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ABSTRACT: We had reported the isotopic envelopes in differential IMS (FAIMS) separations depending on the ion structure. 

However, this new approach to distinguish isomers was constrained by the unit mass resolution commingling all nominally isobaric 

isotopologues. Here we directly couple high-definition FAIMS to ultrahigh-resolution (Orbitrap) MS and employ the resulting plat-

form to explore the FAIMS spectra for isotopic fine structure. The peak shifts therein for isotopologues of halogenated anilines with 
15N and 13C (split by 6 mDa) in N2/CO2 buffers dramatically differ, more than for the 13C, 37Cl, or 81Br species apart by 1 or 2 Da. The 

shifts in FAIMS space upon different elemental isotopic substitutions are orthogonal mutually and to the underlying separations, 

forming fingerprint multidimensional matrices and 3-D trajectories across gas compositions that redundantly delineate all isomers 

considered.  The interlocking instrumental and methodological upgrades in this work take the structural isotopic shift approach to the 

next level.  

Introduction 

Chemical analyses increasingly focus on the characteriza-

tion of complex samples in topical areas of proteomics, metab-

olomics, petroleomics, and environmental monitoring.1-3 This 

involves a growing grasp of the ubiquity, diversity, and func-

tional importance of structural isomers.1-3 Proteins and peptides 

commonly differ in the position and/or internal structure of 

post-translational modifications (PTMs) with key biomedical 

outcomes, eminently for histones where the PTM localization 

defines the epigenetic function.4,5 The activities of lipids and 

smaller biomolecules also vary profoundly across the isomers, 

e.g., for the trans- versus cis- fats and steroids/hormones rele-

vant to nutrition, health, and sports.6-8   

Various approaches to characterize the isomeric mixtures 

have emerged. Most involve multiple stages of mass spectrom-

etry (MS) to delineate the isomers yielding fragment ions with 

different composition, e.g., for peptides with PTMs on alterna-

tive sites.5,9,10 However, many isomers (e.g., the D/L peptide ep-

imers11 or lipids with different C=C bond positions or sym-

metry)12,13 lead to no distinct fragments. Some others do indi-

vidually but not in mixtures (e.g., of the three or more peptides 

with variant PTM localizations, where only those with distal 

PTMs are identifiable).10 Such species need to be separated be-

fore the MS step. That has been accomplished in the condensed 

phase by liquid chromatography or electrophoresis,14 and in 

gases using ion mobility spectrometry (IMS) that provides 

unique and often superior selectivity.7,10,13,15 

The mobility (K) of any ion in a gas depends16-18 on the elec-

tric field strength (E). The IMS techniques can be linear - based 

on the absolute K at moderate E termed K(0), or differential - 

resting on the evolution of K at high E levels.18,19 The differen-

tial or field asymmetric waveform IMS (FAIMS) is imple-

mented17,18 by loading a periodic asymmetric waveform across 

a gap of width g between two parallel electrodes, with the wave-

form amplitude (dispersion voltage) UD producing a peak field 

of ED = UD/g. Ions pushed by gas flow are deflected toward ei-

ther electrode and neutralized on impact. For a given species 

with certain K(E) form, the drift is offset by fixed compensation 

field (EC) due to a dc compensation voltage (UC) superimposed 

on the waveform. Thus equilibrated ions pass to a detector (e.g., 

an MS instrument), while others are still destroyed. Scanning 

UC reveals the spectrum of species entering the gap. The reso-

lution maximizes with homogeneous electric field in planar 

gaps.18,20 Then the resolving power RFAIMS scales as the square 

root of filtering time t, controlled by the volume flow rate Q of 

supplied gas.20 To compare the data across gap widths, the UC 

values are converted to the EC = UC/g ratios.  

To elucidate the ion structures, one matches the measured K 

values for resolved species to those calculated for candidate ge-

ometries.21,22 That is enabled by relatively tractable molecular 

dynamics (MD) in gases as opposed to liquids or on surfaces. 

As computing small increments of K at high E is much harder 

than the absolute K(0), the capability has been restricted to lin-

ear IMS - mainly in atomic He gas with low polarizability, 

where a shallow spherical molecular potential simplifies the 

MD modeling.21 However, many IMS/MS platforms do not 

support use of He and procuring it is a growing concern. 

Most elements (including H, C, N, O, S which are central to 

life) have multiple stable isotopes. Their permutations produce 

numerous isotopologues for nearly all compounds. The ensuing 

isotopic envelopes were the hallmark of MS since its origins, 

undergirding various identification and quantification meth-

ods.23,24 The isotopic fine structure apparent in ultrahigh-reso-

lution Fourier-Transform (FT) MS can uniquely identify the 

molecular formula, but tells nothing about the ion geometry.25-

28 The transposition of isotopic labels over non-equivalent po-

sitions creates the isotopomers indistinguishable by MS.  

