , which is relevant to the free rotators.105 But at this point where the 

locking occurs, the molecule aligns perpendicular to its dipole, and the mobility is governed 

by directional collision cross section (Ωdir).
106,111 

The statement above about locking a molecule with diploe requires a barrier to 

overcome: the thermal rotation of a molecule. Typically for neutrals, the thermal energy per 

degree freedom and dipole moment shares the following relation:  

pE = kBT / 2       (3.2) 

where p is the dipole moment, T is the temperature of an ion; kB is the Boltzmann constant. The 

ion temperature is equilibrated over translational, vibrational, and rotational degrees of freedom 

and exceeds the gas temperature (T) by some increment (∆T).  

Any species can be aligned by the sufficient field provided by Equation 3.2. Increasing 

the field also promotes the acceleration of ions and promotes the heating of the ions. This 

acceleration and heating interfere with alignment111. Thus, the temperature from the above 

conditions31,45,104 gives the following equation:  

∆T = M (KE)2 / (3 kB)     (3.3) 
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∆T = M Ko
2 (E/N)2 No

2 / (3kB).         (3.4) 

where M is the mass of the gas molecule,  

Ko is reduced mobility (the K at standard temperature and pressure, STP),  

N is the number of gas densities,  

No is the value of N at STP (Loschmidt number, 2.69 X 1019 cm-3).  

These two equations produce a quadratic equation with respect to the E value. Then, to 

have minimum and maximum E for locking a molecule, p must exceed a threshold limit.   

Thus, depending on the gas pressure and mobility K, locking a molecule at any field 

requires a minimum dipole moment, pcrit or pmin.
106  We know that at 1 Atm pressure, proteins 

generated by ESI have pmin of nearly 400 D.  

Per the above statement, to lock a molecule, a minimum dipole moment is required that 

is provided by pmin:  

pmin =  kBT / (2E)      (3.5) 

3.1.2. Effect of Dipole Alignment on Ion Mobility 

Small molecules have less p, but proteins (larger molecules) have strong macro-

dipoles106. This macro-dipole occurs from adding the dipole moments of peptide bonds, i.e., 

adding up p = 3.7 D per peptide bond in α-helices. Thus, mean p increases for larger proteins, 

and a histogram of mean protein dipole moments shows a substantial scatter around the central 

trend. Typically, the pcritical is 300 D, which falls around 30 kDa for proteins; hence, any 

proteins above this threshold could potentially align at atmospheric pressure.  
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The effect of dipole alignment observed in Ion Mobility is achieved when K deviates 

from the zero-field limit at high E. There are four reasons for this:  

• The scattering patterns and, thus, collision cross section (CCS) depend on the collision 

velocity.  

• The ion geometries experience reversible expansion upon collisional heating at the high 

field called "breathing".31  

• Collisional alignment occurs for the ions rapidly drifting. The drifting non-spherical 

objects align the principal axis along the field.  

• The aligned molecules get locked in the electric field from the normal rotary ion dipoles 

into pendular states like that of a compass in the magnetic field. Hence any proteins get 

locked in an electric field equivalent to their dipoles.  

 

Figure 3.1 The compass shows alignment of N pole of a magnet. The second image here shows the BSA molecule 

in three directions utilized in computing modelling. The EHSS model provided an output of Ωdir= 0.89 Ωavg 
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3.1.3. Fundamentals of FAIMS Rotary and Aligned Proteins  

As stated, mobilities are governed by orientationally averaged CCS (Ωavg). The aligned 

ions are controlled by directional CCS (Ωdir) in the plane orthogonal to the dipole vector (p). 

There is a remarkable difference between Ωdir for non-spherical shapes from Ωavg; this is seen 

as a massive effect in FAIMS. When BSA is observed from the three orthogonal directions (x 

along p), with the EHSS model calculation and simulation, Ωdir = 0.89 Ωavg is reported (Figure 

3.1). The theoretical measurement shows a remarkable difference between the two, and in this 

part of the dissertation, we will obtain Ωdir closer to the theoretical value for validation.   

The fundamentals of FAIMS separation of rotary and aligned proteins demonstrated 

that Ωdir << Ωavg and that dipole normally pointed along the principal macromolecular axis106. 

Based on this fact, we must observe EC << 0 in FAIMS while other high-field effects decrease 

the mobilities of larger ions resulting in EC > 0. Thus, EC > 0 for rotary macroions and EC < 0 

for alignment. Experiments in Myoglobin and BSA manifested this theoretical principle 

(Figure 3.2). Myoglobin is a protein larger than 17 kDa but smaller than 30 kDa; all charge 

states appear at EC = 5-10 V/cm or positive EC and show only rotary species. However, BSA, 

a protein larger than 30 kDa, demonstrated an EC range from EC > 0 for rotary conformers to 

EC < 0 for aligned conformers.112 Hence this manifests the above theoretical fundamentals of 

alignment at negative EC.
106 Accordingly, any proteins with dipole high enough to align will 

demonstrate aligned species in the negative EC and rotary species in the positive EC region.  
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Figure 3.2. FAIMS spectra on top and the EC (V/mm)/z diagrams on the bottom for (a) Myoglobin and (b) BSA 

obtained. The smaller protein myoglobin only shows rotary species in the positive EC, while the larger protein 

albumin demonstrates alignment with conformer peaks eluting at negative EC 
112

. 

3.1.4. Development of LODIMS 

Until now, we saw that each Ωdir is more structurally specific than Ωavg. For example, 

when police officers take picture of a suspect, they take a profile and frontal photos of the 

suspect but do not take a picture of a person moving on a stool. The profile and frontal photos 

provide the suspect's detailed facial structure compared to the person's blurry image. Hence, 

when specifying the structure of a protein, a perfectly aligned protein will provide better 

information than a rotating protein with blurry structural information. Thus, Ωdir is the best 

descriptor of a protein structure taken when it perfectly aligns with a particular field. There are 

some issues in FAIMS for this study, like FAIMS provides intense field heating that destroys 

the biomolecular conformations, precludes the native MS analysis, and does not reveal accurate 

structural information. In addition, it favors rotary species obstructing the extraction of Ωdir and 

p from the data.  
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Then emerges the development of LODIMS, which provides the solution to IMS and 

FAIMS problems. LODIMS operates at low DV, thus reducing the heating effect in FAIMS; 

with insignificant heating, it preserves the macroions and the conformation of a protein 

reporting the factual structural information. In LODIMS, the alignment scales with E linearly, 

unlike in FAIMS, which scales with the cube of E106. Thus, differential IMS at low field isolates 

alignment, rotary ions appear at EC = 0, and aligned species appear towards negative EC at the 

particular voltage locked by the dipole. LODIMS will bring forth noble separations and 

conformational characterization based on the alignment, only available for species in their 

native state, which require negligible heating.  

3.2. Large Protein- BSA  

3.2.1. Experimental Section 

The instrument, materials used, and experiments performed are described below.   

3.2.1.1. Methods and Reagents 

For this experiment, we purchased bovine serum albumin (BSA) from Sigma Aldrich. 

The standard BSA was prepared at 20 µM in a 50:48:2 composition of water, methanol, and 

formic acid. The sample was infused into the silica capillary at 0.5 µL/min and sprayed by ESI 

to generate the mass spectrum. The spectrum generated is affected by solvent properties, 

affecting the nature and dipole characteristics of protein monomers and oligomers generated 

by ESI. We utilized a very acidic pH of 2.1 here with a high organic content, and a wider z 

range was expected.  
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3.2.1.2. Instrument and Operation 

As described in the first chapter, the FAIMS device was employed in this experiment 

with a gap of 1.88 mm coupled to the Thermo LTQ XL ion trap. This unit was operated at room 

temperature (20 oC) and ambient pressure. The bisinusoidal waveform that was described 

earlier was employed here. The dispersion voltage used here was UD = 0.1 – 4.0 kV. For the 

lower range steps of 0.1 kV and higher voltage, a step of 0.5 kV was utilized. The scan rate for 

CV was 0.5 – 1 V/min. We applied N2 gas as a carrier gas filtered through (Agilent, RMSN-4) 

and delivered by the digital flowmeters at a default rate of 2 L/min or 3 L/min.   

The m/z spectrum was extended to the available maximum of 4,000 and, in some cases, 

limited to 3,000 and 2,000. This extended regime provided accessibility to lower charge states 

of proteins inaccessible in previous work. This, however, does not cover the lowest z of native 

protein complexes that appear in the m/z range above 5,000. We could thus explore the highly 

charged protein forming unfolded conformers and oligomers in this work.   

3.2.2. Results and Discussions  

3.2.2.1. Mass Spectrum of BSA 

The mass spectrum obtained by spraying BSA of mass 66.4 kDa in the LTQ XL with 

no FAIMS via ESI was shown in Figure 3.3. The first figure shows the standard mass range 

m/z < 2000, and the second spectrum reveals the spectrum from extended region m/z = 2000-

4000. A smooth charge state envelope with a maximum z = 64 and the one with the highest 

intensity z = 50 was observed in the standard range. The signal decays in the extended range to 

z = 20 and goes to 17. The weaker peaks at "half-integer" z in the m/z 1400-3000 range in both 

extended and standard mass ranges are from dimers Hzd+ (BSA)2 with odd zd of 45-95. At low 
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m/z, the stronger Coulomb repulsion makes, the higher z unstable the dimers become less 

relative to monomers and disappear entirely. 

 

Figure 3.3. The mass spectra were obtained after spraying the BSA sample into the MS via ESI. (a) BSA spectra in 

the standard m/z range with the envelope of z from 34-64. (b) The extended m/z range up to 4,000 is the 

instrument's maximum limit in both the figures. 

3.2.2.2. Differential IMS Spectra for BSA 

The total ion count (TIC) obtained in differential IMS spectra over the m/z 1,000 - 4000 

range is shown in Figure 3.4 (a) with increment in UD. UD is the dispersion voltage (DV) 

applied. At UD = 0, we observed the rotary species with EC = 0; the peak at 100 V was similar. 

The alignment started at UD = 200V, where the peak moved from EC = 0 to negative EC. This 

kept growing as the UD increased from 200 to 600V. The dominant peak at A remained at EC 
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= 0, and a tail started to grow towards negative EC as conformer peaks expand as we moved to 

higher UD from 700V.  

 

Figure 3.4. TIC spectra for LODIMS/FAIMS at (a) UD = 0- 800 V and (b) UD = 1- 4 kV. The threshold extracted is 

labelled in the figure color coded at 1%, 2% and 5%. The arrow marks ETh for the 700 and 800 V in (a) and 2 and 

4 in (b). 

The tail started to expand to lower EC, and the main peak A noticeably shifted to EC > 

0, which was appropriate for proteins and peptides at UD = 2 kV, where proteins experienced 

a heating effect, as in Figure 3.4 (b). The spectrum at 4 kV matches the previously observed 

one obtained by dome FAIMS. Peak A moved towards positive EC around 40 V/cm, and a wide 

distribution at negative EC extended beyond -200 V/cm. Many different conformer peaks split 

up with varying features named from B-F. A new peak G emerges at the highest EC due to the 
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low-z envelope. This phenomenon was not observed in FAIMS before due to the low m/z 

cutoff.  

As stated earlier, the EC (ED) scales cubically to the DV; hence as the UD doubles from 

2 to 4 kV, peak A increased from 3.5 to 33 V/cm. But this is not true for the distribution at 

negative EC, as seen in Figure 3.4(b). We here quantify the scaling for the tail terminus where 

the range comprises no peaks persisting overall ED values. ED is the EC points obtained per UD 

in kV/cm. The signal crosses a threshold (Th) level, and as we saw at any ED, the tail has > 5% 

intensity. Hence, we limited the threshold to 1%, 2% and 5% (Figure 3.4) to watch the stability 

of the outcome. This threshold selection was important, and one should ensure that peaks 

persist at all ED values of selection.  

3.2.2.3. Structural Information from LODIMS 

The ETh or the resultant EC points obtained per the UD or ED (kV/cm) were lower for 

the lower thresholds. A plot of this ETh and ED at all three threshold levels is in Figure 3.5. In 

Figure 3.5.a, we saw plots of ED at UD of 200 V (where the tail emerges), and 800 V and the 

output of each threshold demonstrates linearity, correlation, and slopes. The curves are 

exceptionally linear here, the r2 correlation is above 0.99, and the slopes (b = -1.0130 ± 

0.00001) are identical. This behavior was never experienced in FAIMS, and the results from 

the FAIMS region are also explored. The second plot in Figure 3.5.b which demonstrates the 

UD scale from 1 kV to 4 kV, shows sublinear scaling. All ETh(ED) curves in this region lie 

above the linear extrapolations from negative points at UD = 200 - 800 V. This observation is 

possibly the manifestation of superposed positive EC shifts from the other FAIMS effects. To 

crudely estimate this effect, we superpose these shifts to be equal for all conformers. Hence, 

we subtracted the measured EC values for peak A from all ETh points and then plotted in the 

same plot with empty circles. Now that these corrected points lie closer to the extrapolations, 
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they are still above the line. The TIC features are summed from multiple charge states rather 

than individual spectra. The EC values within a conformer family depend on z; however, 

changing ED influences the charge state profile transmitted through the gap and thus influences 

the TIC peaks.   

 

Figure 3.5. A plot of ED against ETh showing the point of onset at EC < 0 for UD 200-800 V (a) and 1- 4 kV (b).  (a) 

The dotted lines are the first-order regressions showing linear relationship; the r2 and slopes b are given. (b) The 

extrapolations from a filled circle represent raw data, and the empty ones were obtained upon adjustment. 

3.2.2.4 Mass Spectra from IMS spectra  

The mass spectra were collected continuously during each EC scan at each UD. The 

distinct mass spectra were selected from the TIC by marking conformation peaks where it 

exhibits similar patterns. We only selected UD = 200 V, 700 V, 2kV and 4 kV.  
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3.2.2.4.1. UD = 200 V  

The mass spectra were obtained from the TIC of UD = 200 V and were divided into 

three sections, A, B, and C, as shown in Figure 3.6. The sections were selected based on the 

different mass spectra observed as we walk over the TIC spectra. The spectrum at region A 

resembles that of without FAIMS with a shift in charge state envelope to lower z and reduction 

of the most abundant and maximum z (35 to 60). Favoring a high charge state in FAIMS is 

common as it facilitates lower charge states and greater mobility of ions. The compression of 

the observed z range may also be due to lower sensitivity and ion loss in the FAIMS stage. In 

the mass spectrum of tail B at EC < 0 (Figure 3.6), we see a shift to a higher m/z > 1400, and it 

contains no distinguishing features; however, the spectrum is attributed to larger oligomers. 

We saw a similar case for Tail C, and the spectra resemble that of A.  
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Figure 3. 6. The LODIMS TIC spectra obtained are sectioned into segments A, B, and C at UD = 200 V, as shown 

in the top panel. Mass spectrum observed in each segment is shown in subplots simultaneously for A, B, and C.  

Spectra in the right part of A is scaled as labelled. The numbers reveal the charge states of monomers, and the 

asterisks are the change state of dimers. 

3.2.2.4.2. UD = 700 V 

The peaks progress towards negative EC as we increase DV. At UD = 700 V, the 

conformer peaks are divided into A-D, as shown in Figure 3.7. The main peak A resembles 

that without FAIMS with charge state envelope peaking at 44, and no dimers are seen. Feature 

B demonstrates monomers with higher and tighter charge states (z ~ 37-58) compared to 25-

58 in A, and the envelope indicates the separation of dimer peaks from the monomer envelope. 

There are few peaks of Hzd+(BSA)2 and equally spaced by monomer peaks of similar height 

(Figure 3.7). Segment C is a good mixture of dimers zd = 39-87, with monomers prevailing at 
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the lowest m/z, and the tail D is featureless, probably a mixture of larger oligomers. This trend 

advances further up to 2 kV.  

 

Figure 3.7. The TIC spectra at UD = 700 V, divided into A, B, C, and D sections, with mass spectra obtained from 

these segments, are shown here. The monomer envelope separates from the dimer and monomer mixture at B. 

3.2.2.4.3 UD = 2 kV  

This intermediary region moves from the LODIMS zone to the FAIMS region. 

Significant heating and FAIMS effect are visible here. The conformer tail opens and extends 

up to -120 V/cm and is sectioned from A-E. The content of A and B are like that of UD = 700 

V in Figure 3.8, but B aggregates moderately high z monomers and separation of dimers is 

evident. In C, the highest-charge monomers move to the tail center and co-elute with dimers. 

The next hump, D, also is the nexus of dimers. The tail tip shows some information, and peaks 

are assignable for some monomers of z = 27-40 and dimers in the same m/z range.  
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Figure 3.8. The TIC and the mass spectra from the divided sections for UD = 2 kV. The conformer tail progresses 

further towards negative EC. 

3.2.2.4.4. UD = 4 kV  

The maximum UD explored here strictly falls under the FAIMS regime, where the 

protein experiences a heating effect and the TIC spectra with mass spectra are shown in Figure 

3.9. Shoulder B detaches from A into a broad area in the tail center. The peak tails up to -225 

V/cm with different sections labelled as A-F and G in the front. The peaks and sections A and 

B show only monomer z, and C represents UD with a higher change state segregating as 

monomer peaks. Very few dimer peaks are visible in C, while D shows similar spectra to B in 

700 UD with rich content of monomer of z = 38-52 peaks and a mixture of dimers of zd = 54-

68 and monomer tails in the low charge state region. Section E shows a similar composition of 
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monomer envelops but richer dimer composition of z = 48-73. Similarly, F is a mixture of 

monomer and dimer peaks. This region's total abundance of dimers and larger oligomers is 

drastically reduced compared to UD = 0.7-2 kV. This reduction is observed due to dissociation 

upon field heating at this level.   

The peak G, which was not previously reported, displays the mass spectrum at the 

highest EC dominated by monomer peaks with the charge states 17-19, and some trace of z = 

28–34 is also present (Figure 3.9). The features at the highest EC for smaller proteins like 

ubiquitin and cytochrome C112 come from compact conformers; this peak G results from 

compact conformers in BSA. Thus, these z = 17-19 data here support the formation of the 

secondary envelope.  
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Figure 3.9. At UD = 4 kV, the TIC and mass spectra are obtained as shown. The FAIMS spectrum is divided into A 

- G segments. Peak G at the positive end is dominated by monomers. 

