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ABSTRACT: We report on separations of ion isotopologues and isotopomers using ultrahigh-resolution traveling wave-based Struc-
tures for Lossless Ion Manipulations with serpentine ultralong path and extended routing ion mobility spectrometry coupled to mass 
spectrometry (SLIM SUPER IMS-MS). Mobility separations of ions from the naturally occurring ion isotopic envelopes (e.g., [M], 
[M+1], [M+2]…ions) showed the first and second isotopic peaks (i.e. [M+1] and [M+2]) for various tetraalkylammonium ions could 
be resolved from their respective monoisotopic ion peak ([M]) after SLIM SUPER IMS with resolving powers of ~400-600. Similar 
separations were obtained for other compounds (e.g., tetrapeptide ions). Greater separation was obtained using argon versus helium 
drift gas, as expected from the greater reduced mass contribution to ion mobility described by the Mason-Schamp relationship. To 
more directly explore the role of isotopic substitutions, we studied a mixture of specific isotopically substituted (15N, 13C, and 2H) 
protonated arginine isotopologues. While the separations in nitrogen were primarily due to their reduced mass differences, similar to 
the naturally occurring isotopologues, their separations in helium, where higher resolving powers could also be achieved, revealed 
distinct additional relative mobility shifts. These shifts appeared correlated, after correction for the reduced mass contribution, with 
changes in the ion center of mass due to the different locations of heavy atom substitutions. The origin of these apparent mass distri-
bution-induced mobility shifts was then further explored using a mixture of Iodoacetyl Tandem Mass Tag (iodoTMT) isotopomers 
(i.e. each having the same exact mass, but with different isotopic substitution sites). Again, the observed mobility shifts appeared 
correlated with changes in the ion center of mass leading to multiple monoisotopic mobilities being observed for some isotopomers 
(up to a ~0.04% difference in mobility). These mobility shifts thus appear to reflect details of the ion structure, derived from the 
changes due to ion rotation impacting collision frequency or momentum transfer, and highlight the potential for new approaches for 
ion structural characterization. 

1. INTRODUCTION
Isotopologues are molecules that differ only due to substitu-

tions of isotopes for one or more of their atoms, while isoto-
pomers are isotopic stereoisomers having the same number of 
each isotope but differing in their locations 1. Isotopic labeling 
with often ‘heavier’ atoms (e.g., 15N, 13C, 2H) is broadly used 
with mass spectrometry (MS), especially for enabling more ac-
curate quantification, multiplexing with isobaric labeling (e.g., 
isobaric tags for relative and absolute quantitation, iTRAQ; tan-
dem mass tag, TMT), and for the reduction of isobaric interfer-
ences 2-3. MS readily separates isotopologues due to their mass 
differences, and the development of high resolution (most nota-
bly Fourier Transform-based) MS over the last few decades has 
made distinguishing different isotopic substitutions (e.g., the 
0.006 Da mass difference for 15N vs. 13C substitution) routine 4. 
Conversely, isotopomers cannot be distinguished by MS alone 
since they have the same exact mass, unless fragment ions (e.g., 
obtained using MS/MS) reveal the sites of isotopic exchanges. 

Ion mobility spectrometry (IMS) allows distinguishing ions 
in the gas-phase based on their size/shape in addition to m/z 5. 

IMS, most notably coupled to MS (IMS-MS), has shown broad 
utility for the resolution of isomeric species in proteomics, lip-
idomics, glycomics, and other areas 6-18. The mobility of an ion 
(K) in the low field regime can be predicted using the Mason-
Schamp relationship (Equation 1), where µ is the reduced mass
of the ion-neutral molecule pair, k is the Boltzmann constant, z
is the charge of the ion, T is the absolute temperature, N is the
gas number density, and Ω is the ion-neutral momentum trans-
fer (or collision) cross section 5, 19.

𝐾𝐾 = 3
16 �

2𝜋𝜋
𝜇𝜇𝜇𝜇𝜇𝜇

𝑧𝑧
𝑁𝑁𝑁𝑁

   (1) 

IMS resolution of isotopologues that, for example, constitute 
the naturally occurring isotopic envelopes of a compound’s 
mass spectrum (i.e., the [M], [M+1], [M+2] etc. ion ‘isotopic 
peaks’), would provide the basis for fundamental new under-
standings and applications, as emphasized over a decade ago by 
Valentine and Clemmer 20. Drift tube IMS (DTIMS) isotopo-
logue separations of sufficient resolving power (Rp) are largely 
impractical due to the large voltage drops and/or extremely long 
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linear drift paths needed 21-23.  The most notable exception to 
date has been the separation of natural and deuterium (2H) sub-
stituted isotopologues for smaller compounds such as toluene, 
acetone, and benzene, using atmospheric pressure DTIMS with 
~250 Rp 24. In the case of acetone versus its perdeuterated coun-
terpart, a mobility difference of ~1.5% in nitrogen is predicted 
based solely upon the reduced mass contribution (µ; Mason-
Schamp relationship, Equation 1) 24. However, the reported Rp 

would be insufficient for much larger ions, and even greater 
challenges would arise with the use of lighter drift gases (e.g., 
helium) due to the smaller reduced mass differences. The only 
other isotopologue or isotopomer ion separations of which we 
are aware have used Field Asymmetric Ion Mobility Spectrom-
etry (FAIMS), where Rp up to ~500 have been demonstrated 
based upon differences in mobilities at very high vs. low elec-
tric fields in mixtures of gases 1, 25-28. While these studies sug-
gest that observed shifts for individual substitutions may be re-
latable to the ion’s structure, FAIMS incurs some significant, 
but not well characterized, extent of ion heating and potential 
structural perturbations due to the high fields used 29, as well as 
other possible contributions such as partial ion alignment in the 
field, making an understanding of the effects due to isotopic 
substitutions elusive 26, 28. 

In this work we have employed new ultra-high precision and 
resolution IMS measurement capabilities using traveling wave 
(TW)-based Structures for Lossless Ion Manipulations (SLIM) 
6, 8-11, 30-36 in conjunction with MS for isotopologue and isoto-
pomer separations. TW-based SLIM IMS benefits from the 
long and compact serpentine path lengths, where resolution has 
been shown to increase in proportion to the square root of path 
length 37. Additionally, directing the ions for additional passes 
through the SLIM, using a Serpentine Ultra-long Path with Ex-
tended Routing (SUPER) implementation 30, further extends the 
path lengths achievable to >100 m, providing Rp up to ~1800 
30, far greater than previously achievable with IMS.  These 
measurements also benefit from the ability to inject very large 
ion populations via in-SLIM ion accumulation to provide sig-
nificant ion signals after >1 km of SLIM SUPER IMS separa-
tions, and improving the precision of mobility measurements 
achievable for higher Rp IMS measurements 7, 31. 

