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ABSTRACT: Ion mobility spectrometry coupled to mass spec-
trometry (IMS-MS) is slowly becoming a more integral part in
omics-based workflows. With the recent technological advance-
ments in IMS-MS instrumentation, particularly those involving
traveling wave-based separations, ultralong pathlengths have
become readily available in commercial platforms (e.g., Select
Series Cyclic IMS from Waters Corporation and MOBIE from
MOBILion). However, a tradeoff exists in such ultralong
pathlength separations: increasing peak-to-peak resolution at the
cost of lower signal intensities and thus poorer sensitivity of
measurements. Herein, we explore the utility of temporal compression, where ions are compressed in the time domain, following
high-resolution cyclic ion mobility spectrometry-mass spectrometry-based separations on a commercially available, unmodified
platform. We assessed temporal compression in the context of various separations including those of reverse sequence peptide
isomers, chiral noncovalent complexes, and isotopologues. From our results, we demonstrated that temporal compression improves
IMS peak intensities by up to a factor of 4 while only losing ∼5 to 10% of peak-to-peak resolution. Additionally, the improvement in
peak quality and signal-to-noise ratio was evident when comparing IMS-MS separations with and without a temporal compression
step performed. Temporal compression can readily be implemented in existing traveling wave-based IMS-MS platforms, and our
initial proof-of-concept demonstration shows its promise as a tool for improving peak shapes and peak intensities without sacrificing
losses in resolution.
KEYWORDS: ion mobility spectrometry, mass spectrometry, enantiomers, temporal compression, instrumentation, method development,
separation science

■ INTRODUCTION
Ion mobility spectrometry-mass spectrometry (IMS-MS) is an
analytical method where ions are separated in the gas phase,
under the presence of an electric field, based on their mobilities
(i.e., size, shape, and charge).1−3 IMS-MS has gained traction
in existing analytical workflows for aiding in structural
elucidation, isomer/isobar separation, and data deconvolution,
among others.4−7 Much of this recent progress has been
enabled by continued improvements in instrumentation and
other technological advances. While each of the many available
IMS-MS modalities, such as trapped ion mobility spectrometry
(TIMS),8 drift tube ion mobility spectrometry (DTIMS),9

field asymmetric ion mobility spectrometry (FAIMS),10 and
traveling wave ion mobility spectrometry (TWIMS),3 offers
their own unique advantages in helping solve complex
problems in chemical systems, one of the most recent
technological advancements in IMS is the development of
extended pathlengths in traveling wave-based IMS-MS
separations.11−13

Since IMS resolution scales approximately by the square
root of the separation pathlength (e.g., a 100 m separation
would provide 10 times higher resolution than a 1 m

separation), longer IMS separations are very attractive for
resolving very structurally similar molecules, such as cis/trans
lipid isomers, peptide epimers, oligosaccharide anomers, and
isotopologues/isotopomers.12,14−19 These longer pathlength
implementations are made possible by the lower voltage
requirements in TWIMS and not possible in other IMS
modalities, such as the large voltage drop required in DTIMS
to achieve even a few meters of separation.1−3 Currently, two
commercially available traveling wave-based IMS-MS platforms
(structures for lossless ion manipulations, MOBIE, from
MOBILion, and the Select Series Cyclic IMS, cIMS, from
Waters Corporation) have exploited this and achieved
separation pathlengths >10 m and up to 2 km in a homebuilt
platform.12,15 Both SLIM IMS-MS and cIMS-MS utilize
traveling wave separations, giving added flexibility and

Received: March 11, 2022
Revised: May 25, 2022
Accepted: May 26, 2022
Published: June 7, 2022

