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Abstract

The unexpected finding that isotopomers (i.e., isotopic isomers) can be separated with
high-resolution ion mobility spectrometry-mass spectrometry (IMS-MS) has raised new structural
considerations affecting an ion's mobility—namely, its center of mass (CoM) and moments of
inertia (Mol). Unfortunately, thus far, no studies have attempted to experimentally isolate either
CoM or Mol, as they are intrinsically linked by their definitions, where Mol is calculated in relation
to CoM. In this study, we designed and synthesized four isotopically labeled
tetrapropylammonium (TAA3) ions, each with unique mass distributions. Three of the synthesized
TAA3 ions were labeled symmetrically, thus having identical CoM but differing Mol, which we
verified using density functional theory (DFT) calculations. Consequently, we were able to isolate
the effect of Mol changes in high-resolution IMS-MS separations. Cyclic ion mobility spectrometry-
mass spectrometry (cIMS-MS) separations of the isotopically labeled TAA3 variants revealed
isotopic mobility shifts attributable solely to changes in Mol. A 60-meter cIMS-MS separation
demonstrated that two nominally isobaric TAA3 pseudoisotopomers could be partially resolved,
showcasing potential feasibility for isotopomer separations on commercially available IMS-MS
platforms. With our previously established collision cross section (CCS) calibration protocol, we
also quantified the relationship between Mol and CCS. Our results represent the first
demonstration of IMS-MS separations based solely on Mol differences. We believe these findings
will contribute important evidence to the growing body of literature on the physical nature of

isotopic shifts in IMS-MS separations and work toward more accurate CCS predictions.



Introduction

lon mobility spectrometry coupled to mass spectrometry (IMS-MS) is an analytical
technique where ions are separated in the gas phase under the influence of an electric field by
their size, shape, and charge (i.e., their ion mobilities)." 2 In recent years, the development of
traveling-wave based IMS-MS platforms (e.g., structures for lossless ion manipulations, SLIM and
cyclic IMS, cIMS) has enabled much longer pathlength separations to be possible, and thus has
enabled tremendous increases in achievable resolution.>® These high-resolution IMS-MS
separations have enabled advances in omics-based analyses specifically as related to isomers
with subtle structural differences often on the order of <1% differences in their rotationally-
averaged ion neutral collision cross sections (CCS).%13

More recently, high-resolution IMS-MS platforms have begun to study the effects of mass
distribution (i.e., changes in center of mass, CoM, and moments of inertia, Mol) in the separations
of isotopologues and isotopomers.'?* Previous work focused on naturally-occurring
isotopologues (e.g., *C, *'Cl, and 8'Br) as well as molecules that were derivatized with stable
heavy isotopes.'?* It has been demonstrated that these mass distribution-based isotopic shifts
can be isomer and conformer specific in nature as well as orthogonal to CCS thus potentially
providing analytical utility through a two-dimensional approach for unknown characterization.?>-?"
Additionally, computational work has demonstrated good agreement between simulated rotational
effects in IMS-MS and experimental results of mass distribution-based isotopic shifts.?3 2°

However, while it has been established that mass distribution is the cause of these
observed isotopic shifts, a more comprehensive understanding of the roles that both center of
mass (CoM) and moments of inertia (Mol) play has been difficult to deconvolute. The primary
obstacle is the intrinsic relationship between CoM and Mol, where Mol is calculated in relation to
CoM. To overcome this, we designed and synthesized a system of isotopomers to have perfectly

symmetrical isotopic labeling in their ionized form, resulting in sets of isotopomers that have the



same CoM but different Mol, thus allowing us to experimentally isolate the effect of Mol with high-

resolution cIMS-MS separations.

Experimental Section

Reagents, Conditions, and cIMS-MS Parameters.