Here we report relative ion mobility shifts for isotopologues 
and isotopomers that confirm the reduced mass contribution to 
mobility expected from Equation 1.  In addition, we report the 
contribution of additional mobility shifts, as well as our obser-
vation that these shifts appear to be correlated with changes to 
the ion center of mass (and by inference, ion rotation), due to 
the isotopic exchanges or substitutions, and lead to changes in 
Ω. These results show not only the utility of higher Rp IMS 
measurements, providing a greatly improved basis for under-
standing other factors contributing to an ion’s Ω, but also a po-
tential basis for new insights into gas phase ion interactions and 
new approaches for the structural characterization of gas phase 
ions. 

2. EXPERIMENTAL
2.1 Instrumentation
The TW SLIM SUPER IMS-MS platform has been described 

previously 6-10, 30-31. Briefly, it has a 13.5 m SLIM total ion path 
for each pass, using 0.5 mm width and used 1 mm length SLIM 
surface TW electrodes in a “6, 5” electrode array configuration 
(6 radio frequency electrodes interspaced with 5 TW electrode 
arrays). The SLIM used 1 to 1.8 mHz RF frequency and 300 

Volts peak-to-peak (Vpp) RF amplitude for ion confinement be-
tween the SLIM surfaces, unless otherwise noted. Modifica-
tions to the previously described platform included SLIM fab-
rication from Rogers 4000 hydrocarbon ceramic laminates. This 
alternative SLIM material used here for some of the studies 
served to lower the SLIM capacitance, and thus lowered the RF 
power needed, minimizing possible warming of the SLIM com-
ponents (and indirectly the SLIM chamber and the gas) com-
pared to previous designs. 

Ions exiting the SLIM were focused by an ion funnel through 
a conductance limit and transferred via a segmented quadrupole 
to an Agilent TOF MS incorporating a 1.5-m flight tube (Ag-
ilent Technologies, Santa Clara, CA). Data were recorded with 
a U1084A 8-bit ADC digitizer (Keysight Technologies, Santa 
Rosa, CA) and processed using in-house developed control 
software. 

2.2 Experimental Conditions and Reagents: Naturally Oc-
curring Isotopologues 

The tetraalkylammonium (TAA) salts and L-Met-L-Arg-L-
Phe-L-Ala (MRFA) peptide were purchased from Sigma Al-
drich (Milwaukee, WI USA) and used without any further puri-
fication. The TAA salts (tetrahexyl, TAA-6; tetraheptyl, TAA-
7, and tetraoctyl, TAA-8) were prepared to a final concentration 
of 1 µM in 50/50 water/methanol with 0.5% acetic acid (v/v), 
while the MRFA peptide was prepared to 5 µM in 50/50 wa-
ter/methanol with 0.5% acetic acid (v/v). All samples were in-
fused at 0.5 µL/min for nanoelectrospray at 3000 V and 110 °C 
for the inlet capillary. IMS in the SLIM used 1.5 torr for argon 
and 3.1 torr for helium. TW parameters were optimized for sep-
aration for each analyte. In helium, a TW speed of 320 m/s was 
used for all analytes, with square TW amplitudes of: 23 V for 
MRFA, 21 V for TAA-6, 23 V for TAA-7, and 25 V for TAA-
8. In argon, a TW speed of 300 m/s was used for all analytes,
with square TW amplitudes of: 30 V for MRFA, 28 V for TAA-
6, 30 V for TAA-7, and 32 V for TAA-8. Each IMS spectrum
represents a sum of 50 separations, with the exception of 350
separations used for a 2029.5 m separation of the MRFA pep-
tide isotopologues.

The in-SLIM ion accumulation used in this study has been 
described in detail elsewhere 7-10, 31. Briefly, ions can be accu-
mulated in the first traveling wave region by halting the travel-
ing wave in the second region. Ions were accumulated in-SLIM 
for 1-2 s for all SLIM SUPER IMS separations. An ion switch 
at the end of the second TW region permits ions either to be 
routed to the TOF-MS for detection or back to the beginning of 
the serpentine path for another ‘pass’ through the SLIM mod-
ule. 

2.3 Experimental Conditions and Reagents: Arginine Isotop-
ologues 

All reagents were purchased from Sigma Aldrich, St Louis 
MO, unless otherwise noted. The L-arginine isotopologues 
(Supporting Information), involving 15N4, 13C6, 13C6

15N4, and 
13C6

15N4
2H7 isotopic substitutions in addition to ‘light’ (i.e., un-

substituted) arginine, were purchased from Cambridge Isotope 
Laboratories Inc., Tewksbury, MA. 1 to 5 µM solutions of mix-
tures of light arginine along with its heavy-labeled isotopo-
logues in 50% methanol, 0.1% acetic acid were used. Ions were 
introduced via a multi-capillary inlet with 500 µm i.d. stainless 
steel capillaries maintained at 130 °C. Ions were then focused 
by a high pressure ion funnel (maintained at 10 Torr) into a 
lower pressure ion funnel, and accumulated in its ion funnel 
trapping region 35, 37 prior to injection into SLIM chamber. The 
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SLIM chamber was maintained at 50-100 mTorr higher pres-
sure than the ion funnel trapping region to prevent/minimize gas 
introduction to the SLIM chamber from the interface. 2.5 torr 
pressure was used for both nitrogen and helium drift gases. TW 
conditions were 9 V amplitude sine wave and 54 m/s speed for 
separations in nitrogen, and 12 V sine wave at 355 m/s for sep-
arations in helium. 