 Unlike the motion in vacuum controlled by ion mass (m) 

and charge, that in gases also depends on the mass distribution. 

For one, the center-of-mass coordinates in the ion frame affect 



 

all moments of inertia.29-31 Therefore, the scattering dynamics 

governing the ion-molecule collision cross sections and thus 

mobilities differs between the isotopologues/isotopomers in a 

manner coupled to the ion structure.29,31 Then one can identify 

isomers by the splitting of natural isotopic envelopes in FAIMS 

spectra, quantified via the EC shifts (EC) between all observed 

features (the spreads between EC values of pertinent isotopo-

logues extracted by MS).32-36 Same phenomenon was recently 

noted in linear IMS (specifically cIMS),37 although with smaller 

relative inter-isomer differences between the K values - in line 

with MS generally being more orthogonal to FAIMS than linear 

IMS.15 Separations of isotopomers artificially labeled on dis-

tinct sites by FAIMS29,38 and linear IMS (in SLIM30,31 and 

cIMS39 implementations) were also reported. 

For the MS-resolved isotopologues, arbitrarily small shifts 

are fundamentally measurable with any desired precision by 

collecting replicates.32-36 Hence, all structural isomers are dis-

tinguishable in principle, with the practical limit set by the 

measurement reproducibility and constraints of sample amount 

and experimental time.  

This paradigm was initially developed utilizing the He/CO2 

buffers and protonated haloanilines with up to three Cl, Br, or I 

atoms at varied ring positions, producing three or six isomers 

(m ~ 130 - 330 Da).32-36 These species display MS features 

above the base peak by +1 Da (dominated by 13C) and +2 Da 

(mostly due to 37Cl, 81Br, or 13C2 for the iodoanilines with mo-

noisotopic halogen). Some isomers were distinguished by sin-

gle EC shifts, and all were delineated by 2-D (13C/37Cl or 
13C/81Br) shifts.33,35 The shifts for all isotopic groups (save 13C2 

in few cases)32-36 were additive, as in:  

                EC(13C37Cl) = EC(13C) + EC(37Cl)                 (1) 

This permitted averaging several EC values in same spec-

trum, up to n = 4 for 13C in tribromoanilines (between m/z of 

328 and 329 for sole 13C, 330 and 331 for 13C on top of 81Br, 

332 to 333 for 13C on top of 81Br2, and 334 to 335 for 13C on top 

of 81Br3).
35 Such multiplexing reduces random EC errors by 

ideally the factor of n1/2, enhancing the isomer demarcation.32-36  

Hence, extending the shift matrices to new isotopes and ex-

tra instances of the same isotopes helps. One avenue is improv-

ing the sensitivity and useful range of ion intensities (dynamic 

range, dr) to cover more rare isotopologues. For example,33 the 

protonated dichloroanilines C6H6NCl2
+ (DCAs) feature within 

dr ~ 100 six isotopic peaks at unit (integer) masses: m/z = 162, 

163 (mainly due to 13C), 164 (37Cl), 165 (13C37Cl), 166 (37Cl2), 

167 (13C37Cl2). The dr = 5,000 achieved in the high-definition 

FAIMS/MS platform brings in the peak at m/z = 168 (primarily 

due to 13C2
37Cl2). However, the EC values for weaker peaks are 

less certain, and incorporating them into the statistics often 

worsens the EC error margin.   

Many isotopologues are nominally isobaric: e.g., the D, 13C, 
15N, or 17O substitutions add 1 Da, while 13C2, 

18O, 37Cl, or 81Br 

add 2 Da. Thus the number of isotopologues exceeds that of 

unit-mass peaks with the same minimal abundance. For in-

stance,33 there are 15 exact-mass DCA peaks within dr = 5,000. 

The eight new species replace 13C by 15N (at m/z = 163, 165, 

167 with the mass difference m = 6 mDa), 13C by D (at m/z 

= 163 and 165 with m = 3 mDa), 37Cl by 13C2 (at m/z = 164 

and 166 with m = 9 mDa), or 37Cl by 13C15N (at m/z = 164 with 

m = 3 mDa). With m  9 mDa, these isotopologues fully 

merge in ion trap MS even in the ultrazoom mode (RMS ~ 

1000).32-36 Besides the loss of information about their EC shifts, 

such contamination affects the EC values ascribed to the major 

isotopologues at unit masses. The deviation must be minor for 

haloanilines with single isotopologues contributing >90% of 

signal at each unit mass,32-36 but not species with comparably 

abundant nominal isobars. For example, the peak at m/z = 167 

for deprotonated phthalic acids (C8H5O4
, base m/z = 165) com-

prises the isotopologues with 18O and 13C2 in 70:29 ratio. 

