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6 ABSTRACT: The unanticipated discovery of recent ultra-high-resolution ion
7 mobility spectrometry (IMS) measurements revealing that isotopomers
8 compounds that differ only in the isotopic substitution sitescan also be
9 separated has raised questions as to the physical basis for their separation. A
10 study comparing IMS separations for two isotopomer sets in conjunction with
11 theory and simulations accounting for ion rotational effects provides the first-
12 ever prediction of rotation-mediated shifts. The simulations produce
13 observable mobility shifts due to differences in gas−ion collision frequency
14 and translational-to-rotational energy transfer. These differences can be
15 attributed to distinct changes in the moment of inertia and center of mass
16 between isotopomers. The simulations are in broad agreement with
17 experiments and consistent with relative mobility differences between
18 isotopomers. These results provide a basis for refining IMS theory and a
19 new foundation to obtain additional structural insights through IMS.

20 ■ INTRODUCTION

21 Isotopomers are isotopic stereoisomers having the same
22 number of nuclides differing only in their locations. While
23 mass spectrometry (MS) readily separates isotopologues,
24 isotopomers have identical mass and therefore cannot be
25 distinguished by mass/charge (m/z) differences.1,2 As such,
26 the recently reported observation of measurable shifts between
27 isotopomers using ultra-high-resolution ion mobility spectrom-
28 etry (IMS) separations in structures for lossless ion
29 manipulations (SLIM)3 is unexpected. The only other
30 reports4,5 of such isotopomer ion separation has involved
31 differential or field asymmetric waveform IMS (FAIMS),
32 where separations are dependent upon mobility differences in
33 extremely high and low electric fields, making it difficult to
34 understand their origin.
35 In all ion mobility experiments, ions move in a buffer gas due
36 to the presence of an electric field, with mobilities dependent
37 on the strength of the electric field. For example,6−8 the
38 mobility of an ion (K), can be predicted using the two-
39 temperature Mason−Schamp relationship, where μ is the
40 reduced mass of the ion−neutral molecule pair, kb is the
41 Boltzmann constant, ze is the charge of the ion, αc is a higher-
42 order correction, Teff is the effective ion temperature, N is the
43 gas number density, and Ω(Teff) is the ion-neutral momentum
44 transfer collision cross section (CCS)8
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46Based on eq 1 it has been broadly assumed that
47isotopologues should separate due to their reduced mass
48differences given sufficiently high IMS resolving power Rp.

99 As
49anticipated, such separations have been observed in low3,10,11

50electric fields in addition to those observed in the high field
51regime.10,12−14 Similarly, given eq 1, it has been assumed that
52mobility differences for isotopomers would be far too small or
53completely indistinguishable as their CCS would be indis-
54tinguishable from a theoretical perspective.4 However, the
55recently observed IMS isotopomer mobility shifts obtained
56from ultra-high-resolution SLIM IMS3 leads to the hypothesis
57that internal degrees of freedom, vibrational and rotational,
58must be a key element for such separation. Generally, such
59effects are largely ignored in most, if not all, CCS or mobility
60calculations.15,16 A theoretical possible alternative for incorpo-
61rating the internal degrees of freedom for polyatomic systems
62would the Wang−Uhlenbeck−de Boer equation (WUB).17
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63 However, its use is not sufficiently extended for use in such
64 complex systems, and one must resort to numerical schemes to
65 account for internal degrees of freedom.
66 When looking to isolate the effect of vibrational degrees of
67 freedomleaving rotation asideany difference in the WUB
68 CCS should arise from the different vibrational energy levels
69 manifested due to the distinct placement of the heavy labels.
70 However, this CCS change is expected to be overall very
71 similar, or indistinguishable, between isotopomers as all would
72 have the same number of additional heavy labels, albeit at
73 different positions. While not fully discarding such a vibrational
74 effect, these considerations have led us to explore whether the
75 observed experimental shifts arise mainly from ion rotational
76 effects due to differences in the ion center of mass (CoM) and
77 moment of inertia (MoI).
78 Here, we report on isotopomer IMS separations for two sets
79 of isotopomers in combination with new theoretical and
80 computational approaches. Computationally, we adopt a
81 Monte Carlo simulation of the ion in a bath gas, explicitly
82 accounting for ion rotational effects. The simulations are
83 consistent with the relative mobility differences between
84 isotopomers, broadly confirming the measurements. This
85 finding suggests a refinement of the current approach for
86 numerical calculations that explicitly accounts for rotational
87 degrees of freedom. A deeper understanding of the isotopomer
88 ion separations and the dependence of their mobilities on the
89 ion’s CoM and MoI has fundamental and practical implications
90 to analytical science and related applications.

