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

Isotopomers are isotopic stereoisomers having the same

INTRODUCTION K= 3

number of nuclides differing only in their locations. While
mass spectrometry (MS) readily separates isotopologues,
isotopomers have identical mass and therefore cannot be
distinguished by mass/charge (m/z) differences.”” As such,
the recently reported observation of measurable shifts between
isotopomers using ultra-high-resolution ion mobility spectrom-
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Based on eq 1 it has been broadly assumed that
isotopologues should separate due to their reduced mass
differences given sufficiently high IMS resolving power
anticipated, such separations have been observed in low
electric fields in addition to those observed in the high field
regime.'”'>~'* Similarly, given eq 1, it has been assumed that

%2 As

3,10,11

etry (IMS) separations in structures for lossless ion
manipulations (SLIM)® is unexpected. The only other
reports®” of such isotopomer ion separation has involved
differential or field asymmetric waveform IMS (FAIMS),
where separations are dependent upon mobility differences in
extremely high and low electric fields, making it difficult to
understand their origin.

In all ion mobility experiments, ions move in a buffer gas due
to the presence of an electric field, with mobilities dependent
on the strength of the electric field. For example,’™® the
mobility of an ion (K), can be predicted using the two-
temperature Mason—Schamp relationship, where p is the
reduced mass of the ion—neutral molecule pair, k, is the
Boltzmann constant, ze is the charge of the ion, a. is a higher-
order correction, T,
gas number density, and Q(T.g) is the ion-neutral momentum
transfer collision cross section (CCS)®

g is the effective ion temperature, N is the
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mobility differences for isotopomers would be far too small or
completely indistinguishable as their CCS would be indis-
tinguishable from a theoretical perspective.4 However, the
recently observed IMS isotopomer mobility shifts obtained
from ultra-high-resolution SLIM IMS” leads to the hypothesis
that internal degrees of freedom, vibrational and rotational,
must be a key element for such separation. Generally, such
effects are largely ignored in most, if not all, CCS or mobility
calculations.' ' A theoretical possible alternative for incorpo-
rating the internal degrees of freedom for polyatomic systems
would the Wang—Uhlenbeck—de Boer equation (WUB)."”
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However, its use is not sufficiently extended for use in such
complex systems, and one must resort to numerical schemes to
account for internal degrees of freedom.

When looking to isolate the effect of vibrational degrees of
freedom—Ileaving rotation aside—any difference in the WUB
CCS should arise from the different vibrational energy levels
manifested due to the distinct placement of the heavy labels.
However, this CCS change is expected to be overall very
similar, or indistinguishable, between isotopomers as all would
have the same number of additional heavy labels, albeit at
different positions. While not fully discarding such a vibrational
effect, these considerations have led us to explore whether the
observed experimental shifts arise mainly from ion rotational
effects due to differences in the ion center of mass (CoM) and
moment of inertia (Mol).

Here, we report on isotopomer IMS separations for two sets
of isotopomers in combination with new theoretical and
computational approaches. Computationally, we adopt a
Monte Carlo simulation of the ion in a bath gas, explicitly
accounting for ion rotational effects. The simulations are
consistent with the relative mobility differences between
isotopomers, broadly confirming the measurements. This
finding suggests a refinement of the current approach for
numerical calculations that explicitly accounts for rotational
degrees of freedom. A deeper understanding of the isotopomer
ion separations and the dependence of their mobilities on the
ion’s CoM and Mol has fundamental and practical implications
to analytical science and related applications.