Articlepubs.acs.org/measureau

© 2022 The Authors. Published by
American Chemical Society

361
https://doi.org/10.1021/acsmeasuresciau.2c00016

ACS Meas. Sci. Au 2022, 2, 361−369

https://pubs.acs.org/action/doSearch?field1=Contrib&text1="David+L.+Williamson"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Gabe+Nagy"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/showCitFormats?doi=10.1021/acsmeasuresciau.2c00016&ref=pdf
https://pubs.acs.org/doi/10.1021/acsmeasuresciau.2c00016?ref=pdf
https://pubs.acs.org/doi/10.1021/acsmeasuresciau.2c00016?goto=articleMetrics&ref=pdf
https://pubs.acs.org/doi/10.1021/acsmeasuresciau.2c00016?goto=recommendations&?ref=pdf
https://pubs.acs.org/doi/10.1021/acsmeasuresciau.2c00016?goto=supporting-info&ref=pdf
https://pubs.acs.org/doi/10.1021/acsmeasuresciau.2c00016?fig=abs1&ref=pdf
https://pubs.acs.org/toc/amachv/2/4?ref=pdf
https://pubs.acs.org/toc/amachv/2/4?ref=pdf
https://pubs.acs.org/toc/amachv/2/4?ref=pdf
https://pubs.acs.org/toc/amachv/2/4?ref=pdf
pubs.acs.org/measureau?ref=pdf
https://pubs.acs.org?ref=pdf
https://pubs.acs.org?ref=pdf
https://doi.org/10.1021/acsmeasuresciau.2c00016?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://pubs.acs.org/measureau?ref=pdf
https://pubs.acs.org/measureau?ref=pdf
https://creativecommons.org/licenses/by-nc-nd/4.0/
https://creativecommons.org/licenses/by-nc-nd/4.0/
https://creativecommons.org/licenses/by-nc-nd/4.0/
https://creativecommons.org/licenses/by-nc-nd/4.0/
https://acsopenscience.org/open-access/licensing-options/


customization for experiments (e.g., IMS/IMS, peak selection,
etc.).

In IMS-MS, two benchmarks are often used to describe a
given separation: resolution and sensitivity.20,21 IMS resolution
between two species (“a” and “b”) can be defined by eq 1,
where ta and tb are their arrival time species with peak widths at
half-maximum (FWHM). Sensitivity in IMS-MS can often be
considered in terms of the signal to noise in both the IMS (i.e.,
peak quality) and MS (i.e., m/z of interest) dimensions. In
IMS, peak widths are a result of contributions from both gate
width (e.g., injection pulse from an ion funnel), peak
broadening from diffusion,22,23 and other factors such as
Coulomb repulsion and post-separation dispersion.24,25 In
SLIM IMS or cIMS, resolution of very structurally similar
species has been shown largely due to the ultralong separation
pathlengths that are possible.16−18,26−28 However, at these
extremely long pathlengths, sensitivity will suffer due to
diffusion, especially when ion injection is performed with an
ion funnel. From this, it becomes evident that there exists a
compromise between sensitivity and resolution in ultralong
pathlength IMS-MS-based separations. For example, at shorter
pathlengths, increased sensitivity is possible with limited IMS
resolution, while at longer pathlengths, IMS resolution will
increase at the cost of sensitivity.
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Thus, one of the ultimate goals of IMS-MS technology is to
develop a method that can maintain IMS resolution without
sacrificing sensitivity. More specifically, it would be desirable to
maintain a given IMS resolution while simultaneously
decreasing peak widths (i.e., overcoming diffusion). This
would permit additional IMS separation to be performed and
thus enable nearly unlimited resolution of isomeric species to
be achieved. While such a method has yet to be developed,
previous efforts have been made regarding the utility of spatial
peak compression in IMS separations.29−32 One such form of
spatial peak compression, known as compression ratio ion
mobility programming (CRIMP), is performed at the interface
between two traveling wave (TW) regions.29−31 In CRIMP,
the first TW region operates in standard, separation, mode,
while the second region intermittently moves (i.e., stutters).
This enables multiple TW bins/troughs from the first region to
be merged into a single, individual, TW bin/trough in the
second region. For example, a compression ratio of 5 will
merge 5 TW bins from the first region into 1 TW bin in the
second region. In conjunction with in-SLIM ion accumulation
on the order of seconds, a CRIMP step has demonstrated
improved sensitivity as compared to ion introduction via an
ion funnel trap.30,33 Additionally, since long durations of in-
SLIM ion accumulation will result in peak widths on the order
of 10 s of milliseconds, CRIMP also enables a practical IMS
separation to be performed on a large, starting, ion
population.29,30 Unfortunately, CRIMP has yet to show
improved resolution for compounds with similar mobilities,
especially when already starting with ion populations with
narrow gate widths (e.g., narrow peak widths from ions
introduced via an ion funnel). Furthermore, since ions are
spatially compressed into the same TW bins, it is not surprising
that IMS resolution will inherently decrease after a CRIMP
step. Future work is needed to assess the full utility of CRIMP
on complex mixtures. We note that currently CRIMP has only