3.2.3. Dipole Moment and Directional Cross Section Calculation  

3.2.3.1. Dipole Moment 

We know from Equation (3.5),   

pmin = kBT / 2E  
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pmin = 8.617333262 (eVolts /K) × 10-5 *(273+25) (K) / 2*200 *1.62 ×10-19 eV 

=2.54 D 

E here is the voltage at which the alignment takes place. For the BSA monomer, we 

saw from Figure 3.2.(a) the peaks at 200 V deviate from EC = 0 and move towards negative EC. 

Hence, at 200, 400 and 600 V, the p was calculated for the BSA monomer. The dipole moments 

are 5.7, 2.8 and 1.9 kD respectively. The dipole moment for the native BSA monomer is PNAT 

= 1.1 kD. The ratio of p/ PNAT
112 should be greater for much larger BSA with more elongated 

unfolded conformers. Hence the maximum p ~ 2 kD measured for high z-monomers is valid. 

Similarly, p ~ 3 kD is obtained for dimers of BSA. Therefore, we could generate a basic model 

for dipole alignment and elucidate macromolecular dipole moments from LODIMS.  

3.2.3.2. Linearity of Compensation Field 

Let us ignore the transition region and the dependence of alignment and thus mobility 

on E therein and postulate a two-state picture. The first picture is where an ion is firmly locked 

with fixed mobility KDir defined by Ωdir, and the second picture is the free rotation with mobility 

K set by Ωavg. Let us further stipulate a rectangular waveform with the aspect ratio f, which 

means the high and low levels of ED and -ED /f.  

For the proper null integral, the respective fractions of time period, t per are given by 

1/(f+1) and f/(f+1). A minimum E is required for alignment Emin. Thus, the ion will be locked 

at the high E and rotating at the low E level over an ED range from Emin to fEmin. The following 

equation provides the net ion displacement over the range  

d = (KDir – K) ED tper/ (f+1)           (3.6) 

The offsetting displacement imparted by the compensation field is provided by  
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d = - (KDir+ fK) EC tper / (f+1)          (3.7) 

Now that we equate Equations 3.6 and 3.7, we get,  

EC = -ED (KDir -K) / (KDir + fK).            (3.8) 

This verifies that EC in LODIMS is linear versus ED.  

3.2.3.3. Resolving Power  

We know that R = EC/w in FAIMS, which is also true in LODIMS; however, these 

factors depend differently on ED as EC is proportional to ED. Negligible heating in LODIMS, 

unlike the peak broadening at extreme fields in FAIMS, is the diffusion isotopic and w constant. 

Thus, the resolving power scales linearly with ED in LODIMS. 

3.2.3.4. Directional CCS 

Unlike IMS, FAIMS cannot directly measure absolute mobilities and CCS. It cannot 

determine K(E) but the dimensionless alpha function31,104,113.  

Thus,  

a(E) = K(E) / K(0) – 1     (3.9) 

Then, the similar relative directional mobility elevation is given by  

aDir = KDir / K -1           (3.10) 

We can then rewrite Equation (3.10) as  

EC = - ED aDir / (aDir + f +1)        (3.11) 
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Yes, LODIMS thus captures the relative mobility change. In order to linearize the above 

equation, in practice, aDir must be much less than unity and f for efficient differential IMS 

should be above 1 (~ 2 - 3).31,114,115 Equation (3.11) thus becomes  

aDir ≅ - (f +1) EC/ED     (3.12) 

Now, we can apply this proportionality to peak apexes. The finite peak widths then 

create an intercept for the signal onset, as shown in Figure 3.5. Again, this equation sees further 

rearrangement. 

aDir ≅ - (f+1) EC/ED     (3.13) 

aDir = - (f +1) b           (3.14) 

Now, for a rectangular waveform with f =2, aDir = -3b.  

However, the bisinusoidal waveform used here is 9/4 times less efficient than the rectangular 

waveform. Despite this, assuming the same correlation, we have,  

aDir = - 6.75b.      (3.15) 

The plot in Figure 3.5 provides the slope (b) that, thus, aids in the calculation and the values of 

which are obtained here  

aDir = -0.675 b, as b = -0.013 thus, aDir = 0.088.  

The smallest directional CCS for BSA is 0.91Ωavg. 
111 The value from the modelling is 0.89. 

the value obtained is more than the computed one, which is reasonable as the waveform is not 

optimal.  
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This is a great first-time attempt to estimate the Ωdir for large macromolecules. We 

indisputably understand that this is a crude method and needs accurate treatment and tunable 

adjustment in the waveform profile for exact measurement. The effectiveness of this approach 

needs to be increased. Thus, the physical model had some assumptions, which reflected the 

uncertainties of the extracted dipole and aDir quantities. Still, one should not assume them to 

have come from measurement errors.  

3.2.4. Summary 

In short, we came up with a new tool for separating and characterizing gas-phase ions. 

The low-field differential IMS resembles FAIMS in hardware and operation, but the separation 

is driven by the alignment of macroion dipoles in an asymmetric field. This LODIMS has a 

low heating effect that preserves native species. All ions that do not align elute at EC = 0, and 

the aligned species move towards negative EC. The same LODIMS transforms into FAIMS as 

the dispersion field ED and the ion heating increases.  

We tested this method on a large protein, BSA and successfully separated oligomers 

presumably destroyed by FAIMS. LODIMS pulled out low abundance assemblies that either 

were not stable or destroyed in FAIMS and were not observed in MS due to spectral congestion. 

Here the EC values and the resolving power scaled linearly with ED while it was ED
3 in FAIMS.  

The absent field heating led to the translation of EC values to the calculation of dipole 

moment and directional CCS. Thus, BSA monomers had a dipole moment of 2-6 kD, which 

corresponded to the neutral BSA dipole. The slope of the EC(ED) curve provided the possibility 

of extracting the ratio Ωdir to Ωavg. The ratio is obtained as 0.91, which lies closer to the 

computational modelling of 0.89. Thus, applying the Ωavg from IMS, one can extract the Ωdir 

for the aligned macromolecules.  
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Molecular shape and dipole moment are important structural descriptors of a 

macromolecule and providing this information without heating at a native conformation from 

a soft ESI source is incredible. This ability of LODIMS is unique for structural biology. In 

addition, a 2D implication with a combination of IMS and LODIMS would allow simultaneous 

extraction of CCS and dipole characteristics, enabling innate studies into dynamics. Hence, 

LODIMS holds high importance and future applications in top-down proteomics, imaging, and 

structural biology.  

 

3.3. Smaller Protein: ADH  

LODIMS was developed, and BSA was demonstrated to derive dipole moment and 

directional CCS. The alignment started at a particular UD, and the EC values were extracted at 

4 kV/cm, 2 kV/cm and 1.5 kV/cm for monomers, dimers, and oligomers, respectively. These 

thresholds were then provided with the pmax values of 2, 4, and 6 kD respectively for the species 

mentioned above. It was also discovered that the negative EC at the edge of the ion count (TIC) 

spectrum scaled linearly with ED in LODIMS against the ED
3 in FAIMS.  

The free rotation thus just forced for a tight locking in LODIMS, and hence the slope b 

of the EC(ED) curve was related to Ωdir
55given by the equation (3.15):  

Ωavg / Ωdir = 1- 6.75b       (3.16) 

This equation is the most important achievement of the above work. For BSA at b = -0.013, 

we obtained a Ωdir = 0.92 Ωavg. These p and ratio obtained are closer to the theoretical values.  

Further, we wanted to see the alignment of smaller proteins and different charge states 

to explore more. Hence, we utilized alcohol dehydrogenase (ADH), a much smaller protein 
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than BSA. We here report the first LODIMS analyses of proteins and complexes in specific 

charge states. We also explore the charge state-dependent evolution of dipole moments and 

directional CCS.  

3.3.1. Experimental Section  

3.3.1.1. Materials and Reagents  

After studying the large BSA, we selected the smaller protein ADH of mass 36.9 kDa. 

We purchased ADH from Sigma Aldrich and made a formulation of 30 µM in 50:49:1 water/ 

methanol/formic acid. The solvent here was acidic with pH = 2.2 and had a high organic part 

that denatures the protonated species over a wide z range. The sample was sprayed with ESI at 

0.5 µL/min flow rate at 2 kV above the curtain plate. Dimer-rich envelope was observed in the 

mass spectra.   

3.3.1.2. Instrument and Operation  

As described above, this work utilizes a FAIMS device and the bisinusoidal waveform. 

We used solely N2 gas, a carrier gas at the flow rate of 3 L/min supplied by the digital 

flowmeters (MKS flowmeters). We utilized UD = 0 – 5 kV, and up to 1 kV steps of 100 V are 

used, and steps of 500 V were utilized for the higher voltage. We here cover the above-

described regimes for LODIMS: regime I from UD = 0.1 – 1 kV, FAIMS regime III of UD = 

2.5 – 5 kV and intermediate regime II that covers the middle voltages. All scans here were 

done at the rate of 1 kV /min. 

3.3.2. Results and Discussions 

3.3.2.1. Mass Spectrum of ADH 
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The Mass spectra shown in Figure 3.10 were obtained with FAIMS unit at the m/z range 

of 800-2000 in transition mode of UD = 0. The spectra are rich with dimer composition allowing 

a comprehensive study of dimers. The monomer peaks appear only in the low m/z range with 

z = 31-43. This monomer spectral part shows interspaced less intense dimers with odd zd. The 

m/z range 1200-1650 comprises bimodal distribution with odd and even zd with similar 

intensity, mostly primary dimers of zd = 45-61 and has some monomer traces at even zd values. 

Looking at high m/z, i.e., 1650-2100, there is another dimer distribution of zd = 37-44, but this 

range has no monomer peaks. This secondary envelope of dimers observed here was not 

previously observed for BSA, but they comprised monomers. At higher m/z, the Coulomb 

repulsion for higher z increases; thus, weekly bound assemblies become weak, and protein 

dimers and oligomers get scarcer.  

 

Figure 3.10. The mass spectra obtained for ADH measured in the transmission mode. The monomer peaks are 

labelled in green, the dimers in blue, and the numbers represent respective charge states. The underlined ones are 

selected for IMS analysis. The m/z range was limited to 2000 as features were not discerned at higher m/z. 
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3.3.2.2. IMS Spectra obtained at different UD 

 

Figure 3.11. FAIMS and LODIMS spectra for ADH at different UD. (a) UD = 0-9.0 (b) UD = 1 - 4 kV. The 

thresholds at 1%, 2% and 5% are extracted. 

We then obtain the TIC at different UD levels similar to BSA but over the m/z range of 

800-2000. From Figure 3.11. (a), we see identical peaks from EC = 0 to UD = 0.2 kV. We see a 

protrusion towards negative EC at UD = 0.3 kV. Calculating pmax according to equation (3.5), 

pmin = kBT / 2E, we obtain a value of 3.8 kD. The tail grows towards negative EC as we move 

towards increasing UD up to a maximum of 4-5 kV, observed in Figure 3.11.(b). The peak A at 

EC = 0 moves to positive EC starting at 1 kV, and these effects resemble that of BSA. We take 

the thresholds ETh at a fixed signal relative to the maximum. Here we select 1%, 2%, 5%, 10% 

and 20% ETh depending on the ion signal and s/n metrics.  
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3.3.2.3. Structural Information obtained from EC(ED) plot 

As defined earlier, regime I (LODIMS) shows exceptionally linear ETh (ED) curves, and 

the correlation r2 = 0.996 - 0.999 from Figure 3.12(a), which is better than that for BSA (r2 = 

0.99 - 0.995). The consistent slope of b = -0.0140 ± 0.0002 is steeper than obtained for BSA 

(b= -0.0130 ± 0.0001) under the same UD range. From Figure 3.12(b), we see that regions II 

and III show linear ETh (ED) curve with r2 > 0.9994 and the slope b = - 0.0213 ± 0.0004. The 

points here, however, lie above the extrapolated LODIMS trend in the solid line in Figure 3.12 

(b). This deviation is probably observed by the high field effects superposed on the alignment 

and can be roughly equated to the EC of the main peak. The values for ETh after the subtraction 

are b = -0.0143 ± 0.0002 and excellent linearity of r2 = 0.995-0.998. Even the adjusted values 

lie above the extrapolated line, similar to BSA.  

As expected, the ETh (ED) curve for the main peak in the FAIMS regime is not linear 

from Figure 3.12(c). We know that scaling is expected to be cubic from theory and experiments 

of diverse species. Similarly, it is linear for LODIMS, and the perfect r2 = 0.9992 in Figure 

3.12(d) verifies this. After observing the cubic scaling and linear scaling for FAIMS and 

LODIMS, respectively, that matches the observations made in BSA. Now, we are looking at 

the properties of monomers and dimers.  
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Figure 3.12. The EC(ED) plots, (a) linear regression with r2 and b for each ETh mentioned for regime I, (b) the plots 

are for regime II and III where r2 and b are labelled, and the filled symbols represent the measured values while 

the empty symbols are for adjusted values. The solid lines are the extrapolated treads from (a), (c) the plot for the 

main peak with marked r2 and (d) the main peak against ED
3 and r2 is marked here too. 

3.3.2.4. IMS Spectra and Properties for Particular Species  

The monomers with substantial signal z = 38 and 42, where there is less dimer 

contamination, are selected for further study. Then the dimers with an intense distribution with 
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fewer monomer peaks are included in the study, and the chosen zd = 41, 51 and 65. The species 

are labelled as M38, M42, D41, D51, and D65, respectively. A much higher threshold was 

selected for some of the species due to low signal intensity. The common threshold selected 

was 0.05, 0.1, and 0.2, as shown in the TIC plot (Figure 3.11). The plot has three sections: I is 

LODIMS, II is the Transition region, and III is the FAIMS region. The monomer peaks show 

a higher intensity peak at EC < 0, marked with an asterisk.  

We see a significant difference in the spectra among monomers and dimers within each 

group. In the case of monomers, the tailing occurs at EC < 0 and emerges at UD = 0.5 kV, giving 

a pmin of 2.3 D. The shelf now extends to less negative ETh values at any UD in the regime I 

(e.g., −21 vs −56 V/cm at UD = 0.9 kV and threshold of 0.05). The relative ETh difference 

diminishes in II and III, but at the same level, ETh = −(240− 250) V/cm for the monomers vs 

−315 V/cm for TIC even at the maximum UD = 5 kV. The peaks at EC < 0 are sharper and more 

intense than in EC > 0, indicating well-defined aligned conformers. There is no signal at positive 

EC at 5 kV where rotary species are found. Hence, this is the first example of complete 

alignment across conformers.  
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Figure 3.13. Differential IMS spectra in regimes I (left), II (middle), and III (right) are labelled at the top. The 

spectra are obtained for selected charge states M38 and M42 for monomers and D41, D51 and D65 for dimers. The 

signal at 5 kV is weak for dimers due to high field heating that possibly induced fragmentation and is omitted. The 

ETh is defined at the signal levels, and 5%, 10 % and 20% are extracted for most. The stars denote the dominant 

peaks at EC < 0 for monomers in regime III. 

A much smaller envelope (larger than the monomer) is obtained for D51 with the onset 

at UD = 0.5 kV and ETh = -38 V/cm. At the same UD point, D41 shows an onset at UD = 0.6-0.7 

kV and thus pmin = 1.6 -1.9 kD. As stated, the dipole moments are more significant for dimers 

compared to monomers as the z is larger for dimers and shows distinct alignment in LODIMS.  
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3.3.2.5. Structural Information for Individual Species 

We now plotted these thresholds and the respective ETh and ED and obtained regression 

for individual species selected above. The graph is extensive, but the description here will make 

it easier to follow and understand the results obtained. The graphs for the two monomers are 

similar.  Linearity is high with r2 > 0.97, which is less than the overall TIC for the monomers 

seen in the first two plots of Figure 3.14, the reason behind this lower value is that the signal 

and the s/n ratio for a single charge state are lower, which decreases the linearity. However, 

following the slope in these two plots, we see an increase from I to II. The absolute b increases 

from 0.005 to 0.007 in I (lower than TIC); for II, it is 0.013 to 0.014.  

After this, we obtained p ~1-4 kD for I, and Ωdir/ Ωavg = 0.95 -0.97. For II, p = 0.5 -1 

kD and Ωdir/Ωavg = 0.91 – 0.92. The p is higher for I than II. For, III slope further decreases |b| 

= 0.008 – 0.0009.  

For only one monomer charge state, M38, the ETh is adjusted to see if the slope still 

decreases. The position of the main peak for M38 is subtracted from the major peak at EC > 0 

to offset the high field effects. The adjusted values are marked in empty circles in the plot 

shown in Figure 3.14. It slightly increases the b in II, which is still lower than that observed in 

II for the M38. Inspecting closely, we observe slightly steeper slopes for M42 than M38 in 

regimes I and II, as expected from the understanding that protein geometries elongate upon 

charging.  
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Figure 3.14. The EC (ED) plot of 5 species was selected for the study. The full circles mark the thresholds at 0.05, 

0.10 and 0.20, while the empty circles mark the adjusted values for M38. In regime III, the stars are for M38 and 

M42. The data for I is enlarged in the right subsection of the plots. Regime I, II and III are also marked. Both the 

b and r2 are marked. 
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The third and the fourth sub-plots in Figure 3.14 are for D65 and D51. In the plot, we 

see much steeper slopes for ETh (ED) in regime I. A slightly higher absolute slope for D65 

(0.016) is observed compared to D51 (0.0110 - 0.012) in this regime. However, the values in 

II and III are almost equal, essentially 0.012 - 0.013, and the regression is r2 > 0.997.  

Due to the low s/n ratio in the small shelf for D41, at the TIC plot in Figure 3.13, we 

could only determine ETh at 0.1. In the last plot of Figure 3.14, the slope is much lower than 

the higher charge state dimers (D51, D65). The value |b| = 0.008 in II and III for D 41 is much 

lower than that seen for higher-charged dimers. Therefore, the p-value of 0.0016 is obtained, 

which is the highest value observed, and this corresponds to Ωdir/Ωavg 0.90. The results are 

within the understanding that elongation is maximized for the higher charge state dimers.  