B EXPERIMENTAL SECTION

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

manner, the ATD for all detected isotopomers from each
separation are slightly shifted, resulting in a net improvement
in the resolving power compared to the unaligned separations
(see Figure S3 for comparisons). As noted previously,” the
observed relative IMS shifts were not significantly dependent
upon the conditions selected (including any possible field
heating), which can be attributed to the expectation that all
isotopomers would be impacted identically by any such
changes. All experiments were performed in triplicate, and
the error bars shown represent + 1 standard deviation 6. A 3
ms moving average smoothing was used for the overlaid ATD
for the isotopomer IMS shifts. Mobility shifts between
isotopomers are given in a linear, normalized, relative scale
in Table 1. The arrival time of the highest and the lowest

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

experimental normalized simulated normalized

isotopomer shifts 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

mobility isotopomer ions are used to establish the mobility
scale, with the remaining intermediate isotopomers assumed to
be scaled linearly over the small mobility range. To simulate
the effects of ion rotation on gas phase ion mobilities, Ion
Mobility Software 2.0 (IMoS 2) has been employed as an
extension of IMoS."**° IMoS 2 places a density functional
theory (DFT)-optimized ionic structure [see Supporting
Information (SI) for conformer generation and structures] in
a neutral gas bath (NVT ensemble with periodic boundaries),
as indicated in Figure la. The ion is treated as a rigid body that
is subjected to an electric field E. As such, the rigid body
accelerates, can rotate, and may be subjected to torque if a
dipole-electric field interaction is present. As the ion
accelerates, it collides with the gas, slowing its advance. The
resulting ion velocity as a function of time may be extracted, as
shown in Figure Ic, and the respective velocity distributions
are shown in Figure 1b,d. Eventually, the ions, on average,
reach a “terminal” drift velocity vg4 in the direction of the field
(x), while its velocity averages to zero in the other two
directions. The mobility can then be calculated through the
simple relation vy = KE. In this work, where the objective is to
study the effect of ion rotation, a constant electric field was
employed, and no dipole moment or attractive potential
interactions were considered. Note that high field effects,
except those pertaining to vibrations, will be taken into
account. These include a different effective temperature for the
ion (field heating) and a different exchange of energies
between rotation and translation.

Upon a gas—ion collision, both linear and angular
momentum are exchanged, and energy is conserved. The
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Anal. Chem. XXXX, XXX, XXX—=XXX

131

138 t1

139
140

—_
'S
—

-
SN
Q0=


https://pubs.acs.org/doi/suppl/10.1021/acs.analchem.1c01736/suppl_file/ac1c01736_si_001.pdf
https://github.com/PNNL-Comp-Mass-Spec/UIMFViewer
https://github.com/PNNL-Comp-Mass-Spec/UIMFViewer
https://pubs.acs.org/doi/suppl/10.1021/acs.analchem.1c01736/suppl_file/ac1c01736_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.analchem.1c01736/suppl_file/ac1c01736_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.analchem.1c01736/suppl_file/ac1c01736_si_001.pdf
pubs.acs.org/ac?ref=pdf
https://doi.org/10.1021/acs.analchem.1c01736?urlappend=%3Fref%3DPDF&jav=AM&rel=cite-as

Analytical Chemistry

pubs.acs.org/ac

. DY e . * 3 ,x10°  Xvelocity distribution T, x10°  Yvelocity distribution
« ™ o ST st e g 2 s 2 .
(a) . ey e T £ 7(b) s .
. ., . 3 . o Wt 9 @
o o @ % o e s Taoe e g1s g1
. * . % e s s S oy 3 3
. . o7 o0 * s S S S 1
10 +*y 305 305
. . o e e e e 0
6 5 % g e Gug oW O Q 200 0 200 400 600 < .400  -200 0 200 400
v - @ PORCIRITEP X Velocity (m/s) Y Velocity (m/s)
* * : " 3 ,x10°  Zvelocity distribution 3 px10°
. . s e s o
. Y ® * ¥
* g8 L1s Fi
3 3 4
- 8 1 8 1 |
. 2 2
305 305 £1 1L
. . s £, - : 3, )|
S - S -400  -200 0 200 400 < .400 -200 0 200 400 600
Velocity Profiles Z Velocity (m/s) Velocity (m/s)
3 257 10°X Angular velocity distribution 3 255 10°Y Angular velocity distribution
I i | 1 8 4 8 4
200 Velocity Profiles ‘g- 2 TE; 2 =
20y 315 315
¥ o o
200 M 21 21
- | 305 305
g WY i )/Y 3% 3 .
(s | gy 0
> ’ A [ " J“l \ ' [N -1 0 1 < -2 -1 0 1 2
g " - {| ﬂ' n | n ﬂ lJ X Angular Velocity (rad/s) . 10'? Y Angular Velocity (rad/s) . 10'?
s o0 { ) 1 3, 5,%10°Z Angular velocity distribution 3,510
b 1 | = - s p
.100 ' vl % 4 € 5 A&
100 g S {
200 [ - . g Al
ISR - i IFE g Al E
-300 JIFRIIE { 14862 14863 14864 14865 14866 14867 | | 3 3 'y
| T it 3 0.5 305 y. A
| H ) A . L h . ) A 8, > r 3 )
-“w ~ ~
0 0.5 1 15 2 2.5 3 35 4 4.5 s -2 1 0 1 2 < -2 1 0 1 2
Time (s) %10 Z Angular Velocity (rad/s) . 10'? Angular Velocity (rad/s) . 1972