been performed in homebuilt SLIM IMS-based platforms, but
nothing about its setup precludes being done in other TW-
based devices.

While spatial compression of ions has been previously
studied, as outlined above, temporal compression (i.e., in the
time domain) has not been investigated in the context of
traveling wave-based IMS-MS separations. Temporal compres-
sion (TC) can be performed by utilizing dynamic TW
programming to increase the velocity of ions as they exit the
IMS separation region. While the actual, physical, spacing of
the ions remains unchanged (i.e., the spacing of the ions does
change in spatial compression), the increased velocity of the
ions effectively compresses them in the time domain (i.e., each
IMS peak is compressed into fewer pushes to the time-of-flight
mass spectrometer). A similar approach has recently been
implemented on a DTIMS platform.32 Herein, we present an
investigation into the utility of temporal compression (TC) in
a commercially available cIMS-MS platform.12 Specifically, we
were interested in assessing how TC affects the benchmarks of
IMS separations (e.g., resolution and sensitivity). We
hypothesized that TC would effectively increase the IMS
signal intensity under the assumption that unwanted activation
would not occur and thus reduce the overall peak area (i.e., a
TC step would not significantly alter the overall IMS peak
areas). Additionally, we also hypothesized that since ions are
compressed temporally, rather than spatially, IMS resolution
would be better preserved/maintained after a TC step is
performed following an IMS separation (i.e., post-IMS).

■ EXPERIMENTAL SECTION

Reagents, Conditions, and cIMS Parameters
Reverse sequence peptide standards were purchased from Sigma-
Aldrich (St. Louis, MO), D-monosaccharide standards (D-glucose, D-
mannose, and D-galactose) were purchased from Carbosynth
(Berkshire, U.K.), while L-monosaccharide standards (L-glucose, L-
mannose, and L-galactose) were purchased from Sigma-Aldrich (St.
Louis, MO). α-cyclodextrin was purchased from Tokyo Chemical
Industry (Tokyo, Japan). Lactose was purchased from Carbosynth
(Berkshire, U.K.), and lactose (13C6 Glc) was purchased from Santa
Cruz Biotechnology (Dallas, TX). LC-MS grade solvents were
purchased from Fisher Scientific (Pittsburgh, PA) and prepared at a
final concentration of 49.75/49.75/0.5 (v/v) water/methanol/acetic
acid. Reverse peptides were prepared at a concentration of 1 μM each.
D/L-monosaccharides and α-cyclodextrin were prepared to a final
concentration of 10 μM each. Lactose isotopologues were
preprepared to a final concentration of 5 μM each.

The commercially available (Waters Corporation) cyclic ion
mobility spectrometry-mass spectrometry (cIMS-MS) platform has
been described extensively elsewhere.12 Each sample was subjected to
either positive (3 kV) or negative (2 kV) direct infusion electrospray
ionization at flow rates of 2 μL/min (see figure captions for details). A
quadrupole was used to mass filter selected m/z values or ranges of
interest. The ∼1 m separation region was filled with N2 to a pressure
of 1.74 mbar, and a time-of-flight (TOF) MS operated in “V” mode
was used for detection. The cIMS array allows for analyte-specific
pathlengths by cycling ions multiple times around the separation
region. Traveling wave conditions were optimized for each set of
analytes (see figure captions and the Supporting Information for
specific TW conditions used). MassLynx and Quartz were utilized to
acquire and process the data, and Origin Pro 9.0 was used to
determine peak areas and FWHM values. Each arrival time
distribution was constructed by signal averaging for varying amounts
of time (see figure captions and the Supporting Information) with no
additional smoothing or post-processing performed.
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Temporal Compression