91 ■ EXPERIMENTAL SECTION
92 The long path length (13.5 m) multi-pass traveling wave IMS
93 separations platform based upon SLIM coupled to mass
94 spectrometry (i.e., SLIM IMS-MS) has been described in detail
95 elsewhere.18 The SLIM IMS-MS experimental conditions used
96 for iodoTMT isotopomers, described previously,3 were also
97 used here for the TMT isotopomers (−126, 127N, 128N,
98 129N, 130N, and 131 isotopomers from the TMT-10 plex
99 series; Thermo Fisher Scientific, Waltham, MA). All six
100 isotopomers for each set were prepared and run as mixtures
101 (circumventing any potential issues associated with measuring
102 their mobilities individually, e.g., density, temperature, and
103 electric field variations being the same for all) of 10 μM each in
104 50/50 water/methanol with 0.5% acetic acid (v/v) for ion
105 generation using electrospray ionization (ESI) in the positive
106 ion mode. Ions were accumulated in the SLIM prior to IMS
107 separation, as previously described.3 SLIM IMS separations
108 utilized 1.5 Torr nitrogen as the buffer gas and Traveling wave
109 (TW) speeds of 300 m/s at 27 V amplitude (0-peak) and 400
110 m/s and 35 V (0-peak) for the separations of TMT and
111 iodoTMT isotopomer ions, respectively. To determine the
112 arrival time distributions (ATD) for the mixtures of
113 isotopomer ions (m/z 345 for [TMT + H]+ and m/z 458
114 for [iodoTMT + H]+), the ions were fragmented post-SLIM
115 IMS separation to yield six distinctive nonisobaric fragment
116 ions (Figures S1 and S2, extending from m/z 126 to 131),
117 allowing their identification using an Agilent time-of-flight MS.
118 All data were processed in the unified ion mobility format
119 (.UIMF) and visualized in our homebuilt viewing software
120 (URL: https://github.com/PNNL-Comp-Mass-Spec/
121 UIMFViewer). Thus, the summation of large numbers of
122 individual IMS separations was corrected for any ATD changes
123 due to, e.g., small pressure, temperature, or electric field
124 fluctuations between the individual IMS separations.19 In this

125manner, the ATD for all detected isotopomers from each
126separation are slightly shifted, resulting in a net improvement
127in the resolving power compared to the unaligned separations
128(see Figure S3 for comparisons). As noted previously,3 the
129observed relative IMS shifts were not significantly dependent
130upon the conditions selected (including any possible field
131heating), which can be attributed to the expectation that all
132isotopomers would be impacted identically by any such
133changes. All experiments were performed in triplicate, and
134the error bars shown represent ± 1 standard deviation σ. A 3
135ms moving average smoothing was used for the overlaid ATD
136for the isotopomer IMS shifts. Mobility shifts between
137isotopomers are given in a linear, normalized, relative scale
138 t1in Table 1. The arrival time of the highest and the lowest

139mobility isotopomer ions are used to establish the mobility
140scale, with the remaining intermediate isotopomers assumed to
141be scaled linearly over the small mobility range. To simulate
142the effects of ion rotation on gas phase ion mobilities, Ion
143Mobility Software 2.0 (IMoS 2) has been employed as an
144extension of IMoS.16,20 IMoS 2 places a density functional
145theory (DFT)-optimized ionic structure [see Supporting
146Information (SI) for conformer generation and structures] in
147a neutral gas bath (NVT ensemble with periodic boundaries),
148 f1as indicated in Figure 1a. The ion is treated as a rigid body that
149is subjected to an electric field E. As such, the rigid body
150accelerates, can rotate, and may be subjected to torque if a
151dipole-electric field interaction is present. As the ion
152accelerates, it collides with the gas, slowing its advance. The
153resulting ion velocity as a function of time may be extracted, as
154shown in Figure 1c, and the respective velocity distributions
155are shown in Figure 1b,d. Eventually, the ions, on average,
156reach a “terminal” drift velocity vd in the direction of the field
157(x), while its velocity averages to zero in the other two
158directions. The mobility can then be calculated through the
159simple relation vd = KE. In this work, where the objective is to
160study the effect of ion rotation, a constant electric field was
161employed, and no dipole moment or attractive potential
162interactions were considered. Note that high field effects,
163except those pertaining to vibrations, will be taken into
164account. These include a different effective temperature for the
165ion (field heating) and a different exchange of energies
166between rotation and translation.
167Upon a gas−ion collision, both linear and angular
168momentum are exchanged, and energy is conserved. The