The mass splits of ≥3 mDa for DCAs33 could be resolved 

with RMS > 100,000 routinely available from FTMS (including 

Orbitrap MS) instruments. Some isotopologues in other formu-

las lie closer, e.g., those with 37Cl versus 81Br differ by 0.9 mDa. 

Disentangling such species hinges on higher RMS reachable by 

FTMS. The systems with RMS ~ 106 reveal complete isotopic 

distributions for essentially all species in the mass range up to 

~500 Da where the EC shifts in FAIMS have been encoun-

tered.27,28,35 Hence, the construction of comprehensive EC ma-

trices using FAIMS/FTMS platforms is paramount to the pro-

gress of the structural isotopic shift approach.     

We preferred the He/N2 buffers for conventional FAIMS 

separations and He/CO2 for isotopic analyses.32-36 Such buffers 

containing light and heavy gases tend to augment the resolution 

because of non-Blanc effects (deviations from the Blanc’s law 

of diffusion at high electric fields, prominent in mixtures of dis-

parate gases),40 but are incompatible with ultrahigh vacuum 

pumping of Orbitrap MS. Hence, combining high-definition 

FAIMS with Orbitrap MS necessitated the pumping modifica-

tions and/or a tandem electrodynamic ion funnel interface (IFI) 

to dilute He with heavier gases.10 A substantial He consumption 

involved is also problematic with growing helium shortage.  

The high-resolution FAIMS/FTMS capability has been ex-

ploited in proteomics.10 Here, we augment the MS resolution 

further and expand to the isotopic analyses, leveraging the ul-

trahigh MS resolution to disentangle the FAIMS peaks for nom-

inal isobars. A modern Orbitrap model with rf-focusing front 

interface allows attaching the FAIMS stage directly, while the 

N2/CO2 buffers also deliver structurally specific isotopic shifts.  

 

Experimental Methods 

A planar FAIMS stage (g = 1.88 mm) runs at the atmos-

pheric pressure and lab temperature (~20 oC).41 We previously 

joined it to the XL ion trap or Orbitrap MS instruments.10,29,32-

36,38,41 Replacing their skimmer/orifice inlet by IFI has raised the 

ion transmission, but complicated the assembly and operation 

of high-resolution FAIMS/MS platforms. Here we employ the 

LTQ Velos/Orbitrap Elite MS instrument with the S-lens front 

end that (although inferior to an IFI) suffices in the targeted m/z 

range.42 We have thus removed the electrospray ionization 

(ESI) source and mounted on its holding rods a PEEK bracket 

securing the FAIMS stage to face the MS inlet capillary with a 

2.5 mm spacing (Figure S1). This design allows switching be-

tween the FAIMS/MS and MS regimes in seconds without 

breaking vacuum.  

The FAIMS cell was biased at 30 V (above the grounded 

MS inlet) with the curtain plate at 1 kV. Ions came from a sy-

ringe-driven ESI emitter placed in front of the aperture in that 

plate and set at 5 kV.32-36,41 A bisinusoidal waveform (1 MHz 

frequency, 2:1 harmonics ratio) had UD of 5.5 kV. The UC win-

dows with ion signal were scanned at the rate Sr of 1 V/min.  

The N2/CO2 mixtures were formulated by digital flowme-

ters (MKS Instruments) and purified by a GC filter (Agilent, 

RMSN-4). Since He has a minimal arc breakdown threshold (<1 



 

kV for the present gap), the He fraction used in FAIMS must be 

limited - commonly to 50 - 70% in media with N2 or CO2. The 

much greater thresholds for N2 and CO2 (~7 kV here)43 permit 

analyses over the full composition range.        

 Ions can be suitably desolvated in the curtain plate inlet and 

injected into this FAIMS cell at Q ~ 0.5 - 4 L/min, for t ~ 70 - 

600 ms.44 Here we adopt Q = 3 L/min near the top of said range. 

The associated t ~ 100 ms is below our normal ~150 ms at Q = 

2 L/min, elevating the ion signal and dr to capture the minor 

isotopologues.36,44 A concomitant slightly reduced resolution is 

acceptable in isotopic shift analyses with the juxtaposed peaks 

distinguished by MS.   