2.4 Experimental Conditions and Reagents: Iodo-TMT Isoto-
pomers 

The iodo-tandem mass tag (126, 127, 128, 129, 130, and 131 
iodo-TMT) isotopomers were purchased from Thermo Fisher 
Scientific, Waltham, MA USA. A mixture of all six isoto-
pomers was prepared, with each component at a concentration 
of 10 µM, in 50/50 water/methanol with 0.5% acetic acid (v/v). 
SLIM SUPER IMS separations of this isotopomer mixture were 
performed in nitrogen drift gas (1.6 torr) at a TW speed of 400 
m/s and 35 V amplitude. 50 summations were performed to pro-
duce the arrival time distributions. Each experiment was con-
ducted three times to produce the average normalized shift and 
standard deviation in Table 3. In order to plot the separation 
(arrival time distribution) of this isotopomer mixture, the proto-
nated parent ion (m/z 458) was fragmented post-SLIM IMS sep-
aration to yield their six respective non-isobaric fragment ions 
(i.e., m/z 126–131). Each of these fragment ions was then ex-
tracted to plot the arrival distribution of the mixture (Figure 7). 

2.5 Data Processing 
CoM calculations were performed using Python and struc-

tures were visualized using the Avogadro Software. The lowest 
energy structure used for protonated iodo-TMT was optimized 
and calculated via a modified ISiCLE pipeline 38 and visualized 
via the Avogadro software (for the x, y, z coordinates; Support-
ing Information). MarvinSketch (v.15.8.10, ChemAxon Ltd.; 
Budapest, Hungary) was used to generate an initial set of 100 
conformers, optimized using MMFF94 39 with a 1 kcal/mol di-
versity limit. 

By running mixtures of isotopomers and isotopologues, we 
remove much of the uncertainty associated with small changes 
in conditions between separations (e.g., pressure fluctuations), 
as any such fluctuations should impact each ion in the same 
fashion. In this work we also corrected for the minor pressure 
fluctuations that can occur (more so in helium drift gas) be-
tween each SLIM SUPER IMS separation. These fluctuations 
are typically on the order of <~5 millitorr in magnitude. These 
minor pressure changes may cause arrival times to shift between 
individual separations, leading to poorer S/N and resolution 
when signal averaging (e.g., summing 50) multiple separations 
to yield a final, output, arrival time distribution. In order to cor-
rect for this, we performed a linear shift alignment based on a 
Pearson correlation algorithm. This alignment uses a single, 
most intense, feature in a single separation (or acquisition) as a 
reference point and linearly shift all other separations/acquisi-
tions to that reference point. (For an example, see Supporting 
Information.)  

IMS separations were smoothed with a 3 to 25 point moving 
average filter, and for the arginine isotopologues were fit to a 
Gaussian function to determine the peak centroid using Origin 
Pro 2016 software. The Gaussian fit centroids were used for 
subsequent data analysis. For other isotopologues and isoto-
pomer measurements, a 5 to 20 moving average smooth was 
performed, respectively, and the peak apex was used for data 
analysis.  

2.6 Calculation of Isotopologue IMS Shifts 
Contributions to ion mobility in the low field limit are 

broadly accepted as given by Equation 1 5, 19. Thus, if isoto-
pomers have the same Ω, the relative mobilities of isotopo-
logues with respect to their light analogues (KH/KL) will be in-
versely proportional to the ratio of the square root of their re-
duced masses (√µH/√µL). We refer to these values as theoretical 
relative isotopologue mobilities. In an analogous way to IMS 
calibration using different chemical species, we use selected 
non-isobaric isotopologues as calibrants for other isotopo-
logues. To calibrate arrival times we used the relative experi-
mental arrival times of the arginine isotopologues using mix-
tures of ‘light’ (i.e. unlabeled) and 13C6

15N4-labeled [argi-
nine+H]+ versions to provide a mobility scale for the relative 
experimental mobilities of the other three isotopologues. We 
emphasize that the theoretical relative mobilities calculated for 
He and N2 drift gases assume only the reduced mass difference 
contribution, and no structural contribution (i.e., no difference 
in Ω). By selecting a uniformly-labeled isotopologue (i.e., 
13C6

15N4, increasing arginine mass by 10 Da) we benefit from a 
significant reduced mass difference in establishing the mobility 
scale, as well as a likely minimal effect on the ion CoM relative 
to its unlabeled counterpart (see later discussion and Table 2).  

2.7 Calculation of electric fields experienced by ions and es-
timation of the field regime for TW SLIM IMS separations 

Theoretical mobilities based upon Equation 1 assume that ion 
mobility separations are performed within the low field limit 
above which the field can cause activating collisions and non-
linearly impact ion mobilities. The low field limit can be esti-
mate by Equation 2, where E is the electric field, N is the gas 
number density, m is the mass of the ion, M is the mass of the 
buffer gas, z is the ion charge, and Ω is the ion’s momentum 
transfer (or collision) cross section in the selected gas 40. 

𝐸𝐸
𝑁𝑁
≪ 3

16
 � m

𝑚𝑚+𝑀𝑀
𝑁𝑁
𝜋𝜋𝑧𝑧

        (2) 

In estimating the electric field in TW SLIM IMS separations 
one must consider that ions experience non-uniform electric 
fields which depend on the details of the SLIM design (e.g., 
electrode arrangement) and the TW parameters (the travelling 
waveform shape, amplitude, and speed). TW separations occur 
when the applied TW speed exceeds the ion mobility, K, where 
ions can no longer travel with the wave (i.e., surf). Under these 
conditions, with the application of symmetrical waveform, ions 
experience a dynamic potential, which oscillates in direction 
between positive and negative values as they “roll over” the 
waves. The average magnitude of the field is highest when the 
TW speed is close to the ion’s mobility and decreases with 
higher applied TW speeds.  

Of interest is not only the average electric field experienced 
by the ions, but particularly the maximum value of the field, 
where significant ion heating is most likely to occur. To deter-
mine the maximum electric field experienced by the ions, the 
TW SLIM electrode array arrangement was modeled using 
SIMION 8.1, and MATLAB used to visualize the electric fields. 
The electric field calculations did not take into account contri-
bution of RF applied, as it is expected (and also previously 
shown) to have minimal contribution on ion heating in both an 
RF confining drift tube and SLIM IM instrumentation operating 
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in a comparable pressure regime 41. The maximum value of the 
electric field generated by a 12 Vpp sine wave is 12.3 V/cm. 
This corresponds to E/N values of ~15 Td at 2.5 torr pressure. 
The magnitude of the product expression of [m/(m +
M)]1/2𝛺𝛺/𝜋𝜋𝜋𝜋  (Equation 2) for protonated arginine in nitrogen is 
39 Td and 22 Td in helium, based on the Ω values of ~70 Å2 (in 
helium) and 132 Å2 (in nitrogen) 42. These values are higher than 
the present experimental E/N magnitude; therefore, the present 
SLIM TW IM studies are consistent with the low field limit re-
gime. Moreover, we emphasize that the average electric field 
experienced by the ions in TW IMS separations is a TW speed 
dependent fraction of the maximum electric field value men-
tioned above.  