3.3.3. Summary 

In short, we extended the LODIMS ability to align macromolecules beyond albumin to 

monomers and dimers of alcohol dehydrogenase. We expanded the application to smaller 

proteins and complexes with usually weaker dipoles. In this work, we verified the linearity of 

the EC (ED) curve for pendular conformers against the cubic scaling in FAIMS. The trend lines 

for each molecule developed in this work has varying slopes, different among each species 

projecting a rich structural content with a range of shapes. We could also extract the dipoles of 

individual monomer or dimer species and access their direction CCS. This approach will 

facilitate macromolecular structural characterization and build a framework for modelling.  
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3.4. Conclusion 

Overall, this chapter saw a new paradigm established to separate and characterize ions 

in gases and named it LODIMS. Even though the hardware and operation resembled FAIMS, 

the separation in LODIMS is strictly determined by the dynamic alignment of macroion dipoles 

in an electric field low enough to avoid substantial heating. This low heating preserved dimers 

and oligomers like the native structure destroyed in significant heating observed in FAIMS.  

We studied BSA (66 kDa) and ADH (37 kDa) to explore the ability of LODIMS in 

dipole alignment. The future direction for this work is to employ a high-resolution instrument 

for confident analyte identification. Thus, to further expand this work Orbitrap Elite was 

utilized to demonstrate dipole alignment and the feasibility of calculation of directional cross 

section explored for even smaller protein Concanavalin A (25.6 kDa) to obtain preliminary 

data. The future work in this can lead to significant conclusion as Con A is the smallest protein 

studied for alignment and orbitrap allows confident analyte identification and proper charge 

state depiction for proteins.  

The scaling in LODIMS is linear, unlike cubic in FAIMS, which makes it unique and 

can thus be employed in a new way. The onset of the shift from EC = 0 provides the E value 

for alignment utilized in calculating the p. EC(ED) plot, which includes a slope that helps derive 

the ratio of Ωdir/Ωavg. Application with IMS can provide Ωavg, thus allowing us to obtain the 

Ωdir. This 2D application will open detailed structural characterization of macroions which will 

be very fruitful for structural biology. Therefore, we envision LODIMS as a powerful tool for 

native MS analysis, and its integration is projected in the fields of structural biology, top-down 

proteomics, and imaging.  
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CHAPTER IV  

THE STRUCTURAL ISOTOPIC SHIFT PARADIGM  

 

Note: Most of the contents in this chapter are published in Anal. Chem. 2018, 90, 

9410-9417, J. Am. Soc. Mass Spectrom, 2020, 31, 137-145, Anal. Chem. 2019, 91, 

3687-3693, and J. Am. Soc. Mass spectrum. 2021, 32, 340-345.  

 

4.1. The Concept of Isotopic Shift in FAIMS 

Over the years, Mass Spectrometry (MS) has become the first and inseparable 

instrument choice in analytical testing. The development of soft ionization sources like 

electrospray ionization (ESI) introduced MS to biomolecules, and the dramatic improvement 

in resolving power attracted it to many fields.23,83 The resolving power up to 106 and an 

accuracy of 1 ppm allowed deducing the stoichiometry to 1 kDa by the exact mass and isotopic 

distribution. Discoveries and instrument development skyrocketed with novel MS detectors 

and interfaces that brought additional benefits in sensitivity and dynamic range, revolutionizing 

how we view things by measuring single ions and individual cells and virions above 50 MDa. 

Despite all these achievements, it faces a drawback in molecular structure elucidation, partly 

due to isomers. 

4.2. Isomers, Isotopologues and Isotopomers 

Isomers are molecules with the same number of atoms or elements but different 

arrangements. Isomers do not share similar chemical and physical properties and are of two 

types in general structural and constitutional isomers.116 Mass spectrometry with radical 

fragmentation methods and electron transfer and ozone-induced dissociation are added help for 

structural characterization. However, the complete characterization of isomers is still tricky as 
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they yield equal-mass fragments, thus encouraging the development of pre-separation 

techniques.  

To distinguish and identify analytes, researchers have sometimes utilized variations in 

isotopes. Isotopes have been an added advantage in separating and identifying chemical 

compounds. Almost all elements in nature, including the standard H, C, N, O, S, Cl and Br, 

have one or more additional stable isotopes, for example, 13C, 15N, and 37Cl.117–119 Thus, the 

organic and biological compounds comprise numerous isotopologues (natural or labelled on 

specific sites). A chemical differs from its parent chemical in that at least one atom has a 

different number of neutrons. In simpler terms, these molecules differ only in their isotopic 

composition. Tracing isotopologues in different analytes significantly impacts fields like 

forensics, biogeochemistry, and personalized medicine. There is a unique mass distribution per 

stoichiometry.119 MS is an excellent tool for identifying site-specific and clumped isotope 

species; however, it lacks the skill to deal with large molecules and identify multiple 

isotopologues in a single molecule.  

Furthermore, there are isotopic isomers called isotopomers. These are the isotopologues 

that differ in the position of the same isotopic substitution. The water (H2O), semi-heavy water 

(HDO) and heavy water (D2O) are isotopologues of the same molecule. These examples have 

the same chemical formula and bonding arrangement of atoms; however, they differ in at least 

one atom that has different neutrons compared to the other. Mass spectrometry is one of the 

primary instruments used to detect isotopologues facilitating astrobiology, biogeochemistry, 

and forensics.120  
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Figure 4.1. Isomers of MBA (a), the mass spectra obtained for these isomers where the peak at m/z 176 is scaled as 

labelled (b), and (c) isotopic isomers of halogenated isomers. 

The terms isomers, isotopologues and isotopomers are summarized in Figure 4.1. Here 

we see three isomers of monobromoaniles (MBA) with Br in a different position. The 

isotopologues here are from 13C and 81Br, resulting in mass spectra shown in the Figure 4.1. 

(b) . The isotopic isomers (isotopomers) are due to the location of 13C in one specific isomer. 

4.3. Utilization of MS and FAIMS 

Even though mass spectrometry can deduce the associated mass distribution fingerprint 

stoichiometry with sufficient resolving power (RMS) and measurement accuracy, it does not 

reveal information on molecular geometries. The structure elucidation ability is crucial for 

isomers, as the study of molecules of biomedical functions like peptides, proteins and 

metabolites is increasingly gaining importance that is hindered by isomeric complexity.  

Several non-ergodic fragmentation methods, such as electron-transfer and ozone-

induced dissociation methods, are developed to empower MS. Despite recent advancements, 
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these methods cannot completely characterize isomers, especially out of their complex mixture, 

as they yield identical-mass fragments. Pre-separation techniques came into light, and the 

development of chromatography, electrophoresis, and ion mobility mass spectrometry (IMS) 

has recently added advantages to newer studies.  

Pre-separation is required to carry out MS from a complex mixtures and techniques like 

liquid chromatography (LC)121–124 and capillary electrophoresis (CE)125–128 are widely used. 

LC and CE have been modified per the need of the samples and time-consuming gradients and 

separation schemes are developed to resolve non-isobaric isotopologues. However, the shifts 

are not reported before and does not convey structural information. 

Linear IMS is based on absolute ion mobility (K) in gases at a modest electric field (E) 

and has limited orthogonality to MS as K is inherently related to ion mass (m), especially within 

the compounded class. IMS also discriminates non-isobaric isotopologues by mass without 

structural specificity.58,105  

A newly developed IMS device called the differential or field asymmetric waveform 

IMS (FAIMS) takes ion mobility to a newer level. This non-linear method at two different E 

levels captures the K (∆K) increment that equilibrates the ions moving through plates. Ions 

received into the gap between two electrodes (parallel plates) supplied with the asymmetric 

waveform of some amplitude (dispersion voltage, DV) are pulled with the help of buffer gas. 

The particular compensation voltage (CV) superimposed on the waveform augments the ion of 

attention while others get destroyed at the plate surface to the plate surface. The scanning CV 

then yields the mass spectrum of the ion of interest.57  

In recent discoveries, the non-isobaric isotopologues reflect the natural isotopic 

abundance and produce EC shifts in FAIMS that are utilized to differentiate isomers. The first 

demonstration in anilines27 utilized monochloroanilines (MCA) of m/z 128, and the molecule 
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has Cl in different positions on the benzene ring like o, m- and p- positions. These isomers were 

successfully separated and characterized with one 13C atom, ∆EC (129-128). This ∆EC is 

calculated using the following equation:  

∆ EC (m1-m2) = EC (m1) – EC (m2)                                      (4.1) 

The masses of the isotopologues 128, 129, 130 and 131 obtained from the spectra can 

be utilized to calculate shifts. Here 1Da shift obtained from 129-128, 131-130 are13C, and 130-

128, the 2Da shift is the 37Cl. Even though the isomers are differentiated by their position in 

Cl, it is surprising that Cl shifts were not found to help differentiate isomers.27  

This crude approach gave a new insight into separating isomers using isotopic shift and 

thus expanded the capacity of FAIMS for complex applications like obtaining peak shifts from 

natural isotopologues of a compound. Every discovery opens the mind to many questions that 

a researcher longs to answer. Similarly, this method enticed a series of questions, some of 

which are as follows: 

a) Is this approach broad enough to include various molecules and compounds 

known? Are there any molecular symmetry constraints? 

b) How significant are the magnitudes of shift, and are they affected by the 

instrumental parameters? 

c) How far can we go? What is the mass limit for this approach? 

d) Are shifts beyond 13C additive? Can the two concurrent shifts be added?  

e) Are there any other shifts that are structurally specific?  

f) Is it possible to characterize unresolved isomers? What about different kinds of 

isomers? Can they be delineated?   
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The main aim of this part is to answer these questions in the best possible approach. 

Hence, we took many samples, including MCA, that utilized higher voltages and incorporated 

sets of different gas compositions. The fantastic outcomes that we witnessed are discussed in 

the results sections.  

 4.4. DCA  

4.4.1. Specific 37Cl shifts 

The first adventure was determining if Cl shifts were unworthy of isomer demarcation. 

The second step is to discover the additivity of 13C shifts and the behavior of shift sets at the 

higher voltage. Hence, we took C6H5NCl2-Dicholroanilines (DCA) which has 2 Cl at various 

positions in the benzene ring, creating six different isomers as demonstrated in Figure 4.2 and 

generates protonated species 1+ ions through the electrospray ionization source. DCA of mass 

161 Da presumably ionizes with H+ on the N atoms, and the observed mass spectra (Figure 

4.2) are shown to match the computed isotopic distribution with unit resolution in Table 4.1. 

To disentangle the isobars spaced by < 0.01 Da requires R > 104 and is beyond the ability of 

ion traps even in the ultrazoom mode, it would thus require higher resolution instruments like 

Orbitrap.  

 

Figure 4.2. Six different isomers of DCA and the MS spectra as observed. The peaks at m/z 167 and 168 are scaled 

as labelled. 
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To measure the EC ∼1 values precisely for the highest-mass peak observed through 

FAIMS, the relative intensity of at least 1% of the base peak is necessary. In the case of MCA, 

the highest-mass peak observed through FAIMS was the monoisotopic mass +3 Th provided 

by 13C37Cl. For DCA, from the monoisotopic base peak at m/z 162, the two Cl atoms and the 

high 37Cl fraction yield an abundance of 1% or more for species comprising 37Cl2 at the base 

monoisotopic peak (m/z 162) plus 4 and 5 Th. The signal observed here arises primarily due to 

the dominant stoichiometry like that of MCA. That is > 93% of the signal at any of those masses 

here, primarily due to one or two 37Cl and one 13C. But not that from 15N or D; thus, the 

observed peaks can be ascribed to the specific isotopologues. In this way, the shift matrix 

expands to five entries in the case of DCA from three entries in MCA, creating a more 

informative set to explore the questions mentioned above. Mainly using the 37Cl2 and 13C37Cl2 

isotopologues addresses the specificity of Cl shifts and additivity of the shift sets. Even though 

we mentioned earlier that at least a 1% signal is required to access the shifts with greater 

accuracy, here we obtain EC shifts for some isomers at the +6 Th peak of m/z 168 with 0.02% 

intensity with a little less precision with an expectation to provide greater accuracy for the 

study.  

TABLE 4.1 LIST OF HEAVY ATOMS AND THEIR INTENSITIES COMPUTED FOR H+DCA ISOTOPOLOGUES. 

 Intensities computed for H+DCA Isotopologuesa 

 

 

accurate mass  

 

unit mass  

  
Heavy atoms M Ib M Ib % at unit m 

none 161.988 100 162 100 100 

15N 162.985 0.361 163 6.947 5.2 

13C 162.991 6.489 

  

93.41 

D 162.994 0.096 

  

1.4 

31Cl 163.985 64.8 164 65 99.69 

13C15N 163.988 0.023 

  

0.035 
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aComputed using the calculator on the ww.sisweb.com, bIntensity relative to the base peak (100%) for all species 

with I*≥ 0.002%. The I* values ≥ 0.002% are bolded. 

4.4.2. Experimental Section  

4.4.2.1. Materials and Reagents:  

We purchased the six isomers of DCA (2,3, 2,4, 2,6, 2,5, 3,4, and 3,5) from Sigma-

Aldrich. 100 µM concentration of each sample was prepared in 99:1 MeOH/formic acid and 

infused at 0.3 µL/min. 2-monobromoaniline (MBA-172 Da) of 10 µM concentration is also 

added to the sample for internal calibration. Replicates of 10-20 were obtained for each isomer 

cross-mapped with an anchor to carry out statistics. Thus, all separations and EC shift 

differences were validated using the binary and a more complex isomer mixture. An individual 

scan for a binary mixture taken with 9 replicates is shown in Figure 4.3.  

Table 4.1 (continued) 

13C2 163.994 0.175 

  

0.269 

13CD 163.997 0.006 

  

0.009 

37Cl15N 164.982 0.234 165 4.505 5.19 

37Cl13C 164.988 4.205 

  

93.34 

37ClD 164.991 0.062 

  

1.4 

13C3 164.998 0.003 

  

0.07 

37Cl2 164.991 10.5 166 10.63 98.78 

37Cl13C15N 165.985 0.015 

  

0.14 

37Cl13C2 165.991 0.114 

  

1.07 

37Cl13CD 165.994 0.004 

  

0.04 

37Cl2
15N 166.979 0.038 167 0.731 5.2 

37Cl2
13C 166.985 0.681 

  

93.2 

37Cl2D 166.988 0.01 

  

1.4 

37Cl2
13C15N 167.982 0.003 168 0.022 12 

37Cl2
13C2 167.989 0.018 

  

86 
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4.4.2.2. Instrument and Operation 

Custom built FAIMS device described above is utilized here with a gap of 1.88 mm 

mounted to LTQ XL via an electrodynamic funnel interface114,114,129.  This unit is supplied with 

a buffer gas of He/CO2 mixture at Q = 3 L/min above the normal operation, and Q = 2 L/min 

was also employed. The DV of 4.0 or 5.0 kV was utilized and operated to the maximum 

breakdown capacity of 65% and 43% He, respectively. The breakdown threshold (for dc or rf 

voltages over a broad range of gap widths) for He/CO2 is slightly under that of the He/N2 

mixture (is lower in CO2 than in N2 (typically 10 %) provided by the Paschen curve.48 We 

utilized 4.0 kV DV for the previous study of isotopic shifts in MCA27; however, we are moving 

to 5 kV with a lower He fraction here. Hence, we explored this molecule's shifts in both 4 and 

5 kV DV to provide a direct comparison. Interestingly, we observed higher and more stable ion 

signals and, thus, more precise, and greater EC shifts. The standard EC scan rate is s = 0.09 V/ 

(cm, s).  

4.4.3. Results and Discussion 

As mentioned above, the data for all the isomers were obtained at 5 kV DV across 0-

43% He fractions. The FAIMS separation and the isomer position in EC are shown in Figure 

4.4. 
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Figure 4.3. FAIMS spectra with 9 consecutive CV scans/ replicates of each 9 minutes. Here the mixture of 2,4/3,4 

in a 1:1 ratio is sprayed, and the data is collected at 5 kV DV at 43% He. The data is extracted at m/z 162, and the 

peak on the left of each scan with data is extracted at m/z 162, and the peak on the left of each scan with 

descending CV is 2,4-DCA and on the right is 3,4-DCA 

Small molecules show A-type ion behavior in the plot of ion mobility against an electric 

field, and they tend to demonstrate positive K(E) slopes and negative EC. The molecules here 

also experience the same effect. The resolving power defined for the full peak width at half-

maximum (w) increases upon He addition from 20 to 60 at 43% He with the increase in 

absolute EC values. This effect is observed due to the non-Blanc phenomena in gas mixtures 

where the peak narrows with increasing K values, and the trend is observed for MCAs27 and 

other ions in both He/CO2 and He/N2 buffer gas mixtures.  

4.4.3.1. Separation of DCA isomers 

The absolute EC is in the order of 3,4  3,5 << 2,3  2,4 < 2,5 << 2,6 for the isomers at 

any He fraction. It is expected for compact geometries to have higher | EC | values, and here the 

compact geometries are the ones where the chlorines and amine clusters are close to each other, 

like that of 2,6 and 2,3. Even though 2,3 is an exception in the trend as it is expected to be near 
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2,6 and have a higher EC value than observed, it is still near 2,4, and 3,4 is closer to 3,5, as seen 

in Figure 4.4.  

 

Figure 4.4. FAIMS separation of six isomers of DCA from 0-43% He fraction at 5 kV at different EC values. The 

separation of isomers is also shown at 0 and 43 % He in the subplots. The peaks for 2,6-DCA are scaled as 

labelled, and this isomer can be separated from the others and binary mixtures. 

From Table 4.1, the dominant isotope set is reflected in a single FAIMS spectrum 

at heavier m/z. The set includes 13C (m/z 163), 37Cl (m/z 164), 13C37Cl (m/z 165), 37Cl2 (m/z 

166), 13C37Cl2 (m/z 167) and 13C2
37Cl2 (m/z 168).  We observed a different situation where 

these peaks are not coincident with isomer patterns. A different pattern of these peaks is 

observed for 2,5 and 3,5 isomers. In Figure 4.5, we can see the different patterns for 2,5 

and 3,5, where the peaks with higher mass for 2,5 show lower |EC| but for that of 3,5, 13C 

(m/z 162) increases the |EC| while 37Cl (m/z 164) decreases |EC|. In simple language, the 163 

peak moves to the left of the 162 peaks in the case of 2,5. At the same time, it moves to the 
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right in the case of 3,5 distinguishing these isomers. This set helps distinguish the isomers; 

hence DCA exhibits structurally informative isotopologic shifts in FAIMS spectra, 

allowing isomer separation and important structural demarcation.  

 

 

Figure 4.5. Different patterns of isotopologues were observed in FAIMS spectra for 2,5 and 3,5 at unit masses. 

