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ABSTRACT: The role of ion rotation in determining ion mobilities is explored using the subtle gas
phase ion mobility shifts based on differences in ion mass distributions between isotopomer ions
that have been observed with ion mobility spectrometry (IMS) measurements. These mobility shifts
become apparent for IMS resolving powers on the order of ~1500 where relative mobilities (or
alternatively momentum transfer collision cross sections; ) can be measured with a precision of
~10 ppm. The isotopomer ions have identical structures and masses, differing only in their internal
mass distributions, and their € differences cannot be predicted by widely used computational
approaches, which ignore the dependence of Q on the ion’s rotational properties. Here, we
investigate the rotational dependence of €2, which includes changes to its collision frequency due to
thermal rotation as well as the coupling of translational to rotational energy transfer. We show that
differences in rotational energy transfer during ion—molecule collisions provide the major
contribution to isotopomer ion separations, with only a minor contribution due to an increase in
collision frequency due to ion rotation. Modeling including these factors allowed for differences in
Q to be calculated that precisely mirror the experimental separations. These findings also highlight
the promise of pairing high-resolution IMS measurements with theory and computation for improved elucidation of subtle structural
differences between ions.

1. INTRODUCTION Here, y is the reduced mass (u = 2™ of the colliding
m, mb

1 . a +
Ton mobility spectrometry (IMS) sep a}rates gas phase ions as partners (i.e, ion a and gas b), k, is Boltzmann’s constant, T is
they move though a gas under the influence of an electric

feld ™ IMS is of led MS the buffer gas temperature, z is the ion charge, e is the
ﬁ " for i s © t:)r,ll, coup de to mas; spectrometry (MS), elementary charge, N is Loschmidt’s number representing the
allowng for ion mo 1 ity and mass-to-charge (m/. Z) measure- number density of gas at standard conditions, and Kj is the
ments to be made simultaneously, and the combination has

been employed in areas of physical and analytical chemistry, reduced mobility, K, = K(%); used to normalize for
which include gas phase structural biology,”~ chemical ’
kinetics,”’ isomer separations,m_12 molecular class identifica-
tions,"* and broad “omics” measurements.'*'> The mobility
(K) of an ion under equilibrium subject to an electric field (E)
is given by eq 1:

experimental conditions, where N is the gas number density
at the measured pressure and temperature.

Ion mobility can be used to help identify compounds of
known mobility as well as previously unknown or unsuspected
compounds using calculated mobilities for plausible structures.
K= v In general, an agreement of 1—3% between a measured and

E (1) predicted Q value is considered acceptable and not
unreasonable based on the previously low experimental
resolving powers.'® The utility of this approach increases
with improvements to both the accuracy and precision of IMS

where v, is the net ion relative velocity through the gas in a
steady-state condition. The drift velocity of an ion is
dependent on the experimental conditions such as the
pressure, temperature, and gas identity.'® The mobility of an

ion is often related to its momentum transfer cross section (Q) Received: February 24, 2023
(often incorrectly referred to as a collision cross section) via Revised:  May 12, 2023
Mason—Schamp’s equation'” (eq 2): Published: June 18, 2023
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Figure 1. 2D structures of isotopomers —126 to —131 of (a) TMT and (b) iodoTMT. Each isotopomer contains 5 heavy atom substitutions, four
B3C, and one "N, and the placement of the heavy labels is indicated with asterisks. After separations, collisional activation of these isotopomer ions
yields ‘reporter’ fragment ions, allowing them to be distinguished. The dominant cleavage site upon collisional activation is identical between all
isotopomers and is indicated for TMT-126. Cleavage at this site for the —126 isotopomer results in a reporter ion of m/z 126. Black asterisks on the
—131 isotopomers represent the locations of the [M + 1]* isotopologue of the —131 isotopomer, which results in a reporter ion m/z 132.

€ measurements. The resolving power in traditional drift tube
ion mobility spectrometry (DTIMS) experiments is limited by
the practical constraints associated with increasing the path
length of the separation, electric field strength, and pressure.'
Techniques such as traveling-wave ion mobility (TWIMS)
however have demonstrated the ability to overcome limitations
associated limited path length as ions are moved using low
amplitude traveling waves rather than relying on a constant
electric field gradient through the mobility device.”’ In
particular, SLIM utilize large arrays of electrodes on two
planar evenly spaced surfaces (e.g., printed circuit boards)
spaced by ~3 mm.”' The electrodes are organized in a manner
such that the application of RF, DC, and TW potentials allow
for ion confinement and motion through extremely long
serpentine paths. The displacement of an ion along the path by
the traveling waves is dependent on its mobility, where ions of
high mobility are displaced to a larger degree while lower
mobility ions to a lesser degree. SLIM can also pass ions
several times through the device with minimal signal loss,
allowing for ultrahigh-resolution separation.””~** The improve-
ments in IMS resolving power using TW-SLIM**~>* have
allowed ions with very subtle mobility differences, <0.005%
(50 ppm), to be separated. A striking example recently
reported is the mobility differences for isotopomers,™ isotopic
isomer ions having identical structures, masses, and numbers of
each nuclide (differing only in their locations, e.g., C;, vs Cy3).
These mobility shifts have been attributed to the isotopomer
mass distribution differences that change the ion’s center of
mass (CoM) and thus impact the ion’s moment of inertia
(MolI) and collisional energy transfer.””** The mobility
differences observed are on the order of ~10—450 ppm and
representative of recent gains in IMS resolving powers. More
recently, additional mobility shifts have been reported for
conformations of vitamin D and positional isomers of
dibromoanilines and dichloroanilines and have been suggested
to arise from similar mass distribution-based mobility effects.”’