Thus, while we cannot completely exclude the possibility of 
some degree of residual ion heating in the present studies, the 
TW conditions used, and a range of observations are consistent 
with it being minimal or insignificant. Finally, we note that any 
amount of heating due to the TW, will be essentially identical 
for all the isotopologue and isotopomer species in any study, 
and impacts to relative mobility measurements would be ex-
pected to have a minimal effect. 

 
3. RESULTS AND DISCUSSION 
In this work we have investigated the relative ion mobility 

shifts for mixtures of isotopologues and isotopomers using ul-
trahigh resolution IMS.  These measurements involved natu-
rally occurring isotopologues (i.e., the non-isobaric ‘isotopic 
peaks’ for several compounds, and which include peaks that are 

due to sets of isotopomers), a mixture of distinct (arginine) 
isotopologues, and a mixture of distinct (iodoTMT) isoto-
pomers.   

Valentine and Clemmer first posited 20 that the peaks consti-
tuting the isotopic peaks of mass spectra could also be resolved 
based on mobility differences due to their reduced mass differ-
ences given sufficiently high IMS  Rp. This prediction implic-
itly assumes that natural isotopologues have essentially identi-
cal rotationally averaged ion-neutral momentum transfer (or 
collision) cross sections (Ω). Similarly, it has been assumed that 
differences in mobility (or Ω) for isotopomers due to the subtle 
effects of different isotope locations would be far too small to 
be detectable by low field (e.g. conventional drift tube) IMS 27.  

We note that resolution of some isotopomers has been 
achieved using FAIMS 1, 25-28, where separations take place 
based on the mobility of ions in both high and low electric fields 
1, 25-28. However, the basis for these separations has not been es-
tablished due to the fact that the FAIMS separation occurs in 
conjunction with significant ion heating (and likely induced 
structural changes) as well as other possible contributions such 
as partial ion dipole alignment due to the high fields involved 
29, 43. 

In TWIMS separations, as opposed to conventional DTIMS 
separations, ions experience non-uniform electric fields and de-
tector arrival times vary depending on TW parameters 19. In 
consequence, calibrant ions are used to obtain mobility or Ω 
values from TW IMS measurements 5. The calibration proce-

Figure 1. SLIM SUPER IMS separations of the natural isotopologues of various tetraalkyl ammonium ions: tetraalkylammonium 
6 (354.4 m/z), tetraalkylammonium 7 (410.5 m/z), and tetraalkylammonium 8 (466.5 m/z). A) helium (3.1 torr) and B) argon (1.5 
torr) for a 679.5 m total path length with each isotopologue normalized to a 0 to 1 scale due to the significantly lower intensity 
of the [M+1] and [M+2] species relative to [M]. 

N+ N+N+

TAA-8
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dure ideally aims to assure that the effective temperature of cal-
ibrant ions is comparable to that of the species of interest 5, par-
ticularly if measurements are made under conditions that can 
lead to significant ion heating. Thus, the calibrant ions used in 
TW IMS measurements and the ions of interest ideally experi-
ence the same TW parameters, occur over a comparable mobil-
ity range, and are of the same compound class (i.e., they share 
structural similarity). Such selection of similar calibration com-
pounds has been shown to significantly increase the accuracy 
of Ω determination using the commercially available Waters 
Synapt IMS-MS platform 44. We note that the Waters Synapt 
has been shown to cause ion heating due to a combination of 
factors, including most significantly in the ion injection step 
into the TW cell region, as well as to a lesser extent due to heat-
ing during the TW separation 45-46. 
Table 1. Calculated relative mobilities (KL/KH) relative to [M] 
based on respective reduced masses for the naturally occurring 
isotopologues of three tetraalkylammonium ions in argon and 
helium. 

Ion Isotopologues Helium Argon 

TAA-6 
[M] = 354.4 m/z 

[M] vs. [M+1] 1.000016 1.000143 

[M] vs. [M+2] 1.000031 1.000284 

TAA-7 
[M] = 410.5 m/z 

[M] vs. [M+1] 1.000012 1.000109 

[M] vs. [M+2] 1.000023 1.000215 

TAA-8 
[M] = 466.5 m/z 

[M] vs. [M+1] 1.000009 1.000084 

[M] vs. [M+2] 1.000018 1.000168 

 

The present studies aimed to minimize ion heating by using 
electric fields in the low field regime, where Equation 1 is con-
sidered applicable. The use of TW sine waveforms rather than 
the stepped DC ‘square waves’ (and generally larger average 
amplitude) served to reduce the maximum electric field experi-
enced by ions for a given average field due to the TW, and min-
imize possible ion heating due to the TW (Supporting Infor-
mation). In this regard, previous studies have found generally 
good correlations between Ω determined using DTIMS in the 
low field regime and the TW-based Waters Synapt platform 47 
45, 48.  Ion heating due to the TW is expected to be less significant 
in the present work due to the relatively low TW amplitudes 
used (e.g., 9 to 12 Vpp for arginine isotopologues), limiting the 
maximum field experienced by the ions during SLIM IMS sep-
arations ~12 V/cm, and within what is commonly considered to 
be the low field regime. We also note that any residual ion heat-
ing should be very similar for a given set of isotopologues in 
any given measurement due to their essentially identical struc-
tures and similar m/z. This is consistent with our observation 
that relative mobilities were not impacted by changes in TW 
amplitude. Finally, we note that TW SLIM IMS measurements 
have provided relative mobilities (and Ω) after calibration that 
are comparable to those from drift tube measurements 34, 49, and 
that the separations of labile compounds and non-covalent com-
plexes in reported studies 7, 9 have mirrored drift tube separa-
tions; observations supportive of minimal ion activation.  