 

4.4.3.2. Structurally Specific Shifts for DCA 

We now calculate the shifts like 13C and 37Cl; to do this, we must take the difference in 

EC using equation (4.1). The peak position is calculated and the plot of position per the isomers 

at different He fraction is plotted shown in Figure 4.4. Then the shift for each isotopologue is 

extracted, this shift is again plotted against He fraction as shown in figure 4.6.  
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Figure 4.6. The plot of measured ∆ EC values for DCA isomers against He fraction (0-43%) at 5 kV was obtained 

in FAIMS. The top three are 13C shifts, the bottom two are 37Cl shifts, and an average of 20 replicates are taken 

with the bars for the std errors of the mean (SEMs). The dashed lines here mark EC =0. 

We grouped the independent EC values by isotope: the 13C shifts are assembled into one 

set, and the 37Cl shifts are in the other. The 13C shifts include shifts ∆EC (163-162), ∆EC (165-

164), and ∆EC (167-166). The 37Cl shifts are ∆EC (164-162) and ∆EC (166-164). The shift ∆EC 

(168-167) that is 13C is not quantified here due to the minuscule signal at m/z 168 and does not 

meet high accuracy levels. These shifts are then plotted against the He fraction in Figure 4.6.  
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Figure 4.7. 2D Maps of 13C/37Cl shifts for the DCA isomers at 0-43% He. The average of 10 replicates and the bars 

represents a 95% confidence interval, while the dashed lines are for equal shifts. 

The plot demonstrates three 13C isotopic shifts and two 37Cl shifts for the six isomers. 

Most isomers can be separated at 43% He, utilizing the 13C and 37Cl shifts, and these shifts are 

close for an isomer and show asserted additivity. The scattering of these shifts is then reduced 

by averaging the associated ∆EC values, which improves the precision for separation of DCA, 

as it provides a more significant number of individual ∆EC sets compared to MCA.  

In line with MCAs up to 40% He, the absolute ∆EC values and the inter-isomer 

differences increase upon He addition. Thus, the focus is on the shifts at 40% He. In the present 

context, the isomers are incredibly close in their geometries and masses, and the EC values elute 

within 20 s. The ∆EC sets are composed of less than 2% of the |EC| values as they are tightly 
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produced. The 13C shifts have a mean EC error margin at 95% confidence of 25 ± 6 mV/cm, 

and that for 37Cl is 51 ± 9 mV/cm, which amounts to 0.01-0.03% of the |EC|.  

The averaged shifts of 13C and 37Cl are plotted against each other, creating a 2D map 

for isomer separation at 0, 20, 30, and 43%, as demonstrated in Figure 4.7. The maps with 

lower He content illustrate the worst specificity as |∆EC| values diminish while the uncertainties 

stay high. The delineation of 2,3 from 2,6 disappears at 30% He, and those of 2,3 from 2,5 and 

2,4 from 3,5 also vanishes at 0% He. With the low separation for isomers observed here, CO2 

only is not totally trash. We can observe that three groups of isomers are distinguishable in 

only CO2 only. 

Further constriction in the uncertainties, possibly with more precise replicates and tight 

statistics, could improve differentiation power in this regime. Looking at the 43% He plot, clear 

separation of all the isomers at respective EC is achieved. This provides greater insight and use 

of heavy Cl isotope for isomer demarcation, unlike in MCA.  

The 2-D map of mean 13C shifts and 37Cl in Figure 4.8 (a) demonstrates vivid separation 

of the six isomers of DCA and the mixture of 2,3 and 2,4 at 40% He is also distinguished from 

the other isomers with a particular EC value. The heavier isotopologues had lower |EC| values 

in the case of MCA, and the 13C and 37Cl shifts for MCA were positive; however, the shifts for 

37Cl are positive, and the shifts for 13C are both positive and negative. The 13C shift for the 3,5 

isomer is negative, and the 2,4 isomer is slightly negative (Figures 4.6 and 4.7). This is the first 

observation of negative shifts for natural compounds, while species labelled (including 13C 

shifts) were previously observed to be negative. For 2,3 and 2,6 isomers, 13C were 

indistinguishable, while 37Cl shifts were indistinguishable for 2,3, 2,4 and 3,4 isomers. The 

range of 13C shifts is from -0.3 to 0.9 V/cm, and 37Cl shifts are from 0.8 to 1.6 V/cm. The 13C 

shift is almost 50% wider than the 37Cl shifts and remains more structurally informative than 
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37Cl. Thus, we can state that the data demonstrate the efficacy of multidimensional matrices 

in aggregating shifts for concurring isotopes. All six DCAs are demarcated in the 2-D 

matrix, but they are not in individual plots. This highlights the crucial role of 37Cl shifts in 

differentiating 2,3 and 2,6, which were not distinguished by 13C shifts. This way, we answer 

the most curious question of the utility of heavy halogen, i.e., 37Cl shifts and its specificity, 

with an observation of specific and useful 37Cl shifts verified by this experiment.   

Now, the main question is the correlation between ∆EC and EC. A perfect correlation 

score would make it impossible for EC shifts to differentiate coeluting isomers. In the case of 

MCA, the 13C shifts were greater with higher |EC| values, but the relative difference in ∆EC 

values was larger than EC. In fact, for DCA, there is not even a qualitative correlation; for 

example, 2,6 has the highest |EC| but a medium-sized 13C shift and the smallest 37Cl shift, 

whereas 2,4 has a medium |EC| with a minimum absolute 13C shift. DCA with six isomers 

provides enough data to quantify correlation, which was impossible with only three isomers of 

MCA. Both 13C and 37Cl shifts at |∆EC| show independence of EC. The is r2 value is 0.26 for 13C 

and 0.17 for 37Cl at 40% He from the Figure 4.8 (b). This firmly demonstrates the ability of 

∆EC values for isomer separation even for isomers with nearly equal EC values, like 

coeluting isomers 3,4 vs 3,5 and 2,3 vs 2,4.  

The shifts revealed coeluting isomer mixtures for 2,3/2,4 and 3,4/3,5 pairs. Also, we 

witnessed the 13C shift for the mixture of 2,3/2,4 pair falls in between the isomers 2,3 and 2,4, 

and it does not also fit any other isomer in Figure 2.8 (a), revealing it as a mixture. From this, 

we saw that 37Cl was not informative, equal for these two isomers and the mixture, followed 

by similar results for another pair of isomers (3,4/3,5). Looking at the mixture of the 2,3/2,4 

plot, we observe that the mixture lies closer to 2,4 rather than 2,3 predicting 2,4 as a significant 

component. This result is consistent with the higher signal for 2,4 compared to 2,3 by 2-3 fold; 
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unexpectedly, 2,3 is less efficiently ionized, having second Cl closer to the amine. However, a 

higher mixture of 2,3 might bring the shift closer or on top of 3,4, but they are baseline 

separated in the subplot of Figure 4.4 and hence not of concern here.  

 

 

Figure 4.8.(a).2D Map of 13C/37Cl shifts for DCA isomers and the 2,3/2,4 mixture at 40% He. The bars 

represent 95 % confidence intervals from 10 replicates, and the dashed lines indicate equal shifts. (b) This 

plot is for the correlation of absolute 13C and 37Cl shifts with EC values across some isomers. The dashed-dot 

lines are the first-order regressions; the r2 values are marked. 

The mixtures that we were able to separate could drastically change when unequal 

EC shifts for the components change the resolution across the m/z envelope. We know that 

2,4 and 2,5 were largely resolved at base peak m/z 162 using Q = 2 L/min (Figure 4.9). 

Figure 4.8 shows that 2,4 has a lower |EC| than 2,5. However, 2,5 has more tremendous EC 
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shifts, which are 0.9 V/cm for 13C and 1.6V/cm for 37Cl in Figure 4.8(a). When the mixture 

of 2,4 and 2,5 is explored, the resolution at higher masses like m/z 163 and 164 significantly 

drops shown in Figure 4.9. The resolution would improve for heavier isotopologues in 

scenarios with opposite relative signs of EC values and shifts. This created a curious 

situation, and we wanted to explore the behavior in high He% further. 

 

 

Figure 4.9. FAIMS spectra for the 2,4/2,5 mixture at m/z 162, 163, and 164 with Q = 2L/min. 

4.4.3.3. Comparison at Higher He fraction 

As mentioned earlier, to achieve a high He%, we must lower the DV due to the 

breakdown threshold. We thus move to 40% He and obtain selected data from 40-63% for 

2,5, 3,4, 2,4 and 3,5 isomers. This also allows us to compare the shift magnitudes with that 

of MCAs. We observed retention of the trend while lower absolute EC values for the isomers 

and the trend for ∆EC are also similar. The shifts, including 13C, increase from 3,5 to 2,5, 

as seen in Figure 4.10. The inter isomer difference maximizes at 50% He, and the higher 



 89 

fraction of He does not always increase the resolution for DCAs here, which is like that 

observed for MCAs. Another thing to note here is that the ∆EC ranges are smaller than those 

at DV= 5 kV by ~ 20%, approximately in proportion to the EC values.  

 

Figure 4.10. The four isomers at 4 kV DV and 40-60% He shows measured mean 13C shifts. The dashed lines in 

color according to the molecule are quadratic regressions through the data for the isomer, and the black lines mark 

∆ EC = 0 

The ∆EC is anticipated to decrease for heavier ions relative to the total mass. The same 

isotopic mass increments are smaller observed here the maximum |EC| is half of that observed 

for MCAs. However, the important ∆EC range for 13C are close (0.9V/cm) and greater for 37Cl 

(>0.5 V/cm for DCA and < 0.5 for MCAs). This contradiction is likely due to the greater 

diversity of isomers for larger ions permitting more disparate shifts (3 isomers of MCA and 6 

for DCA). If we took 2,3, 2,4 and 3,4 only for this study, we would have accidentally concluded 

that all the 13C shifts are equal; hence it is crucial to study most of the isomers per the 

availability for detailed inspection and a better understanding. Thus, we can state that structural 

delineation for larger species may improve upon utilizing their isotopologic shifts in FAIMS. 
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Directly comparing MCA data with DCAs gave us a greater insight into isomer 

separation in FAIMS and facilitated the study of heavier isotopologues and their utility in 

isomer differentiation. Let us now compare MCA with DCA one more time, with one Cl on 

the same site on DCA and the other fixed so that the structure resembles MCA and provides 

efficiency in direct comparison. MCA set of 2, 3, 4 is juxtaposed to a DCA set with Cl in site 

5 {2,5, 3,5 and 3,4} or 6 {2,6, 2,5 and 2,4}. In all three sequences, absolute EC values decrease, 

and 3,4 and 3,5 have equal values. This reflects the above concept that compact geometries 

have greater |EC| values. The order of 13C shifts is 2 > 3 > 4; 2,5 > 3,4 > 3,5; 2,5 > 2,6 > 2,4 at 

40 % He. The relative EC shifts (within a conserved peak order) can be inverted when an atom 

is inserted in the same position on a different isomer. This further illustrates their structural 

specificity.  

The consistency of the 13C and 37Cl shifts with each isomer is astounding, especially in 

light of the fact that the majority of dominant isotopologues contain multiple (up to 15) 

isotopomers with a priori unequal EC (Table 4.2), leading to heterogeneity for all shifts other 

than the 37Cl shifts in 2,6 and 3,5. However, the peak widths for all isomers between m/z 163 

and 167 are 100–110% wider than those at m/z 162. As a result, all isotopomers have similar 

EC values, expanding the application of the MCAs finding to more isotopomers and 37Cl shifts. 

TABLE 4.2.THE TABLE PROVIDES THE LIST OF NUMBER OF ISOTOPOMERS FOR THE DOMINANT 

ISOTOPOLOGUES AT UNIT MASSES (PER ISOMER) OF DCA ISOMERS 

Heavy Atoms  13C 37Cl 13C37Cl 37Cl2 13C37Cl2 13C2
37Cl2 

2,3; 2,4; 2,5; 3,4 6 3 12 1 6 15 

2,6; 3,5 4 1 12 1 4 9 
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This experiment verifies the noble approach to isomer separation and molecular structure 

identification by isomer-specific isotopic shifts from natural isotopologues in FAIMS 

applicable for different molecules, including MCA. With the results obtained above, the 

questions that arose at the start of this experiment are answered here. The approach supposes 

no ion symmetry. Although 4-MCA and DCAs 2,6, and 3,5 have a mirror plane, other MCAs 

and DCAs hold no symmetry. Hence this approach can distinguish and characterize isomers of 

different kinds and symmetries. The isotopic separations are perhaps favored by heavier gases 

that raise the resolution of non-isobaric isotopologues in the linear IMS by increasing the 

differences of the reduced ion-molecule masses. Heavier gases like CO2 and SF6 could thus 

benefit however the effects of different gases for characterizing isomers using isotopic shifts 

could be further explored. The gas mixtures that can be utilized are N2/CO2, CO2/H2, N2/H2 

and SF6/CO2. This possibly could be the future direction for this topic.  

Even though the isotopic shifts decrease as we increase the mass, expanding the set of 

isotopologues provided added benefit and feasibility of this approach to > 200 Da. We further 

expand to > 320 Da in the following sections, which answer the curiosity of the feasibility at 

higher mass. The additivity is highly effective for both 13C and 37Cl shifts, even for two or three 

shift sets which highlight the additivity as the overarching property of isotopologic shifts in 

FAIMS. This enables their instant verification and superior determination by comparing and 

averaging ∆EC values for multiple instances of the same isotope. Additivity, however, also sees 

deviation at two 13C and two 37Cl shifts for 3,5 (Figure 4.6).  

The most significant finding here is that 37Cl beyond 13C is functional, specific for 

isomers, and has structural information allowing the construction of multidimensional matrices 

of excellent specificity. The delineation of six isomers of DCA using the 2-D shift map 
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demonstrates the power of this approach. The specificity of this approach could be further 

expanded by creating a new separation dimension by adding buffers beyond He/CO2. 

Additionally, it can be sophisticated by utilizing high-resolution MS platforms like Orbitrap 

with a resolving power > 105. This approach will increase the accuracy of major shift sets and 

establish new shift sets by isolating minor nominally isobaric isotopologues like 15N with a 

mass difference of 6 mDa, which is also the future direction. This will expand the shift set of 

DCA from 6 to 14 abundant isotopologues and promote additivity with 15N and two more 13C 

expanding this work to larger masses compounds and increasing the precision and accuracy of 

the approach. The ability of this method to separate co-eluting isomer mixture is also 

admirable, and it could assess the ratios in the future. Despite the physics, this approach of 

identification of compounds based on isotopologic shifts in FAIMS operationally resembles 

that of NMR, where chemical shifts for active nuclei contain structural information. Also, the 

2-D maps (Figure 4.8) here are analogous to 2-D NMR, specifically heteronuclear correlation 

methods such as HSQC and HMBC.  

We extended this work to other molecules to discover elemental dependence, higher 

mass exploration and separation based only on13C shifts.  

4.5. Elemental Dependence - MBA  

In a previous study with MCA52 and DCA130, we discovered the ability of FAIMS to 

broadly separate natural non-isobaric isotopologues with correlation to the ion structure rather 

than mass. All three MCA and six DCA isomers were demarcated and characterized with 13C, 

and 37Cl shifts in He/CO2 buffer at 4-5 kV DV and this novel approach opened insight into 

isomer identification. The above study addresses many questions, yet the next foundational 

question remains. i.e., if there is any elemental specificity in the isotopic shift sets. Can we see 

any difference in the isotopic shift patterns if we change the element Cl to Br?  
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Cl and Br are chemically closer and form analogous compounds and hence are chosen 

as ideal examples to answer the above question. While 35Cl and 37Cl are the two stable isotopes 

for the Cl atom, Br also has isotopes spaced by +2Da: 79Br at 50.7% and 18Br at 49.3%. Here 

we explore three isomers of MBA, namely 2-MBA (ortho-), 3-MBA (meta-) and 4-MBA 

(para), with Br in the respective position of the molecule shown in Figure 4.1(a, b). Since we 

observed more significant EC shifts for isotopologues at higher voltage and acquired data at 5 

kV, to directly compare MBA at 5 kV with MCA, we need to revisit MCA at 5 kV. Hence, this 

section covers the results obtained from MBA at 5 kV in He/CO2 buffer gas and the direct 

comparison with MCA for the isomer-specific difference. 

4.5.1. Experimental Section  

4.5.1.1. Materials and Reagents 

MCA and MBA standards, as mentioned earlier, were purchased from Sigma Aldrich, 

and the samples were prepared at 100 µM concentration in 99:1 MeOH: formic acid. The 

sample is prepared with an internal calibrant of 100 µM 2,4-DCA130 for MBA and 1 µM 2-

MBA for MCAs and sprayed at 0.3 µL/min. Using MBA as an anchor for MCAs comes with 

an intelligent strategy instead of DCA, for it prevents the risk of MCA artifacts from DCA 

fragmentation, providing an unambiguous result. 10- 20 replicates were obtained for proper 

statistical reporting and the example of replicates is shown in Figure S2.  

4.5.1.2. Instrument and Operation 

FAIMS device was utilized in this experiment, as mentioned earlier. For suitable 

statistics, 10-20 replicates were collected and reported for error margins at 95% confidence 

intervals.  
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4.5.2. Results and Discussion 

4.5.2.1. Mass Spectrum with Isotopic Distribution for MBA and MCA 

The monoprotonated ions of MCAs and MBAs produce [M+H]+ ions with H+ 

presumably on the N atom. The computed isotopic distribution is shown in the Table 4.4 for 

MBA. The isotopic isomers of MBA and MCA with one HeavyHal are shown in Figures S3-S7. 

The mass spectra obtained (Figure 4.1 a, b) match the isotopic pattern observed with unit 

resolution as stated earlier; disentangling the isobars spaced by < 0.01 Da requires R > 104 is 

beyond the capacity of the ion trap use and requires higher resolution instrument like Orbitrap. 

The mass spectra of MCA are also in line with the computed isotopic distribution in Table 4.3.  

TABLE 4.3. HEAVY ATOMS AND THE LIST OF COMPUTED VALUES FOR AN ION OF MCA. 