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.

169 post-collision linear and angular velocities of the ion, ¥, i,
170 are given by

b e

Vion = Vion +
171 Mion (2a)

- 1,2
172 Wion = Wion T Iion( VPX]VI ) (2b)
173 where V;;,, and W, are the linear and angular velocities of the
174 ion before the collision, I, is the Mol of the ion, 7, is the
175 distance from the point of collision to the CoM of the ion, jii
176 is the impulse vector in the normal direction # outward of the
177 collision point, and r, X j7 is the impulsive torque, and the X
178 represents a cross product. The impulse vector may be written
179 as

= 20,

=7 1 e =

+ —+ 7 (r, X7 ) Xr

180 mion mgﬂs ( lon( P ) P) (3)
151 With the normal component of the relative velocity, v, , given
182 by
183 e, =7 (T~ V) 4)
184 1/p_ = vi;n + Wi;n X rp (5)

where ?P_

and the gas molecule’s velocity prior to the impact. Based upon
eqs 2a, 2b—S5, if a shift is numerically observed between two
different isotopomers, it can be ascribed to only two possible
effects, both of which are relatively linked to the Mol and CoM
(through 7,). The first effect, which is perhaps quite intuitive,
may be extracted from eq 2b and deals with the fact that
different angular velocities lead to different collision
frequencies with the neutral gas. The second effect is
embedded into eqs 2a, 2b—S5, where the relative change in
motion of the ions after a collision is affected by the Mol and

and ?g_as are the ion’s velocity at the point of contact

CoM through its effect on the impulse (jii) and the impulsive

torque (71) X ]%\), specifically, how much the ion is slowed

down (or sped up), Vi, per collision, depends on the

partitioning of the collisional energy between the rotational or
translational degrees of freedom. However, the values of Mol
and CoM are coupled and are structure-dependent, so the
contribution of each effect is difficult to separate for a complex
ion and hence a key challenge in this analysis.

The shift in mobilities between isotopomers is expected to
be a small perturbation (a fraction of a percent) due to the
relatively small contribution of rotation. Thus, a sizeable
number of gas collisions are necessary to provide sufficient
precision in the calculations. The IMoS 2.0 algorithm was
parallelized using 432 cores and run for 150 us on each core,
totaling ~65 ms of total drift time, yielding approximately 1.2
billion collisions for each structure studied.

https://doi.org/10.1021/acs.analchem.1c01736
Anal. Chem. XXXX, XXX, XXX—=XXX


https://pubs.acs.org/page/pdf_proof?ref=pdf
https://pubs.acs.org/page/pdf_proof?ref=pdf
https://pubs.acs.org/page/pdf_proof?ref=pdf
https://pubs.acs.org/page/pdf_proof?ref=pdf
pubs.acs.org/ac?ref=pdf
https://doi.org/10.1021/acs.analchem.1c01736?urlappend=%3Fref%3DPDF&jav=AM&rel=cite-as