In this work we also exploited the ability to make high Rp co-
measurements of the isotopologues (i.e., KL/KH) in the same 
separation due to their different m/z, as employed for relative 
mobilities in electrophoretic separations 50-51, to further enhance 
measurement precision. For the arginine studies we used mix-
tures of ‘light’ and 13C6

15N4 substituted [Arg+H]+ (due to its 
more significant mass difference as well as it relatively uniform 
distribution of added mass) as internal calibrants to establish the 
KL/KH scale. This corresponds to assuming that the mobility 
difference for this calibrant pair is only due to their reduced 
mass differences with the collision gas, an assumption that 

 
Figure 2. SLIM SUPER IMS separations of the natural isotopologues of protonated MRFA peptide in argon drift gas (1.5 torr) after 
2029.5 m of total path length (left). Table of the calculated shifts in relative mobility amongst its natural isotopologues, [M+1], [M+2], 
and [M+3], from [M], where [M] = [MRFA+H]+ (right). Note: some detector saturation for the [M] peak results in a somewhat distorted 
peak shape for this ion. 

O

NH2

S

O
N
H

HN

NHH2N

OH
N

O
N
H

OH

Isotopologues Helium Argon

[M] versus [M+1] 1.000007 1.000068

[M] versus [M+2] 1.000014 1.000135

[M] versus [M+3] 1.000022 1.000202
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would not impact the relative shifts or direction of shifts found, 
but only the absolute magnitude of the scale. For the isotopomer 
studies (where no reduced mass difference applies) we estab-
lished a scale based upon the isotopomers having the smallest 
and largest mobilities. We expect the present relative mobilities 
to be both highly precise and robust. The studies here overall 
both confirm the predicted role of reduced mass on isotopo-
logue ion mobility and reveal a new contribution to the ion Ω. 

3.1 Mobility Differences for Naturally Occurring Isotopo-
logues in Helium and Argon Drift Gases 

We examined the naturally occurring isotopologue mixtures 
present in the molecular ion isotopic envelopes and the resolu-
tion of the singly charged [M] (the monoisotopic molecular 
ion), [M+1], and [M+2] species. We note that the [M+1] and 
[M+2] peaks of the isotopic envelope are actually ensembles of 
isotopic permutations, (i.e., largely a mixture of isotopomers), 
a factor that may obscure any potential effects of isotopic sub-
stitutions at specific positions. Equation 1 predicts that a higher 
molecular weight drift gas would result in greater mobility dif-
ferences for the isotopologues 20; mobility differences amongst 
isotopologues in argon would be expected to be nearly 10-fold 
greater than in helium assuming identical Ω.  Table 1 shows the 
predicted differences in mobility for the observed isotopic 
peaks for the various TAA ions in both argon and helium drift 
gases. 

Each TAA ion isotopologue mixture was assessed after 50 
passes (679.5 m separations) in helium (Figure 1A). It can be 
seen that even after this SLIM SUPER IMS separation only 
very minor separation is achieved in helium, a 1-2 ms difference 
in arrival times between the [M] and [M+2] species for the low-
est MW species (TAA-6) with our observed Rp of ~400 to 500.  
As expected, the 679.5 m separations in argon (Figure 1B) pro-
vided significantly better resolution for the TAA ion isotopo-
logues; for example, the resolution for [M+2] from [M] for 
TAA-6 was ~0.3.  

A 2029.5 m (150 pass) SLIM SUPER IMS separation for a 
singly charged tetrapeptide MRFA (where isotopic contribu-
tions due to 13C,15N, 18O, and 34S occur) in argon (Figure 2) 
shows similar shifts for the [M+1] and [M+2] and [M+3] spe-
cies, and an apparent Rp of ~600. These results were entirely 
consistent with our observations for the TAA ions, and we be-
lieve that such observations will be general for other com-
pounds. 

It is important to note that the [M+1] and [M+2] species for 
these naturally occurring isotopologues are largely mixtures of 
isotopomers; for the TAA ions, one and two 13C isotopic substi-
tutions, respectively. Thus, the observed mobilities for the iso-
topic peaks each represent an unresolved set of isotopomers. 
Therefore, use of these naturally occurring isotopologues likely 
precludes the observation of more subtle effects arising from 
isotopic substitutions. However, we further note that any signif-
icant variation amongst the mobilities of the various isoto-
pomers constituting the isotopic peaks may be manifested as a 
broader IMS peak; i.e., the [M+1] and [M+2] would be broader 
than [M], which is only a single species.  Indeed, Figure 3 shows 
that the TAA-6 ion [M+1] peak width is significantly larger 
(~25%) than the [M] peak width in argon drift gas (~16.75 ms 
in width at half maximum vs. ~13 ms in width at half maximum 
for [M]), clearly suggesting the possibility of variations in the 
mobilities of the [M+1] component isotopomers. 

These observations beg the question as to whether other more 
subtle ion mobility shifts may occur upon isotopic substitutions, 

and whether these may be effectively hidden by the fact that the 
naturally occurring isotopologues (with the exception of the 
monoisotopic molecular ion; [M]) are primarily isotopomer 
mixtures.  For this reason, we next studied a set of discrete ar-
ginine ion isotopologues. 

3.2 Mass Distribution Induced Ion Mobility Shifts for Proto-
nated Arginine Isotopologues 

Based on the results demonstrating that the naturally occur-
ring isotopologues could be mobility separated due to their re-
duced mass differences, and the observation of increased peak 
widths for [M+1] vs [M] ions, we studied mixtures of various 
protonated arginine isotopologues in nitrogen and helium.  As-
suming no differences in the isotopologue Ω, relative theoreti-
cal isotopologue mobilities can be predicted using Equation 1 
based on the different reduced mass contribution, as done for 
the naturally occurring isotopologues. To establish a mobility 
scale, we proceeded in a manner analogous to IMS calibration 
using different chemical species. For the arginine isotopologues 
we used ‘light’ (i.e., unsubstituted) and 13C6

15N4 substituted [ar-
ginine+H]+ as calibrants to determine the relative experimental 
mobilities for the other three isotopologues. While the choice of 
the calibrants is in principle arbitrary, our selection was based 
on: (1) the desire to largely bracket the mobility range studied, 
(2) avoid the use of the 2H substituted isotopologue (that might 
be more likely to display an anomalous isotope effect, e.g., a 
primary kinetic isotope effect), and (3) have the added mass 
more uniformly distributed (see later discussion). 