 

Intensities computed for H+MCA Isotopologues 

 

 

accurate mass  

 

unit mass  

  
heavy atoms  M Ib  M  Ib % at unit m  

none  128.027 100 128 100 100 

15N 129.024 0.361 129 6.963 5.19 

13C 129.03 6.489 

 

  93.2 

D 129.033 0.112 

 

  1.61 

37Cl 130.024 32.4 130 32.61 99.37 

13C15N 130.027 0.023 

 

  0.07 

13C2 130.033 0.175 

 

  0.54 

13CD 130.036 0.007 

 

  0.02 

37Cl15N 131.021 0.117 

 

  5.18 

37Cl13C 131.027 2.102 131 2.259 93.05 

37ClD 131.03 0.0363 

 

  1.61 

13C3 131.037 0.0025 

 

  0.11 

37Cl13C15N 132.024 0.0076 132 0.067 11 

37Cl13C2 132.03 0.0568 

 

  85 

37Cl13CD 132.033 0.0024     4 
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aUsing the calculator on the www.sisweb.com. . bI, Intensity relative to the base peak (100%) for all species with I* 

≥ 0.002%. The I* values ≥ 0.02% are bolded. 

The mass spectra of MBA match that with MCA; the base peak is at m/z 172 and +1 Th 

(m/z 173) and +3 Th (m/z 175) units above the base peak are due to 13C (> 93% level) and that 

at m/z 174 is due to 81Br at 99% level (Table 4.3). Moving forward at +4 Th (m/z = 176) with 

an intensity of 0.2% is 81Br13C2 which is at 85% level, and the corresponding peak for MCA at 

m/z 132 due to 37Cl13C2 has an intensity of 0.07% and was too small to determine the ∆EC in 

the previous experiment consistently. Here the 81Br/79Br ratio is higher than 37Cl/35Cl ratio. 

Parallelly in DCA, the +6 Th above the base due to 37Cl2
13C2 was small with 0.02% intensity 

to measure ∆EC precisely. Overall better signal, even at lower He content, has allowed 

successful measurement of ∆EC values for MBA and MCAs that allows practical evaluation 

for additivity for two 13C atoms.  

TABLE 4.4. HEAVY ATOMS AND INTENSITIES OF COMPUTED ISOTOPOLOGUES FOR MBA ION: 

 
Intensities computed for H+MBA Isotopologues 

 

 

accurate mass  

 

unit mass  

  
heavy atoms  M Ib  M  Ib % at unit m  

none (base) 171.976 100 172 100 100 

15N 172.973 0.361 173 6.963 5.18 

13C 172.98 6.489 

 

  93.19 

D 172.982 0.112 

 

  1.61 

81Br 173.974 97.51 174 97.72 99.79 

13C15N 173.977 0.023 

 

  0.0024 

13C2 173.983 0.175 

 

  0.179 

13CD 173.986 0.007 

 

  0.007 

81Br15N 174.971 0.352 

 

  5.18 

81Br13C 174.977 6.328 175 6.793 93.16 

81BrD 174.98 0.109 

 

  1.6 

13C3 174.986 0.003 

 

  0.044 

http://www.sisweb.com/
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Table 4.4 (continued) 

81Br13C15N 175.975 0.023 176 0.202 11 

81Br13C2 175.981 0.171 

 

  85 

81Br13CD 175.984 0.007     3 

aUsing the calculator on the www.sisweb.com. bI, Intenisty relative to the base peak (100%) for all species with I* 

≥ 0.002%. The I* values ≥ 0.02% are bolded. 

4.5.2.2. Separations of MCA and MBA Isomers at DV = 5 kV 

The separation of MCA and MBA isomers is shown in Figure 4.11, and the isomers 

show A-type ion behavior. With positive K(E) slope and negative EC. The separation of the 

MCA isomer resembles that of 4 kV. The absolute EC increase upon He addition up to 43% He 

for both MCAs and MBAs, and the peak order in |EC| remains 2 > 3 > 4 and the maximum |EC| 

is for 2. When no He is added for MCA and MBA, isomers 3 and 4 have similar EC values, but 

isomer 2 can be disentangled from this pair. In previous observations, 3 and 4 are separated at 

60% He; however, they are baseline resolved at 30% He in this experiment (Figure 4.12), with 

higher EC at a greater He fraction.   

 

http://www.sisweb.com/
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Figure 4.11. FAIMS separation of isomers of MCA (a) and MBA (b) at different He fraction collected at 5 kV DV. 

The subplots show the separation of the isomers fitted with mixtures and overlaid by sum (MBA) at 20 and 43 % 

He fraction mentioned in the figure. The separation of the isomers resembles each other, the highest resolution is 

obtained at a high He fraction. 

Separation of MBAs follows the same trend as MCAs, with full baseline separation of 

all three isomers achieved at 40%, He (Figure 4.11) and the EC values for MBAs are below 

those for corresponding MCAs by ~20%, which is the case anticipated for heavier Type A ions. 

The separation of isomers of MBA at 20% He and 40% He is also shown in the subplots verified 

with the mixture and overlaid by the sum.  

4.5.2.3. Isotopologic Shifts in FAIMS Spectra for MCAs 

There is a similar shift pattern for MCAs at 5 kV and 4 kV. The shift plot in Figure 4.12 

for MCAs at 5 kV shows a positive ∆EC (129-128) shift due to 13C for all isomers that increases 

upon He addition. The 13C shift is greatest for 2 and drops from 3 to 4, as displayed with filled 

circles in Figure 4.12(a). The second 13C shift, i.e., ∆EC (131-130) values are slightly lower 
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than the first shift; however, they are in proximity, allowing multiplexing ∆EC upon the same 

isotopic substitution. This allows compressing error margins via the Fellgett advantage, as 

demonstrated in Figure 4.12 (b), where (129-128) and (131-132) are multiplexed and 

represented by filled squares. Fellgett advantage or multiplexed advantage is the method 

developed by P.B. Fellgett for taking multiplexed measurements instead of direct 

measurements for the improvement in signal-to-noise ratio (s/n).131 As stated, the added shift 

sets for 13C demarcate all the isomers at any He fraction.  

 

 

Figure 4.12. The 13C shifts measured for MCA isomers at 5 kV, 0-43% He. (a) first, two 13C shifts that are in 

proximity, (b) additivity of the first two shifts and the individual third 13C shift, (c) multiplexing of three 13C 

carbon shifts and (d) relative shifts taken the shift of (c). The error bars are reported at 95% confidence intervals. 
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As stated above, the third 13C shift provided by ∆EC (132-131), shown in Figure 4.12 

(b), appears to be lower than the multiplexed previous two. The error margins for these shifts 

are also higher due to minute signals at m/z 132 precluding confident conclusions in most 

individual cases. The higher error margins could also be due to chemical noise obstructing the 

transparent selection of this peak at such a low abundant isotopologue. However, we wanted 

to average these three 13C shifts for better understanding. We observed that the isomer 

separation is improved like DCAs upon multiplexing of the three 13C shifts, as presented in 

Figure 4.12 (c). Upon obtaining the relative EC shifts in %, i.e., ∆relEC = ∆EC / |EC| shows 

decreasing values for 2, but it stays uniform for 3 and 4 at higher He content. All isomers are 

separated in plot 4.12. (d).  

The mean 13C for MCAs at 5 kV is higher than that observed at 4 kV at any He fractions. 

The maxima (V/cm) increase from 1.5 to 2.2 for 2, 0.8 to 1.7 for 3 and 0.6 to 0.8 for 4. We see 

that the gain is 30-110 % which uniformly surpasses that of |EC|, which is only 20-30% and 

the values ∆relEC increase from 0.2-0.7% to 0.3-0.1%. This verifies our observation of a greater 

isotopic effect at higher DV (here 5 kV) compared to the lower voltage (4 kV), even though 

less He% is only feasible with higher DV. We know that structural differentiation depends not 

only on ∆EC but also on the inter-isomer range. We saw this at 20% He, where the ∆EC widens 

from 1.0 V/cm at 4 kV (lower) to 1.5 V/cm (higher DV) at 5kV. The present condition lies in 

equivalence with the greater ∆EC and lower ∆relEC at higher He content.  

Moving toward 37Cl after observing the 13C shifts that were isomer specific, we have a 

plot of 37Cl against the He fraction in Figure 4.13. Here these Cl shifts for all isomers appear 

closer and are not specific like that of lower DV. The shifts are positive and increase upon He 

addition, with 2 having the maximum values. The maximum ∆EC values for Cl shifts also 

increase by 60% in higher DV, like 13C. The gains are from 1.6-2.0 to 2.6-3.2 V/cm. The 



 100 

isomers spread is a little better here, demonstrating a distinction of 2 at 0 and 20% He, but it 

bends down and gets entangled with the other two isomers. Hence, we again see that 37Cl isn't 

isomer-specific in any higher or lower DV case.  

Thus, 13C and 37Cl shift patterns are similar to lower DV, but we observe greater ∆EC, 

and the inter-isomer differences help distinguish isomers. The observation here resembles 

DCAs, and thus we further use this higher DV to study MBA molecules.  

 

 

Figure 4.13. 37Cl shifts of MCA isomers at 0-43% He and 5 kV DV. The shifts are closer and not specific, 

resembling 4 kV. 
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4.5.2.4. Elemental Dependence of Shifts: MBA 

As stated earlier, the isomers of MBA and MCA are structurally and chemically similar 

from a crude view. Hence, we project them to show a similar isotopic shift pattern as the 

separation in Figure 4.11. The excitement to see the behavior of Br shifts in isomer delineation 

is also of interest here. Let us observe the shifts obtained from the isomers of MBA in FAIMS 

at 5 kV in different He% plotted in Figure 4.14.   

The first plot demonstrates the first two 13C shifts that lie close to each other and 

encourage multiplexing. The first 13C shift, ∆EC (173 -172), increases upon He addition (Figure 

2.14. (a)) for these isomers, while 2 shows negative shifts that move to positive values at higher, 

He fractions. The values for 3 and 4 remain positive and grow slightly upon He addition. The 

exciting part contrary to MCAs here is the trend of 13C and the order of ∆EC shifts is 3 > 4 > 2, 

which demonstrates that shift pattern changes when we substitute a single element, Br, in place 

of Cl. Here ∆EC for 2 is the lowest, flips from that of MCA, while the 3 > 4 trend stays the 

same. The second 13C shifts, ∆EC (175-174), coincide with the first C shifts but show a lower 

value at 43% He, which could be due to some instrument instability at the breakdown threshold 

limit. These shifts are also isomer specific, and the additivity of these two will increase 

resolution and decrease error. All MBA isomers are delineated with these shifts and further 

improve upon multiplexing.  

Figure 4.14. (b) demonstrates the first two multiplexed shifts with a deficient error and 

improves separation. Plotted together are the third 13C shifts, ∆EC (176-175), that show similar 

results to the averaged shifts for 2 and 4; however, the shifts for 3 at 30 and above He 

percentage lie very low from the first two but lie closer to 4. This makes it challenging to 

multiplex these shifts; hence, the first observation of additivity violation is observed. It is 

important to note that this deviation is observed only in the meta- (3) substituted haloanilines. 
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We wondered if this is due to hidden isobaric interference, or some contamination observed at 

this low signal for the m/z 176. The actual and theoretical ratios of peak heights at m/z 176 and 

175 were compared in Figure 4.14 (c) to verify this deviation. From this observation, we see 

that the measurements for 2, 3 and 4 match each other.  

 

Figure 4.14. Separation of MBA isomers in FAIMS by 13C shifts at 5kV DV and 0-43% He content. (a) the first 

two 13C shifts that lie close to each other, (b) the average of the first two C shifts multiplexed and the third shift 

that shows deviation for 3, (c) the ratios of the peak heights obtained for verification of impurity and ambiguous 

peak for m/z = 175 and 176 obtained at 20-43% He, (d) Relative shifts from the first two C shifts. 

The ideal theoretical levels that voice for no significant contamination and support that the 

deviation seen for the third C shift is authentic. The contradiction here needs to be further 
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evaluated to derive the reasons behind this observation. For further analysis, and we only take 

the first two 13C shifts for isomer demarcation, omitting the third.  

For MBA, maximum 13C shifts are obtained for 3 and 4 as 1.2 and 0.6 V/cm at 43% He 

which is lower than that of respective MCA, 1.8 and 0.9 V/cm but is similar at lower He 

fractions. As the ∆EC values are lower for MBA, the ∆relEC values are also small. The relative 

∆EC is plotted in Figure 4.12. (d) and we see that these are close to that of MCA (Figure 4. 12 

(d)) where the values are 0.1-0.3% vs 0.2-0.3% and 0.7-1.0% vs 0.6- 0.7% for 3 and 4 MBA 

and MCA respectively. But the ∆relEC and |EC| values of 2 are lower than that for MCAs. Hence, 

we see both small ∆relEC and |EC| values in MBA compared to MCAs expected for higher mass 

ions.  

 

Figure 4.15. The 81Br shifts for MBA isomers are compact and not specific. 

Like MCAs where 37Cl shifts were small, compact, and not specific, MBA ∆EC (174-

172), due to 81Br, is small and compact. These shifts increase upon He addition but are not 
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isomer specific and cannot be utilized for isomer demarcation. The shifts range from 0.4-0.5 to 

1.2-1.6 V/cm, and the shifts are 2-3-fold smaller than that of MCAs.  

Thus, we were able to separate and characterize MBA isomers due to 13C shifts, and 

their multiplexing increased clarity, but the 81Br shift was unspecific, and the ∆EC shifts are 

smaller than MCAs.  

4.5.2.5. Isotopic Shifts for MBA at Higher He Fractions 

Now that we have seen the effects of isotopic shifts for MBAs and compared them with 

MCAs at low, He% and higher DV, we need to see the effects in higher He fraction. Hence, 

we collected data for up to 63% He at 4 kV, and the results are shown in Figure 4.16. The data 

shows a similar trend to that at higher DV, where the trend of first and second 13C is 3 > 4 > 2 

at all He content. The shifts are positive for both 3 and 4 at all He fractions but are negative for 

2 and moving up to positive shift at higher He content. These data show constant shift patterns 

over acceptable DV ranges, and He fraction.  

The 1C shifts decrease for isomer 3 with the highest ∆EC -like MCAs, and the shifts 

converge for all isomers above 50% He, as seen in Figure 4.16. The ∆EC shifts for 81Br also 

mirror that of 5 kV, positive shifts and close for all isomers that increase upon He fraction. The 

shifts, however, decrease at 60-63%, which matches with MCAs. The maximum 13C shift is 

∆EC = 0.8 V/cm, and the 18Br shift is ∆EC = 0.9 V/cm, amounting to ~60% of DV = 5 kV, which 

is like that observed in MCA and DCA.  
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Figure 4.16. The 13C (a) and 81Br (b) shifts for MBA isomers obtained at 4kV from 0-63% He. The dotted black 

line represents the mean of two shifts. 

4.5.2.6. Structurally Informative Peak Broadening for MCAs and MBAs 

Even though we only characterized the isomers based on their isotopic shift sets ∆EC, 

for non-isobaric isotopologues, there is another aspect to consider: the separations between 

isotopomers that depend on geometry. The isotopic isomers of the anilines with one 13C or two 

13Cs are drawn in Figure S2-7. Even though we have not yet resolved isotopomers for natural 

compounds, there is a slight broadening of peaks observed due to the presence of one 13C atom 

in MCA compared to the 12C and 35Cl or 37Cl isotopes. Many isotopomers do not automatically 

translate into a broader peak. More isotopomers for one structure cluster tighter in EC than 

fewer isotopomers of another structure, but this statistical correlation is intuitive. To study this 

further, we obtain the peak widths of MBAs and MCAs at different He fractions, as shown in 

Figure 4.17. While assessing the evolution of widths for base MCA and MBA peaks, we 

observe a narrowing down of widths in addition to He. This trend is in concord with past 
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observations and FAIMS fundamentals. The ion mobility increases at higher He fractions, 

while the peak widths scale approximately the root of K (K-1/2). Also, the peak width values at 

a given He content are highest for 4 followed by 3 and lowest for 2. This observation aggress 

that the greater collision cross section (Ω) has lower mobility (K) for less compact geometries.  

 

Figure 4.17. The peak widths of the base peak for MCA and MBA isomers were obtained in FAIMS at 5kV and 0-

43% He. 

4.5.2.7. Separation of natural isotopologues  

Upon recall, the values for 2-MCAs are the longest observed in natural or artificial 

isotopologues for both single and heavy atoms. Hence the plot of the natural isotopologues of 

2-MCA at 43% He and 5 kV DV shown in Figure 4.18 demonstrates the separation of natural 

isotopologues. The ∆EC values 3.2 V/cm for 37Cl, and 7.3 V/cm for 37Cl13C2 are the first 

baseline separation of natural isotopologues. This encourages us to try out yet higher DV at 

lower He fractions, which is possible with a new FAIMS setup that goes above 6 kV.  
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Figure 4.18. FAIMS spectra for 2-MCA to demonstrate baseline separation of natural isotopologues of m/z 128, 

130 and 132 at 5 kV DV and 43% He. The broadening of 37Cl13C2 here is visible. 

4.5.3. Summary  

In summary, upon evaluating the isotopic shifts in FAIMS for all three isomers of 

monohaloanilines (2, 3, 4) with Cl and Br at low and high, we can derive broader conclusions. 

Observing the 13C shifts, we find the trend for MCA as 2 > 3 > 4 that shifts in MBA to 3 > 4 > 

2 and hence the informative shifts for analogous isomers qualitatively depend on the elements 

involved; moreover, with just a difference of single atom. This opens a new insight into 

affirming a detailed structural conclusion upon chemical substitution provided by the highly 

specific isotopic shifts in high-filed ion mobility spectra. 

Increasing the dispersion voltage from 4kV to 5 kV has increased the ∆EC by 50% 

leading to more robust isomer demarcation. MBA and MCA isomers are distinguished with 

13C shifts, where 2 shows the transition from negative to positive values on the increment of 

He shows that 13C has either sign.  

We also observed that absolute 13C shifts in MBAs are smaller than MCAs but the 

relative ∆EC / |EC| are not. The isomer differentiation capacity does not diminish upon moving 
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to a higher mass. Also, 37Cl and 81Br lie close to each other in values, isomer trend and 

differentiation.  

Further, we saw the additivity of shifts for 13C and observed the first violation of 

additivity by m- substituted isomer for the third C shifts. Additionally, we need to explore 

understanding this deviation that comprised the multiplexing of ∆EC shifts. A peak broadening 

effect is also observed here, and the order of ∆w is the same for MCA and MBA isomers. The 

separation of isomers is distinct and hence provides added structural descriptors.  