The quality of IMS measurements now explicitly challenges
computational capabilities for either accurately predicting
mobilities or € values or precisely predicting the small
differences in relative Q between structurally similar isomers.
The ability to distinguish compounds more confidently based
upon small differences in their relative mobilities would have
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significant utility, e.g, for more confident identification of
isomers where no authentic standard is available. As an
example, no present simulation approach we are aware of
accounts for the mobility separation of isotopomer ions except
for the very recently developed IMoS 2, which requires
considerable computational resources.”*”° The most accepted
method of calculating € is through the trajectory method
(TM),”” where the collision integral is calculated using highly
realistic ion—gas interactions. However, common assumptions
made in the calculation of Q ultimately limit their accuracy and
precision. These assumptions include maintaining identical ion
and buffer gas temperatures, incomplete descriptions of the
interaction potentials, elastic collisions, etc.”* 73 While efforts
have been made to explicitly consider such factors,”*™" the
previously limited IMS resolving powers justified neglecting
such contributions.

In this work, we investigate the role of ion rotation on € by
considering two factors that are generally ignored: (i) the
dependence of collision frequency due to the ion’s rotation and
(ii) the momentum transfer to the ion’s rotational degrees of
freedom during a collision. In regard to the first factor, when
the rotational speed is comparable or faster than the timescale
of collisions, an ion can manifest a greater collisional frequency
than its non-rotating counterpart, as noted by Shvartsburg et
al,* resulting in an increase in Q. Shvartsburg et al. considered
the consequences of the ‘blurring’ due to an ion’s rotation
(analogous to the increased effective area of a rotating
propeller) that leads to an increase in collisional cross sections
for all non-spherical ion structures. While isotopomers are
structurally identical and have similar overall angular velocity
distributions and, e.g., the same degree of “elongation”, small
differences in their mobilities or € could result from different
collision frequencies arising from this blurring effect due to
their different CoMs and rotational speeds.”” The second
factor is related to the inelasticity of collisions. Present
computational approaches ignore energy partitioning to the
ion’s rotational (and vibrational) degrees of freedom. The
partitioning of energy to these modes can influence the
magnitude of momentum transfer between the collision
partners.”” In the case of isotopomers, their differences in
mass distribution and thus their Mol may influence how the
gas interacts with structures of identical geometries.
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Isotopomers provide an ideal case to investigate these effects
as their 3D ijon structures are identical but have small
differences in their different CoM (and thus their rotational
properties, i.e., the ion CoM about which they rotate and their
Mol); all other parameters potentially affecting Q calculations
can be assumed identical for a set of isotopomers. In this work,
we show that the mobility differences observed for isotopomer
ions are largely a result of differences in energy transfer to
rotational modes and not just differences in collision
frequency. This allowed us to develop a more efficient
computational approach accounting for Q differences <S50
ppm with little to no increase in computational burden
compared to traditional approaches. This work provides a
foundation for further development of high-precision €
predictions of potential utility for distinguishing isomer and
conformer ions using high-precision mobility measurements.

2. METHODS

2.1. Experimental Measurements. The experimental
measurements for the mobilities the two isotopomer ion sets
have been previously reported.”” Briefly, a Structures for
Lossless Ion Manipulations (SLIM) IMS coupled to mass
spectrometry (MS) was used to carry out the mobility
separations for sets of TMT and iodoTMT isotopomers (six
each, designated as —126 through —131 based upon the mass
of the reporter ion), see Figure 1, obtained from Thermo
Fisher Scientific, Waltham, MA. The isotopomers of a given set
(TMT or iodoTMT), 10 uM each, in 50/50 water/methanol
and 0.5% acetic acid, were electrosprayed to form the ions
studied in SLIM-IMS separations using 1.5 torr N, and
traveling waves at 300 m/s with 27 V amplitude (0-peak) for
TMT and 400 m/s at 35 V (0-peak) for iodoTMT. The
ultrahigh resolution SLIM IMS separations used 100 passes, or
~1350 m pathlength. The individual TMT (m/z 345) and
iodoTMT (m/z 458) isotopomers were distinguished from
one another post-IMS separation via fragmentation that
provided 6 reporter ions of m/z 126—131, each unique to an
isotopomer.23 Measurements were performed in triplicate. The
average arrival time differences in ppm for isotopomers —127
to —131 relative to —126 are provided in Table S1. The
uncertainty is represented as the standard deviation of the
relative difference in arrival time taken from triplicate
measurements. The arrival times of the [M + 1] +
isotopologue (m/z 346 and 459 for TMT and iodoTMT)
for the —131 isotopomers are also provided relative to the
arrival time of —126.

Separations performed using TW-IMS separations require
the arrival time of unknown analyte ions to be calibrated based
upon the arrival times of known ions with accepted Q values.
This calibration strategy is generally straight forward to
implement in most experiments. However, to establish a
calibrated mobility scale over the narrow mobility window,
which the isotopomers span, estimated to be <0.05% of the full
range due to the extensive multi-pass use for separations and
limited mobility range before lapping occurs, would require
calibrants of known mobilities that have only slightly higher
and lower mobilities than the isotopomers being separated
such that they are transmitted with the isotopomers within the
same mobility window. Obtaining such calibrants with highly
similar mobilities presents a significant challenge. Furthermore,
the mobility of the calibrants would need to be accurately
known to be useful. Devices such as drift tubes, where the
mobility of an ion can be linearly correlated to its drift time, fail
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to provide the required accuracy of mobility measurements for
such separations.

One approach to address this would be to simply use the
range of arrival times, but this is not completely satisfactory for
the case of traveling wave-based separations. Thus, we have
chosen an alternative; we estimate the relative magnitude of
the mobility differences between the isotopomers. For this, we
leverage the arrival time difference between the —131
isotopomers and their [M + 1] + isotopologues (m/z 346
and 459 for TMT and iodoTMT). The (M + 1] +
isotopologue of the TMT and iodoTMT isotopomers is in
itself a mixture of isotopomers in which the naturally occurring
B3C can be on any non-labeled carbon. Activation of the [M +
1] + isotopologue, however, results in the production of a
reporter ion (fragment) of m/z 132 that has an additional >C
on one of the sites indicated with a black asterisks in Figure 1.
From this work, it is clear that the mobility shifts between
isotopomers are influenced by their rotational differences,
which indicates that the separation of the —131 isotopomer
and its [M + 1] + isotopologue will be influenced by the
change in mass as well as their difference in rotational
properties. For reference, the arrival time difference between
the [M + 1] + isotopologue of —131 and the —131 isotopomer
is 125 + 18 ppm and 224 + 16 ppm for TMT and iodoTMT.
The magnitude of this separation is about half the maximum
separation between the lowest and highest mobility iso-
topomers of their respective sets. Thus, the changes in
rotational properties can have a similar magnitude of influence
on mobility differences as an increase in mass by 1 amu for
ions of these sizes.