Figure 4 shows the SLIM SUPER IMS [Arg+H]+ isotopo-
logue separations in N2 (a) and He (b), and Figure 5 plots their 
KL/KH in both gases. The relative mobilities and associated 
standard deviations for the protonated arginine ion isotopo-
logues in the two gases are summarized in Table 2. The theo-
retical relative mobilities in the He and N2 drift gases given in 
Table 2 assume that the shifts in relative mobilities are based on 
their differences in reduced mass. 

 
Figure 3. SLIM SUPER IMS separation of the TAA-6 [M] 
and [M+1] ions in argon drift gas with the same TW conditions 
as those used in Figure 2 after carefully controlling ion popu-
lations to avoid detector saturation for [M] (as evident in Fig-
ure 2). The ~25% broader [M+1] peak relative to the [M] peak 
suggests the possibility of variations in the mobilities of its 
component isotopomers. 
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The separations in N2 over a 68 m path length can be largely 
attributed to the reduced mass contributions, which are larger 
than in He, with the most evident deviation being a small nega-
tive mobility shift for the 13C6

15N4
2H7 isotopologue. We note 

that the separations in N2 provided lower Rp than those in He 
due to greater m/z 175 ion losses from being at the lower end of 
the m/z range efficiently transmitted by our current platform. 

In contrast, in He, where the reduced mass differences are 
nearly 6-fold less and higher Rp could also be achieved, signif-
icant deviations are observed from the trend predicted on the 
basis of the reduced mass differences. Particularly striking are 
the positive ‘shift’ for the 15N4 isotopologue and the negative 
shift for the 13C6

 isotopologue (i.e., the displacement from the 
line in Figure 5 we attribute to a Ω change). We note that the 
13C6 isotopologue displays higher mobility than the 15N4 isotop-

ologue, opposite to expectation from the reduced mass contri-
bution. A large negative shift (i.e., higher mobility) is also ob-
served for the 13C6

15N4
2H7 isotopologue. 

The factors potentially contributing to changes in Ω for 
isotopologues (after consideration of their reduced mass differ-
ences) or isotopomers can include subtle structural variations 
due to changes in bond lengths, and angles 52, charge location 
53-54, polarizability, as well as vibrational motion arising from 
the isotopic substitutions upon ion-molecule collisions. How-
ever, spectroscopic information, as well as examples of compu-
tationally determined changes in individual bond lengths 
caused by H/D substitutions, where the most significant impact 
would be anticipated 52, indicate that such changes to Ω will be 
extremely small. Previous gas phase IR spectroscopy and com-
putational studies of [Arg+H]+ tautomers indicate very small 
differences in free energy 55-56, and provide no support for sig-
nificant effects of isotopic substitutions upon ion structure. As 
the changes due to 14N/15N or 12C/13C substitutions are expected 
to be significantly smaller, structural changes due to isotope 

 
Figure 5. Relative mobilities of the mixture of arginine isotop-
ologues separated in helium (blue circles) and nitrogen (red 
squares) using light (i.e., unsubstituted) and 13C615N4 substi-
tuted [Arg+H]+ as internal calibrants, with theoretical relative 
mobilities based upon only a reduced mass contribution. Error 
bars represent standard deviations of 6 sets of IMS separations 
with different path lengths.  

 
Figure 4. Top: SLIM SUPER IMS arrival times for  a mixture 
[Arg+H]+ isotopologues (Gaussian fits) with the dashed line 
corresponding to the peak centroid for light arginine in nitro-
gen (a) after 68 m and helium (b) after 500 m. Bottom: structure 
of arginine along with locations of the heavy-atom substitution 
sites. 

13C

15NH2

13C

13C
13C

13C
15N
H

13C

15NH

H2
15N

O

OH

DD

D D

DD

D

Table 2. Shifts in relative mobilities of the mixture of protonated arginine ion isotopologues in both helium and nitrogen. Error 
represents the standard deviation for 6 averaged replicates. 

Species 
[M+H]+ m/z 

Theoretical 
KL / KH  

(Helium) 

Experimental 
KL/KH 

(Helium) 

Theoretical 
KL / KH  

(Nitrogen) 

Experimental 
KL/KH 

(Nitrogen) 

unsubstituted 175 1 (reference) 1 (calibrant) 1 (reference) 1 (calibrant) 
15N4 179 1.00025 1.00073 ± (6E-05) 1.00156 1.00165 ± (1.7E-04) 
13C6 181 1.00037 0.99983 ± (6E-05) 1.00232 1.00238 ± (2.3E-04) 

13C615N4 185 1.00061   1.00061 ± (calibrant) 1.00378  1.00378 ± (calibrant) 
13C615N42H7 192 1.00100 1.00022 ± (4E-05) 1.00623 1.00579 ± (2.2E-04) 
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substitutions are thus conventionally considered to result in ex-
tremely small and undetectable impacts on Ω 57. Similarly, we 
consider it very unlikely that the isotopic substitutions have any 
significant impact on ion charge localization.  

Our analysis of these data lead us to hypothesize that the ob-
served relative mobility shifts are not due to the very small 
structural differences expected for the isotopologues, but arise 
primarily from a combination of the expected contribution due 
to their reduced mass differences and a second contribution pre-
viously unrecognized due to the changes in the ion center-of-
mass (CoM). A CoM contribution has been speculated as a pos-
sible cause for differential mobility compensation voltage shifts 
for isotopomers in high field regime FAIMS measurements 28, 
but where the combined low and high field contributions and an 
uncertain degree of ion heating in FAIMS also challenge inter-
pretation 1, 25-28.  

A role of the CoM suggests a structural origin related to ion 
rotation, and more specifically differences in collision fre-
quency and momentum transfer due to the ion rotation and mo-
ment of inertia. While present computational methods do not 
explicitly include ion rotation in modeling of collisions for Ω 
calculations, the potential role of thermal excitation of ion rota-
tion in ion mobility was considered two decades ago using sim-
ulations and suggested a significant contribution to Ω compared 
to static ions 58. One physical explanation for such a contribu-
tion is that an ion that is asymmetrical in any dimension (i.e., 
other than a perfect sphere with the CoM located at its exact 
center) will sweep out a larger volume as it rotates, providing a 
higher collision probability and differences in momentum trans-
fer compared to the ion without rotation. Thus, a change in the 
ion CoM due to isotopic substitutions, and therefore the ion’s 
center of rotation, could be manifested by shifts in Ω that may 
be measurable given the increased Rp utilized in this work.   