Table 1. Normalized IMS Shifts from Experiments and
Simulations for IodoTMT and TMT Isotopomers

isotopomer
experimental normalized

shifts
simulated normalized

shifts

IodoTMT-126 0 (reference) 0 ± 0.080
IodoTMT-127 0.06 ± 0.02 0.21 ± 0.076
IodoTMT-128 0.53 ± 0.04 0.49 ± 0.075
IodoTMT-129 0.66 ± 0.07 0.73 ± 0.078
IodoTMT-130 0.97 ± 0.03 0.93 ± 0.077
IodoTMT-131 1 (reference) 1 ± 0.080
TMT-126 0 (reference) 0 ± 0.058
TMT-127 0.05 ± 0.00 0.16 ± 0.064
TMT-128 0.13 ± 0.04 0.16 ± 0.064
TMT-129 0.67 ± 0.03 0.57 ± 0.060
TMT-130 0.50 ± 0.03 0.67 ± 0.064
TMT-131 1 (reference) 1 ± 0.060
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169 post-collision linear and angular velocities of the ion, v  ion+ ,w ion+
170 are given by

1 1
1

v v
jn
mion ion

ion
= +

̂
+ −

171 (2a)

1 1 1w w I r jn( )ion ion ion
1

p= + × ̂+ − − ⎯⇀

172 (2b)

173 where v  ion− and w ion− are the linear and angular velocities of the
174 ion before the collision, Iion is the MoI of the ion, r  p is the

175 distance from the point of collision to the CoM of the ion, jn ⃗ ̂

176 is the impulse vector in the normal direction n ⃗ ̂ outward of the

177 collision point, and 1r j np × ̂⎯⇀
is the impulsive torque, and the ×

178 represents a cross product. The impulse vector may be written
179 as
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181 with the normal component of the relative velocity, vreln
− , given

182 by

1 1 1v n v v( )rel p gasn
= · −̂− − −

183 (4)

1 1 1v v w rp ion ion p= + ×− − − ⎯⇀

184 (5)

185where1v p
− and1v gas

− are the ion’s velocity at the point of contact

186and the gas molecule’s velocity prior to the impact. Based upon
187eqs 2a, 2b−5, if a shift is numerically observed between two
188different isotopomers, it can be ascribed to only two possible
189effects, both of which are relatively linked to the MoI and CoM
190(through r  p). The first effect, which is perhaps quite intuitive,
191may be extracted from eq 2b and deals with the fact that
192different angular velocities lead to different collision
193frequencies with the neutral gas. The second effect is
194embedded into eqs 2a, 2b−5, where the relative change in
195motion of the ions after a collision is affected by the MoI and

196CoM through its effect on the impulse ( jn ⃗ )̂ and the impulsive

197torque ( 1r j np × ̂⎯⇀
); specifically, how much the ion is slowed

198down (or sped up), v  ion+ , per collision, depends on the
199partitioning of the collisional energy between the rotational or
200translational degrees of freedom. However, the values of MoI
201and CoM are coupled and are structure-dependent, so the
202contribution of each effect is difficult to separate for a complex
203ion and hence a key challenge in this analysis.
204The shift in mobilities between isotopomers is expected to
205be a small perturbation (a fraction of a percent) due to the
206relatively small contribution of rotation. Thus, a sizeable
207number of gas collisions are necessary to provide sufficient
208precision in the calculations. The IMoS 2.0 algorithm was
209parallelized using 432 cores and run for 150 μs on each core,
210totaling ∼65 ms of total drift time, yielding approximately 1.2
211billion collisions for each structure studied.

Figure 1. Overview of IMoS 2 computational platform. (a) Mobility calculation using IMoS 2 embeds the ionic structure in a neutral gas subjected
to an electric field. In the present work, the ion is considered rigid subjected to rotation and translation (see arrows). The single red molecules
constitute the gas, while the ion is a DFT structure (made up of nitrogen (blue), oxygen (red), hydrogen (white), carbon (gray)...). (b) Boltzmann
velocity distributions in the X-, Y-, and Z -directions are obtained from the raw velocities. The fourth panel (lower right) represents the three
distributions together to assist in checking for a nonsymmetric distribution in the X-direction (very slightly for the case here) (c) Raw result
depicting velocities in X-, Y-, and Z- directions. The inset shows individual collisions (of all three velocities) as well as the effect acceleration in the
X-direction (field direction). (d) Angular velocity distributions in the laboratory reference frame in X-, Y-, and Z -directions. The fourth panel
(lower right) shows all three with no rotational preference.
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212 ■ RESULTS AND DISCUSSION

f2 213 Figure 2a,c shows the arrival times for the iodoTMT and TMT
214 isotopomers, respectively. Within each mobiligram, the arrival
215 time distributions can be separated into three distinct
216 groupings. For iodoTMT (Figure 2a), the order is: −126/−
217 127, followed by −128/−129 and then by −130/−131, with
218 relatively minor shifts observed between the indicated pairs.
219 For the TMT isotopomers (Figure 2c), the −126/−127/−128
220 isotopomers arrive in the first group, followed by −130/−129
221 and then by −131, with again only small differences within the
222 subgroups. Clearly, isotopomers with heavy atom substitutions
223 in similar locations have similar mobilities. For iodoTMT
224 isotopomers, the first group (−126/−127) has heavy labels
225 largely located along the backbone. In the second group
226 (−128/−129), the heavy labels are split between the
227 substituted piperidine ring and the backbone. While in the
228 third group (−130/−131), the majority of the heavy labels are