By ignoring the dependence of € on the rotational
properties of an ion, one can use eq 2 to calculate the
expected mobility differences based on the difference in
reduced mass between the —131 isotopomer and its [M + 1] +
isotopologue. Based on the reduced mass differences alone, the
[M + 1] + isotopologue of —131 is expected to have and
increase in £ of 108 ppm for TMT and 66 ppm for iodoTMT.
Taking the quotient of the arrival time difference between the
—131 isotopomer and its [M + 1] + isotopologue in ppm, one
can establish a scale factor that relates the difference in arrival
time to differences in € see eq 3:

scale factor =

t[M+1]+isotopologue of—131 — t—131 isotopomer

3)

The quotient of the relative arrival times of the isotopomers
to —126 (Table S1) and the established scale factor can then
be taken to establish an estimate of the magnitude of the
relative mobility differences between isotopomers as is shown
in eq 4:

calculated Q difference based on reduced mass

o« s

t
Estimated Relative Mobility (ppm) = —
scale factor

(4)

This approach yields a lower bound on the relative
magnitude of the Q differences where the contribution of
rotational properties to the arrival time differences are ignored.
The estimated relative € differences using this approach are
provided in Table 1.

The mobility for the TMT and iodoTMT isotopomers were
measured on an Agilent 6560 Ion Mobility Q-ToF mass
spectrometer. Drift times of Agilent tuning mix ions as well as
TMT and iodoTMT were measured at an electric field

https://doi.org/10.1021/acs.jpca.3c01264
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Table 1. Estimated Relative € Differences Based on
Established Scale Factor (See Text for Details)

isotopomer relative Q° (ppm)
TMT-126 0
TMT-127 13+2
TMT-128 33+15
TMT-129 171 + 34
TMT-130 143 + 28
TMT-131 257 + 44
iodoTMT-126 0
iodoTMT-127 S=x1
iodoTMT-128 66 + 2
iodoTMT-129 75 £2
i0doTMT-130 110 + 4
iodoTMT-131 115 £ 3

“Relative to —126 isotopomer

strength of 1.85 V/cm. Q calibration was performed via a linear
fit of the reduced cross section of the Agilent tuning mix ions
(CCS obtained from Stow et al.**) vs their drift times.

2.2. lon Conformational Selection. Conformational
searching was preformed using the Monte Carlo multiple
minimum method (MCMM) and OPLS3 forcefield in the
MACROMODEL software package.”* The resulting structures
were optimized using DFT at the B3LYP/6-31+G* level of
theory”*® with Grimme’s emgpirical dispersion correction
(GD3BJ)?” using Gaussian16.”® Structures were ranked in
terms of their Gibbs Free Energy at 298.15 K. A snapshot of
the global minimum structure for TMT and iodoTMT is
shown in Figure S1. All Q calculations performed for the TMT
and iodoTMT isotopomers in this work used the lowest energy
geometry in terms of Gibbs free energy at 298.15 K since it
closely resembles other low energy structures. While at room
temperature there will be a distribution of structures present
for a given ion, we expect that this likely does not affect the
prediction of the relative differences in €, and we plan to study
the conformation dependence of the isotopomer ions in a
future work.

2.3. Theoretical Approach and Simulations. A
computational approach was developed, which accounts for
the dependence of the rotationally averaged value of € on the
rotational properties of the ion. Generally, the Q,, is

an
calculated using eq S:
2 T
1 .
Qu=—73 f dé x f dgsin ¢ X
4
0 0
2 3 [¢9]
d}/z L X
8| k,T
0 0

o0

—ygz/Zka S

g X

dge

db2b(1 — cos y(0, @, 7, g, b, 1))
. (s)

where 6, ¢, and y represent the Euler angles that define the
orientation of the molecule, g and u represent the relative
speed and reduced mass of the colliding partners, b is the
impact parameter, and y is the scattering angle.” Modifications
to eq S in this work come by adding the dependence of y on
the Mol by sampling the rotational speed (@) distribution of
the ion, during the course of the trajectory, such that the
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deflection angles and collision frequency are sensitive to the
ion’s Mol (I) and rotational temperature (Ty), as discussed
below. As such, while eq S is derived assuming only elastic
collisions, we expect that the effect of energy transfer on the
scattering will be sufficient to provide a relative shift in the
momentum transfer cross section, and thus the overall effect of
inelasticity is discarded for the time being. The gas—ion
interactions are described using 6-12 Lennard-Jones (LJ)
potentials® along with a charge-induced dipole term (eq 6)

N o 12 - 6 2 n 2
i i al ze xi
(=42 [—] ‘[7] SENE

”yz 2
+2F

i i

(6)

Here, 1, is the vector distance from the gas molecule to the ith
atom (N atoms total), o, is the van der Waals radius of the ith
atom, and ¢; is the depth of potential well of the ith atom, with
values for specific atoms® given in Table S2, a is the gas
polarizability (1.7 A® for N,), and x; y, and z; are the relative
position of each individual atom. To validate the global
minimum geometries used in this work, the experimentally
measured € values are compared to the calculated € values
when modeling the potential as described by eq 6 and
employing the T-¢ collision model (described in detail below).
Note that additional terms can be added to eq 6 to account for
additional interactions between N, and the ion such as the
ion—quadrupole interaction and the orientation of the linear
N, molecule.'® These interactions can be important for very
small ions and are thus ignored when calculating the absolute
Q values of the global minimum TMT and iodoTMT
structures. Regarding the evaluation of Q’s dependence on
linear to rotational energy transfer, we model the potential by
only accounting for the contribution due to the Lennard-Jones
potentials and ignore the charge induced dipole term in eq 6.
This is done for computational speed and due to the fact that
we are working with isotopomers, which are identical in 3D
structure. As such, we expect these terms to be identical
between isotopomers and not affect our findings related to the
relative Q differences between isotopomers. The importance of
polarization effects regarding the Q differences of isomers or
other closely related ions will be a subject of future research.
Note in all cases that N, is modeled as a sphere and its
rotational changes are not considered. This is done to simplify
the present calculations and isolate the effect of ion rotation.
Additional effort can be directed toward integrating €
dependence on the rotational properties of both colliding
partners.