We are defining the temporal compression (TC) level as the net
difference between the initial and final TW amplitudes of the cIMS
array (Figure 1) during the ejection of ions to the TOF-MS. The
cIMS separation region is orthogonal to the main track where ions
enter as well as exit to the TOF for detection. Thus, during a cIMS
separation, the array TW direction is sideways/orthogonal. Con-
versely, during the ejection of ions to the TOF, the array TW
direction is forward. Temporal compression is performed by ramping
the ejection TW amplitude in the software control (see the
Supporting Information for an example screenshot of the software

control and voltages used) and occurs exclusively in the 5 cm12 long
array region and not in the cIMS separation track or in the post-array.
The mechanism for temporal compression results from increasing the
TW amplitudes and thus causing the ions to have an increased
velocity. At this increased velocity, fewer roll-over events would occur
and thus the ions will be compressed temporally. We note that the
highest possible TW that can be attained on this instrument is 50 V
and the upper limit for a given ion would be when it would “surf” with
the TW (i.e., have the same velocity as the TW). Data is only acquired
during the final cIMS separation cycle and its duration is based on the
m/z range surveyed. In all experiments, an m/z range up to 1200 was
used and thus resulted in the eject/acquire step (see the Supporting

Figure 1. Schematic of temporal compression performed on a pulsed DC (square) traveling wave (TW). The temporal compression (TC) level is
defined as the change in the TW amplitude (in volts, V) performed at a given ramp rate (4 V/ms was utilized in all experiments).

Figure 2. cIMS separation (10 m) of two reverse sequence peptide isomers as their [M + H]+ species at traveling wave conditions of 400 m/s and
22 V. Varying levels of temporal compression were performed as described in Figure 1. Each cIMS separation was normalized to the highest
intensity peak from all of the separations (TC level of 16 V). Signal averaging was performed for 2 min.
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Information) to be 13.20 ms in length, which corresponds to 200
pushes to the TOF (i.e., 0.066 ms per each push). This 13.20 ms
includes both the separation time of the last cycle as well as the time
required to scan up to m/z 1200 in the TOF. To ensure that the
maximum amount of temporal compression was performed, we made
sure that the temporal compression step began during the beginning
of the final cycle (i.e., the first push/first 0.066 ms of the 13.20 ms
ejection step on the final cycle). A discussion on the t0 for a temporal
compression step for the reverse sequence peptide isomers is in the
Results and Discussion section. For further details of the instrument
schematics as well as DC potentials used in a TC step, see the
Supporting Information. A standard ramp rate of 4 V/ms was used in
all experiments; we note that this ramp rate is the fastest permitted in
the commercial software and enables all ions to be temporally
compressed in the shortest amount of time permitted.

■ RESULTS AND DISCUSSION

Separation of Forward and Reverse Sequence Peptide
Isomers

We first selected to assess the utility of temporal compression
on the separation of two reverse sequence peptide isomers.

These peptides were a logical starting point since they have
been extensively studied in IMS and are a common standard
used to characterize new IMS-MS platforms in terms of
resolution, resolving power, sensitivity, ion losses, relative peak
areas, etc.12,34−39 We subjected these standard peptides to a 10
m cIMS-MS separation (Figure 2) with temporal compression
(TC) levels ranging from 0 V (i.e., no TC; normal operation)
to 16 V. Arrival time distributions in Figure 2 are normalized
to the highest signal intensities observed across all TC levels.
Our 10 m cIMS-MS separations of these reverse sequence
peptide isomers with no TC applied (i.e., 0 V) match those
previously reported in literature with other high-resolution
IMS-MS platforms (i.e., both cIMS and SLIM IMS).
Specifically, we observed a similar resolution of the isomers
as previously reported as well as the presence of the additional
conformation/substructure between the two main IMS peaks.