To connect to prior studies, we probe the protonated mono-

chloroanilines C6H7NCl+ (MCAs) investigated earlier and sim-

ilar bromochloroanilines C6H6NBrCl+ (BCAs) with monoiso-

topic masses of 128 and 206 Da. We look at all MCA isomers 

(ortho 2, para 3, meta 4) and three of the ten BCAs (2-bromo-

3-chloro 23, 3-bromo-4-chloro 34, 4-bromo-2-chloro 42) pur-

chased from Sigma or TCI, Figure 1. The 100 M solutions of 

standards or mixtures in methanol with 1% formic acid were 

infused to the emitter at 0.5 uL/min. This high concentration 

maximizes the ion counts for sufficient statistics even for the 

isotopic traces. The EC axis was anchored by linear dilation us-

ing the 2-monobromoaniline (MBA) calibrant spiked at 50 M. 

The precision of extracted EC shifts is determined by that of 

corresponding peak positions. We typically set those as the mid-

points at half maximum. More detailed descriptions combining 

the midpoints at multiple heights (e.g., 25% and 50%) reduce 

the random error due to ion flux fluctuations.36 The ultimate (al-

beit laborious) method of numerical peak integration was not 

employed in the preceding analyses. These sophisticated for-

malisms are more important for weaker features with less stable 

signal. Here we integrate the smallest features with the 15N at-

oms but adopt the midpoints at half-height for other peaks.  

To improve the accuracy of measured EC shifts and assess 

their statistics (the 95% confidence intervals throughout the pa-

per), we collected 10 - 30 spectral replicates.32-36  

 

 

Table 1.  Relative intensities (I) computed for H+MCA and 

H+BCA isotopologues (using the utility on www.sisweb.com).  

Heavy   

Atoms 

   Exact mass Unit mass % at         
unit m m, Da I* m, Da I* 

MCAs 

None 128.027 100 128 100 100 
15N 129.024 0.361 129 6.96 5.18 
13C 129.030 6.489 93.19 

D 129.033 0.112 1.61 
37Cl 130.024 32.40 130 32.6 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 0.117 131 2.26 5.18 
37Cl13C 131.027 2.102 93.05 
37ClD 131.030 0.036 1.61 
13C3 131.037 0.0025 0.11 
37Cl13C15N 132.024 0.0076 132 0.07 11 
37Cl13C2 132.030 0.057 85 
37Cl13CD 132.033 0.0024 4 

BCAs 

None 205.937 100 206 100 100 
15N 206.934 0.361 207 6.95 5.20 
13C 206.941 6.489 93.42 

D 206.943 0.096 1.38 
37Cl 207.934 32.40 208 130 24.90 
81Br 207.935 97.51 74.94 
13C15N 207.938 0.023 0.02 
13C2 207.944 0.175 0.13 
13CD 207.947 0.006 0.005 
37Cl15N 208.931 0.117 209 9.03 1.30 
81Br15N 208.932 0.352 3.90 
37Cl13C 208.938 2.102 23.29 
81Br13C 208.939 6.328 70.10 
37ClD  208.941 0.031 0.34 
81BrD 208.941 0.094 1.04 
13C3

 208.947 0.003 0.03 
37Cl81Br 209.932 31.59 210 31.9 99.15 
37Cl13C15N 209.936 0.008 0.03 
81Br13C15N 209.936 0.023 0.07 
37Cl13C2

 209.941 0.057 0.18 
81Br13C2

 209.942 0.171 0.54 
81Br13CD 209.945 0.006 0.02 
37Cl81Br15N 210.929 0.114 211 2.19 5.20 
37Cl81Br13C 210.936 2.05 93.44 
37Cl81BrD 210.938 0.03 1.37 
37Cl81Br 
13C15N 

211.933 0.007 212 0.06 11 

37Cl81Br13C2
 211.939 0.055 89 

Figure 1. The MCA and BCA isomers treated in this work.  



 

* Intensity relative to the base peak (100%) for all species with 

I* ≥ 0.002%. The I* values ≥ 0.02% are bolded.  The nominal 

isobars comprising 15N versus 13C presently resolved by MS are 

in green and blue fonts, respectively. 

Results and Discussion 

Isotopic envelopes and mass spectra  

The a priori isotopic distributions for MCA and BCA ions 

show a fine structure with multiple significant isotopologues at  

all unit masses above the base peak (Table 1). Within dr = 

5,000, transitioning from unit to exact masses lifts the number 

of compositions from 5 to 11 (for MCAs), 5 to 12 (MBAs), 7 to 

15 (DCAs), 7 to 22 (BCAs), 7 to 16 (dibromoanilines, DBAs), 

and 9 to 22 (TBAs).32-36 Expanding the number of isotopologues 

by 2 - 3 portends well for the isotopic shift analyses.  

The nominal RMS of Elite (at m/z = 400) is up to 240,000. 