The energy transfer to an ion’s rotational degrees of freedom
is accounted for by evaluating the torque applied to the ion by
N, as is shown in eq 7

N
7= Z ;éom,i X E
i (7)
where 7. ;

com, i 18 the distance of atom (i) from the CoM and E,is
the LJ potential evaluated at atom (i). The total force (Fcoy)
exerted on the ion at a given time step is evaluated using eq 8:

N
FCOM = z E
i (8)
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Figure 2. 2D illustration in the X—Y plane (a—f) showing the evolution of a single trajectory using the most accurate thermal ion rotation and
translational to rotational energy (TR-¢) model used in this work, and that accounts for pre- and post-collision effects. The blue sphere represents
the position of N, at each time point, dark blue spheres represent the current position, while the lighter spheres represent the positions from

previous time points.

Table 2. Simplified Overview of Computational Steps Taken during the Course of a Trajectory for the TR-¢, sTR-¢, rT-¢ and

T-e Models Used in this Work

TR-

initialize starting conditions

perform trajectory/evaluate forces adjust:

£

o o
Vgasr Vion Wgas

2 a4 o
Vgasr Viony Wgas

based on @(r) + 7

end simulation and calculate y evaluate:
v;as’ Vo

Q dependence on collision frequency yes

Q dependence on translational to rotational energy transfer yes

oF

gas

sTR-¢ T-¢ T-¢

=0 Ugas and v

R
no description of g,

o o .o
Vgasr Viony Wgas Vgasr Viony Wgas on

adjust: adjust: adjust:

- L N a3 N a3

Vg Viow Wias Ugas aNd Vgon Ugas AN Vpon
based on ®(r) + 7 based on ®(r) based on ®(r)
evaluate: evaluate: evaluate:

oy oy o

Dgagr Vion Dgag vg and v}, ng and v},
no yes no

yes no no

which sums over force exerted across atoms. Through the
inclusion/exclusion of eq 7, we can explore the differences due
to energy transfer to the ion’s rotational modes.

2.4. Collision Models. To understand the contribution of
ion rotation to € and how best to model the contribution, we
use four collision models to explore the relative importance of
collisional frequency and energy transfer between translational
and rotational modes as well as for comparison with
experimental observations. All © calculations are performed
using a temperature of 300 K. While a degree of ion heating
may exist in TW-IMS experiments depending on the
conditions employed, we anticipate that heating effects will
affect the isotopomers nearly equally as their geometries are
identical. Field heating effects are also anticipated to be
negligible as the separations are not dependent on the TW
conditions used.”*

The first model includes ion thermal rotation (T, = 300 K)
as well as the energy transfer to the ion’s rotational modes
during a collision via the evaluation of eq 7 during the
dynamics. This is referred to as the thermal ion rotation and
translational to rotational energy (TR-¢) model. This provides
the most realistic model of the collision event compared to the
other models and presumably is most reflective of experiment.
In this model, the ion freely rotates about its CoM during the
trajectory (Figure 2 provides a simple illustration of several
times for a single trajectory of a TMT isotopomer ion). In
Figure 2a,b, the N, molecule and ion approach one another
with the rotational motion of the ion in the counterclockwise
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direction. Figure 2c shows the time at which the largest
exchange of energy between the colliding partners occurs and
N, is repelled from the ion. For subsequent time points
(Figure 2d—f), both the N, molecule and the ion follow new
trajectories with different velocities. In this case, there is a
change in the ion’s rotational motion (clockwise post-
collision). The partitioning of energy from N, to the
translational and rotational motions of the ion can be evaluated
by comparing the kinetic energy of N, as well as the
translational and rotational energies of the ion before and
after a collision. A rotating molecule will have an increased
collision frequency compared to a non-rotating molecule (and
thus Q to some extent) due to the ‘blurring’ effect described by
Shvartsburg et al.”” Importantly, this first model captures the
blurring effect of rotating ion and the corresponding change in
collisional frequency as well as differences in translational to
rotational energy transfer.

To study the effects of only the translational to rotational
energy transfer (in the absence of collision frequency
differences), we employ a second model, the simplified
thermal ion rotation translational to rotational energy transfer
collision model or sTR-¢ model, which neglects the initial ion
rotation (@ = 0, at the beginning of the trajectory as the ion
and N, approach). The torque exerted on the ion by N, is still
evaluated such that after a collision, the ion rotates in response
to the torque applied by N, (i.e., has a non-zero post-collision
rotational velocity) and the exchange of translational and
rotational energy is accounted for. Since the rotational

https://doi.org/10.1021/acs.jpca.3c01264
J. Phys. Chem. A 2023, 127, 5458—-5469


https://pubs.acs.org/doi/10.1021/acs.jpca.3c01264?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpca.3c01264?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpca.3c01264?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpca.3c01264?fig=fig2&ref=pdf
pubs.acs.org/JPCA?ref=pdf
https://doi.org/10.1021/acs.jpca.3c01264?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

The Journal of Physical Chemistry A

pubs.acs.org/JPCA

Table 3. Average Q Values for TMT-126 and TMT-127 Evaluated on a Non-relative and Relative Scale Using the TR-¢ Model.

isotopomer Q (A% run 1 Q (A% run 2 Q (A% run 3 mean (A?)
TMT-126 161.0774 161.1383 161.0650 161.0936 + 0.0226
TMT-127 161.0944 161.1499 161.0862 161.1102 + 0.0200
AQ 1y 156 0.0170 0.0117 0.0212 0.0166 + 0.0028
isotopomer adjusted Q (A%) run 1 adjusted Q (A?) run 1 adjusted Q (A%) run 1 adjusted mean Q (A?)
TMT-126 (ref) 161.0936 161.0936 161.0936 161.0936 + 0.0000
TMT-127 161.1106 161.1053 161.1148 161.1102 + 0.0028

temperature of the ion is initially 0 K, any differences in
collision frequency due to rotation (and blurring) are ignored
with this model while still accounting for translational to
rotational energy transfer.