212

213
214
215
216
217
218
219
220
22
222
223
224
225
226
227
228

—

Analytical Chemistry pubs.acs.org/ac

|(a) lodoTMT (b) iodoTMT

L 10 -126 127
‘@
§ 0.8 Q/\/U\ /\/U\N/\/ \[/\| (P/\/L /\)Jc\N/\/NY\I
ﬁ 0.6- -128 * -129
R H
% 0.4 (P/\)J\*/\/U\ /\/Nm/\ Qﬂ/\)J\*/\)J\”/\/N\r(\I
£ 130
2 0.2 * * 131

00 _d ‘ ‘ = (*;"()L /\/ILN/\/NT]/\I (;()J\ /\/U\ /\/ \IO(\|

11690 11700 11710 11720 *

Arrival Time (ms)

5. 1.0{(c) TMT -126 -127N
-:C)_) 0.8 Q/\)J\*/\)l\o? EP/\/U\ /\)i\o?
é 0.6 128N | o s 8
2 ol CRA L (;TA 2 X ?
S 02 + -130N

((Y¢L A t} qQL i p

11520 11530 11540
Arrival Time (ms)

Figure 2. Arrival time distributions of iodoTMT [(a); 452 + S + 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.
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Figure 3. Simulated relative arrival times after ~1.2 billion collisions (corresponding to ~6S 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).

Bl RESULTS AND DISCUSSION within the piperidine ring. For TMT isotopomers, the first
group (—126/—127/—128) has the most heavy labels on the
backbone and the second group (—130/—129) has heavy label
locations split between the piperidine ring and backbone

Figure 2a,c shows the arrival times for the iodoTMT and TMT
isotopomers, respectively. Within each mobiligram, the arrival

time distributions can be separated into three distinct

groupings. For iodoTMT (Figure 2a), the order is: —126/— atoms, while the lowest mobility, —131, has all of the heavy
127, followed by —128/—129 and then by —130/—131, with label sites on the piperidine ring. Also, apparent for isotopomer
relatively minor shifts observed between the indicated pairs. sets is a mobility decrease when heavy label sites are near the

For the TMT isotopomers (Figure 2c), the —126/—127/—128 piperidine ring.

isotopomers arrive in the first group, followed by —130/—129 The relative numerical simulated arrival times for the
and then by —131, with again only small differences within the iodoTMT and TMT isotopomers with respect to the 126
subgroups. Clearly, isotopomers with heavy atom substitutions isotopomer (highest mobility) are shown in Figure 3. Error
in similar locations have similar mobilities. For iodoTMT bars represent the standard error as o/ \/’1; with n being the
isotopomers, the first group (—126/—127) has heavy labels number of cores (432). While the shifts, number of collisions,
largely located along the backbone. In the second group and overall error depend on the field employed and total time
(—128/—129), the heavy labels are split between the sampled, these raw results provide insight into the overall shift
substituted piperidine ring and the backbone. While in the percentage and error from the simulations and indicate
third group (—130/—131), the majority of the heavy labels are mobility shifts smaller than 0.3% (3000 ppm) with standard

D https://doi.org/10.1021/acs.analchem.1c01736
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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 Mol
(Mol-only shifts) relative to the base isotopomer are displayed using black diamonds. The relative mobility shifts from subsequent changes to the
CoM and Mol by displacing 5 Da of mass from the CoM of the base isotopomer by either 4 or 8 A 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 Mol-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.

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 Mol 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

Thus, discarding for the time being possible alternative
reasons for the shifts, we now focus on the more subtle
relationship between rotation and mobility. Changes to the
Mol, whether through changes of the CoM or not, affect the
angular velocity of the ion, impacting collision frequencies. At
the same time, both Mol and CoM through 7P affect the details
of energy transfer between rotational and translational degrees
of freedom during collisions (see egs 2a, 2b—S5, and 6 below),
ultimately affecting the mobility. The convolution of these
considerations as well as their sensitivity to details of the
collisional interactions begs two key questions: can the
experimentally observed mobility shifts be predicted by
extended computational approaches that include ion rotational
effects and how sensitive are these shifts to structural changes?
While one cannot fully directly address the latter question here,
addressing the former will provide the basis for its future
consideration.