The [Arg+H]+ isotopologue CoM shift vectors have magni-
tudes in the range of 0.03 to 0.08 Angstroms, and are shown in 
Figure 6 for a widely accepted ground state structure 55-56, 59. 
Since we can calculate the magnitude of the reduced mass con-
tribution, the magnitude of the mobility shift due to a putative 
change in the CoM can be estimated by the deviation from this 
contribution (Figure 5). We note that the magnitude of the mo-

bility scale given in Figure 5 has uncertainty due to our assump-
tion that the mobility difference for the Arg+H+ light and 
13C6

15N4 isotopologue ‘calibrants’ is only due to their reduced 
mass differences, as discussed earlier. We note that while the 
absolute magnitudes of the mobility shifts will also depend on 
the ion rotational excitation, gas temperature and pressure, col-
lision gas, etc., the relative magnitudes of based upon use of 
[Arg+H]+ light and 13C6

15N4 isotopologue calibrants are ex-
pected to be robust in the absence of sufficient heating that 
might induce ion structural changes. On this basis, a compari-
son of Figures 5 and 6 shows that the shift for the 15N4 isotopo-
logue is largely opposite in direction to those for 13C6 and 
13C6

15N4
2H7. Thus, we infer that the CoM changes for the 13C6 

and 13C6
15N4

2H7 isotopologues move the CoM closer to a loca-
tion where Ω would be minimized. Consistent with this, the 
[Arg+H]+ 15N4 isotopologue CoM change is in a largely oppo-
site direction, and leads to a larger Ω (Figure 5 and Supporting 
Information). Also consistent with this hypothesis is that the ob-
servation that the Ω shift for the 13C6

15N4
2H7 isotopologue in 

N2 (0.0006 +/- 0.0002) is in the same direction as in He, and 
that the relative magnitude of this shift in He (0.0008+/-0.0001) 
is comparable (within measurement error), even though the rel-
ative shift in N2 is smaller, due to the nearly six-fold greater 
reduced mass contribution (Figure 5). We also note that the 
magnitudes as well as the directions of the experimental Ω shifts 
inferred from Figure 5 (after correction of mobilities for the re-
duced mass contributions) for arginine 15N4 and 13C6 isotopo-
logues in helium are consistent with the calculated CoM 
changes, within measurement uncertainty. In particular, the di-
rections of the observed helium relative mobility shifts (Ω) for 
the 13C6 as well 13C6

15N4
2H7 isotopologues are consistent with 

directions of the vectors representing the CoM shifts (Support-
ing Information). 

The CoM deviations are evident in the 2-dimensional projec-
tions of the protonated arginine structure, as well as in the an-
gles of CoM shift vectors (Supporting Information). The direc-
tions of these vectors are consistent with the larger Ω of arginine 
15N4 with respect to arginine 13C6

15N4 (one of the calibrants). 
Their angles are similar with respect to the X and Z axes, but 
greatly differ with respect to the Y axis in three dimensional 
coordinates (Supporting Information). We emphasize that the 

 
Figure 6. Ground state structure of protonated arginine with labeled heavy mass substituted atoms (right), with CoM indicated by the 
blue dot. Inset (left) shows vectors representing the isotopologue CoM changes relative to the light isotopologue.  

Z X

Y
15N4

13C6
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15N4
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Page 8 of 13

ACS Paragon Plus Environment

Analytical Chemistry

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60



 

CoM shifts calculated here are based on a single assumed struc-
ture, and experimental measurements may reflect contributions 
from additional unresolved ion conformers. However, the en-
semble of lowest energy structures calculated and measured by 
IRMPD action spectroscopy 60 all involve the gas phase for-
mation of a stable heterocycle for arginine. Thus, the NH2 
group of the arginine side chain is the only peripheral moiety 
that is affected by isotopic substitution. The other peripheral 
moiety, the OH group, is not affected by the isotopic substitu-
tions. Therefore, we expect that a change in the CoM to the pe-
riphery of the structure (i.e., substitution of 15N for 14N) would 
increase Ω and reduce K. Additionally, a change of the CoM 
due to the ring (i.e., from 12C to 13C and 1H to 2H) would simi-
larly be expected to result in a Ω decrease. These expectations 
are consistent with the observed shifts in K and the approximate 
direction and magnitude of CoM changes. 

Thus, ion structure and the mass asymmetry impact of CoM 
changes appears to be correlated with direction of the ion mo-
bility shifts, as well as their magnitudes.  Although our experi-
mental shifts appear to be correlated with the CoM changes, our 
calculations assume that the previously calculated ground state 
structure of protonated arginine accurately reflects the proto-
nated arginine studied under our experimental conditions. 
While we have not studied arginine isotopomers here, we em-
phasize that the use of isotopologues allows for the precise 
measurement of very small mobility shifts, and for the role of 
the mass distribution shifts upon Ω to be determined after cor-
rection for the reduced mass contribution. 

3.3 Isotopomer Separations Based on Mobility Shifts Arising 
from Ion CoM Changes 

In order to further explore the contributions of CoM vs. those 
from the reduced mass contribution, as observed for the natu-
rally occurring isotopologues as well as the arginine isotopo-
logue mixture, we studied a mixture of six isotopomers; the tan-
dem mass tag (iodo-TMT) -126 to -131 reagents 61. These com-
pounds only differ in the locations of their heavy atom substitu-
tions (Figure 7) and offer the benefit of facile dissociation after 
separation to provide discrete ‘reporter ions’ for their identifi-
cation. As noted earlier, while isotopomer separations have 
been previously reported with FAIMS based on their differ-
ences in mobility at both high and low electric fields 27-28, at low 
fields it has been believed that such isotopic substitutions would 
not result in measurable changes to the ion’s Ω 57. Figure 7 
shows the overlaid peaks (based upon their respective reporter 
ions produced from fragmentation of the protonated parent 
ions) for the mixture of six iodo-TMT isotopomers after a 
1354.5 m SLIM SUPER IMS separation in nitrogen drift gas. 
Also shown in Figure 7 is the IMS-MS plot of this isotopomer 
mixture, illustrating how the reporter ion signal was extracted 
to construct the arrival time distribution. Also shown is the cal-
culated 3D structure used for the present CoM change calcula-
tions (a single low energy conformation, akin to our assumption 
for arginine). It is observed that as the labeled atoms are moved 
further away from the ion CoM (toward the ring) the isoto-
pomers shift to lower mobility (i.e., later arriving, and larger Ω), 
consistent with our hypothesis; see the CoM vectors (Figure 7) 
having magnitudes ranging from 0.01 to 0.04 Angstroms. We 
note that the evident pairing of isotopomers (i.e., 126/127, 
128/129, and 130/131) can be attributed to the smaller CoM 
change 15N from the amide to the piperidine for each pair 
(~0.007 Angstrom), and the larger shifts correspond to the 

larger CoM changes for pairs of carbon atoms (~0.02 and 0.04 
Angstroms, respectively).  
Table 3. Normalized IMS shifts for the set of iodo-TMT isoto-
pomers studied as a mixture based on averaged triplicate measure-
ments in N2 drift gas. Errors are based on 1 standard deviation. 