The third model employed is the static translational only
energy transfer (T-¢) model, which is akin to that used by the
MobCal packa§e and similar to other approaches for
calculating Q.37% With this model, there is no evaluation of
torque, eq 7, and the dynamics are performed with @ = 0,
which assumes no thermal rotation at the start of a trajectory
and no evaluation of energy transfer to ion rotational modes
during the collision. With this model, the ion retains its initial
orientation for the duration of the trajectory. This model
effectively serves as a control for parsing the effects of energy
transfer and collision frequency. Finally, the rotating-T-¢ (rT-
£) model uses a non-zero initial ion rotation to account for the
‘blurring’ effect on collision frequency, T, = 300 K, but ignores
partitioning of energy to rotational modes (ie., it assumes
perfectly elastic collisions) by ignoring the contributions of
torque, Eq. 7.

Table 2 summarizes the four models and the steps for
computational implementation (taken at the start, during, and
after each collision) for each. At the start of each trajectory
(first row) the initial translational velocities of the ion (v;,,”)
and buffer gas (vgas_) are assigned based on a 20-pt Gaussian-
Laguerre quadrature (see Figure S2) for all models, while
assuming that the velocity of the ion is small enough to be
negligible compared to that of the gas. For the TR-¢ and rT-¢
models, the initial rotational velocity of the ion (w,”) is
assigned using a gaussian random number generator based on a
300 K Boltzmann distribution of rotational velocities. For the
sTR-¢ model, w,,,~ is set to 0. No rotational motion is
considered with the T-e model, which is equivalent to
assuming an infinite Mol for all ions.

After the initial velocities are assigned, a trajectory is started,
and the velocities of both bodies are adjusted based on the
force between the pair at each time step (second row of Table
2) and tracked using a leap-frog integrator.”' The force
evaluated at each time-step for the TR-¢ and sTR-& models
includes the contribution of torque, while the force in the T-¢
and rT-¢ models is simply the sum of the L] interaction
potentials. The computation is repeated until the set trajectory
time limit expires or N, is >20 A from the ion. The post-
collision translational velocities of the ion and N, (v,,," and
Ugas+) are evaluated at a point where there is no longer an
interaction between the colliding pair. The post-collision
rotational velocity is computed for the TR-¢ and sTR-e
models, ®;,,". The deflection angle after a collision is, in all
cases, based on the post-collision velocity of N, (z)gas*) relative
to before the collision (0g,~) (row 3 of Table 2). Once a
trajectory is ended, a new trajectory is initialized with a
different initial ion orientation, ®;,,", Vi, , and impact
parameter, which is sampled quadratically in the range of 0
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to by, (the maximum impact parameter). The value for b,,,, is
defined as the distance where 1 — cos(y) (y being the
deflection angle of the gas molecule pre- and post-collision) is
less than 0.0005 radians, indicating negligible interaction
between the gas and the molecule. The final Q value is
evaluated using eq 5. It is important to note that vy," is
sensitive to the magnitude of energy transfer during the
trajectory, allowing the final deflection angle (y) to act as a
reporter for energy transfer, even though the assumption in eq
S is that the collisions are elastic. Thus, calculation of € from
the y value using different models described above allows us to
explore the two rotational contributions (i.e., collisional
frequency and energy partitioning).

3. RESULTS AND DISCUSSION

The drift tube Q measured values for TMT-126 and
iodoTMT-126 are 180 + 1 and 189 + 1 A2, which is typical
of the best experimental measurements where their accuracy is
no better than 0.5 to 1%. The € values for the global minimum
structures used in this study are calculated to be 179.5 + 0.6
and 192.4 + 1.0 A” using the T-¢ model while including the
polarization term in eq 6. The agreement between the
experimental and calculated values indicates that the global
minimum structures used throughout this study are similar in
Q to the measured values. The remaining €2 calculations below
exclude the polarization term from eq 6 for all models for the
sake of computational speed, which should not otherwise
impact this comparison. Removing this term results in a
decrease in the calculated CCS as long-range interactions are
ignored. As can be seen in Table S3, the calculated CCS for
TMT-126 using the T-e¢ model while excluding the polar-
ization term from eq 6 is ~167 A2, indicating the magnitude of
this term for this ion. As noted above, the absolute Q values
calculated below for all models will be smaller than expected as
they all are performed without the polarization term in the
description of the potential. The focus of this work is to
explore the rotational dependence of €2 through the different
collision models, rather than exploring the accuracy of the
calculated Q value. Again, as we are dealing with isotopomers
that have identical structures, the exclusion of the polarization
should not affect the relative differences in € between
isotopomers for any of the collision models.

€ values for each isotopomer are calculated for each model
using 3 independent runs (N = 3) (Figure S3). Each run
represents an average of 24 independent trials that each
employ 4 X 10*° trajectories at each of the eight relative speeds
sampled. These 72 independent trials (~2.3 X 10" trajectories
for each isotopomer) use different “seeds”, encompassing
different rotational velocities, starting orientations, and impact
parameters. The initial linear velocities are pre-defined with the
quadrature and are identical for all trials (Figure S2). The
incorporation of thermal rotation and energy transfer to
rotational motion will influence the absolute value of Q for a
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Figure 3. (a) Plot of Q for the six TMT isotopomer ions computed using the four models showing the impact of including both thermal rotation
(leading to differences in collision frequency) and energy transfer between translational and rotational degrees of freedom (TR-¢), only including
thermal rotation (rT-¢), only including energy transfer to rotational motion (sTR-¢), and ignoring both properties (T-£). (b) Plot of the
percentage of collisions experienced by TMT-126 isotopomer as a function of the total number of trajectories for the T-¢ and rT-& models, showing

an increase in the collision frequency for the rotating ion.