B ISOTOPOMER CENTER OF MASS AND MOMENT

OF INERTIA CHANGES

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

dependence of (jii) on both 7, (CoM-related change) and Mol.
Ideally, to understand the role and magnitude these changes
play in determining the mobility shift of an ion, a single
parameter would be adjusted at a time. While it is complicated
for real isotopomers, since both are inherently coupled under
most scenarios, it is possible to understand how changes in
each of these parameters affect the mobility of an ion in a
decoupled manner using simulations. Several results are shown
in Figure 4 for strategically designed artificial isotopomer
systems such that the mobility shifts can be characterized in a
well-defined manner. These systems are created by placing the

S Da isotopic substitution masses in any artificial location of 318

choice. Mobility shifts are all referenced to a “base” molecule: a
molecule that has the extra S Da from the isotopic
substitutions placed at the CoM of the “zero” substitutions
molecule. The base molecule will have the same CoM and Mol
as the zero molecule. Moreover, given the parallel axis
theorem, moving the 5 Da from the base molecule’s CoM to

E https://doi.org/10.1021/acs.analchem.1c01736
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any other location must increase its Mol. Therefore, this base
molecule will always be the isotopomer with the smallest Mol,
a suitable reference (blue square Figure 4). In all cases, the
additional mass does not affect the geometrical structure and
does not interact with gas molecules, even when located
outside of the molecule structure. Once simulations are
completed, relative shifts in drift velocity (mobility) greater
than 1 represent shifts to lower drift velocities (mobilities)
with respect to the base molecule, the opposite for values less
than 1.

In the simplest case, one can look at the effects of increasing
the Mol without changing the CoM. Accordingly, simulations
used fifty 0.1 Da masses uniformly positioned on a sphere
centered on the CoM of the zero/base molecule (hence not
modifying 7,). This was repeated for spheres of radii 4 and 8
Angstroms (A). Table S3 provides average values of the Mol of
real and artificial isotopomers as well as other values of interest.
Figure 4 shows the relative mobility shifts for the Mol-only
changes as a function of the average collisions per core (dark
empty diamonds connected by a black line). The mobilities of
these artificial isotopomers for iodoTMT and TMT decrease
relative to their respective base isotopomer while at the same
time experiencing fewer collisions.

While it is simple to isolate the effect of a change of the Mol
while keeping the CoM constant, it is not as straightforward to
create an artificial isotopomer in which the CoM is altered
while keeping the Mol the same. Rather, a series of artificial
isotopomers were created by displacing the 5 Da mass from the
CoM in different coordinate directions. The resulting effects of
these shifts depend on the orientation of the DFT molecule,
where the x-direction corresponds to the backbone (Figure SS,
coordinates provided in Tables S4 and S5). In light of this, the
extra S Da were placed at one single location 4 and 8 A away
from the base molecule’s CoM in the x, y, and z coordinates,
and in both positive and negative directions. CoM shifts with
respect to the base molecule correspond to 0.05814 A for
TMT and 0.0463 A for iodoTMT for every 4 A change. Figure
4 shows the relative mobility shifts corresponding to iodoTMT
and TMT artificial mass shifts, where dashed lines are drawn
connecting the shifts in a particular direction and orientation
(labeled as xpos, xneg, etc.). A key observation is that the
mobility shifts are quite different when placing S Da at
different locations. For example, a change in the positive x-
direction for iodoTMT isotopomers produces a shift toward
lower mobility, while a change in the negative x-direction
produces a shift toward higher mobility (blue dotted line
Figure 4a). The opposite happens for TMT (blue dotted line
in Figure 4b). For both iodoTMT and TMT, the changes in
the y- and z-directions are not as pronounced as in the x-
direction, and overall, all changes seem to be somewhat
symmetric with respect to the Mol-only change curve. It is
noted that the shifts to lower mobilities are not necessarily
accompanied by an increase in the collision frequency, as one
might expect. These results might be puzzling at first since the
base molecule, which theoretically has the smallest Mol (and
therefore assumed to have the highest angular velocity and
collision frequency), does not necessarily have the overall
lowest mobility. In fact, its resulting mobility leans higher.
This, while counterintuitive at first, can be rationalized from an
energy perspective using a modified Wannier’s formula.”*' The
overall energy balance of the ion for translational and
rotational degrees of freedom is