In examining our presented cIMS separations shown in
Figure 2, we compared the IMS peak widths at FWHM, peak-
to-peak resolution (eq 1), relative peak areas, and relative peak
intensities across the varying TC levels applied (Figure 3).

Figure 3. IMS metrics for [SDGRG + H]+ (forward) and [GRGDS + H]+ (reverse) peptides at varying TC levels at the same cIMS separation and
TW conditions shown in Figure 2 for IMS peak widths (A), IMS relative peak intensities (B), IMS relative peak areas (C), and IMS resolution
values (D).
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From Figure 2 and the data shown in Figure 3, it is evident that
as the TC level was increased to 8 V, peak widths at FWHM
decreased by a factor of 2, while the resolution values only
decreased by ∼5 to 10%, as compared to when no TC was
applied. From our perspective, this indicates that care should
be taken when describing traveling wave-based IMS separa-
tions in terms of resolving power rather than resolution given
that our observed peak widths at a TC level of 8 V would imply
an IMS resolving power twice as high as that of a TC level of 0
V. Additionally, we note that the relative peak areas for these
peptides stayed constant from TC levels of 0 to 8 V, indicating
that no unwanted fragmentation or activation occurred.
However, at a TC level of 16 V, it appears that more
considerable ion losses occur as shown by the diminished IMS
resolution values as well as deviations in relative peak areas as
compared to the other TC levels assessed. Thus, higher TC
levels were not assessed since they would most likely result in
unwanted fragmentation/activation and even more consid-
erable signal loss than what was observed at a TC level of 16 V.
Overall, our initial experiments exploring TC on the separation
of these reverse sequence peptide isomers indicate that levels
up to 8 V improved the overall separation in terms of increased
IMS peak intensities as well as decreased peak widths at
FWHM while maintaining similar IMS resolution and relative
peak areas as compared to when no TC was applied (i.e., 0 V).

As was mentioned in the Experimental Section, TC is
performed in the 5 cm cIMS array on the final cycle. To
maximize the amount of time that ions undergo TC, we made
sure that the temporal compression step began (i.e., t0) during
the beginning of the eject and acquire step (i.e., the first push/
first 0.066 ms of the 13.20 ms ejection step on the final cycle).
We note that this 13.20 ms includes both the separation time
of the last cycle as well as the time required to scan up to m/z
1200 in the TOF. Specifically, for the reverse sequence peptide
isomers, the t0 for TC was ∼90.9 ms. Based on the arrival time
of peak 1, we can calculate its velocity to be ∼104 m/s and
thus would traverse the 5 cm array in ∼0.48 ms. If we assume
an additional dead time of a few milliseconds, from
contributions of ions traveling through the post-array region,
transfer cell, and TOF, we can estimate that peak 1 is arriving
at the array at a time point of ∼92 to 93 ms. Thus, with a TC
ramp rate of 4 V/ms, the front of peak 1 will only experience a
TC level of ∼8 to 10 V, while the tail of peak 1 and the entirety
of peak 2 would fully experience a TC level of 16 V. Since peak
2 is undergoing this higher TC level for a longer duration, we
believe this explains why it appears that peak 1 undergoes less
TC than peak 2. This is evident by its time shift relative to a
TC level of 0 V (e.g., at a TC level of 16 V, peak 1 shifts by ∼2
ms to the left, while peak 2 shifts by ∼3 ms to the left). Based
on these above calculations, we have determined that the 2nd
peak undergoes TC for a longer time period at 16 V than the
first peak. As a result, we do indeed observe some peptide
bond fragmentation as evidenced by the loss of serine
corresponding to m/z 404 (see the Supporting Information).
Chiral Noncovalent Complexes: Separation of D/L
Monosaccharides