given isotopomer between models and the precision of the
predictions, e.g.,, the AQ between isotopomers for a given
model. In all cases, the average Q across the 3 trials for the
highest mobility isotopomer is set as the reference value to
which the remaining isotopomers within that model and
isotopomer set are referenced; the values of isotopomer —126
in Table S3 represent these reference values for each model.
Differences in the absolute Q value for a given isotopomer
between models is much larger than the difference between
isotopomers in a given model as will be discussed below. To
obtain the Q values for the remaining isotopomers within a
model, we calculate the average difference between the
reference Q and each of the remaining isotopomers for each
run as is demonstrated in detail in Figure S3. An example of
this is provided in Table 3, where the € values are provided for
TMT isotopomer —126 and —127 evaluated using the TR-¢
model. The first two rows list the mean values evaluated for
each run as well as the mean and the standard error of the
mean across the 3 runs. The third row lists the difference
between the two isotopomers for each run — recall that within
a run, isotopomers are sampled over identical conditions;
between runs, the sampled conditions differ slightly due to the
use of different “seed” values. The mean difference here
represents the relative increase in € of —127 relative to —126
along with the standard error of the mean difference for the
isotopomers across runs. The last two rows show the € values
obtained when shifting each run to a common reference. This
is done by setting the mean value of TMT-126 across the 3
runs as the common reference value. The adjusted € values for
TMT-127 are then evaluated by adding the difference between
TMT-127 and TMT-126, for each run, to the common
reference value. In this manner, Q differences due to slightly
different sampling conditions between runs are normalized
such that differences in € are only due to the differences in
collision frequency and translational to rotational energy
transfer. The new average £ value and its standard error
associated with TMT-127 represents the magnitude of the
increase in € relative to —126 as well as its uncertainty. This
process is repeated for all isotopomers within a given model. In
this manner, we are able to isolate the differences between
isotopomers and the precision with which € can be predicted
(i.e., the AQ of —126 (reference) and —1xx). The associated
error for the calculated € values is represented using the
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standard error (SE), 6/sqrt(N), of the mean Q or mean AQ
(when plotted on a relative scale). The SE is chosen as each
trial (N) samples over different orientations and rotational
speeds (TR-¢ and rT-¢ models), where the SE represents how
far the mean of a given trial differs from the mean across all
trials.

Figure 3a plots the Q values for all TMT isotopomers
predicted using the four models and reveals that each model
yields a somewhat different value of Q for the TMT
isotopomers. The Q values for all four models are provided
in Table S3 along with the values for the iodoTMT
isotopomers. At this level of analysis, all isotopomers behave
similarly as small differences in € between isotopomers
because their slightly different CoM and Mol (effecting
collision frequency and energy transfer between modes) are
much smaller (~0.06 A*) compared to the ~2—3 A* difference
between models. The difference in € for a given isotopomer
between models is of interest as it provides insight on the
consequence of ignoring ion rotation and the inelasticity of
collisions on the € prediction accuracy. For example, in
comparing the two models that do not account for energy
transfer to rotational motion (T-¢ and rT-¢), we see an ~2 A?
difference in the predicted Q for all isotopomers. The simplest
T-& model (and by far the most broadly used with IMS for Q
computation) only considers translational modes of the
collision partners, while the rT-& model allows for the thermal
rotation of the ion. The increase in € predicted with the rT-¢
model is a consequence of the increased collision frequency
due to the blurring effect. This can be explicitly observed in
Figure 3b, where the collision percentage (# of collisions/# of
trajectories X 100) for the T-¢ and rT-¢ model is plotted as a
function of the first 7.2 X 10*® trajectories. By modeling the
thermal rotation of the ion, we see that the number of
collisions experienced is about 0.06% higher compared to its
non-rotating counterpart, leading to the observed increase of 2
A% in Q between models. A similar increase in £ can be
observed when comparing the two models, which do account
for energy transfer to rotational degrees of freedom (sTR-¢€ and
TR-¢) in Figure 3a. The TR-¢ model, which does allow for ion
thermal rotation, yields 2 values that are increased by 3 A*
compared to the sTR-& model, which ignores ion thermal
rotation. Thus, in both cases for the TMT structure, when
thermal rotation is added, there is a corresponding increase in
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Figure 4. Relative change in Q between TMT (a) and iodoTMT (b) isotopomers in terms of ppm as calculated by the four models.

the predicted €. For iodoTMT, this effect is less pronounced
where the T-¢ and rT-€ converge to nearly the same values, see
Table S3. The less pronounced effect of collision frequency on
Q for iodoTMT is related to its more spherical geometry
compared to the TMT geometry (Figure S1), which is
consistent with what would be expected from the work of
Shvartsburg et al.*”

Note that there is a further difference in € caused by the
incorporation of energy transfer to rotational motion. For
example, the TR-€ and rT-¢ models both account for thermal
rotation. However, the rT-& model ignores energy transfer to
rotational motion while the TR-¢ does not. As a result, the Q
values predicted using the TR-¢ model are ~8 A? smaller than
those predicted using the rT-¢ model for TMT. A similar trend
is observed for iodoTMT where the difference in the Q value
for the rT-¢ model is ~5 A larger than what is predicted using
the TR-e model. This arises from the collisional energy
relaxing into the rotational modes and a corresponding
decrease in the collisional energy damping the translational
motion of the ion. This is again seen in comparing the T-& and
sTR-& models, both of which ignore thermal rotation but the
sTR-& model accounts for energy transfer to rotational motion.
The Q values predicted with sTR-¢ model are ~9 and ~ 6 A*
smaller than those predicted with the T-¢ model for TMT and
i0doTMT, respectively. In both cases, there is a corresponding
reduction in the predicted Q value when energy transfer to
rotational motion is considered. Interestingly, the effect of
translational to rotational energy exchange has a more
pronounced effect on the value of € compared to the effect
of collision frequency (compare difference in Q between sTR-¢
and T-¢ vs T-¢ and rT-¢). When the energy transfer to
rotational motion is ignored, it effectively models the Mol of
the ion as infinite and assumes no partitioning of energy to the
ion’s rotational motion, e.g, there is no coupling of
translational to rotational energy. In reality, it appears that
the Mol of ions of this molecular weight (~ 500 amu, and size
~160—180 A”) is low enough where there can be sizable
contributions to £ via energy transfer to rotational motion.