With the RMS  (m/z)1/2 scaling in Orbitraps, the theoretical RMS 

and full peak width at half maximum (w) are ~420,000 and 0.3 

mDa for MCAs and ~330,000 and 0.6 mDa for BCAs. These w 

values match the observations (Figure S2). Assuming a crite-

rion of m ≥ 2w, this would allow resolving all isotopologues 

in Table 1 except the BCAs with 37Cl vs. 81Br (m = 0.9 mDa) 

which indeed merged (Figure S2). The species with 15N and 13C 

(m = 6 mDa), including those comprising the 37Cl and/or 81Br 

atoms, were resolved. Others were not detected with enough 

signal, presumably because of low abundance and/or coales-

cence45 that commonly reduces the resolution of close peaks in 

FTMS below that inferred from the single-peak widths. Thus 

the number of actually discerned isotopologues was smaller: 7 

for MCAs and 10 for BCAs.   

The species with 15N and 13C remained resolved baseline at 

set RMS = 60 K for both MCAs (with w = 1.2 mDa) and BCAs 

(w = 2.4 mDa), but with greater signal given the resolution/sen-

sitivity trade-off in Orbitrap MS. Otherwise, the mass spectra 

(Figures 2, S3) followed the Table 1 and low-resolution data for 

MCAs.32 We selected this condition for FAIMS analyses. 

 

 

 

FAIMS separations 

Ions up to ~200 Da normally behave46,47 as type A (where K 

increases at higher E yielding EC < 0) in both N2 and CO2, with 

greater absolute EC values in more polarizable CO2 as deeper 

ion-molecule potentials augment the difference between low- 

and high- energy scattering patterns.46 This applies to all MCAs 

and BCAs here (Figure 3). The values in N2/CO2 mixtures sub-

stantially exceed those in either gas because of the non-Blanc 

effect in high-field ion mobility, maximizing at the composi-

tions with smaller fraction of heavier gas (here ~20 - 40% 

CO2).
40 The peak order for MCA or BCA isomers changes be-

tween N2 and CO2, specifically near 20% CO2. These trends 

track those for the three phthalic acid isomer anions with vary-

ing position of a substituent (there carboxyl) on the benzene 

ring.48 The maximum EC for MCAs (~260 V/cm) lies below 

~300 V/cm reached in He/CO2 buffers with a more pronounced 

non-Blanc effect because of greater physical disparity between 

the components and their interaction potentials with ions,40 but 

the order of EC values at 40% CO2 here (2 > 3 > 4) copies that 

in He/CO2 mixtures. The maximum for BCAs (~180 V/cm) is 

lower as anticipated for heavier type A species.46 With w scaling 

approximately as K1/2 in planar FAIMS analyzers20 and ion mo-

bilities lower in CO2 than N2 with smaller mass and cross sec-

tion, adding CO2 broadens the peaks. All isomers were sepa-

rated baseline in N2 or at 40 - 60% CO2. The resolution near 

20% CO2 is hampered by peak transposition, whereas at the 

highest fractions the peak capacity is diminished by dropping 

EC values and wider peaks.  

 

Isotopic shifts for MCAs 

Both 13C and 37Cl shifts in all N2/CO2 compositions are pos-

itive (Figure 4) as in He/CO2 buffers.32,34 The 13C shifts rise 

from the minimal 0.1 - 0.4 V/cm in N2 to 1.1 - 2.0 V/cm at 40 - 

Figure 3. Measured EC values for MCA (a) and BCA (b) isomers 

over the full N2/CO2 composition range. The FAIMS spectra at 

selected CO2 fractions are in insets.    
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Figure 2. Normalized MS spectral windows for MCA (a, b) and 

BCA (c, d) showing the isotopologues with one 13C (black) or 
15N (brown, expanded scale) atom. Full spectra are in Figure S3.  
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60% CO2 and slide down to 0.5 - 1.7 V/cm in CO2 (a, b). The 

ranking of EC at 40% CO2 is 2 > 3 > 4, same as in He/CO2 

buffers and matching the order of EC values. This ranking stays 

at 20% CO2, where it differs from that of EC values (3 > 4 > 2), 

and changes in N2 to 2 > 4 > 3 that still differs from the flipped 

EC order (4 > 2 > 3). The 13C shifts in the isotopologues with 
35Cl (from m/z of 128 to 129, Figure 4a) and 37Cl (from m/z of 

130 to 131, Figure 4b) are virtually identical, as found for all 

species in He/CO2 buffers.32,34 This again permits multiplexing 

the shifts to compress the error margins and thus improve spec-

ificity (Figure 4c): the mean 95% confidence intervals narrow 

by 1.3 which is close to the 21/2 = 1.4 (Table S1). The actual 

multiplexing gain from the baseline for shift between two most 

intense peaks would be under the n1/2 factor49 because the added 

shifts between less intense peaks (here, at m/z = 130 and 131) 

have greater statistical uncertainties (Table S1).   