Tetrapropylammonium (TAA3), ammonia and ammonia-"°N solutions (both in methanol),
and 1-Bromopropane-2,3-*C, were purchased from Sigma-Aldrich (Milwaukee, WI, USA). All
deuterated forms of 1-Bromopropane were purchased from CDN Isotopes (Quebec, Canada).
LC-MS grade solvents were purchased from Fischer Scientific (Pittsburg, PA, USA). Stock
solutions for TAA3 and its isotopologues/isotopomers were prepared in 100% methanol. Each
analyzed sample was diluted to a final concentration falling between 1 and 5 pM in
49.75/49.75/0.5 (v/v) water/methanol/acetic acid. Final concentrations for each isomer varied to
ensure that the total signal intensity was approximately 1e4 to reduce detector saturation and
potential unwanted space-charge effects. The Waters cyclic ion mobility spectrometry-mass
spectrometry (cIMS-MS) system (Wilmslow, UK) used in these experiments is commercially
available and has been described in previous publications.® 3 Briefly, each sample was subjected
to positive ion mode electrospray ionization (2.5 kV) with a flow rate of 2 uL/min. A quadrupole
was used to isolate the desired m/z range, which encompassed the desired
isotopologues/isotopomers of interest in each respective separation. lons were separated around
the 1 m cIMS separation region by pulsed DC traveling waves in nitrogen buffer gas at a pressure
of 1.74 mbar. The cIMS array allows ions to be cycled multiple times around the separation region,
increasing the IMS resolution and resolving power. After the cIMS separation, ions were ejected
to the TOF-MS, operated in V-mode, for detection. All arrival time distribution data was m/z

extracted using our TOF-MS.



Synthesis of TAA3 Isotopologues and Isotopomers

To synthesize the TAA3 isotopomers, the general procedure for the direct alkylation of
ammonia was followed.®'- 32 0.2g (1.6 mmol) of 1-Bromopropane-1,1-d,, 1-Bromopropane-2,2-d,
or 1-Bromopropane-2,3-'3C, respectively was added to 20 uL of 2.0 M ammonia in methanol
within a microcentrifuge tube (see Figure S1 for reaction schematic). The sample was then diluted
with methanol to a final volume of 500 uL and heated at 50 °C in a sealed tube for 24 hours. After
subsequent heating, any evaporated methanol was replaced to give a final volume of 500 uL. For
the asymmetrically labeled TAA3-"°Nd, a 3:1 ratio of unlabeled 1-Bromopropane-d; was reacted
with "®NH; to produce labeling on a single leg. Each synthetically produced, labeled isotopomer
was then diluted to give similar intensities as the unlabeled TAAS isotopologue. We note that any
potential side products are non-isobaric to our product of interest and thus can be differentiated

by m/z.

Data Processing and CCS Calculations

Data was acquired using MassLynx and Quartz. Signal averaging was performed for 3
minutes for all 20-meter data and 2 minutes for the calibrants used in CCS calibration. For the 60-
meter separation of the mixture of (1,1-d2)s-TAA3 isotopomer and 2,3-"3C,-TAA3, 10-minutes of
signal averaging was used with a subsequent 10-point Savitsky-Golay smooth to produce the
arrival time distribution. All other arrival time distributions shown were constructed by using raw
signal averaged data with no additional smoothing or data processing. Origin 2020 was used to
generate a best-fit Gaussian distribution which calculated the peak apexes (i.e., arrival times).
We would like to emphasize that the Gaussian fitting to determine arrival times was always
performed on the raw, unsmoothed data. Relative arrival time values (tre.) values were
determined using Equation 1 where theavy and tigh: refer to the arrival times of the heavy and light

isotopologues. Relative arrival times were averaged across three trials on three different days for



all compounds. It is important to note that the use of tre. based analysis is suitable for
isotopologues/isotopomers present within a mixture, as demonstrated in previous publications,

and results in higher precision than what is possible from individual absolute arrival times.252": 2

trer.(%) = (t"—y — 1) X 100 (1)

Liight

CCS values were calculated with our previously established method involving the use of
average ion velocity.®® Specifically, a calibration curve was produced by three independent trails
of unlabeled tetraethylammonium (TAA2), TAA3, and tetrabutylammonium (TAA4) at a pathlength
of 4 m (see Supporting Information Figure S2). Arrival times were adjusted to account for the time
ions spent outside of the cyclic mobility region (i.e., to/dead time); this calculation has been
explained in previous publications.?* 3° The apex of the arrival time peaks for each unlabeled TAA
and CCS values were converted into average ion velocities and reduced CCS values,
respectively. To calculate the CCS values for the TAA3 isotopologues and isotopomers, we first
averaged the arrival times for the unlabeled (do) to generate an average tignt value across all 12
trials. From there, we used the experimental tre. values and the average tign value to generate
average theawy Vvalues and their corresponding errors from triplicate trials for the TAA3
isotopologues and isotopomers. These theavy Values were converted into average ion velocities,
then CCS values through our calibration curve. For a detailed workflow and example calculation
for converting trel. values into CCS values and their respective errors, please see Figures S3 and

Table S2 in the Supporting Information.