Overall, the general trends in the predicted € values
between the four model is consistent with our expectations.
The rT-¢ model tends to yield larger values of €, as it accounts
for the increased collision frequency of a rotating ion but
assumes that there is no energy transfer to the rotation motion
upon a collision; while the sTR-& model predicts the smallest
values of € as it assumes a non-rotating ion while accounting
for energy transfer to rotational motion during a collision
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event. Between models, the € value for a given isotopomer
changes depending on the description of the collision process.
While the focus of this work is not on the accuracy of the
calculated € values, the data provided in Figure 3a is of
interest regarding the use of LJ potentials. L] potentials for
collisions with N, are obtained by adjusting previously
determined ¢ and & values to minimize the error between
calculated Q values, using collision models most similar to the
T-& model described in this text, and experimentally measured
values for several compounds ranging in size and mass."® The
comparison in Figure 3a shows that the calculated € will
change if the collision dynamics account for the rotational
properties of a given structure. As such, it can be expected that
the L] parameters would have to be reparametrized when using
a collision model, which accounts for rotational properties such
that the calculated € value would be consistent with measured
Q values for systems with well-defined geometries, e.g., C60. In
this regard, the accuracy of € predictions should be further
investigated and benchmarked to experimental measurements
as currently most € calculations ignore both the thermal
rotation and energy transfer to rotational modes.

The relative Q shift between isotopomers predicted by the
TR-¢ (red), sTR-¢ (blue), T-¢ (gold), and rT-¢ (purple)
models are plotted in Figure 4a,c. The values plotted here are
identical to those provided in Table S3; however, the € values
are plotted on a relative scale in terms of a ppm shift relative to
the —126 isotopomer ((Qp — QR126)/Q1s6) X 1 X 10*, for
ease of comparison. The most rigorous TR-¢ model clearly
shows significant differences in relative € shift between
isotopomers; i.e., the AQ between —126 and —Ixx for both
the TMT and iodoTMT isotopomers. The average SE of the
mean of these values across isotopomers is approx. +0.0047%
(approx. +47 ppm) and approx. +0.0024% (approx. +24
ppm) for TMT and iodoTMT, respectively. The SE of the
mean value decreases as the number of trajectories is increased
(relationship of 1/sqrt(trajectories); however the value to
which the mean converges has an accuracy limited by the
description of the collision interaction. In contrast with the
TR-¢ model, the T-¢ model is fundamentally limited by its
description of collision process and cannot predict Q
differences between isotopomers. This is explicitly demon-
strated in Figure 4a,c where there are no significant differences
in Q predicted with the T-&¢ model (gold diamonds) between
isotopomers of TMT and iodoTMT. Note that the number of
trajectories and the sampled conditions between the T-g and
TR-¢ models are identical, indicating that the lack of resolution
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Figure S. Comparison of the relative magnitude of € shifts between isotopomers calculated using the TR-e¢ and sTR-¢ models to the
experimentally estimated Q shifts using the scale factor method discussed in the text for TMT (a) and iodoTMT (b). Comparison of the relative
differences in arrival time and computed Q values computed using the TR-¢ and sTR-¢ models on a normalized scale for TMT (c) and iodoTMT

).

within the T-& model is not due to an insufficient number of
trajectories performed but rather an insufficient description of
the collision process. Since the T-¢ model only describes the
exchange of linear momentum, it cannot account for Q
differences related to rotation, in contrast to the TR-£ model’s
more accurate description that allows the isotopomers to be
distinguished.

The rT-¢ model (purple) provides insight into the
contribution of collision frequency or the ‘blurring effect’ on
the relative € values between isotopomers. For both TMT and
i0odoTMT, there is virtually no difference in the relative €
values when only collision frequency is considered, indicating
that the blurring effect differences have less impact than
differences in energy transfer between translational and
rotational modes, for isotopomers. Larger changes in CoM
and Mo], e.g, in the case of isomers, may result in a larger
contribution of the blurring effect on Q differences. The
negligible contribution of collision frequency on £ differences
shown here however is consistent with the similar predictions
between the TR-¢ and sTR-¢ models as the sTR-e¢ model
assumes an identical number of collisions between isotopomers
while accounting for differences in energy partitioning between
isotopomers. The slight differences between these models (e.g.,
magnitude of the Q shift of —1xx to the reference —126
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isotopomer) is most likely related to how the collision
energetics are modeled: in the sTR-¢, the relative translational
speeds of the ion and N, gas is set using the quadrature and the
rotational velocity of each isotopomer is set to zero pre-
collision such that the starting kinetic energy of all isotopomers
are identical. In the TR-¢ model, the differences in rotational
velocities are accounted for pre-collision as each isotopomer
has an assigned rotational velocity based on its Mol and thus
slightly different kinetic energies. As a result, the energetics of
each collision differs between isotopomers when the rotational
velocity differences are explicitly accounted for, which may
further influence the translational to rotational energy transfer
between N, and a given isotopomer. These differences are
ignored in the sTR-& model. Overall, however, we find that the
Q differences between isotopomers are largely dependent on
differences in energy transfer rather than collision frequency.
Furthermore, the relative shifts between isotopomers agree
fairly well between both models indicating that predictions can
be made with the sTR-¢ model, which is about 10X more
efficient computationally.