While improvements were seen in peak intensities without
compromising resolution when temporal compression was
applied following the cIMS separation of the reverse sequence
peptide isomers, we were also interested in assessing the utility
of a TC step on the separation of potentially more fragile,
noncovalent, complexes. Specifically, we were interested in

developing a method to rapidly separate out various D/L

monosaccharide enantiomer pairs with cIMS-MS and then
subject each formed complex to a post-cIMS temporal
compression step. As has been well stated in previous
literature, enantiomeric separations remain one of the most
challenging problems in the IMS-MS community.40−45 Most
previously developed methods for resolving enantiomers with
IMS-MS have revolved around the formation of chiral,
noncovalent, complexes and rely on not only the suitable
formation of the initial complex but also that the formed
diastereomeric complexes will be different enough in their
structure to be separated.43−45

For this study, we chose the D/L pairs for glucose, galactose,
and mannose. While the D-enantiomers are more common, the
L-forms can also be present in an unknown biological
sample.46−48 We chose α-cyclodextrin (αCD) as the complex-
ing molecule since previous work has shown for it to be
effective in the enantiomeric separation of other small
molecules, but it was unclear whether this would hold up for
these highly polar monosaccharides (see Figure 4 for the

structures of the monosaccharides and αCD).43−45 Further-
more, rather than rely on metal adduction, which introduces
ambiguity as to the actual metal concentration and thus
precludes lab-to-lab reproducibility, we chose to analyze these
complexes in negative ion mode as their deprotonated adducts.
Each D/L pair was subjected to direct infusion both as an
equimolar mixture as well as individually (see the Supporting
Information for individual traces). In each case, the most
abundant complex between the monosaccharides and αCD
was [M + 2αCD − 2H]2−, which is unsurprising given that a
similar 2:1 host−guest ratio was also observed in the
cyclodextrin-based separations of D/L amino acids with SLIM
IMS-MS.43

Figure 4. Structures for the D/L monosaccharide enantiomers and α-
cyclodextrin.
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Each [M + 2αCD − 2H]2− complex was subjected to 25 m
of cIMS separation (Figure 5) under the same varying TC
levels as were applied for the reverse sequence peptide isomers
(i.e., 0−8 V; 16 V was not applied due to the activation
observed for the peptides). Once again, each arrival time
distribution shown in Figure 5 was normalized to the highest
intensity observed across all TC levels assessed for each pair of
monosaccharide enantiomers. It is noteworthy to mention that
we observed enantiomeric separation in all cases after 25 m of
cIMS separation, with the L-enantiomer always being higher
mobility (i.e., arriving earlier) than its D-enantiomer counter-
part, potentially indicating a diagnostic trend that needs to be
assessed with other monosaccharides. For the individual traces
of the D and L-enantiomers used to assign each peak in the
enantiomeric mixtures in Figure 5, see the Supporting
Information. At a TC level of 4 V, each peak in their
respective cIMS separations increased in intensity by ∼20 to
30% with only an ∼4% decrease in peak-to-peak resolution
(see the Supporting Information for resolution values for each
separation as well as relative peak areas). However, when a TC
level of 8 V was applied, a more significant decrease in peak
intensities and relative peak areas was observed. This was
indicated by fragmentation of the noncovalent complex, as
shown in each respective mass spectrum (see the Supporting
Information). We do note that while the peak intensities

decreased at a TC level of 8 V, the resolution values between
the D/L enantiomers stayed consistent with the other TC levels
applied (i.e., 0 and 4 V). Nonetheless, from an analytical
perspective, we have not only developed a rapid method to
separate out the D/L enantiomers of glucose, galactose, and
mannose but also have shown that a post-cIMS temporal
compression step has broad utility for various molecules (i.e.,
peptides as well as noncovalent complexes). We note that the
absolute value for the TC level applied can vary depending on
the compounds of interest (e.g., 4 V for more labile species and
8 V for more rigid ones), thus optimization will most likely be
necessary for the given analytes of interest.
Assessing Improvement in Peak Quality for Lactose
Isotopologues