Computational Details

The structures of all TAA3 compounds were modeled using density functional theory

(DFT). Each structure was calculated at the B3LYP level of theory with basis set 6-311G ++ using



the Gaussian 16 software package.*® This level of theory has been previously used for DFT
optimized structures of ammonium salts in the gas phase.®” Mol values were pulled directly from
Gaussian 16 outputs, where they are calculated as part of the vibrational analysis.’® CoM
calculations were performed using the DFT optimized xyz coordinates and atomic masses. For
the gas phase structure and xyz coordinates, please see Figures S4 and Table S4 in the
Supporting Information. Our CoM calculations assume that the atomic positions of the
isotopomers are identical. It should be noted that minor shifts in the atomic positions could be
possible based on the isotope effect. However, any shifts in CoM resulting from this would be

negligible in magnitude and are thus not accounted for in these experiments.

Results and Discussion

Synthesis of TAA3 Isotopomers

Our simple, one step, reaction to generate isotopomers uses isotopically labeled alkyl
halides (i.e., 1-Bromopropane-1,1-dz). Therefore, our synthesized products relied on which alkyl
halides were commercially available. We found that the TAA3 system would offer the greatest
flexibility in the number of isotopomers and pseudoisotopomers that could be generated, where
isotopic labels are on different atoms such as *C versus 2H (d). From the available isotopically
labeled reagents, there were no other possible isotopomers or pseudoisotopomers that could be
synthesized using direct alkylation other than the ones presented in this work. We initially tested
our methodology by performing the reaction of unlabeled 2-bromopropane with NHz where we
observed the expected [M]* peak of TAA3 at m/z 186.22. After validating our procedure, we
repeated it with two deuterated versions of 1-Bromopropane (1-Bromopropane-1,1-d> and 1-
Bromopropane-2,2-d;) to generate two TAA-ds isotopomers (see Figure 1). In addition to the two
isotopomers, we also generated two pseudoisotopomers, one with a '*C labeled version of 1-

Bromopropane (1-Bromopropane-2,3-'3C;), and another with a mixture of fully deuterated 1-



Bromopropane-d; and unlabeled 1-Bromopropane reacted with 'SNH; to give a TAA3-'SNd-

pseudoisotopomer (see Supporting Information, Figure S2).
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Figure 1. Synthesis scheme and structures of TAA3-(1,1-d2)s and TAA3-(2,2-d)+ isotopomers.

Structures, Mol, and CoM Calculations for TAA3 Isotopomers

After synthesizing the desired isotopomers and pseudoisotopomers according to the
procedure outlined in the Experimental Section, we performed computational analyses. We began
with two goals in mind: 1) verify that the three symmetrically labeled configurations, TAA3-(1,1-
d2)s, TAA3-(2,2-d2)4, and TAA3-("3C,)4, had identical CoM and 2) quantify the differences in Mol
between the various structures relative to the unlabeled TAA3 isotopologue. We found that the
CoM stayed at the center of the molecule (i.e., at the coordinates of the nitrogen) for all species
except TAA3-"Nd7, which exhibited a CoM shift approximately 1% of the molecule length, as
expected from the asymmetric labeling. The Mol for each isotopomer and pseudoisotopomer was
also calculated as part of the vibrational analysis and given in the output file of the structure
calculation.® Changes in Mol can be observed in one or more of the Iy, lyy, and |, axis. Therefore,

to directly compare changes in Mol between isotopomers, the three values were summed then



divided by the unlabeled TAAS3 isotopologue, giving summed relative inertia values (relative Zinertia)

as displayed in Figure 2.

A RO
AU FREHT L

Unlabeled TAA3 TAA3-(1,1-d,), TAA3-(1,2-13C,), TAA3-15Nd,
Center of Mass Moment of Inertia

Species m/z X (A) Y (A) Z(A) Relative X, ia
Unlabeled TAA3 186.22 0.00 0.00 0.00 1.000
TAA3-(1,1-d,), 194.27 0.00 0.00 0.00 1.024
194.27 0.00 0.00 0.00 1.044
TAA3-(1,2-13C,), 194.25 0.00 0.00 0.00 1.059
TAA3-15Nd, 194.26 -0.07 -0.08 0.00 1.054

Figure 2. Structures and CoM/Mol values for TAA3 isotopomers and pseudoisotopomers.