229within the piperidine ring. For TMT isotopomers, the first
230group (−126/−127/−128) has the most heavy labels on the
231backbone and the second group (−130/−129) has heavy label
232locations split between the piperidine ring and backbone
233atoms, while the lowest mobility, −131, has all of the heavy
234label sites on the piperidine ring. Also, apparent for isotopomer
235sets is a mobility decrease when heavy label sites are near the
236piperidine ring.
237The relative numerical simulated arrival times for the
238iodoTMT and TMT isotopomers with respect to the 126
239 f3isotopomer (highest mobility) are shown in Figure 3. Error
240bars represent the standard error as σ/√n, with n being the
241number of cores (432). While the shifts, number of collisions,
242and overall error depend on the field employed and total time
243sampled, these raw results provide insight into the overall shift
244percentage and error from the simulations and indicate
245mobility shifts smaller than 0.3% (3000 ppm) with standard

Figure 2. Arrival time distributions of iodoTMT [(a); 452 + 5 + 1 = 458 m/z] and TMT [(c); 339 + 5 + 1 = 345 m/z] ion isotopomers, (a) and
(c), respectively. (b) and (d), two-dimensional (2D) structures of iodoTMT and TMT isotopomers with heavy atom substitutions indicated by
asterisks. Isotopomers only differ in the location of heavy atom substitution and produce mass resolved fragment ions upon collisional activation.

Figure 3. Simulated relative arrival times after ∼1.2 billion collisions (corresponding to ∼65 ms) are shown for low energy structures of iodoTMT
(a) and TMT (b) as a function of the average number of collisions per core (a total of 432 cores).
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246 deviations corresponding to 100−200 ppm. For comparison,
247 the simulated results are scaled similarly to experimental results
248 and are given in Table 1. They show remarkable agreement
249 with the experimental observations. A couple of deviations are
250 worth mentioning here. While TMT-129 and TMT-130 are
251 switched, their experimental mobility is extremely close (as
252 seen in Figure 2). In terms of the simulations and the
253 discussion below, the trend of isotopic distributions going
254 toward the piperidine ring suggests that TMT-129 might arrive
255 slightly faster but very close. As for iodoTMT-127, it appears
256 outside of the margin of error, suggesting that there may be
257 other effects at play that are not presently reconciled. Given
258 the agreement, one can confidently confirm that the
259 experimental shifts observed are real and that the major
260 contribution to the shifts seems to be due to ion rotation. To
261 arrive to this conclusion, alternative explanations were
262 considered, such as internal vibrations, which are not taken
263 into account as simulations consider a single optimal DFT
264 structure with a fixed MoI and CoM. Regarding the structure,
265 the very slightly shortened bond lengths resulting from heavy
266 atom substitutions are insufficient to alter geometries
267 sufficiently to produce the observed IMS shifts. As an example,
268 the ten lowest relative energy structures for unlabeled TMT
269 (i.e., without any isotopic substitutions) and TMT-130 were
270 nearly indistinguishable with regards to geometry. Further-
271 more, the relative energies between conformations for the
272 isotopomers are nearly identical (see Tables S1 and S2). Also,
273 there is no expectation that other factors, such as potential
274 interaction considerations, would be significantly different
275 between isotopomers since the interaction with the back-
276 ground gas is randomized in all directions and is not expected
277 to have isotope-dependent effects (the added computational
278 cost of potential interaction calculations also advocated their
279 omission in the present study). Regarding differential
280 deformation of isotopomer structures upon impact collisions,
281 vibrational differences from isotopic changes, and translational-
282 to-vibrational exchanges at the low electric fields used, the
283 likelihood of strong deformations is negligible, as evidenced
284 from observations and field calculations during these
285 separations.3

286Thus, discarding for the time being possible alternative
287reasons for the shifts, we now focus on the more subtle
288relationship between rotation and mobility. Changes to the
289MoI, whether through changes of the CoM or not, affect the
290angular velocity of the ion, impacting collision frequencies. At
291the same time, both MoI and CoM through r  p affect the details
292of energy transfer between rotational and translational degrees
293of freedom during collisions (see eqs 2a, 2b−5, and 6 below),
294ultimately affecting the mobility. The convolution of these
295considerations as well as their sensitivity to details of the
296collisional interactions begs two key questions: can the
297experimentally observed mobility shifts be predicted by
298extended computational approaches that include ion rotational
299effects and how sensitive are these shifts to structural changes?
300While one cannot fully directly address the latter question here,
301addressing the former will provide the basis for its future
302consideration.