 
These results provide the first observation of isotopomer sep-

arations by IMS in the low field regime. Since there is no pre-
sent basis to establish an absolute mobility scale, we used a nor-
malized separation scale (Table 3) with uncertainties based on 
averaged triplicate measurements within one standard devia-
tion. It is important to note that in all our measurements the ar-
rival time order was never observed to change, even for the 
most closely spaced isotopomers (e.g., iodo-TMT-128 and -
129), supporting the robustness of the measurements. The great-
est resolution achieved amongst isotopomers was ~0.2 between 
iodo-TMT 126 and 131. We plan to explore additional sets of 
isotopomers from other molecule classes (e.g., peptides or car-
bohydrates) as well as developing new computational ap-
proaches to help calculate CoM shifts and thus help guide ana-
lyte selection. 

 
4. CONCLUSIONS 
Herein, we have experimentally confirmed the expectation 20 

that the increased Rp provided by SLIM SUPER IMS enables 
the separation of the naturally occurring isotopic peaks due to 
changes in reduced mass of the ion-molecule collision partners, 
as described by the Mason-Schamp relationship (Equation 1).  
Since [M+1] and [M+2] species provide mixtures of (e.g., TAA 
ion) isotopomers, while the parent monoisotopic ion [M] is a 
single species, our observation of increased in peak width for 

Isotopomer Normalized shift 

iodo-126 0 (reference) 

iodo-127 0.06 ± 0.02 

iodo-128 0.53 ± 0.04 

iodo-129 0.66 ± 0.07 

iodo-130 0.97 ± 0.03 

iodo-131 1 (reference) 
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[M+1] as compared to [M] (Figure 3) suggests the possibility of  
variations for the [M+1] isotopomer ion mobilities.  

To explore this further we studied the separation of various 
heavy-atom substituted protonated arginine isotopologues, 
where deviations were observed from their theoretical relative 
mobilities (and thus manifested as shifts in Ω), particularly in 
helium where reduced mass contributions are minimized. The 
impacts of such isotopic changes upon Ω has not been previ-
ously observed and are now open to study using our ultra-high 
resolution SLIM SUPER IMS platform. Upon correction for the 
reduced mass contributions and consideration of the likely ion 
structures, we found that these mass distribution-induced mo-
bility shifts appeared to be correlated with changes to CoM of 
these arginine isotopologues.  

To further test this hypothesis, we investigated the SLIM 
SUPER IMS separation of a mixture of six iodo-TMT isoto-
pomers (i.e. where there is no change in reduced mass), and ob-
served clear mobility shifts. To reiterate, fragmentation of the 
protonated parent ions was performed after IMS separation to 
yield non-isobaric fragment ions that were used to construct the 
arrival time distributions in Figure 7. The data also indicated 
that a change in the ion CoM away from the center of the ion 
structure decreased its mobility, consistent with our hypothesis.  

Thus, these observed mobility shifts appear to reflect details 
of the ion structure, and likely arise due to ion rotation about the 
changed CoM impacting collision frequency and overall mo-
mentum transfer.  While further confirmation is needed, these 
observations suggest the potential for the use of such relative 

mobility shift information to evaluate potential computationally 
generated structures.  The possibility that such studies could be 
conducted without the (problematic) requirement of greatly im-
proved accuracy for Ω from, e.g., trajectory calculations, high-
lights the potential for new approaches for ion structural char-
acterization.   

While we cannot exclude other potentially significant contri-
butions, the observed isotopologue mobility shifts in the present 
work appear largely attributable to the combination of changes 
in collision partner reduced mass and changes to the ion CoM. 
To further explore these shifts we are evaluating approaches for 
further improving their precision, as well as computational ap-
proaches that also provide better precision to benefit their inter-
pretation.  

Finally, we speculate that increasingly high precision of rel-
ative mobility shift measurements for isotopologues and/or 
isotopomers can potentially provide important ion structural 
constraints when used in conjunction with equally high-quality 
computation of relative ion mobilities. In this case, each isotop-
ologue’s or isotopomer’s shift could provide an additional and 
unique structural constraint and contribute to the refinement of 
the ion’s structure. We anticipate that such an approach may 
help improve the accuracy of collision cross section calcula-
tions, thus leading to better insight into how CoM shift can af-
fect the resolution of various isomers or analytes with very sim-
ilar mobilities. We also expect possible applicability to large 
biomolecular assemblies in the gas phase, such as those studied 
by Robinson and coworkers by IMS-MS 62, using an array of 

 
Figure 7. SLIM SUPER IMS separation of a mixture of six iodo-TMT isotopomers in nitrogen drift gas after 1354.5 m. The [M+H]+ 
parent ion (458 m/z) was fragmented post-SLIM IMS separation to yield non-isobaric reporter ions (126, 127, 128, 129, 130, and 131 
m/z) used to construct the arrival time distribution (bottom left), revealing the separation of the six isotopomers. IMS-MS illustration 
of the fragment ions is also shown (bottom left). CoM vectors (bottom right) relative to the iodo-126 (red dot). 3D structures of the 
iodo-TMT are displayed (top). Hydrogen atoms were removed for ease of visualization. 

iodo-126 iodo-127 iodo-131iodo-128 iodo-130iodo-129
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labeling of complex sub-elements (e.g., individual heavy la-
beled proteins) of the structures. There is also the potential for 
utilizing any compound’s naturally occurring isotopologues and 
isotopomers for such purposes with sufficient Rp and measure-
ment dynamic range, which are significant attributes of SLIM 
IMS. 
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