elec

1 = 1 1=
Emion(vc% + VZ) + EWTIionw + EdifE =E
(6)

where vy is the drift velocity, V* is the averaged squared
molecular speed of the ion, and T is used to represent the
transpose of the angular velocity. In this equation, the total
electrical (B,
freedom, must equal the kinetic energy of the ion,
m,(v; + V?)/2 = myv;/2 + 3k,T/2, the rotational en-
ergy, W I,w/2, and the excess diffusion/randomization
collisional energy due to the field, Eyg, which corresponds
to the diffusion component of the energy dissipated into the
gas. In Wannier’s formula, Eg = mgasvﬁ/ 2; however, this would
not be exact here, given that part of the impulsive torque
would go into randomization as well.

The effect of this randomization simply results in a larger
standard deviation over that of the expected thermal noise,
\JkpT/m , as appearing in Figure 2c. Considering eq 6 by itself,
one could suggest that a change in Mol could be compensated
by a decrease in angular velocity alone.

However, the coupling of angular and linear momentum in
eqs 2a, 2b—>5 suggests that a change in the MoI/CoM would
also affect the drift velocity (and hence the mobility) of the ion
through the impulse and impulsive torque. Indeed, an increase
of the Mol can be equilibrated by a combination of a decrease
in angular velocity together with an increase/decrease in
mobility. The mobility may therefore shift in any direction as
predicted by simulations (Figure 4). How this effect occurs is
quite convoluted and depends directly on the structure (see
Section S3.2).

In the case of Mol-only changes where the CoM (7P) value is
kept consistent relative to the base isotopomer, the results can
be rationalized. Figure 4 (Mol-Only change curves) shows that
as the Mol increases, the relative mobilities decrease while
concomitantly experiencing fewer collisions relative to the base
isotopomer. This might be surprising at first, as the decrease in
angular velocity due to the increase in Mol (which can be
extracted from simulations) may lead to the expectancy of an
increase in mobility. Equations 2a, 2b, and 3, however, reveal
that an increase in the Mol increases the overall impulse (from

the I}

o ry X %\) X r, term in the denominator). The increase
in collisional impulse leads to an overall reduction of the drift
velocity as more energy is provided to the gas per collision,
slowing the advance. A reduction of the drift velocity also
decreases the collision frequency. Comprehensively, the
mobility shift must therefore be a competition between the
decrease in angular velocity and the increase in collisional
impulse. It seems from the MolI-only simulations that the effect
of the reduction in the drift velocity due to the resulting
changes in the impulse vector outweighs the effect of reducing
the angular velocity. Thus, an increase in the Mol without a
modification of the CoM leads to lower mobilities and collision
frequencies. The effect, although visible, is small. For
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) and thermal energies, 3 kT for 6 degrees of 391
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437

perspective, the relative mobilities from the simulations of 438

the real isotopomers —126 to —131 for iodoTMT and TMT,
referenced to the base isotopomer, are shown for comparison
in Figure 4a,b. The largest Mol increases of the artificial Mol-
only changed isotopomers for iodoTMT and TMT correspond
to 4.6 and 7.8%, resulting in mobility shifts of 0.18 and 0.25%,
respectively. The Mol changes for the real —131 isotopomer
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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)
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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.