While our initial results indicate that a post-cIMS temporal
compression has utility in increasing peak intensities and
decreasing peak widths while maintaining peak-to-peak
resolution and relative peak area values, we were also
interested in assessing how temporal compression may
improve peak quality. Specifically, at ultralong pathlength
separations, it is expected that an IMS peak will be fairly broad
in nature as a result of diffusion thus potentially precluding the
ability to accurately identify its apex and peak width, which are
important metrics in post-processing feature finding soft-

Figure 5. cIMS separation (25 m) of the D/L monosaccharides as their [M + 2αCD − 2H]2− adducts at varying TC levels under TW conditions of
550 m/s and 27 V. Glucose (A; red), galactose (B; blue), and mannose (C; yellow). Signal averaging was performed for 2 min.
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ware.49−52 Our hypothesis was that a temporal compression
step following an ultralong pathlength cIMS separation would
enable improved peak quality and thus provide a better-defined
peak shape for feature finding and/or peak picking algorithms.

Figure 6 shows the 65 m cIMS separation of two lactose
isotopologues (i.e., 13C0 and 13C6-Glc) under varying levels of
post-cIMS temporal compression. We note that no unwanted
fragmentation or loss of peak area was observed at TC levels of
8 or 16 V, thus these were the conditions selected for these
experiments; higher TC levels were not attempted because the
software control does not permit TW amplitudes greater than
50 V. In comparing the cIMS separations for these lactose
isotopologues (Figure 6), we observed that the IMS peak
intensity at a TC level of 16 V was a factor of 4 greater as
compared to when no TC was applied (i.e., 0 V). As a result, a
less noisy IMS peak shape is observed at these higher TC levels
for both lactose isotopologues thus demonstrating the
improvement in peak quality when a post-cIMS temporal
compression step is performed after ultralong pathlength
separations. If we consider the unwanted higher mobility
feature present at ∼810.5 ms (i.e., from the wraparound effect)
as chemical noise in the IMS dimension, we observe a signal-
to-noise (S/N) improvement of ∼3-fold when comparing the
arrival time distributions at TC levels of 16 V versus 0 V.
Future work is clearly needed to determine if such a temporal
compression-based improvement in peak shapes will hold up in
LC-IMS-MS-based workflows and thus enable higher-quality
feature finding in post-processing search algorithms.

■ CONCLUSIONS
Herein, we have presented an assessment of the utility of a
post-IMS temporal compression (TC) step in various high-
resolution cIMS-MS separations that included reverse
sequence peptide isomers, monosaccharide enantioseparations
as their α-cyclodextrin-based noncovalent complexes, and
lactose isotopologues. Specifically, we have demonstrated
that temporal compression enables up to a four-fold increase
in peak intensities and thus a four-fold decrease in FWHM
peak widths without sacrificing peak-to-peak resolution or
relative peak areas. Additionally, we observed improvement in
peak quality as well as in S/N for the lactose isotopologues
following a temporal compression step thus potentially
benefiting peak identification in automated workflows. Our
presented separations for the D/L monosaccharides as their α-

cyclodextrin-based noncovalent complexes can be readily
adapted into existing LC-IMS-MS workflows in a post-column
addition fashion for rapid enantiomer identification. While, at
this time, temporal compression remains limited to traveling
wave-based IMS separations, we do note that temporal
compression can easily be implemented on any commercial
TWIMS-MS (e.g., MOBIE or cIMS) and homebuilt SLIM
IMS-MS devices. We did not observe that a given TC level was
optimal for each of the analyte sets studied, clearly indicating
that TC conditions must be optimized for each individual
molecule system of interest to maximize gains in peak intensity
without any unwanted ion activation. We also note that no
deviations in peak shapes were observed following TC; future
work is clearly needed to assess the effect of a TC step on
larger, and more conformationally flexible, molecules. Addi-
tionally, to the best of our knowledge, frequency-modulated
TC is not currently available on commercial TWIMS
platforms. Overall, we anticipate that TC-based strategies will
be an added tool in the separation toolbox to help benefit the
IMS-MS community.
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