303■ ISOTOPOMER CENTER OF MASS AND MOMENT
304OF INERTIA CHANGES

305The comparison of the experimental shifts to changes in the
306CoM and MoI appears most pertinent. Equation 3 shows the

307dependence of jn( )⃗ ̂ on both r  p (CoM-related change) and MoI.
308Ideally, to understand the role and magnitude these changes
309play in determining the mobility shift of an ion, a single
310parameter would be adjusted at a time. While it is complicated
311for real isotopomers, since both are inherently coupled under
312most scenarios, it is possible to understand how changes in
313each of these parameters affect the mobility of an ion in a
314decoupled manner using simulations. Several results are shown
315 f4in Figure 4 for strategically designed artificial isotopomer
316systems such that the mobility shifts can be characterized in a
317well-defined manner. These systems are created by placing the
3185 Da isotopic substitution masses in any artificial location of
319choice. Mobility shifts are all referenced to a “base” molecule: a
320molecule that has the extra 5 Da from the isotopic
321substitutions placed at the CoM of the “zero” substitutions
322molecule. The base molecule will have the same CoM and MoI
323as the zero molecule. Moreover, given the parallel axis
324theorem, moving the 5 Da from the base molecule’s CoM to

Figure 4. Simulated results showing average collisions per core and relative mobility shifts with respect to a base molecule (blue square) for real
and artificial isotopomers for (a) iodoTMT and (b) TMT molecular ions. The relative mobility shifts that result from only increasing the MoI
(MoI-only shifts) relative to the base isotopomer are displayed using black diamonds. The relative mobility shifts from subsequent changes to the
CoM and MoI by displacing 5 Da of mass from the CoM of the base isotopomer by either 4 or 8 Å in specified directions (xneg & xpos, yneg &
ypos, zneg & zpos) are displayed with blue, red, and green diamonds, respectively. Dashed lines are used to connect the CoM and MoI-only shifts,
using arrows as a guide from the largest negative to the largest positive CoM change. Given that the standard error is similar, it is only shown for
some data to avoid overcrowding.
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325 any other location must increase its MoI. Therefore, this base
326 molecule will always be the isotopomer with the smallest MoI,
327 a suitable reference (blue square Figure 4). In all cases, the
328 additional mass does not affect the geometrical structure and
329 does not interact with gas molecules, even when located
330 outside of the molecule structure. Once simulations are
331 completed, relative shifts in drift velocity (mobility) greater
332 than 1 represent shifts to lower drift velocities (mobilities)
333 with respect to the base molecule, the opposite for values less
334 than 1.
335 In the simplest case, one can look at the effects of increasing
336 the MoI without changing the CoM. Accordingly, simulations
337 used fifty 0.1 Da masses uniformly positioned on a sphere
338 centered on the CoM of the zero/base molecule (hence not
339 modifying r  p). This was repeated for spheres of radii 4 and 8
340 Angstroms (Å). Table S3 provides average values of the MoI of
341 real and artificial isotopomers as well as other values of interest.
342 Figure 4 shows the relative mobility shifts for the MoI-only
343 changes as a function of the average collisions per core (dark
344 empty diamonds connected by a black line). The mobilities of
345 these artificial isotopomers for iodoTMT and TMT decrease
346 relative to their respective base isotopomer while at the same
347 time experiencing fewer collisions.
348 While it is simple to isolate the effect of a change of the MoI
349 while keeping the CoM constant, it is not as straightforward to
350 create an artificial isotopomer in which the CoM is altered
351 while keeping the MoI the same. Rather, a series of artificial
352 isotopomers were created by displacing the 5 Da mass from the
353 CoM in different coordinate directions. The resulting effects of
354 these shifts depend on the orientation of the DFT molecule,
355 where the x-direction corresponds to the backbone (Figure S5,
356 coordinates provided in Tables S4 and S5). In light of this, the
357 extra 5 Da were placed at one single location 4 and 8 Å away
358 from the base molecule’s CoM in the x, y, and z coordinates,
359 and in both positive and negative directions. CoM shifts with
360 respect to the base molecule correspond to 0.05814 Å for
361 TMT and 0.0463 Å for iodoTMT for every 4 Å change. Figure
362 4 shows the relative mobility shifts corresponding to iodoTMT
363 and TMT artificial mass shifts, where dashed lines are drawn
364 connecting the shifts in a particular direction and orientation
365 (labeled as xpos, xneg, etc.). A key observation is that the
366 mobility shifts are quite different when placing 5 Da at
367 different locations. For example, a change in the positive x-
368 direction for iodoTMT isotopomers produces a shift toward
369 lower mobility, while a change in the negative x-direction
370 produces a shift toward higher mobility (blue dotted line
371 Figure 4a). The opposite happens for TMT (blue dotted line
372 in Figure 4b). For both iodoTMT and TMT, the changes in
373 the y- and z-directions are not as pronounced as in the x-
374 direction, and overall, all changes seem to be somewhat
375 symmetric with respect to the MoI-only change curve. It is
376 noted that the shifts to lower mobilities are not necessarily
377 accompanied by an increase in the collision frequency, as one
378 might expect. These results might be puzzling at first since the
379 base molecule, which theoretically has the smallest MoI (and
380 therefore assumed to have the highest angular velocity and
381 collision frequency), does not necessarily have the overall
382 lowest mobility. In fact, its resulting mobility leans higher.
383 This, while counterintuitive at first, can be rationalized from an
384 energy perspective using a modified Wannier’s formula.6,21 The
385 overall energy balance of the ion for translational and
386 rotational degrees of freedom is