The shifts for the second 13C atom (measurable between m/z 

of 131 and 132 in the isotopologues with 37Cl, Figure 4d) are 

close, but much wider EC uncertainties due to low signal (<0.1% 

of the base peak) make averaging them in counterproductive 

(Table S1).  

The 37Cl shifts increase from 0.0 - 0.5 V/cm in N2 to maxima 

of 2.2 - 2.7 V/cm at 40 - 60% CO2, then decrease to 1.3 - 2.0 

V/cm in CO2 (Figure 4e). This resembles the trend for 13C shifts, 

but with moderately higher magnitudes across the gas compo-

sitions – also per the pattern with He/CO2 buffers.32,34 The EC 

ranking evolves from 3 > 4 > 2 in N2 to 4 > 3 > 2 around 20% 

CO2 to 4 > 2 > 3 near 50% CO2 and finally 2 > 4 > 3 at >60% 

CO2. The ranks in N2 or CO2 differ from those for 13C shifts and 

the EC orders: distinct elemental shifts are orthogonal mutually 

and to the underlying separations. Heretofore, we combined the 

EC for 13C on top of the 37Cl or 81Br atom(s), but not vice versa. 

Here, the 37Cl shifts in species with 13C (from m/z of 129 to 131, 

Figure 4f) follow those in species with 12C (from m/z of 128 to 

130). The ensuing multiplexing expectedly reduces the uncer-

tainties (Figure 4g), also by 1.3 (Table S1). This clarifies the 

previously ambiguous32,34 rank of shifts for 3 and 4 in CO2.  

Figure 4. Measured EC shifts in the MCAs for 13C (circles, a - d), 15N (triangles, a - d), 37Cl (squares, e - g), 37Cl  13C (empty diamonds, 

h), and 37Cl  15N (filled diamonds, h). Error bars show the 95% confidence intervals. Black lines mark EC = 0. Colored lines are cubic 

regressions through the data. The shifts with “from - to” m/z values are labeled. 
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The MS resolution of nominal isobars now enables isolating 

the 15N shifts (Figure 4 a, b). These are highly positive (1.7 - 2.6 

V/cm) in N2 but rapidly drop upon CO2 addition, crossing into 

the negative range at ~20% CO2 and reaching (1.7 - 2.4) V/cm 

at 60% CO2, then stay flat or move slightly toward zero up to 

pure CO2. The uncertainties significantly exceed those of 13C or 
37Cl shifts because of low signal (Table S1). Nonetheless, the 

EC rank can be established: 4 > 2 > 3 in N2, 2 > 3 > 4 at 40 - 

60% CO2, and 3  2 > 4 at 80% CO2. Once more, the shifts for 
15N on top of 35Cl (Figure 4a) and 37Cl (Figure 4b) are similar, 

and their multiplexing compresses the error margin (Figure 4c, 

Table S1).  

When the EC shifts upon different isotopic substitutions 

have inter-isomer spreads of opposite signs, the shift between 

the resulting two peaks can be greater and more specific than 

those upon either heavy-atom substitution. This applies to the 

{13C; 37Cl} and {15N; 37Cl} pairs for 3 and 4 in most gas com-

positions, and the hybrid shifts (from the proper peak at m/z of 

129 to 130) are indeed more informative (Figure 4h). For exam-

ple, the (37Cl  15N) shifts are larger than 15N shifts but have 

smaller uncertainties (Table S1). The {13C; 15N} pair is not use-

ful here because of same 13C and 15N shift rankings at most CO2 

fractions. 

Figure 5. Same as Figure 4 for BCAs, with the shifts for 13C (circles, a - c), 15N (triangles, a - c), 81Br (squares, d - f), 37Cl81Br (hexagons, 

g), 37Cl (stars, h), 81Br  13C (diamonds, i), 37Cl  13C (hexagons, j). Solid lines in (e) and (g) transfer the symbols from (d) and (f), 

respectively.  
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The best isomer assignments come from the multiplexed 13C 

shifts at 60% CO2 (Figure 4c), with 3 and 4 redundantly delin-

eated by the (37Cl  13C) and (37Cl  15N) hybrid shifts. Hence, 

the 15N shifts aid but are not critical to the MCA isomer identi-

fication. The utility of a certain shift may vary across the isomer 

groups even within similar compounds: e.g., the 37Cl shifts are 

more specific for di- than mono- haloanilines.33 Same holds for 

the 15N shifts in BCAs. 