 

 

4.6. Heavier Analogs: DBA and TBA 

The above examples established FAIMS as an advanced analytical tool for the 

separations of isotopologues and isotopomers based on their ion geometry. The EC shifts (∆EC) 

between features for natural isotopologues at different m/z and isotopomers at equal m/z are 

structurally specific, which favors the delineation of isomers and characterizes the mixtures. 

Most of the compounds have C atoms that allow the application of this approach to a variety 

of compounds that can be explored later. Moreover, the slight change in an atom brings about 

a drastic change in the shift sets, favoring elemental specificity and providing greater 

competence to the instrument. This phenomenon fundamentally differs from the isotopic effect 

in linear IMS, where K deepends primarily on the ion mass105,115. Still, it is structurally specific 

in the case of FAIMS, making it orthogonal to MS61.  

We saw in the above experiment that 13C shifts distinguished both the isomers of MCAs 

and MBAs, and we also found 37Cl helpful in differentiating DCAs. A few important 

observations were made in the above experiment, the EC shifts for heavier isotopologues have 
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either sign or no correlation to EC, allowing differentiation of coeluting isomers, and these 

shifts show additivity and peak broadening due to isotopomer convolution. We also saw the 

trend of ∆ EC shift as MCA < MBA < DCA predicting small or no shifts for heavier species. 

The inter-isomer ∆ EC range stayed flat as the 13C shift deviated from positive only for MCAs132 

to negative and positive for MBAs133 and DCAs130. Despite the increase in mass and decreasing 

shifts, the structural specificity improved for DCAs compared to MCAs. This effect is observed 

as the number of measurable peaks increases in the natural isotopic envelopes. The informative 

37Cl shift augments the dimensionality of the ∆EC set and further aids additivity allowing 

greater specificity. Thus, this suggests the feasibility of this method for substantially heavier 

ions, but the extent of feasibility is yet to be explored; we experiment here using heavier 

anilines.  

Now we use dibromoanilines (DBAs) of mB = 249 Da and tribromoanilines (TBAs) of 

mB = 327 Da to explore the specificity and feasibility of these shift sets at higher mass and 

expanded isotopic envelopes in MS spectra. This experiment predicts potential application in 

the areas of metabolomics, screening for explosives and chemical warfare agents, forensics, 

and environmental monitoring. 

4.6.1. Experimental Section  

4.6.1.1. Materials and Reagents  

We took five isomers of DBA 2,4, 2,5, 2,6, 3,4 and 3,5 (out of 6 isomers, 5 were 

available) and three isomers of TBA 2,4,5, 2,4,6 and 3,4,5 (out of 6 isomers of TBA only 3 

were commercially available) for this experiment. The source from where these samples were 

obtained are shown in Table S1. These isomers, like the ones above, were prepared in 100 µM 

in 99:1 MeOH/formic acid and infused at 0.3- 0.5 µL/min. The EC scale was anchored by linear 

dilation utilizing an internal calibrant: 2- or 4- MIA (monoiodoaniline) of mB = 219 Da with a 
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concentration of 10 µM adjusted for the comparable signal to the analyte. All isomer 

separations were validated employing mixtures, and we collected 5-20 replicates for statistics, 

and the stated error margins are 95% confidence intervals.  

 

Figure 4.19. Isomers of (a) DBA and (b) TBA are available that are used for this study. 

4.6.1.2. Instrument and Operation 

FAIMS unit coupled to the MS platform is utilized as described above. We utilize 

He/CO2 buffer gas at 3 L/min and 5 kV DV up to 43% He. We observed that the isomer 

delineation, signal intensity and stability for MCA, DCAs and MBAs maximized at DV = 5 

kV rather than higher He% at lower DV. Hence, only 5 kV is utilized here. 
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Figure 4.20. The mass spectra for (a) DBA and (b) TBA were obtained with dominant species marked, and 

the spectra were scaled as labelled. 

4.6.2. Results and Discussion  

4.6.2.1. Isotopic Distribution and Mass Spectrum 

The molecules of DBA and TBA produce 1+ protonated ions in the ESI with H+ 

presumably on the N atom. The mass spectra obtained are shown in Figure 4.20 and the isotopic 

distribution agrees with the computed distribution in a Table 4.5 with unit resolution. To 

disentangle the isobars spaced by < 0.01 Da requires R > 3x104, which is beyond the capacity 

of this trap and requires greater resolving power instruments like Fourier-transform MS.130  

The peaks at +1 and +2 Th above the base are due to 13C at > 93% and 81Br at 99.9%. 

Similarly, the peaks at +3 Th are 81Br13C (> 93%), +4 Th is 81Br2 (at > 99%) and +5 Th is 

81Br2
13C at > 93%. There are 81Br at > 99% for even m/z and 13C at 93% (with 81Br or not) for 
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odd m/z. The last significant peaks for DBA at +6 Th and +8 Th for TBA that is mostly due to 

81Br2
13C2 and 81Br2

13C3 are the only currently measurable features dominated by an 

isotopologue comprising 13C2. This allows us to multiplex 13C shifts vital for fundamentally 

and isomer demarcation, given the apparent non-additivity observed before for selected 

geometries. Given the higher isotopic abundance for 81Br (49%) than 37Cl (24%), that increases 

the range of 0.07% for 37Cl13C2 in MCAs to 0.2% for 81Br13C2 in DBAs, allows robust ∆EC 

determination for most isomers opening a new door to isomer identification.  

 

TABLE 4.5. HEAVY ATOMS AND THE COMPUTED INTENSITIES OF DBA ION: 

 

Intensities computed for H+DBA Isotopologues 

 

 

accurate mass  

 

unit mass  

  
Heavy atoms M Ib M Ib % at unit m 

none 249.887 51.28 250 51.22 100 

15N 250.884 0.185 251 3.558 5.19 

13C 250.89 3.328 

  

93.4 

D 250.893 0.049 

  

1.4 

81Br 251.885 100 252 100 99.9 

13C15N 251.887 0.012 

  

0.021 

13C2 251.893 0.09 

  

0.09 

13CD 251.896 0.003 

  

0.003 

81Br15N 252.882 0.361 253 6.941 5.2 

81Br13C 252.888 6.489 

  

93.4 

81BrD 252.891 0.096 

  

1.4 

81Br2 253.883 48.76 254 48.91 99.6 

81Br13C15N 253.885 0.023 

  

0.047 

81Br13C2 253.891 0.175 

  

0.357 

81Br13CD 253.894 0.006 

  

0.012 

81Br2
15N 254.88 0.176 

  

5.19 
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Table 4.5 (continued) 

81Br2
13C 254.886 3.164 255 3.387 93.3 

81BrD 254.889 0.047 

  

1.4 

81Br13C3 254.895 0.003 

  

0.09 

81Br13CN 255.883 0.011 

  

11 

81Br13C2 255.889 0.086 256 0.1 86 

81Br13CD 255.892 0.003 

  

3 

aUsing the calculator on the www.sisweb.com. bIntenisty relative to the base peak 

(100%) for all species with I* ≥ 0.002%. The I* values ≥ 0.02% are bolded 

4.6.2.2. Isotopologic Shifts for separation of DBA isomers 

Compared to DCAs, the isomer separation seen in Figure 4.21 mirrors that of DCAs, 

and all isomers are A-type ions with a positive K(E) slope and, thus, positive EC. The EC order 

also matches that of DCA: 3,4 ≈ 3,5, < 2,4 ≈ 2,5 < 2,6 and the isomer separation and absolute 

EC increases upon He addition up to 43%. The pairs 3,4/3,5 and 2,4/2,5 co-elute in all He 

fractions, but the pairs can be differentiated from each other and 2,6. As expected for heavier 

ions in the Type A ion region, the |EC| values for DBA isomers are ~ 20% less than that of 

DCAs. The separation of these isomers in the Figure 4.21 is shown at 0% He and 43% He in 

the subplots where we see the resolution of separation increase upon, He addition, but the co-

eluting isomers remain the same. Here we see the ion flux depend on isomers and that 2,6-

DBA and 2,4,6-TBA have minimized signal like 2,6-DCA. As stated before, the two large 

acidic Br atoms bracket N, apparently reducing its proton affinity and shielding it from 

protonation.  

http://www.sisweb.com/
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Figure 4.21. FAIMS separation of DBA isomers at 5 kV and 0-43% He. The separation and increase in resolution 

are shown in the subplots at 0% He and 43% He. 

A new feature not experienced before is seen here, where the spectral envelopes for 

mass-selected isotopologues qualitatively differ between the isomers. We look at isotopologues 

of isomers 3,5, 2,5 and 2,4 in Figure 4.22. The 13C shift in 3,5 is negative (i.e., to lower EC) but 

positive for 2,5. As with DCAs, we see that the m/z peak 251 for 3,5 due to 13C here moves 

towards higher absolute EC (or to the right of m/z 250), and that peak moves towards lower 

absolute EC (or to the left of m/z 250) thus facilitating isomer differentiation based on 

isotopologues. We observed smaller ∆EC shifts for 13C than 37Cl or 81Br at any He fraction in 

Figure 4.22. (c), replacing the light halogen (Hal) with a heavy one raised EC more than 

substituting 13C for a 12C. In the case of 2,5 here, we see that 13C and 81Br shifts are equal. The 

apexes of the peaks at m/z 251 and m/z 252 coincide with the same EC value (Figure 4.22. (b)). 

But in Figure 4.22. (c) for 2,4, the ∆EC for 13C exceeds that for 81Br, nudging EC down when 

moving from a peak comprising 13C to that with 81Br at +1 Th (m/z 251 appears at lower EC 
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than m/z 252). So far, we have only observed positive ∆EC (HeavyHal) shifts and three 13C shift 

patterns:  

 

∆EC (13C) < 0 (positive)         (I) 

0 < ∆EC (13C) < (Heavy Hal)        (II) 

0< ∆EC (HeavyHal) < ∆EC (
13C)                  (III) 

Within the uncertainty, 2,5 lies on the border of (II) and (III). Hence, the isotopic shifts 

are measurable and can get richer and more specific above 200 Da.  

On observing the plot of EC shifts against the He fraction for the isomers of DBA in 

Figure 4.23 we see three 13C shifts and two 81Br shifts used for separating DBA isomers; the 

trend resembles DCAs. The three 13C shifts: ∆EC (251-250), ∆EC (253-252), and ∆EC (255-

254), are close to each other, favoring additivity in Figure 4.23. (a-c). The |∆EC| values have 

an increasing tread upon He addition, and the expanding inter-isomer ∆EC spread maximizes 

specificity at 43% He. The 13C shift can pretty much separate all the isomers except 3,4, and 

2,6 lie close to each other. Only isomer 3,5 has negative ∆EC values for all three 13C shifts, and 

2,4 has the highest ∆EC values. The two 81Br shifts are in Figure 4.23. (d) provided by ∆EC 

(252-250) and ∆EC (254-256) are identical with increasing shifts upon He content and are close 

to 13C.  
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Figure 4.22. (a-c) FAIMS spectra for DBA isomers obtained at 43% He for 2,5, 3,5 and 2,4 show distinct 

isotopologues shift. 

Despite the resemblance of shift properties of DBA with DCA, we see that the order of 

∆EC for 13C at 30-43% He does appear different. The order of DCA 3,5 < 2,4 < 3,4 < 2,6 < 2,5 

changes to 3,5 < 3,4 ≈ 2,6 < 2,5 < 2,4 for DBA in Figure 4.23.(a-c). The value of 2,4 with ∆EC 

≈ 0 for DCA moved up to the highest position with 0.4 - 0.8 for different He fraction in the 

case of DBA, mirroring the switch of 2-MBA from highest to lowest position. As mentioned 

earlier, only 3,5 has the negative 13C shifts moving even lower upon He addition to -0.6 V/cm 

at 40% He, contrary to -0.3 V/cm for DCA. These so far favor the element specificity of shift 

sets upon one atom substitution. The co-eluting mixtures in DCA 3,4/3,5 pair are fully 

disentangled here at 30-40% He and the 2,4, 2,5 pair (as 2,3 was unavailable) are also distinct. 
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Another evident difference is that 2,6 and 3,4 nearly coincide in the case of DBA, that wasn't 

the case in DCA, but these isomers are distinguishable in CO2 only before 3,4 pulls closer to 

2,5 upon He addition.  

Now, HeavyHal shifts in Figure 4.23. (d, e) for the 81Br cluster tighter, the error margins 

are higher than 13C and smaller than 37Cl. The shifts cover a narrow range of 0.2-0.5 in DBA 

than 0.6-1.6 V/cm of 37Cl in DCAs. Despite these drawbacks, there is still a significant 

advantage that the 81Br shift is hiding here; these shifts are useful in distinguishing 3,4 and 2,6, 

which overlap in 13C shifts at high He %. Here, 2,5 and 3,5 are not distinguishable from 2,4 

and 3,4 based on the 81Br shifts, unlike DCAs.  
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Figure 4.23. Isotopic shifts in FAIMS for DBA isomers. (a-c) 13C shifts (d, e) 81Br shifts at 0-43% He and 5 kV 

DV. The error bars are a 95% confidence interval. 

Nevertheless, averaging these shifts is demonstrated in Figure 4.28. (a, b) where the 

first two 13C shift show additivity and demonstrate isomer separation and narrower error 

margins. Contrary to this, the third 13C, ∆EC (256-255) shift falls out of place for 3,4 and 3,5 

and has wider error margins reflecting a lower signal. This shift thus violates the additivity 

seen before but supports the deviation seen for 3-MBA and tentatively, 3,5-DCA. This reflects 

a thought of whether this non-additivity is tied to a Hal in meta-(3) position, which can be 

assessed later. Regardless, this observation can distinguish DBAs 3,4 and 2,6 from other 

isomers that have close first 13C shifts.  
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Figure 4.24. Multiplexed (a) 13C shifts with third C shift (256-255) and (b) 81Br shifts at 0-63% He fraction. 

We created a 2-D map for DCAs, similarly a 2D map for DBAs shown in Figure 4.25. 

(a-e) where mean 13C shifts are plotted against mean 81Br shifts across the gas composition. All 

DBA isomers are distinguished at higher He fractions but not lower He fractions. Isomers 2,6 

and 3,4 and 2,5 and 3,4 are slightly challenging for 13C to distinguish them at He content and 

CO2 only, respectively. However, 81Br comes in handy in these situations, and we discover 

valid and specific Br shifts that weren't the case in MBAs. At 43% He, all DBA isomers are 

distinguished.  
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Figure 4.25. 2D map of 13C/81Br shift for DBA isomers at 0-43% He (a-e) with error bars representing 95% 

confidence interval. The trajectory of the shift over the range of He addition with arrows pointing towards 

increasing He (f). The shift region is marked by I, II and III separated by the dashed line. 
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TABLE 4.6. NUMBER OF ISOTOPOMERS (PER ISOMER) FOR DBA ISOTOPOLOGUES. THE ISOTOPOMERS 

COMPRISE ONE OR TWO 81BR AND/OR 13C ATOMS THAT ARE ARRANGED BY INCREASING MASS. THE 

DOMINANT ISOTOPOLOGUES AT UNIT MASS ARE UNDERLINED. 

heavy atoms C Br C2 BrC Br2 BrC2 Br2C Br2C2 

2,3; 2,4; 2,5; 3,5 6 2 15 12 1 30 6 15 

2,6; 3,5 4 1 9 6 1 15 4 9 

 

4.6.2.3. Isomer-Specific Peak Broadening due to isotopomers 

Natural isotopomers are just as common as isotopologues since most compounds 

include several atoms with stable isotopes. Natural isotopomers from substitution in each 

potential site are denser. They have not yet been resolved by FAIMS, even though artificial 

isotopomers labelled at defined sites have been entirely resolved. The absence of broadening 

for features containing only 81Br, which (with a single Br atom) permit no isotopomers, serves 

as evidence that the significant peak broadening observed for MCA and MBA isotopologues 

containing 13C atoms was caused by convolution over isotopomers sets. 

There are numerous isotopomers for the isotopologues of all DBA isomers with 13C or 

13C2 arising from the variation of 13C locations relative to the N and two Br atoms in the 

structures. These isotopic isomers of DBA are shown in Figure S8. The four species with 

inequivalent Br positions (2,3, 2,4, 2,5, 3,4) and single 81Br allow a lot of isotopomers 

formation, not considering the rare D containing isotopomers. Depending upon the isomer 

symmetry, the total number of isotopomers is estimated. The isomers 2,6 and 3,5 have small 

number of isotopologues as listed in Table 4.6 compared to other isomers. It is then 

strengthened by the key conclusion provided by the nis for each isotopologue (beyond the trivial 

Br2 case).   
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The peak broadening is isomer-specific, just like the quantity and Type of isotopomers. 

The total number of isotopomers nis depends on the isomer symmetry. Isomers 2,6 and 3,5 have 

smaller nis as provided in the Table 4.6. A smaller nis should theoretically lead to less 

broadening, even though fewer widely spaced-apart peaks may occupy a broader EC segment 

than more packed ones. The isomer 4, with fewer isotopomers than 2 or 3, had the least 

broadening in MCAs and MBAs. In this case, the narrowing is anticipated to be the least for 

2,6 and 3,5. 

We determined each spectrum's relative widths (wR) by computing the full width at half 

maximum (w) for each peak, as detailed below. We pooled the wR values from the data with 

He 20-43% (about 50 repetitions) to lessen the random dispersion. With error margins of 0.01–

0.02, the resulting wR for m/z of 252 and 254 relative to m/z = 250 for all isomers is 0.99–1.04. 

Despite having two isotopomers at m/z = 252, the isomers 2,4, 2,5, and 3,4 appear to undergo 

an insignificant EC shift upon the 81Br switch. With no isotopomers, marginally higher margins 

and inter-isomer scatter at m/z = 254 probably represent a weaker signal at that mass (Figure 

4.20). Peak widths rigorously rise for heavier isotopologues with K-1/2 on the planar-gap 

FAIMS scale and thus increase rapidly for heavier isotopologues with lower K.  

Cumulative wR values were 2,6 < 3,5 < 3,4 < 2,5 < 2,4 as shown in Figure 4.26. For 

each 13C-containing isotopologues, the symmetric 2,6 and 3,5 with fewer isotopomers have 

small values. The broadening of the other three isomers, specifically 2.4 (wR = 1.20 ± 0.02) and 

2.5 (wR = 1.10 ± 0.01), should be true. Therefore, the peak width is structurally specific beyond 

monohaloanilines (the uncertainty of DCA does not allow reliable conclusions to be drawn). 