1 1m v V w I w E E k T
1
2

( )
1
2

3ion d
2 2 T

ion difE elec b+ + ̅ + = +

387(6)

388where vd is the drift velocity, V2 is the averaged squared
389molecular speed of the ion, and T is used to represent the
390transpose of the angular velocity. In this equation, the total
391electrical (Eelec) and thermal energies, 3 kT for 6 degrees of
392freedom, must equal the kinetic energy of the ion,

393m v V m v k T( )/2 /2 3 /2ion d
2 2

ion d
2

b+ = + , the rotational en-

394ergy, 1 1w I w/2T
ion̅ , and the excess diffusion/randomization

395collisional energy due to the field, EdifE, which corresponds
396to the diffusion component of the energy dissipated into the
397gas. In Wannier’s formula, EdifE = mgasvd

2/2; however, this would
398not be exact here, given that part of the impulsive torque
399would go into randomization as well.
400The effect of this randomization simply results in a larger
401standard deviation over that of the expected thermal noise,

402k T m/b , as appearing in Figure 2c. Considering eq 6 by itself,
403one could suggest that a change in MoI could be compensated
404by a decrease in angular velocity alone.
405However, the coupling of angular and linear momentum in
406eqs 2a, 2b−5 suggests that a change in the MoI/CoM would
407also affect the drift velocity (and hence the mobility) of the ion
408through the impulse and impulsive torque. Indeed, an increase
409of the MoI can be equilibrated by a combination of a decrease
410in angular velocity together with an increase/decrease in
411mobility. The mobility may therefore shift in any direction as
412predicted by simulations (Figure 4). How this effect occurs is
413quite convoluted and depends directly on the structure (see
414Section S3.2).
415In the case of MoI-only changes where the CoM (r  p) value is
416kept consistent relative to the base isotopomer, the results can
417be rationalized. Figure 4 (MoI-Only change curves) shows that
418as the MoI increases, the relative mobilities decrease while
419concomitantly experiencing fewer collisions relative to the base
420isotopomer. This might be surprising at first, as the decrease in
421angular velocity due to the increase in MoI (which can be
422extracted from simulations) may lead to the expectancy of an
423increase in mobility. Equations 2a, 2b, and 3, however, reveal
424that an increase in the MoI increases the overall impulse (from

425the 1I r n r( )ion
1

p p× ×̂− ⎯⇀ ⎯⇀
term in the denominator). The increase

426in collisional impulse leads to an overall reduction of the drift
427velocity as more energy is provided to the gas per collision,
428slowing the advance. A reduction of the drift velocity also
429decreases the collision frequency. Comprehensively, the
430mobility shift must therefore be a competition between the
431decrease in angular velocity and the increase in collisional
432impulse. It seems from the MoI-only simulations that the effect
433of the reduction in the drift velocity due to the resulting
434changes in the impulse vector outweighs the effect of reducing
435the angular velocity. Thus, an increase in the MoI without a
436modification of the CoM leads to lower mobilities and collision
437frequencies. The effect, although visible, is small. For
438perspective, the relative mobilities from the simulations of
439the real isotopomers −126 to −131 for iodoTMT and TMT,
440referenced to the base isotopomer, are shown for comparison
441in Figure 4a,b. The largest MoI increases of the artificial MoI-
442only changed isotopomers for iodoTMT and TMT correspond
443to 4.6 and 7.8%, resulting in mobility shifts of 0.18 and 0.25%,
444respectively. The MoI changes for the real −131 isotopomer
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445 (largest MoI of both sets) for iodoTMT and TMT are 1.6 and
446 1.3% and correspond to relative mobility shifts of 0.29 and
447 0.18%, respectively. Thus, the real isotopomer mobility shifts
448 are of similar magnitude to the artificial isotopomers but have
449 much smaller increases in their MoI relative to the base
450 isotopomer. It is clear then that the MoI-only changes are
451 insufficient to explain the overall shifts for the real
452 isotopomers. They also seem to only decrease mobility over

453the base molecule, which does not seem to explain all
454behaviors encountered as some of the isotopomers are seen to
455increase in mobility. It should be made clear at this point that,
456given that there are three principal directions for the moment
457of inertia, isotopic shifts may affect the principal values
458differently. Given that the MoI change alone is insufficient to
459explain the shifts, the effect of varying r  p (CoM) must be just
460as important, if not more. The CoM changes of the real

Figure 5. Calculation of the average distance from CoM to collision surface (Connolly surface) for a 2D candidate structure for an initial CoM (a)
and as the CoM is changed to a different location (b).