(largest Mol of both sets) for iodoTMT and TMT are 1.6 and
1.3% and correspond to relative mobility shifts of 0.29 and
0.18%, respectively. Thus, the real isotopomer mobility shifts
are of similar magnitude to the artificial isotopomers but have
much smaller increases in their Mol relative to the base
isotopomer. It is clear then that the Mol-only changes are
insufficient to explain the overall shifts for the real
isotopomers. They also seem to only decrease mobility over

the base molecule, which does not seem to explain all
behaviors encountered as some of the isotopomers are seen to
increase in mobility. It should be made clear at this point that,
given that there are three principal directions for the moment
of inertia, isotopic shifts may affect the principal values
differently. Given that the Mol change alone is insufficient to
explain the shifts, the effect of varying 7, (CoM) must be just
as important, if not more. The CoM changes of the real
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isotopomers relative to the base isotopomer are given in Figure
Sé6.

For example, the TMT-131 CoM change with respect to the
base molecular ion is given by (—0.041, —0.0015, 0.006) A
corresponding to a (Ax, Ay, Az) variation. As the negative x-
direction variation largely dominates, one would expect the
TMT-131 isotopomer to shift toward lower mobilities with
respect to the base molecule, as predicted in Figure 4. In fact,
the observed change is quite close to the artificial isotopomer
with a CoM of (—0.05814, 0, 0) A. Furthermore, one can also
observe qualitative agreement between collision frequencies of
real and artificial isotopomers. In the case of TMT-126 with a
CoM change of (0.0070, 0.0295, 0.0049) A, one would expect
its mobility shift to be between the y positive and x positive
lines, which is what is observed from the artificial simulations.
The collision frequency should also be lower than that for
TMT-131. Analogous observations can be made for the other
TMT and iodoTMT isotopomers, the latter having large
positive x-direction CoM variations (Figure S6a). Thus, we can
assume that a combination of artificial CoM changes may be
used to predict shifts in mobility as long as the Mol change is
somewhat similarly replicated. For example, a combination of
artificial changes may lead to the same CoM as TMT-131, but
given that the extra S Da of mass is bundled, it will not yield
the same Mol. For the TMT and iodoTMT molecules, the
differences between the Mol change of —131 and that of a
CoM-equivalent change artificial isotopomer are minimal (i.e.,
(Lie)/ {L131) = 0.998), so only small deviations are expected.

B RELATIVE MOBILITY DEPENDENCE ON CHANGES
IN ISOTOPOMER COM

A final key question to address is why the mobility shifts
become positive or negative depending on the shift of the
CoM. Given that the mobility shift cannot be due solely to
changes on the Mol and must be contingent on molecule
geometry (it differs depending on the axis used to shift the
CoM), it is safe to assume that the reason lies in how [A
changes with the CoM.

Given that 7, is the distance between the ion-neutral point-
of-impact and the CoM, the farther away the point of impact is

from the CoM, the higher the relative velocity (Wi, X 71;) at

on

that point, assuming no differences in w_,

on; Dence, the stronger

the momentum exchange interaction will be upon collision,
giving more energy to the gas and subsequently slowing the ion
more per collision. For this reason, one can attempt to study
how global changes in collision distance to the CoM affect
mobility. To illustrate this point, one can use the 2D structure
in Figure Sa,b, whose angular velocity is off-plane and where
the sole difference between the two structures is the location of
the CoM. One can calculate the locus of possible positions,
where a collision might take place given by a dashed line
surrounding the structure that adds the radii of the gas
molecule. However, if one were to calculate the average
distance to the collision surface, 7,,, for each CoM depicted in
Figure S, the results differ, as shown by the different sized
circles. Assuming the same initial angular velocity for both
structures, and if all collision points have the same probability
of getting struck, there is an expectancy that the structure with
the larger 7,, will presumably yield the smaller mobility. There

is also the expectancy that a larger 7,,_signifies a larger swept

area farther from the CoM, which should increase the collision s20
frequency. 521
This same concept may be extended to three-dimensional s22
(3D) structures. The locus of collision points in this case s23
corresponds to the Connolly (molecular) surface,”* Ac,, which s24
is shown in Figure 6a for iodoTMT and Figure S7a for TMT. s25 s
Assuming that all collision points on the surface are equally s26
probable, one can average the collision distance with respect to 527
an axis i that passes through the CoM 528