Like MBA, the magnitude of EC shift and broadening for the same peak does not have to be 

isomer dependent. The correlation between |∆EC| (13C) at 43% He and wR has r2 = 0.35, 

indicating weak dependence or no correlation. The separation of isotopomers of different m/z 
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and isotopomers of the same m/z is a priori orthogonal, thus presenting ΔEC and wR as 

complementary descriptors.  

 

Figure 4.26. Relative peak widths for heavier DBA isotopologues with wR = 1.04 level marked with dashed lines 

(a) and (b) correlation between shifts for 13C peaks. 

4.6.2.4. Separation of Isomers of TBAs  

TABLE 4.7. TABULATED INTENSITIES COMPUTED FOR HEAVY ATOMS OF TBA IONS: 

 

Intensities computed for H+TBA Isotopologues 

 

 

accurate mass 

 

unit mass 

  
heavy atoms M Ib M Ib % at unit m 

none 327.797 34.18 328 34.16 100 

15N 328.794 0.124 329 2.368 5.23 

13C 328.801 2.2218 

  

93.6 

D 328.803 0.027 

  

1.14 

81Br 329.795 100 330 100 99.9 

13C15N 329.798 0.008 

  

0.008 

13C2 329.804 0.06 

  

0.06 
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Table 4.7 (continued) 

13CD 329.807 0.002 

  

0.002 

81Br15N 330.792 0.361 

  

5.21 

81Br13C 330.799 6.489 331 6.927 93.6 

81BrD 3330.801 0.08 

  

1.2 

81Br2 331.793 97.51 332 97.65 99.8 

81Br13C15N 331.796 0.023 

  

0.024 

81Br13C2 331.802 0.176 

  

0.18 

81Br13CD 331.805 0.005 

  

0.005 

81Br2
15N 332.79 0.352 

  

5.21 

81Br2
13C 332.796 6.328 333 6.757 93.6 

81BrD 332.799 0.078 

  

1.2 

81Br13C3 332.805 0.003 

  

0.04 

81Br3 333.791 31.69 334 31.87 99.4 

81Br13C15N 333.794 0.023 

  

0.072 

81Br2
13C2 333.8 0.171 

  

0.536 

81Br2
13CD 333.803 0.005 

  

0.02 

81Br3
15N 334.788 0.1115 

  

5.23 

81Br3
13C 334.794 2.057 335 21.198 93.5 

81Br3D 334.797 0.025 

  

1.1 

81Br2
13C3 334.803 0.003 

  

0.1 

81Br3
13C15N 335.792 0.007 

  

11 

81Br3
13C2 335.798 0.056 336 0.065 86 

aUsing the calculator on the www.sisweb.com. bIntenisty relative to the base peak (100%) for all species with I* ≥ 

0.002%. The I* values ≥ 0.02% are bolded. 

The only TBA isomers available and studied here are 3,4,5, 2,4,5, 2,4,6 and, as 

expected, show A-type ion behavior with peaks at lower |EC| than that for DBAs. The mass 

spectra obtained aggrees with the computed intensities of heavy atoms for H+TBA as shown in 

Table 4.7. The order of |EC| resembles that of DCA that lacks Br in the para (4) position, and 

http://www.sisweb.com/
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thus, 3,4,5 has the lowest EC followed by 2,4,5 and 2,4,6. The isomer 2,4,6 lies relatively far 

from the closely appearing isomer pairs 3,4,5 and 2,4,5, shown in Figure 4.27. (a, b). 

Now, we look at the 13C and 81Br shifts for TBAs and produce a 2D map like that of 

DCAs and DBAs, as exhibited in Figure 4.27. (c). The additivity was easily processed as the 

four 13C shifts and three 81Br shifts were internally consistent for each isomer. The 13C shifts 

are ∆EC (329-328), ∆EC (331-330), ∆EC (333-332), ∆EC (335-334). The 81Br shifts are ∆EC 

(330-228), ∆EC (332-330), ∆EC (334-332). The 13C shifts sets for 3,4,5 and 2,4,5 is equal and 

positive at 0% He but decrease upon He addition for 3,4,5, moving towards more negative 

values and increases for 2,4,5, allowing to distinguish these isomers (Figure 2.27. (c)). The 81Br 

for these two isomers are close, positive and increases on He content and are almost equal to 

13C. In the case of 2,4,6, the 13C shifts decrease at higher He fractions like 3,4,5, and 81Br shifts 

exceed the other two TBAs at all He fractions and increase upon He addition and are useful in 

disentangling 2,4,6 and 2,4,5 at 30% He with identical 13C shifts. This map also shows the 

trajectories of these three molecules; hence, all three isomers are distinguished and 

characterized in this plot. As stated, 3,4,5, 2,4,5 and 2,4,6 without Br in slot 4 resembles that 

of DBAs (3,5, 2,6). The similarities are negative EC shifts for 3,5 and the increasing 13C shift 

for 2,6 on the He supplement.  

If we remove Br in position 5 switches 3,4,5 from I to II type, thus conserving the 

molecular symmetry by bromine in (4) which is interesting. The absolute 13C and 81Br shifts 

for these TBAs are within 0.3 V/min, which are smaller than those for DBAs by 2-3-fold, 

followed by lower |EC| than DBAs and even smaller relative maximum |∆EC| about 0.2% 

against the 0.3-0.4% for DBA (2,5 and 3,5). This brings to an estimation of attenuation of 

isotopic effect for heavier ions or only an effect to TBAs it is yet to be determined.  
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Moving forward we have the widths, we averaged over 20-40% He and the mean wR 

values for 13C peaks are 1.000 ± 0.007 for 2,4,6, 1.021 ± 0.0025 for 2,4,5 and 1.24 ± 0.0023 

for 3,4,5. 

Upon successfully separating the above isomers of TBA, here we expand the benefit of 

isotopic shifts for annotating close features. The TBAs 2,4,5 and 3,4,5 differ in EC by less than 

4%, requiring controlled experiment parameters and granular EC calibration to assign EC here. 

Still, the opposite sign of 13C shifts over the wide range overrules the need for controlled and 

calibrated conditions and permits direct calibration-free assignment. This further adds to the 

power of EC shifts.  
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Figure 4.27. The separation of TBA isomers in FAIMS at 43% He and 5 kV with Q =3 L/min. (a) 1:1 mixture of 

2,4,5 and 3,4,5 at 43% He and Q = 2 L/min (b) trajectories of shifts mapped from 20-43% He for 2,4,6 and 0-43% 

for 2,4,5 and 3,4,5 (c). 

4.6.3. Summary 

In summary, we observed isotopic shifts in FAIMS spectra over the He/CO2 buffer gas 

range with protonated anilines with two or three Br in diverse rings. The shifts are positive for 

81Br and both positive and negative for 13C. The DBAs demonstrate increasing absolute shift 

sets upon He addition, but the TBAs have decreasing shift sets. We observed that 13C was 

almost sufficient in distinguishing all studied DBA isomers and three TBAs, and 81Br shifts 
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aided in the overall separation demonstrating the ability of 81Br and proving its specificity and 

usefulness. The 81Br shifts were smaller overall but assume either sign and facilitate 

distinguishing two DBAs and two TBAs with closer 13C shifts. The two 13C shifts in DBA 

demonstrated additivity, while the third one in 3,4 violated additivities. This one was useful in 

differentiating the geometry of 3,4 and illustrated the utility of structurally selective non-

additivity of shifts.   

The 2D maps like that of DCAs were constructed for DBAs and TBAs with an evolution 

of the shifts in different gas compositions showing their trajectories, proving the integrity of 

the results. This allows the interpolation to optimize the buffer for the differentiation of isomers 

and raise the specificity of identifications by matching the full trajectory to a known standard. 

This depiction of isotopic shift would be a great study in IMS.  

In short, the capacity of FAIMS to elicit even minor chemical structure variations based 

on the isotopic shifts above 300 Da is demonstrated, opening doors for the study of heavier 

analytes. This raises the potential of the technique, bringing the conceptual analogy to NMR 

closer to reality.132,133 Further, an extensive reference compound library of multidimensional 

shifts like NMR134,135 would make the structural assignment and isotopic shift extraordinary 

and applicable that would find significant application in other areas such as metabolism, 

pharmaceuticals, and forensics.  

4.7. Delineation of Isomers with 13C shifts: MIA 

With MBA133, MCA27, DBA and TBA136 above, it is already understood that isotopic 

shifts obtained in FAIMS are structure-specific and delineates isomers. The study in CO2/He 

shows strong non-Blanc phenomena. The few important things noted are that EC shifts for 

heavier isotopologues have either sign or no correlation with EC that allows separating co-

eluting isomers. Also, the shifts show additivity (except for a few 13C shift in a few geometries), 
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improving resolution for separation. The ∆EC patterns qualitatively depend on the elemental 

composition within a fixed morphology for the order of 13C shifts for MCAs and MBAs were 

different.  

We had HeavyHal on one or two sites in all the structures studied above. In some cases 

(MCA and MBA), the 37Cl and 81Br shifts were not specific; however, in the case of DCA and 

DBA with two HeavyHal, 37Cl and 81Br were specific and had great use in distinguishing two 

isomers out of the selected. In these studies, we had a halogenated compound and its isotope, 

and the results may or may not have been solely 13C based. On top of this, all-organic 

compounds do not have halogen in them; however, almost all comprise C. Hence, we need to 

verify further and obtain isotopic distribution based solely on 13C, where no other interfering 

HeavyHal may be pertinent.  

For this, we take monoiodoaniline (MIA), not moving very far for detailed comparisons 

with other anilines, that have sole stable 127I isotope and hence the shifts are measurable only 

due to 13C found in all organic matter.  

4.7.1. Experimental Section 

4.7.1.1. Materials and Reagents 

Three isomers of MIA, namely 2-MIA, 3-MIA, and 4-MIA, were obtained from Sigma 

Aldrich, prepared at 100 µM in 99:1 MeOH/formic acid, and infused at 0.3µL/min. The internal 

calibrant (2-MBA, 10µM) was used for linear dilation of the EC scale. Isomer separation is 

validated by employing isomolar ternary mixtures, and we collected 15-20 spectral replicates 

for suitable statistics; all error margins are then reported in 95% confidence intervals.  
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4.7.1.2. Instrument and Operation 

FAIMS device with a planar gap of 1.88 mm was utilized in this experiment, and 

the instrument setup was as described above. The He/CO2 gas was utilized at 3 L/min, the 

CV scan was 1 V/min, and 5 kV DV was used as we saw the isomer delineation and signal 

intensity and stability for haloanilines have maximized. 

4.7.2. Results and Discussion 

4.7.2.1. Isotopic Distribution and Mass Spectrum  

All MIA isomers produced 1+ ions with the H+ presumably on the N atom and the mass 

spectra, as shown in Figure 4.28, agree with the computed isotopic distribution shown in Table 

4.8. The isotopic distribution is with unit resolution and disentangling isobars spaced by < 

0.001 Da requires R > 104 and does not fall under ion trap capacity and thus requires Orbitrap.  

 

 

 

Figure 4.28. (a)The isomers of MIA and (b) the measured mass spectra with dominant isotopologues marked. The 

peaks are scaled as labelled. 
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At this resolution, 15N can probably be measured, and it will be useful in isomer 

delineation that is aimed as for forthcoming project. 

 

TABLE 4.8. INTENSITIES COMPUTED FOR H+MIA ISOTOPOLOGUES ARE LISTED BELOW 

 

Intensities computed for H+MIA Isotopologues 

 

 

accurate mass 

 

unit mass 

  
heavy atoms M Ib M Ib % at unit m 

none 219.962 100 220 100 100 

15N 220.959 0.361 221 6.963 5.18 

13C 220.966 6.489 

  

93.19 

D 220.969 0.112 

  

1.61 

13C15N 221.963 0.023 

  

11 

13C2 221.969 0.175 222 0.207 85 

13CD 221.972 0.007 

  

4 

13C3 222.972 0.003 223 0.003 

 

 

The base peak here is m/z 220; the first 13C at 93% level is +1 Th, and 13C2 at 85% with 

+2. This is the second one, and 13C3 at +3 Th with only 0.003% intensity and no HeavyHal isotope 

present. This allows us to perform multiplexing cleanly as the 13C here are not overlaid by 37Cl 

or 81Br shifts like before, which led to a lower intensity and complicated the ∆EC measurements. 

The third 13C peak here is below the threshold of intensity required to access ∆EC measurements 

that is properly; it is 0.003%, while 0.02% is generally needed.  

4.7.2.2. Isomer Separations and Isotopic Shifts in FAIMS 

The FAIMS separation of isomers is demonstrated in Figure 4.29, and all isomers show 

Type A ion behavior with negative ∆EC. The isomer separation pattern and order resemble that 
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of MCAs and MBAs. The absolute EC and isomer resolution increases upon He addition up to 

43% He with the order of |EC| as 2 > 3 > 4.   The Figure 4.29 shows that isomer two is well 

separated from 3 and 4 at all He fractions, and the isomers 3 and 4 baselines separate above 

30% He. The separation of these isomers are validated with mixtures and overlaid with sum is 

demonstrated in the subplots of the same figure at 20% and 43% He. In agreement with the 

statement that in Type A ions, the |EC| values for each geometry decreases for heavier ions: 

there is nearly a 20% decrease in |EC| from MCAs to MBAs and another 10-15% to MIAs.  

 

Figure 4.29. FAIMS separation of MIAs at 0-43% He and 5 kV DV and EC values at the base peak for isomers. 

The subplots demonstrate the separation at 20% and 43% He verified by mixtures and overlaid with the sum (b). 

We noted positive ∆EC (13C) shifts for MCAs and MBAs except for the negative shift 

for MBA at low He fraction, which increased upon He addition. Studying the plot of isotopic 

shifts for MIA in Figure 4.30, we see positive ∆EC shifts for all isomers of MIA at any He 

fraction. The first 13C shift which is ∆EC (221-220) the shifts are positive and raises 

considerably from 20-40% He i.e., from 0.3 to 0.6 V/cm for 2 and marginally for 4 (from 0.2-
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0.3 V/cm) and remains flat for 3 (0.2 V/cm). The relative shifts |∆EC/ EC| for 13C (221-220) 

increase at higher He fractions, as seen in Figure 4.30. (b) for 2 and somewhat for 4 but decrease 

for 3. Thus, we observed that 2 is easily distinguished from 3 and 4 at any He fraction but the 

best at 40 and 43% He. It is a little challenging to differentiate 3 and 4 with this shift, but it can 

be distinguished at 43% He fraction.  

 

Figure 4.30. The measured 13C shifts for MIA isomers at 20-43% He fraction (a) first and the second 13C shift, (b) 

relative EC shifts for the first 13C shift, (c) absolute cumulative for 13C. 

The peak at m/z 222 had a low signal, and we wondered if the results obtained are valid 

for the second C shift ∆EC (222-221). The error margin for this shift averaged over all isomers, 

and He contents are 22 mV/cm, essentially matching the 20 mV/cm for ∆EC (221-220) 
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providing the validation. This strengthens our results and establishes the reliability of this 13C 

shift. The second 13C shift lies closer to the first for 2 and 4 but drops drastically for 3 and turns 

negative for 3 at a higher He fraction. This provides an opportunity to crudely differentiate 

isomers at 30-43% He even though it violates additivity as seen in the meta- substituted anilines 

before. Despite this, we obtained the sum of the two 13C shifts as ∆EC (222-220), which 

provides a similar capacity for isomer delineation but does not improve separation seen in 

multiplexing shifts previously.  

 

Figure 4.31. The individual second 13C shift in the spectra for isomers 3 and 4 at 43% He. The solid circles 

represent peak height at half maxima, and the empty circle represents quarter height. 

4.7.2.3. Extraction of EC at different Peak Heights  

We could extract peak positions at different levels of peak heights 10%, 25%, 50% and 

75%. The most common is the full width at half maximum (FWHM)107. FWHM is the width 

extracted for the given distribution at a level that is half the maximum ordinate of the peak. All 

our previous work and the above EC and ∆EC values were customarily extracted at the half 

maximum (midpoint of the intervals) of peak height. In most cases, the arbitrary choice does 
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not matter for ideal symmetric peaks, but it may be for real ones with symmetry and jitter due 

to signal fluctuation. Thus, we wanted to test the shifts at half maxima and1/4th peak height, 

and the description can be noted in Figure S9. We observed that the ∆EC values are smaller 

with broader uncertainties, and the isomer demarcation is unaltered. The values are listed in 

the Table 4.9. The isomer resolution improves by 20% when the mean of the shifts at 1/2 and 

1/4 of peak heights is obtained. Such exploration at other levels would be exciting and 

encouraging to produce better outcomes.  

TABLE 4.9. FIRST 13C EC SHIFTS WITH ERROR MARGINS (mV/cm) AT 43% HE EXTRACTED AT ½ AND ¼ OF 

PEAK HEIGHTS, THEIR MEAN AND THE ASSOCIATED RESOLUTION OF ALL ISOMER PAIRS ARE 

TABULATED. 

MIA 2 3 4 r2,3 r2,4 r3,4 

At 1/2 629 ± 29 216 ± 20 331 ± 17 8.4 6.5 3.1 

At 1/4 559 ± 27 126 ± 26 281 ± 19 8.2 6 3.4 

mean 594 ± 25 171 ± 19 306 ± 14 9.6 7.4 4.1 

 

Even though we obtained extensive statistics for the most precise ∆EC values and that 

we have seen the outcome from half and quarter peak height for isomer demarcation, we still 

want to get the ∆EC values for 3 and 4 in 15 consecutive replicates at both 1/2 and 1/4 peak 

height demonstrated in Figure 4.31. Here we can see that these two isomers are robustly 

identifiable as 3 and 4, respectively, show negative and positive second 13C shifts at both 

heights. Thus, this observation from 3-MIA verifies the abnormally low second 13C shift noted 

for 3-MBA and 3,4-DBA is the effect seen in meta-substituted anilines.  

We noted in Figure 4.30 that the order of ∆EC shifts for MIA is 3 < 4 < 2, which is the 

inverse of MBAs and closer to MCAs with ∆EC > 0 for all isomers and greater ∆EC for 2.  The 

13C shifts in all these molecules (MCA, MBA, MIA) demonstrated a divergent isomer ranking 
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conveying the structural specificity of ∆EC descriptors and their independence of molecular 

mass.  