Figure 6. (a) Molecular surface for iodoTMT molecule. (b−d) Relative mobility shifts as a function of the CoM shifts in the (b) x-, (c) y-, and (d)
z-directions. Orange and blue dashed lines represent the ratio of average r  p distance to the axis (i) between artificial isotopomers with CoM changes
in the positive and negative j-directions, x (b), y (c), and z (d) to base molecule. The relative mobility shifts for the artificial isotopomers with MoI-
only changes (green dashed line) and for the simulations of CoM changes in each j-direction (red dashed line) are also provided in (b−d) for
reference.
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461 isotopomers relative to the base isotopomer are given in Figure
462 S6.
463 For example, the TMT-131 CoM change with respect to the
464 base molecular ion is given by (−0.041, −0.0015, 0.006) Å
465 corresponding to a (Δx, Δy, Δz) variation. As the negative x-
466 direction variation largely dominates, one would expect the
467 TMT-131 isotopomer to shift toward lower mobilities with
468 respect to the base molecule, as predicted in Figure 4. In fact,
469 the observed change is quite close to the artificial isotopomer
470 with a CoM of (−0.05814, 0, 0) Å. Furthermore, one can also
471 observe qualitative agreement between collision frequencies of
472 real and artificial isotopomers. In the case of TMT-126 with a
473 CoM change of (0.0070, 0.0295, 0.0049) Å, one would expect
474 its mobility shift to be between the y positive and x positive
475 lines, which is what is observed from the artificial simulations.
476 The collision frequency should also be lower than that for
477 TMT-131. Analogous observations can be made for the other
478 TMT and iodoTMT isotopomers, the latter having large
479 positive x-direction CoM variations (Figure S6a). Thus, we can
480 assume that a combination of artificial CoM changes may be
481 used to predict shifts in mobility as long as the MoI change is
482 somewhat similarly replicated. For example, a combination of
483 artificial changes may lead to the same CoM as TMT-131, but
484 given that the extra 5 Da of mass is bundled, it will not yield
485 the same MoI. For the TMT and iodoTMT molecules, the
486 differences between the MoI change of −131 and that of a
487 CoM-equivalent change artificial isotopomer are minimal (i.e.,
488 ⟨Iartif⟩/⟨I131⟩ = 0.998), so only small deviations are expected.

489 ■ RELATIVE MOBILITY DEPENDENCE ON CHANGES
490 IN ISOTOPOMER COM

491 A final key question to address is why the mobility shifts
492 become positive or negative depending on the shift of the
493 CoM. Given that the mobility shift cannot be due solely to
494 changes on the MoI and must be contingent on molecule
495 geometry (it differs depending on the axis used to shift the
496 CoM), it is safe to assume that the reason lies in how r  p
497 changes with the CoM.
498 Given that r  p is the distance between the ion-neutral point-
499 of-impact and the CoM, the farther away the point of impact is

500 from the CoM, the higher the relative velocity (1w rion p×− ⎯⇀
) at

501 that point, assuming no differences in1wion
− ; hence, the stronger

502 the momentum exchange interaction will be upon collision,
503 giving more energy to the gas and subsequently slowing the ion
504 more per collision. For this reason, one can attempt to study
505 how global changes in collision distance to the CoM affect
506 mobility. To illustrate this point, one can use the 2D structure

f5 507 in Figure 5a,b, whose angular velocity is off-plane and where
508 the sole difference between the two structures is the location of
509 the CoM. One can calculate the locus of possible positions,
510 where a collision might take place given by a dashed line
511 surrounding the structure that adds the radii of the gas
512 molecule. However, if one were to calculate the average

513 distance to the collision surface, r  pz, for each CoM depicted in
514 Figure 5, the results differ, as shown by the different sized
515 circles. Assuming the same initial angular velocity for both
516 structures, and if all collision points have the same probability
517 of getting struck, there is an expectancy that the structure with

518 the larger r  pz will presumably yield the smaller mobility. There

519 is also the expectancy that a larger r  pz signifies a larger swept

520area farther from the CoM, which should increase the collision
521frequency.
522This same concept may be extended to three-dimensional
523(3D) structures. The locus of collision points in this case
524corresponds to the Connolly (molecular) surface,22 ACo, which
525 f6is shown in Figure 6a for iodoTMT and Figure S7a for TMT.
526Assuming that all collision points on the surface are equally
527probable, one can average the collision distance with respect to
528an axis i that passes through the CoM

r
A

r A
1

dip
Co

p Coi
∮̅ =

529(7)