(7) s20

The reason why the distance to an axis is used and not the s30
absolute distance to the CoM is to distinguish the effect of s31
rotation along different axes. Larger values of 7 result in a g3,

larger fraction of the collision area farther away from the axis of 533
rotation, and hence higher relative velocities, higher impulses, s34
and possibly lower drift velocities. This can then be used to 35
compare the 7 values of artificial isotopomers to the base s34

isotopomer. Provided that the artificial isotopomer CoM shifts 537
are given with respect to an axis, one can use a second index to 538
describe an artificial isotopomer shift in a particular direction. s39
For example, for an isotopomer with a determined CoM s40
change in the x-direction, the average distance from a collision 541
point to a y-axis across the CoM is labeled as 7, . Similarly, one g,

can use the subindex base to refer to the average collision 543
distance of the base molecule 7, to any i axis across the ¢4,

CoM. One can then study the i-axis average distance variations s4s
relative to CoM changes in a coordinate direction j, with s46
respect to the average value of the base molecule, i.e., 7 [ Tobases 547

A ratio larger than one, assuming no changes on the Mol, s48
would ultimately result, as previously shown, in a shift toward s49
lower mobility. A ratio smaller than one would suggest a shift sso
toward higher mobility. Figures 6b—d and S9b—d plot 7 /

Tpbase Tatios for the different j coordinate CoM artificial g,

changes for iodoTMT and TMT, respectively (blue and ss3
orange dashed lines). Note that 7 /Tobases= 1, s0 only two ratios ¢,

appear in the figures. To see if the ratios are directly correlated sss
with the expected mobility shifts, the numerical simulations sse
appearing in Figure 4 are also shown in Figures 6 and S9 for ss7
comparison (red dashed lines). 558

As noted previously, the change in CoM also brings about a ss9
change on the Mol, which has its own separate effect. As such, seo
if the observed effect of the mobility shifts would be due to sé1
changes in 7, alone, one should expect the combination of s
ratios (orange and blue dashed lines in Figures 6 and S9) to se3
behave in a similar fashion to the simulations. A major se4
departure would suggest that the effects of the Mol dominate. s65
While the actual CoM-related Mol mobility shifts are ses
unknown, one can use instead the uniform spherical Mol s67
mobility shifts from Figure 4 (Mol-only shift) as a reasonable ses
approximation (green dashed lines in Figures 6 and S9). The s69
expectancy is that if changes in 7, are negligible, then positive s70
and negative CoM changes will result in symmetrical 571
evolutions toward lower mobilities closely resembling those s72
of Mol-only changes. As can be observed in Figures 6b and 573
S9b with CoM shifts in the j = x-direction, the simulated shifts s74

follow 7 /F;pa, ratios rather than the Mol changes as it is ;g

expected that the 7, effect is rather large (the x-direction 576
corresponds in both cases to the elongated backbone of the 577
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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 Mol-
sso only changes, which is corroborated in Figures 6¢,d and S9¢,d
ss1 and where the ratio trends are crudely followed. They are
s82 however sufficient to break the Mol-only symmetry, leaning
ss3 toward the preferred ratio direction. Note that each i-based 7 /

—_

584 Tpipase Tatio contributes independently, so the overall effect
sss 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 6¢,d
sss and S9¢,d, where 7, 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 I} tensor multiplies 7, X 7. Upon a CoM change,
s92 which is not in the x-direction, the largest Mol changes in
593 these ions are expected to occur in the I -direction. A final
594 discussion on how lower collision frequency may lead to lower
sos mobilities can be reasoned through larger energy transfer upon
596 collisions. A detailed description is provided in the Methods
597 Section SS of the SIL.

—_

sos Il 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 Mol affect the ion rotation, overall
611 collision frequency, and energy transfer upon collisions.

—_

—
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