MIA data with clean isomer delineation and no peak broadening effect otherwise seen 

in MBA favors the intuitive attenuation of shifts for heavier ions where the same isotopic 

substitution makes a smaller relative mass difference.  

We saw that the EC decreased from MCA to MBA and MIA. The maximum 13C shift 

for the above-studied isomers gives us a general idea of the trend of EC and ∆EC shifts for other 

molecules to be studied in future. Figure 4.32 shows 13C shifts, and their range for MCA, MBA 

and MIA appears proportional to the inverse mass. The extrapolation here reaches zero at 300 

Da. But we have successfully separated three TBA isomers (328 Da) and thus predict potential 

exploration in greater mass and expansion to biological samples like lipids and peptides.  

 

Figure 4.32. The maximum 13C shift and the range of 13C shifts for haloanilines studied so far are plotted against 

m/z. The lines represent the first-order regressions through the data for monohaloanilines. 
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4.7.3. Summary  

In short, iodine has only one stable isotope that does not change the isotopic envelopes 

for organic compounds. Thus, we took three isomers of MIA to demonstrate the effects of 

solely 13C isotope without the presence of HeavyHal. The isomers were successfully delineated 

and characterized with one or two 13C shifts, and the multiplexing ability was also explored. 

The order of the shifts for MIA was different than the chlorinated and brominated aniline, thus 

verifying the elemental dependence of shift properties. This highlights the specificity of shifts 

and the feasibility of modifying them via chemical derivatization, forecasting the potential 

expansion to other organic molecules.   

In our study, it looks like we took a higher concentration and maximized the ion count 

to obtain the low abundant isotopologues and measure accurate EC extraction. This will not be 

required when carrying out the analysis for known targets, and a low concentration would also 

be feasible. Also, no prior quantitative model has been established for FAIMS separations of 

structural isomers, which will probably see development in future like what occurred with IMS 

in the 1990s. For now, the isomers must be identified based on the tabulated shifts.  

As stated earlier, this approach of determining structural isotopic shift resembles that 

of NMR, where the chemical changes represent the molecular structure, particularly 2-D NMR. 

This work illustrates the feasibility of an analogue to 1-D 13C NMR based on a single active 

nucleus.  

In this manner, we expect this work to find potential applications that further strengthen 

the exploration by discovering hidden shifts like 15N using high-resolution instruments like 

Orbitrap that would increase the specificity. Not all molecules appear in a positive mode in 

MS; hence, negative ions are also of interest; we thus explored negative ions in FAIMS to 

demonstrate the isotopic shift paradigm and cover a wide range of molecules.  



 138 

4.8. Negative Mode FAIMS 

In our previous work we focused on positive mode or positive cations. All anilines 

studied were distinguished and structurally characterized based on the isotopic shift obtained. 

The MCAs27,133, MBAs133 and DCAs130, DBAs136 and TBAs136 had both 13C and heavy halogen 

isotopologues. The 13C shift was isomer differentiating in most of the cases and 37Cl was 

specific for DCAs, similarly 18Br were for DBAs and TBAs. Additivity was explored which 

increased the specificity of the shifts. Isomer demarcation was achieved up to 330 Da.136 In 

addition to this we also were able to distinguish and characterize isomers based on 13C shifts 

only demonstrated in the molecules MIA.137 

 However, negative ions could not benefit from these findings and hence we decided to 

pursue a study in negative mode FAIMS. Hence, we took three isomers of phthalic acids (PA) 

and obtained the isotopic shift distribution of the isotopomers. This is the first-time 

demonstration of isomer characterization by isotopic shift in negative mode. We also expand 

the FAIMS paradigm of isotopic shift to regular (non-halogenated) organic molecule with this 

study.  Previously low resolution FAIMS was utilized to study these isomers of PA.138 

4.8.1. Experimental Section  

4.8.1.1. Materials and Reagent 

Phthalic acids (PA) of mass 166 Da, features two COOH groups on the benzene ring 

giving rise to three structural isomers. These isomers namely normal-PA (n-PA), iso-PA (IPA) 

and tere-PA (TPA) were purchased from Sigma Aldrich. The structures are shown in Figure 

4.33. The sample was prepared in 90:10 methanol: water doped by 0.2 mM ammonium acetate 

at a concentration of 100 µM.  The sample was infused at 0.5 µL/min and sprayed with negative 

voltage in the ESI. 2-Chlorobenzoic acid (CBA) was used as an internal standard which is 10 

units less in mass than PA at a concentration of 10 µM.   
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4.8.1.2. Instrument and Operation 

The above described FAIMS device with a planar gap of 1.88 mm was utilized in this 

experiment. The buffer gas CO2 and He was used at 3L/min flow rate and the CV scan rate was 

1 V/min. The voltages here were inverted for curtain plate, CVs and bias for FAIMS and the 

ESI and the optics in the mass spectrometry. Negative mode of LTQ XL was utilized for this 

experiment that measures negative ions.  The curtain plate was set at -3 kV, and the bias was 

set at -250V, the bisinusoidal waveform was not inverted and operated at the previous 

condition. Enough replicates were obtained at a DV of 5kV, and the waveform and the 

dispersion voltage were ensured to be stable by mapping the calibrant for all experiments.  

 

 

Figure 4.33. Isomers of phthalic acids were studied in negative mode. 

4.8.2. Results and Discussion  

4.8.2.1. Isotopic Distribution and Mass Spectrum 

PA isomers produce single negative, 1- charged ion with H- lost by one of the acid 

groups. The mass spectra in Figure 4.34 reveals the composition of the base peak. The m/z at 

165 is dominated by base peak and all constituent atoms H, C and O have stable isotopes D, 
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13C and 18O. These heavy isotopologues combine into a significant abundance peak at m/z 166 

(8% of base), 167 (1%) of base and 168 (0.1% of base) as computed in the Table 4.10. 

 

 

Figure 4.34. Mass spectra for phthalic acids (PA) obtained without FAIMS. 

TABLE 4.10. INTENSITIES (I, %) OF ISOTOPOLOGUES RELATIVE TO THE BASE PEAK COMPUTED FOR [PA-

H]- AT EXACT AND UNIT MASES (USING ISOTOPIC CALCULATOR ON WWW.SISWEB.COM)  

Heavy atoms Accurate mass Unit mass %at m 

None  165.0188 100 165 100 100 

13C 166.0222 8.7 166 8.3 9.73 

D 166.0251 0.1 0.9 

18O 167.0231 0.8 167 1.2 69.7 

13C2 167.0255 0.3 28.5 

13C7O 167.0264 0 1.2 

13CD 167.0284 0 0.6 

13C18O 168.0264 0.1             168 0.1 88 

13C3 168.0289 0 9 

http://www.sisweb.com/
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Corresponding to the previously studied haloanilines, the compositions at 166 and 168 

are dominated by single isotopologue like all unit-mass peaks. However, the peak at 167 is 

composed of two abundant isotopologues with 18O (at 70% fraction of the base peak) and 13C2 

(at 29% fraction of the base peak) merged in the mass spectrum.  Thus, we are expecting the 

FAIMS spectral peak to split. Given the resolution of Orbitrap Elite of 240,000, these two 

isotopologues peaks with a difference in mass 3 mDa should be resolved. Upon several 

experiments it was not resolved. This phenomenon is termed as coalescence in Orbitrap139,140 

that is not described in this dissertation. 

 

Figure 4.35. Separation of PA isomers at 5 kV from 0- 43% He fraction. 
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4.8.2.2. Separation of Isomers and Isotopic Shift in FAIMS  

All three isomers of PA studied here are baseline separated at 5 k V and 43% He as 

shown in Figure 4.35. The trajectories of PAs change upon He addition.  

TPA has the highest absolute EC while n-PA shows the lowest absolute EC. The separation of 

these isomers at 43% He is demonstrated in Figure 4.36 verified by mixture.  

 

Figure 4.36. At 43 % He all isomers are baseline separated in FAIMS. The separation is verified using mixture 

overlaid in the figure here. 

 

The isotopologues split in FAIMS giving out individual shifts. The total ion 

chromatogram (TIC) of each m/z 165, 166, 167, 168 is extracted and the individual splitting of 

these masses are plotted as shown in Figure 4.37. The isotopologic patters are different among 

the isomers in FAIMS aiding in isomer differentiation as seen in DCA130. The EC position of 
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individual isotopologue is extracted and the shifts are obtained depending upon the heavy atom 

shifts that is required.  

 

Figure 4.37. Isotopologues of TPA isomer. 

The isotopic shift obtained for these isomers is presented in Figure 4.38. The substantial 

shift differs across isotopes 13C and 18O. This is the first shift found for non-halogenated 

compounds in negative mode FAIMS for negative ions. Further this this is the first time 18O 

shifts are reported for any organic molecules. The elementary shift increases upon He addition 

which is identical haloanilines in the positive mode. For IPAM the shift increases from ~0.3 

V/cm to 0.6 V/cm upon increasing He fraction from 0 to 43 % He.  

The 13C shift (166 - 165) are positive (Figure 4.38), towards lower |EC| at 40% He 

fraction. This shift at higher He fraction distinguishes n-PA from IPA or TPA but not IPA from 

TPA or vice versa. Contrary to this the 18O shift (167 - 165) at any He fraction distinguished 

TPA from n-PA and IPA with smaller shifts but cannot distinguish n-PA from IPA. The third 

shift 18O-13C (167-166) is very encouraging to separate these isomers. The three isomers are 

distinctly demarcated at 30 and above He fraction. Similarly, all three isomers are delineated 

by 13C/18O shifts 168-165.  Hence, isomers of PA are demarcated using the He/CO2 buffer gas. 
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The delineation of isomers by the isotopic shift is thus expanded to anions. New isotopes and 

its shift explored that was beneficial in isomer demarcation. 

 

Figure 4.38. Isotopic shifts for 13C, 18O, and 13C18O obtained at 0-43% He fraction, and the dotted line represents 

the trajectories. 
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4.8.3. Summary  

 

We enabled high definition FAIMS with MS in the negative mode with the resolution 

resembling positive mode. To further expand and find promising application of isomer 

demarcation by isotopic shift, we here explored isomers of phthalic acids. All electronics for 

ion attraction and guide were inverted from the positive mode. The curtain plate voltage, ESI 

voltage, ion optics and the ion funnel parameters were all set to negative potential. The practical 

bisinusoidal waveform was not inverted. The isomers were demarcated with 43% He fraction 

against CO2 at 5 kV. The shift for 13C and 18O isotopes in He/CO2 buffers substantially increase 

at upon increasing He composition. These shifts are structurally specific and largely mutually 

orthogonal, jointly delineating all three PA isomers. On the other hand, the shift 18O – 13C is 

more specific than either elementary component. This is the first example of such powerful 

isomer demarcating shift set observed.  

This further expands the boundaries of FAIMS and its application of delineation of 

isomers via the isotopic shift obtained for each molecule. We here successfully studied the 

negative ions, and this is the first demonstration of demarcation of isomers of negative ions in 

FAIMS. Hence, the potential of application in the study of organic molecules and small 

molecule drug discovery and development further increases.  
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CHAPTER V 

CONCLUSION 

 

Mass Spectrometry is a powerful analytical technique used to measure ion mass to 

charge ratio. The development of MS and its history is fascinating, and it has wide applications. 

Several pre-separation techniques like LC, GC, IMS, and others are added to increase the 

resolution and application of MS. FAIMS is a differential or field asymmetric waveform that 

uses bisinusoidal waveform to capture the mobility of ions at high field and is used in all the 

results obtained here. Isomeric glycans in the peptide and the glycan levels are successfully 

separated at peak apexes in the extended regime of FAIMS utilizing 65 % He at a dispersion 

voltage of 4 kV.  

A new paradigm was established with FAIMS operated at low field and insignificant 

heating termed LODIMS. This ensures the native-like conformation of proteins and larger 

oligomers is observed with the separation of monomers and dimers based solely on alignment. 

We also obtained a dipole of proteins like BSA and ADH with the onset of alignment at lower 

DV. The ratio of the plot of EC(ED) and ETh provided a slope that allowed the calculation of 

directional collision cross-section, providing better structural information than the average 

collisional cross-section. This structural information obtained from LODIMS will find 

potential applications in structural biology and top-down proteomics.  

 All molecules comprise stable isotopes that are naturally abundant. These isotopes 

include numerous isotopologues, and the different isotopologues create isotopomers. These 

isotopologues split in FAIMS under high field and lighter gas-producing isomer differentiating 

isotopic shifts. In the previous experiment MCAs for 13C and 37Cl shifts were explored, and 

only useful 13C was obtained for isomer demarcation and characterization. Further, DCA with 

two Cl atoms were studied to get the conclusion on the utility of 37Cl. 37Cl and 13C shifts were 
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functional, and a 2-D plot was created to separate and characterise all 6 isomers of DCA. The 

shifts were not only isomer specific but also elemental specific, observed with the change of 

order of elution upon substitution of Br in place of Cl atom in an aniline. MIA was utilized to 

answer the query if there is any background effect of HevayHal and if 13C alone can distinguish 

isomers. With the successful demarcation of MIA isomers by 13C, it is expected to find 

application in non-halogenated organic compounds.  

 As compounds are either positive, negative, or neutral, we wanted to address the 

application towards negative mode to include negative ions in the study. We studied phthalic 

acids for the 18O effect and the first negative mode isotopic effect in FAIMS. The three isomers 

of PAs were demarcated with 13C and 18O, opening a wide application window.  

 Thus, FAIMS is a powerful analytical tool utilized here in three different 

sectors of peptides, proteins, and small molecules. FAIMS is not only utilized for the 

separation of isomers, but it is demonstrated for its ability to extract directional CCS and 

isomer-characterizing isotopic shifts. These data support the wide range of applications for 

FAIMS. 
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APPENDIX A 

Chapter II 

High Resolution Ion. Mobility Separations of Isomeric Glycoforms with 

Variations on the Peptide and Glycan Levels.  

Pratima Pathak, Matthew A. Baird, , Alexandre A. Shvartsburg  

Department of Chemistry, Wichita State University, 1845 Fairmount, Wichita, Kansas 

67260, United States  

 

Figure S1:  

FAIMS spectra at 30 - 63% He in the default regime for the 2/4 mixture, overlaid by 

the scaled individual traces and their computed sum.  
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APPENDIX B 

Chapter IV MCA and MBA 

Elemental Dependence of Structurally Specific Isotopic Shifts in High-Field Ion 

Mobility Spectra  

Matthew A. Baird, Pratima Pathak, Alexandre A. Shvartsburg  

Department of Chemistry, Wichita State University, 1845 Fairmount, Wichita, Kansas 

67260, United States  

 

 

Procedures for spectral processing  

The data is obtained in the Thermo Xcaliber software, and this raw data is extracted to 

Sigma Plot 11.0. The time is converted to the V/cm scale by custom transforms. The intensities 

are normalized per the need. The data is then smoothed in the negative exponential mode with 

the polynomial degree of 2. The sampling proportion and number of intervals varied depending 

on the ion signal and s/n ratio to eliminate most noise but retain the real features. 

For the isotopic shift, the EC shifts are calculated from the peak position of 

isotopologes. The peak widths are also extracted. Outliers are removed and the mean and 95% 

confidence is extracted. A plot is then generated for individual ions with their particular 

isotopologic shift.  
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Figure S2  

Replicates taken with Nine FAIMS spectral windows for 2-MBA (base peak) of 7 min. 

Each of these spectra is acquired consecutively in 63 min at DV = 5 kV and 40% He fraction. 

 

Figure S3  

Isotopomers of monohaloanilines isomers comprising one 13C atom 13C atom 

Isotopomers of 2-Monohaline (6-isotopmers) 
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Figure S4 

Isotopomers of 4-Monohaloaniline (4 isotopomers) comprising one 13C 
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Figure S5 

Isotopomers of monohaloanilines isomers comprising two 13C atoms 

Isotopomers of 2-Monohaloaniline (15 isotopomers)  
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Figure S6  

Isotopomers of 3-Monohaloaniline (15 isotopomers)  
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Figure S7 

Isotopomers of 2-Monohaloaniline (15 isotopomers)  
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APPENDIX C 

Chapter IV DBA and TBA 

Structurally Informative Isotopic Shifts in Ion Mobility Spectra for Heavier Species 

Pratima Pathak, Matthew A. Baird, Alexandre A. Shvartsburg 

Department of Chemistry, Wichita State University, 1845 Fairmount, Wichita, Kansas 

67260, United States. 

TABLE S1. LIST OF CHEMICALS AND THE VENDOR. 

Standard Producer Location 

Dibromoanilines 

2,4; 2,5 Alfa Aesar Tewksbury, MA 

2,6 Enamine 

Monmouth Jct, 

NJ 

3,4 

Oakwood 

Chemicals Estill, SC 

3,5 Combi Blocks Manchester, UK 

Tribromoanilines 

2,4,5 Accela San Diego, CA 

2,4,6 Sigma Aldrich St. Louis, MO 

3,4,5 Enamine 

Monmouth Jct, 

NJ 
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Figure S8 

Geometries of isotopomers ordered and represented for 2,3; 2,4; 2,5; 3,4; 2,6; 3,5. The 

isotopomers are shown for 

 (a) 13C isotopomers  

(b) 81Br isotopomers  

(c) 13C2 isotopomers  

(d) 81Br13C isotopomers  

(e) 81Br13C2 isotopomers.  

The heavy (13C and/or 81Br) atoms are encircled. The sets for isotopologues comprising 

81Br2 (i.e., 81Br2 
13C and 81Br2

13C2) are identical to those for 13C and 13C2, respectively. 

 

Figure S8(a)  
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Figure S8(b)  
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Figure S8 (c)  
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Figure S8 (d)  
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Figure S8 (e)  
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APPENDIX D 

Chapter IV MIA 

Delineation of Isomers by the 13C Shifts in Ion Mobility Spectra  

Pratima Pathak, Anastasia Sarycheva, Matthew A. Baird, Alexandre A. Shvartsburg 

Department of Chemistry, Wichita State University, 1845 Fairmount, Wichita, KS 67260  

Figure S9 

Normalized FAIMS scans (raw with horizontal axis in terms of time) for the 12C and 

13C isotopologues of 4-MIA at 43% He, showing the peak centroids and isotopic shifts 

extracted at 50% and 25% of each peak height.  

 

 