cIMS-MS Separations of TAA3 Isotopomers and Pseudoisotopomers

After synthesizing the isotopically labeled variants of TAA3 (i.e., TAA3-(1,1-d2)s, TAA3-
(2,2-d2)s, TAA3-(1,2-3C;)4, and TAA3-"°Nd7), we performed cIMS-MS separations for each of
them in a mixture with the unlabeled TAAS3 isotopologue at a total pathlength of 20 meters (Figure
3). From these separations, we calculated the observed tre. values using Equation 1 and
compared them amongst every synthesized isotopomer/pseudoisotopomer. From our cIMS-MS
separations and theoretical modeling calculations (Figure 2), we globally observed that increases
in Mol introduced larger isotopic shifts (i.e., larger tre. values). For example, from Figure 3, the
TAA3-(1,1-d2)4 isotopomer with a lower calculated change in Mol had a tre. value of 0.41% relative
to the unlabeled TAAS3 isotopologue, while the TAA3-(2,2-d2)s isotopomer, with the larger

magnitude change in Mol, had a larger observed tre. value of 0.67%. This was also evident when



analyzing the TAA3-(1,2-"3C,)s isotopomer, which has the highest calculated Mol, and displayed
a trel. value of 0.82%, which is approximately double that of the lowest calculated Mol, TAA3-(1,1-
d2)s species. For the asymmetric isotopomer (TAA3-"°Ndy>), it had a tre.. value of 0.82%, identical
to that of the TAA3-(1,2-"3C,)4 isotopomer, despite its considerable shift in CoM, approximately
1% of the molecule’s length. This observation suggests that the cumulative effect of Mol and CoM

on TAA3-"°Nd; shift is equivalent to that of Mol alone on TAA3-(1,2-"3C2)a.
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Figure 3. 20 m cIMS-MS separations of TAA3 isotopomers and pseudoisotopomers in a mixture
with the unlabeled TAA3 isotopologue at traveling wave conditions of 650 m/s and 20 V.

Based on the observed differences in tre. values between TAA3-(1,1-d2)s and TAA3-(1,2-
3C,)s shown in Figure 3, we thought that it may be possible to resolve these two
pseudoisotopomers at an extended cIMS-MS separation pathlength. Additionally, since TAA3-
(1,1-d2)s and TAA3-(1,2-"3C,)4 are pseudoisotopomers (i.e., do not have identical m/z values; see
Figure 2), they are resolvable in the m/z dimension. At a cIMS-MS separation pathlength of 60

meters (Figure 4), we observed that these two pseudoisotopomers (i.e., TAA3-(1,1-d2)s+ and
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TAA3-(1,2-"3C,)4) could indeed be resolved based on their respective differences in moments of
inertia. Interestingly, this echoes our previous results with 4-iodoaniline where we observed an
inverse arrival time order for deuterated isotopologues (i.e., where the heavier isotopologue
arrives before the lighter one).? In this instance, the mass difference is marginal, with TAA3-(1,1-
d2)s being approximately 23 mDa heavier than TAA3-(1,2-"3C,)s. However, this still presents a
notable example where the mass distribution-based shift stemming from changes in moments of

inertia can overcome reduced mass contributions.
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Figure 4. 60-meter cIMS-MS separation of the TAA3-(1,1-d2)s (m/z 194.27) and TAA3-(1,2-"3C;)4
(m/z 194.25) isotopomers as their [M]" at the same traveling wave conditions in Figure 3. The
black trace represents the mixture, while the dashed traces are the overlaid individual species.
Differences in intensity are attributed to varying reaction yields.

Correlating Moments of Inertia and Collision Cross Section Values

From our theoretical calculations of changes in moments of inertia from Figure 2, the cIMS-
MS separations, and corresponding tre. values in Figure 3, we qualitatively observed that
increases in moments of inertia resulted in greater tre. values (i.e., larger changes in Mol resulted
in higher resolution of the labeled TAA3 isotopomers from the unlabeled TAA3). However, we
were interested in quantifying this relationship; specifically, we wanted to understand how our

observed changes in Mol are reflected in differences amongst CCS values between
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isotopomers/pseudoisotopomers. To do this, we used our previously established CCS calibration
method involving the use of average ion velocities which enables CCS to be derived from ions
subjected to varying cIMS-MS separation pathlengths (see Experimental Section and Supporting
Information).®® We would like to mention that this work, along with our previous work in the area
of isotopic shifts, have demonstrated ultrahigh precision in our calculated tre. values as compared
to the precision that can be obtained from raw arrival times of an individual molecule.?>?
Additionally, others have recently reported SLIM-based separations which showed approximately
an order of magnitude lower standard deviations in their reported ACCS values compared to that
of raw CCS values.?® Thus, we envision that our calculated cIMS-MS-based CCS values also
have high precision, but we do acknowledge that there may be some uncertainties in the absolute
CCS based on the drift tube CCS calibrant values used.