 

Isotopic shifts for BCAs 

The 13C shifts for BCAs also stay positive in all gas compo-

sitions, rising from 0 to ~40% CO2 and then flattening or 

slightly diminishing up to pure CO2 (Figure 5 a - c).  Their mag-

nitudes (0.0 - 0.3 V/cm in N2, 0.3 - 0.5 V/cm at maximum, 0.2 

– 0.4 V/cm in CO2) are below the values for MCAs, expectedly 

for heavier ions.34-36 The consistent rank 23 > 34  42 enables 

the demarcation of 23 from the other two, but not therebetween. 

The EC for 13C on top of 35Cl79Br (Figure 5a) and 
35Cl81Br/37Cl79Br (Figure 5b) are again similar, and multiplex-

ing reduces the uncertainty (Figure 5c, Table S2).    

With the species comprising 37Cl versus 81Br unresolved by 

MS, we ascribe the shifts for their joint peak to 81Br as the major 

constituent (Table 1). Those overall resemble the 13C shifts, 

inching up from 0.0 - 0.1 V/cm in N2 to the maxima of 0.4 - 0.6 

V/cm near 40% CO2 and decreasing to 0.4 V/cm in CO2 (Figure 

5 d - f). This pattern of somewhat greater shifts for the heavy 

halogen than 13C copies that in MCAs or MBAs.32,34 The 81Br 

shift for 34 exceeds the (close) values for 23 and 42 at 20 - 80% 

CO2, but is higher for 42 than 23 or 34 in N2. The shifts for 81Br 

on top of 13C (Figure 5e) confirm those on top of 12C (Figure 

5d) and allow multiplexing for improved definition (Figure 5f, 

Table S2).    

The EC values for 37Cl81Br (from m/z of 206 to 210, Figure 

5g) for all isomers lie slightly above 2EC for 81Br.  Hence, the 
37Cl shifts, which can be obtained by subtraction, track but ex-

ceed the 81Br shifts (Figure 5h). The same was seen for MCAs 

versus MBAs34 and DCAs vs. DBAs,35 likely reflecting a larger 

relative value of 2 Da mass increment (5.7% for 35Cl vs. 2.5% 

for 79Br). The 37Cl shifts resolve 34 vs. 42 at 20 - 80% CO2 better 

than the 81Br shifts, but cannot resolve 23 from 34. 

Once more, the inter-isomer distinctions can be magnified 

in judiciously picked hybrid shifts. Our three BCAs are reason-

ably delineated by the (81Br  13C) shifts in N2 and at 20 - 50% 

CO2, including the 34 and 42 swapping order between N2 and 

20% CO2 (Figure 5i). The (37Cl  13C) shifts improve the reso-

lution of 34 vs 42, but again do not resolve 23 from 34 (Figure 

5j). Unlike with MCAs, no combination of 13C and heavy halo-

gen shifts reliably distinguishes all three isomers in CO2.  

Now the 15N shifts elicited with FTMS become crucial. 

These have EC > 0 in N2, but rapidly drop into the negative 

territory up to ~50% CO2 and then stay near-flat to 100% CO2 

(Figure 5 a - c). The shifts for 15N on top of 79Br (Figure 5a) and 
81Br (Figure 5b) match, allowing multiplexing (Figure 5c, Table 

S2). All this reprises the picture for MCAs with expectedly 

smaller absolute EC for heavier ions: 0.8 - 1.3 V/cm at the 

maxima and (0.7 - 2) V/cm at the minima. However, the shifts 

are more specific for these BCAs than MCAs: that for 34 lies 

well below those for 23 and 42 at 20% CO2 to easily differen-

tiate 34 up to 100% CO2. With that, all three BCA isomers are 

distinguishable in any N2/CO2 composition.  

Conclusions  

We coupled high-definition FAIMS to MS (and particularly 

Orbitrap MS) instruments with the S-lens inlet as is, facilitating 

FAIMS/MS analyses with high 2-D resolution. This platform 

was deployed to disentangle the FAIMS spectra for nominally 

isobaric isotopologues resolved by FTMS, building on the iso-

mer characterization by the shifts for species at unit masses.32-

36 We also took this concept beyond the initial He/CO2 buffers 

to the readily available and inexpensive N2/CO2 mixtures. 

Six monochloroaniline (MCA) and bromochloroaniline 

(BCA) isomers were separated baseline, with the resolution 

dampened at greater CO2 fractions. All isotopologues with 13C, 
15N, 37Cl, and/or 81Br exhibit material shifts in mass-selected 

FAIMS spectra, with 13C and 15N (m = 6 mDa) fully resolved 

by Orbitrap MS. The absolute shifts tend to increase from N2 to 

CO2 to N2/CO2 mixtures, in concord with generic projections of 

stronger isotopic effects in heavier gases50 and steeper nonline-

arity of mobility in gas mixtures expanding the separation 

space.40 As with He/CO2 buffers,32-36 the elemental shifts are 

additive and can be multiplexed for best isomer demarcation. 