530The reason why the distance to an axis is used and not the
531absolute distance to the CoM is to distinguish the effect of

532rotation along different axes. Larger values of r  pi result in a
533larger fraction of the collision area farther away from the axis of
534rotation, and hence higher relative velocities, higher impulses,
535and possibly lower drift velocities. This can then be used to

536compare the r  pi values of artificial isotopomers to the base
537isotopomer. Provided that the artificial isotopomer CoM shifts
538are given with respect to an axis, one can use a second index to
539describe an artificial isotopomer shift in a particular direction.
540For example, for an isotopomer with a determined CoM
541change in the x-direction, the average distance from a collision

542point to a y-axis across the CoM is labeled as r  py,x. Similarly, one
543can use the subindex base to refer to the average collision

544distance of the base molecule r  pbasei to any i axis across the
545CoM. One can then study the i-axis average distance variations
546relative to CoM changes in a coordinate direction j, with

547respect to the average value of the base molecule, i.e., r  pi,j/r  pbasei.
548A ratio larger than one, assuming no changes on the MoI,
549would ultimately result, as previously shown, in a shift toward
550lower mobility. A ratio smaller than one would suggest a shift

551toward higher mobility. Figures 6b−d and S9b−d plot r  pi,j/

552r  pbasei. ratios for the different j coordinate CoM artificial
553changes for iodoTMT and TMT, respectively (blue and

554orange dashed lines). Note that r  pi,j/r  pbasei.= 1, so only two ratios
555appear in the figures. To see if the ratios are directly correlated
556with the expected mobility shifts, the numerical simulations
557appearing in Figure 4 are also shown in Figures 6 and S9 for
558comparison (red dashed lines).
559As noted previously, the change in CoM also brings about a
560change on the MoI, which has its own separate effect. As such,
561if the observed effect of the mobility shifts would be due to
562changes in r  p alone, one should expect the combination of
563ratios (orange and blue dashed lines in Figures 6 and S9) to
564behave in a similar fashion to the simulations. A major
565departure would suggest that the effects of the MoI dominate.
566While the actual CoM-related MoI mobility shifts are
567unknown, one can use instead the uniform spherical MoI
568mobility shifts from Figure 4 (MoI-only shift) as a reasonable
569approximation (green dashed lines in Figures 6 and S9). The
570expectancy is that if changes in r  p are negligible, then positive
571and negative CoM changes will result in symmetrical
572evolutions toward lower mobilities closely resembling those
573of MoI-only changes. As can be observed in Figures 6b and
574S9b with CoM shifts in the j = x-direction, the simulated shifts

575follow r  pi,j/r  pbasei ratios rather than the MoI changes as it is
576expected that the r  p effect is rather large (the x-direction
577corresponds in both cases to the elongated backbone of the
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578 ion). For the j = y and j = z-directions, the effects of the ratios
579 are expected to be similar or smaller than the effect of the MoI-
580 only changes, which is corroborated in Figures 6c,d and S9c,d
581 and where the ratio trends are crudely followed. They are
582 however sufficient to break the MoI-only symmetry, leaning

583 toward the preferred ratio direction. Note that each i-based r  pi,j/
584 r  pi,base ratio contributes independently, so the overall effect
585 would be a weighted valuation. Given the geometries of our
586 isotopomers, changes in the x-direction dominate over those in
587 the other two directions. This can be observed in Figures 6c,d

588 and S9c,d, where r  px,j ratios tend to influence the shift behavior
589 more, i.e., blue dashed lines weigh more than their orange
590 counterparts. This effect can also be isolated in eqs 2a, 2b, and
591 3, where the Iion

−1 tensor multiplies r  p × n . Upon a CoM change,
592 which is not in the x-direction, the largest MoI changes in
593 these ions are expected to occur in the Ixx-direction. A final
594 discussion on how lower collision frequency may lead to lower
595 mobilities can be reasoned through larger energy transfer upon
596 collisions. A detailed description is provided in the Methods
597 Section S5 of the SI.

598 ■ CONCLUSIONS

599 The application of ultra-high-resolution ion mobility separa-
600 tion measurements to two sets of six isotopomers has revealed
601 distinguishable mobility shifts, which cannot be accounted for
602 by conventional ion mobility theory. IMoS 2 has provided
603 numerical simulations that explicitly account for ion rotational
604 effects while conserving linear and angular momentum. The
605 simulations are in broad agreement with their experimental
606 counterpart, being consistent with both the magnitude of the
607 mobility shifts and the relative differences between iso-
608 topomers. The simulation study was expanded using
609 strategically designed artificial isotopomers to explore how
610 the changes in CoM and MoI affect the ion rotation, overall
611 collision frequency, and energy transfer upon collisions.
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