The relative shift in € between the —126 and —131
isotopomers is estimated to be ~450 ppm for TMT and
between 200 and 280 ppm for iodoTMT depending on the
model employed. The experimental Q differences obtained via
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calibration using the scale factor, as described above, are
plotted with black squares in Figure Sab for TMT and
iodoTMT and are compared to the calculated Q differences
obtained using TR-¢ are sTR-¢ models (values provided in
Table S4). Overall, the comparison between the estimated and
calculated € differences demonstrate a good level of
agreement. Calibration using the scale factor is anticipated to
result in an underestimation of the magnitude of the Q
differences between isotopomers. We do not however expect
the actual € differences between isotopomers to differ
significantly from this estimation due to the fact that the
separation between —131 and its [M + 1] + isotopologue is of
a similar magnitude (0.5X) to the maximum separation
between isotopomers for a given set. Thus, we estimate that
the Q differences obtained via calibration using the scale factor
are within a factor of about 2 to their actual values. Consistent
with this, the calculated mobility differences (using the TR-
and sTR-¢ models) are consistently larger than what is
estimated using the scale factor but all fall within a factor of 2—
3X from the estimated Q differences from the scale factor.
For reference, the Q differences between the —131
isotopomer and its [M + 1] + isotopologue were also
calculated using the sTR-¢ model (averaging over its four
possible isotopomers, see Figure 1) such that calculated Q
differences can be compared to the Q differences anticipated
based on the change in reduced mass alone. The calculated
differences between the —131 isotopomer and its [M + 1] +
isotopologue are 169 and 143 ppm for TMT and iodoTMT,
respectively. Compared to the calculated € differences of 108
and 66 ppm based on the reduced mass alone (values provided
in Table SS), it appears that the AQ between the —131
isotopomer and its [M + 1] + isotopologue differs by about
two-fold from when the rotational properties are considered.
While additional experimental efforts are needed to better
calibrate the CCS differences more accurately over this small
mobility range, this initial calculation of the absolute Q
differences between isotopomers appears reasonable.
Alternatively, rather than gauging the relative magnitude of
the Q differences between isotopomers, one can compare how
well the relative € differences can be predicted. As seen above,
to compare the magnitude of the calculated differences, the
mobility scale must be calibrated in an accurate manner, which
at this time we can only provide an estimate of that scale. Thus,
we provide an alternative comparison using the relative arrival
times and the calculated € differences on a normalized scale.
For this comparison, we assume the differences in arrival times
to be linearly correlated to differences in € over the small
mobility range. In this comparison, the arrival time shifts
(Table S1) are normalized, as done previously,”*** by linearly
shifting the arrival times of all isotopomers such that the arrival
time of the highest mobility isotopomer is set to zero. The
adjusted arrival times are then normalized to the adjusted
arrival time of the lowest mobility isotopomer. A similar
procedure is done for the calculated € values. A comparison of
the experimental (black squares) and calculated normalized
shifts, using the TR-& and sTR-¢ models, in Q are plotted in
Figure 5¢,d for TMT and iodoTMT, and values are provided
in Table S6. In performing this comparison, we are able to
address how well the relative shifts in € between isotopomers
—127 through —130 can be calculated with both computa-
tional models. In this comparison both models appear to
effectively reproduce the relative changes in Q between
isotopomers. For the TMT isotopomer set (Figure Sc), the
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sTR-¢ model predicts the relative change in € with near
perfect agreement, where the relative difference in €2 for TMT-
130 is slightly under predicted. The TR-¢ model shows a
slightly worse agreement, where the relative  of TMT-127 is
predicted to be slightly higher than the experimental relative
difference in arrival time and the relative Q value of TMT-129
is slightly under predicted. Overall, however the deviation is
small and the overall trend between the relative computed Q
values agrees well with the relative differences in experimental
arrival times. For the iodoTMT isotopomer set (Figure 5d), we
see that within the error of the experimental relative
differences, the computed relative differences in Q are all in
agreement for both collision models. Determining the
magnitude of Q differences is indeed important and will be
useful for future high-resolution separation; however, in this
current work we demonstrate that the relative differences in Q
can be accurately predicted (normalized scale) and the
calculated magnitude of the differences, to our best estimation,
may deviate by a factor of ~2.5 from their actual values.

4. CONCLUSIONS

Experimental Q differences (estimated to be $50—450 ppm)
between isotopomers (same mass and 3-D structure; differing
only in the distribution of mass) can be observed but cannot
be accounted for using traditional approaches of calculating €2.
To account for the differences in €, we have developed an
approach for high-precision € calculations that accounts for
Qs dependence on the ion’s rotational properties (Mol and
CoM). In doing this, we explicitly account for the increases in
collision frequency for an ion undergoing thermal rotation as
well as the energy partitioning between translational and
rotational degrees of freedom upon an ion-neutral collision.
We find that by accounting for the thermal rotation of an ion, a
corresponding increase in € may be observed depending on
the ion geometry, which can be rationalized by an increase in
the number of collisions the ion experiences. We find however
that differences in collision frequency alone do not account for
Q differences between isotopomers, indicating that the change
in collision frequency between the isotopomers of a given set is
negligible. Our results further support that the main cause of Q
differences between isotopomers is related to the difference in
the energy partitioning between translational and rotational
degrees of freedom. Differences in the Mol between
isotopomers influences the amount of energy exchanged
during a collision between the jon and buffer gas, which
directly impacts the momentum transfer cross section, which is
dependent on the amount of momentum exchange between
colliding partners per unit time.

Experimentally, it has been demonstrated that € differences
of <50 ppm are readily discernable (such small differences in
Q are driven by the difference in rotational properties as the
3D structures are identical), while computationally, a similar or
better level of precision is obtainable. We find that the relative
change in Q (i.e., relative increase from one isotopomer to
another) between isotopomers can be predicted accurately
with a high level of precision when a low energy structure is
used for the calculation of AQ. The predictive capability
demonstrated here will prove useful as the number of
ultrahigh-resolution and, more specifically, ultrahigh-precision
IMS measurements increases. The separations observed at
lower resolutions are indeed driven by conformational
differences between ion species. However, separations
observed with path lengths of several hundreds of meters for
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multipass separations need to be accounted for using more
sophisticated collision dynamics as detailed in this work.
Separations in which ions that begin to resolve after hundreds
of meters of TW separation will be influenced by their
differences in rotational properties. The ability to accurately
predict these relative shifts and even their magnitude will prove
useful for the identification of compounds that have highly
similar mobilities. The predictive capabilities demonstrated
here as well as the precision of the IMS measurements show
promise for the coupling of ultrahigh-resolution ion mobility
spectrometry and € predictions to distinguish between and
identify structurally similar isomers and conformers based on
their relative mobility differences. The ability to quickly,
precisely, and accurately predict differences in Q between sets
of candidate structures may prove useful for high-confidence
molecular annotation.
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