This evidently universal property of FAIMS may prove key to 

rationalizing and predicting the isotopic shifts. These shifts are 

orthogonal to the underlying separations and each other, mak-

ing up matrices of exceptional structural specificity.     

All MCAs and BCAs can be distinguished by the 13C/37Cl 

or 13C/81Br shifts over a range of N2/CO2 compositions. The hy-

brid shifts reflecting multiple isotopic substitutions (such as 
37Cl  13C) are even more specific for certain isomers. The gas 

composition dimension, with the shifts switching order or sign 

at certain points, enhances the specificity further.  

The novel 15N shifts isolated by Orbitrap MS are almost op-

posite to the 13C shifts at >20% CO2 fractions. This observation 

defies simple rationalization. As the N atom lies outside the C 

ring, the 15N substitution moves the ion center-of-mass (COM) 

more than the 13C substitution averaged over carbons. However, 

the Cl or Br atoms are in similar positions to N and (with +2 Da 

mass increments) the 37Cl and 81Br substitutions cause even 

greater COM transpositions, yet the 37Cl, 81Br, and 13C shifts are 

positive and overall similar. As the 15N shift becomes strongly 

positive in N2, the ion-molecule collision dynamics beyond the 

COM transposition is critical. 

This means mutual shifts well above those between the 13C 

and 37Cl or 81Br peaks differing by 1 Da, showcasing the inde-

pendence of isotopic shifts in FAIMS of the mass difference. 

The 15N shifts pull apart the BCA isomers in CO2 (where other 

shifts fall short) and furnish redundant confirmation across the 

board.  

The two isotopic shifts across binary gas compositions are 

succinctly conveyed as paths on a map.35 The three shifts, in-

cluding the 15N revealed here using FTMS, can be represented 

by the 3-D trajectories (Figure 6). The MCA and BCA isomers 

are trivially distinguished in these spatial plots. Their projec-

tions on the coordinate planes yield three 2-D maps (Figures S4, 

S5). Their distinct patterns reemphasize the benefit from addi-

tional shifts and namely 15N, e.g., the paths for 3 and 4 intersect 

in the 13C/35Cl and 13C/15N, but not 35Cl/15N maps (Figure S4). 

Separations of isotopomers by linear IMS are correlated to 

the COM movement within the ion.31 Same was hypothesized 

to underpin the isotopic shifts in FAIMS,29,32 but the ordering of 

isomers by shift in linear IMS and FAIMS differed: e.g., that 

for 37Cl shift in DCAs was 2,5 < 2,4 < 3,4 < 3,5 in linear IMS37 



 

but 2,4 = 3,4 < 3,5  2,5 in FAIMS.33 However, those studies 

employed N2 buffer for linear IMS but He/CO2 for FAIMS, and 

present data show the reordering of shift magnitudes (including 

for 37Cl) between the N2 and CO2 gases. Hence, to what extent 

the distinct orders above manifested the inherent orthogonality 

of FAIMS to linear IMS37 versus that of shifts across gases re-

mains to be deduced. Again, the isotopic shift models ought to 

examine the ion-molecule collision dynamics beyond the COM 

transpositions.  

The IMS isotopic shift approach is physically unrelated but 

operationally analogous to NMR, where multiple chemical 

shifts carry complementary information about the molecular 

structure.32-34 Then the current advance could be likened to 

opening NMR to many active nuclei beyond 13C, including 15N. 

The advantages and challenges of 15N shifts here mirror those 

for 15N-NMR: superior selectivity and inferior sensitivity stem-

ming from low abundance of 15N versus 13C due to fewer N sites 

and smaller heavy isotope population (0.3% vs 1.0%).51 None-

theless, the NMR methods relying on 15N shifts (alone and cor-

related with others including 13C) have proliferated.52 Some 

studies improve the sensitivity using the 15N labeling.52 That can 

likewise apply to the FAIMS isotopic shifts.     

We are taking the isotopic shift analyses to regular non-hal-

ogenated organic compounds, including the carboxylic acids 

and other oxygenated species (with 17O and 18O stable isotopes). 

Future work will use superior FTMS platforms (RMS  500,000) 

to elicit the shifts for isotopologues closer in mass, e.g., com-

prising 13C versus D (m = 2.9 mDa) or 17O (m = 0.8 mDa), 

or 13C2 versus 18O (m = 2.4 mDa). Such new shifts will expand 

the 3-D plots into hypercubes. The isotopic fine structure may 

become as important to IMS as it is to MS, especially for heav-

ier ions with more isotopologues per unit mass. 
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