Thus, instead of plotting raw CCS values, we chose to plot our calculated percent ACCS
values for the TAA3 isotopomers and pseudoisotopomers relative to the unlabeled TAA3
isotopologue versus the relative moments of inertia values from Figure 2. In Figure 5, we observed
a linear relationship with an R? value > 0.99 between our percent ACCS values and calculated
changes in moments of inertia. While the theoretical relationship between Mol and CCS may not
be linear (i.e., potentially reaching an asymptote), this system, and almost any other realistic
system, of isotopomers are in a narrow enough mobility range and thus we would expect a linear
relationship. As expected, the TAA3-'°Nd- isotopomer falls off our linear trendline because of its
changes in both center of mass and moments of inertia. Overall, Figure 5 highlights the good
agreement between our experimental measurements (i.e., trel. values and percent ACCS) and the
theoretical changes in moments of inertia introduced by isotopic labeling. From this data, we can
estimate that the pseudoisotopomer separation shown in Figure 4 represents a ACCS value of ~
0.18%. We attribute our observed relationship, where increases in Mol lead to increases in CCS

for isotopomers, results from changes in rotational degrees of freedom, which dictates the transfer
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of translational and rotational momentum. More specifically, higher Mol isotopomers result in

collisions with greater transfer of translational to rotational momentum, resulting in lower

mobilities. 28

. R? =0.9978

1.02 1.03 1.04
Relative Z;,c tia

1.05

1.06

Species Rg'at"’e ACCS (%)
inertia
TAA3-(1,1-d,), 1.024 0.579 + 0.005
1.044 0.688 + 0.008
TAA3-(1,2-13C,), 1.059 0.756 + 0.009
TAA3-Nd, 1.054 0.753 + 0.009

Figure 5. Correlation of theoretical Mol (Relative Zinertia) and ACCS for the TAA3 isotopomers and

pseudoisotopomers.

Conclusions

While previous work in the area of isotopic shifts in high-resolution ion mobility separations

has indicated that these shifts stem from changes in mass distribution, it was unclear whether

contributions from center of mass and moments of inertia could be deconvoluted experimentally.

To test this, we synthesized four isotopically labeled tetrapropylammonium (TAA3) ions, two of

which were deuterated isotopomers, and two of which were pseudoisotopomers (i.e., including

3C and/or N atoms resulting in non-isobaric m/z). These syntheses yielded three species with

identical center of mass as verified through DFT calculations. Our theoretical modeling revealed

that the synthesized isotopomers differed in Mol by as much as 3%, with TAA3-(1,2-'3C;)s having

the highest Mol and TAA3-(1,1-d2)4 having the lowest. We performed separations of each heavy

labeled TAAS3 isotopologue in a mixture with the unlabeled one, which allowed us to calculate
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high precision tre. values at a cIMS-MS separation pathlength of 20 meters. The measured trel.
values differed considerably, with TAA3-(1,2-3C,)s having approximately two times the tge. Of
TAA3-(1,1-d2)4, 0.82% vs 0.41%, respectively. To better quantify these Mol-based isotopic shifts,
we used our previously developed CCS calibration approach to determine the percent differences
in CCS for our synthesized isotopomers relative to the unlabeled TAA3 isotopologue. From this,
we determined that a linear relationship existed between the relative changes in moments of
inertia and the calculated cIMS-MS-based percent differences in CCS values for our TAA3
isotopomers and pseudoisotopomers, which we attribute to differing exchange between
translational and rotational momentum. Based on these results, we also were able to perform a
60 m cIMS-MS separation and partially resolve two pseudoisotopomers that differ in their CCS
values by ~0.18%. Overall, our findings are the first to demonstrate IMS-MS separations based
solely on Mol differences. Our results broadly agree with previous computational experiments,
which designed artificial isotopomers to predict the effects of Mol and CoM in isotopic shifts.?®
Those simulated isotopomer separations suggested that increases in Mol always lead to a higher
CCS, while changes in CoM can result in an increase, decrease, or no change in CCS. 2 We
believe these results will be valuable for the IMS-MS community, enhancing our understanding of
isotopic shifts in high-resolution IMS-MS separations and thus working toward more accurate
CCS predictions. Our future work will involve developing similar systems of isotopomers and

isotopologues to further deconvolute CoM and Mol contributions.
Supporting Information
Synthesis of isotopomers, CCS calibration curves, example CCS calculation, calculated

moments of inertia, calculated centers of mass, DFT optimization.
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