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ABSTRACT: The accumulation of very large ion populations in lon Accumulation at Trapping Gate
traveling wave (TW)-based Structures for Lossless ion Manipulations

(SLIM) has been studied to better understand aspects of “in-SLIM”
ion accumulation, and particularly its use in conjunction with ion
mobility spectrometry (IMS). A linear SLIM ion path was
implemented that had a “gate” for blocking and accumulating ions
for arbitrary time periods. Removing the gate potential caused ions to
exit, and the spatial distributions of accumulated ions examined. The
ion populations for a set of peptides increased approximately linearly Low amplitude traveling wave —»

with increased accumulation times until space change effects became

significant, after which the peptide precursor ion populations decreased due to growing space charge-related ion activation, reactions,
and losses. Ion activation increased with added storage times and the TW amplitude. Lower amplitude TWs in the accumulation/
storage region prevented or minimized ion losses or ion heating effects that can also lead to fragmentation. Our results supported the
use of an accumulation region close to the SLIM entrance for speeding accumulation, minimizing ion heating, and avoiding ion
population profiles that result in IMS peak tailing. Importantly, space charge-driven separations were observed for large populations
of accumulated species and attributed to the opposing effects of space charge and the TW. In these separations, ion species form
distributions or peaks, sometimes moving against the TW, and are ordered in the SLIM based on their mobilities. Only the highest
mobility ions located closest to the gate in the trapped ion population (and where the highest ion densities were achieved) were
significantly activated. The observed separations may offer utility for ion prefractionation of ions and increasing the dynamic range
measurements, increasing the resolving power of IMS separations by decreasing peak widths for accumulated ion populations, and
other purposes benefiting from separations of extremely large ion populations.

Low lon Population Density High lon Population Density

Bl INTRODUCTION of separations and the sensitivity of measurements, with the
Ion mobility spectrometry (IMS) separates different ion latter being dependent on the size of the ion population that
spec1es based on their gas-phase ion mobilities in an electrlc can be utilized for the separation.

field,' ™" and is widely deployed for security screening,” Structures for Lossless Ion Manipulations (SLIM)-based
chemical wa(l)'flalre agent detection,””” and environmental TWIMS have enabled ultrahigh R, separations using extended
applications.'”"" IMS coupled with mass spectrometry (IMS- separation path lengths.>** SLIM TWIMS uses radio

MS) is increasingly important for proteomics and metab-

olomics,"””~" and a particularly versatile tool due to its utility frequency (RF) fields in conjunction with direct current
for e.g, identification of li 1%)1 457 or glycans,®"® as well as (DC) potentials for ion confinement and electric traveling
protein structure studies.'”*’ IMS technologies with distinctive waves (TW) to drive the ion motion. Key features of SLIM,
capabilities include drift tube ion mobility (DTIMS),*"** such as moving ions through turns with negligible loss of either

differential mobility analysis (DMA),**** high-field asymmet-
ric ion mobility spectrometry (FAIMS),”*® trapped ion
mobility spectrometry (TIMS),””*® and traveling wave ion
mobility spectrometry (TWIMS).””*° In practice, the perform-
ance of DTIMS, for example, is limited by factors that include
the drift tube length, introduced ion pulse width, electric field
homogeneity, and Coulombic repulsion (i.e., space charge
related processes).”’ The utility of IMS in many analytical
applications depends significantly on the resolving power (R,)

R, or ions,” %> have enabled separations over long serpentine
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Figure 1. Schematic diagram of the SLIM TWIMS-MS platform and the SLIM module arrangement, having three independently controllable TW
regions. The red electrodes indicate the location of the gate that can be provided with a DC blocking potential at the end of region B. The ion
funnel trap (IFT) was used to either direct ions from an ESI source into the SLIM or to stop ion accumulation.

paths,”* with multipass implementations providing unprece-
dented ultrahigh R, IMS separations.

However, increasing the IMS R, using longer path lengths
results in longer separation times. Since commonly used
electrospray ionization (ESI) sources typically generate ions
continuously, most ions generated are not utilized due to ion
(charge) capacity limitations of, e.g., an ion funnel trap (IFT),
and are effectively discarded. This results in a low overall ion
utilization efliciency, particularly for higher R, SLIM
separations and where the size of the starting population
constrains measurement sensitivity. This can be further
aggravated by efforts to increase R, by using ion populations
of minimal peak width (i.e., very compact).’” IMS separations
(e.g., using drift tubes) with MS often have time scales of 10 to
100 ms and typically use a “pulse” of ions having a temporal
width profile of ~1 ms or less in order to maximize RP.38 Many
approaches for increasing the size of ion populations for
injection to lower pressure IMS platforms used in conjunction
with MS, such as SLIM, involve the accumulation of ions for
some period in a trapping volume.’”*" While gains can be
achieved, such as by using an IFT,*"** such approaches are
ultimately limited due to charge capacity limitations of the
fixed volume of the device. For example, the maximum charge
capacity of the IFT is about ~2 X 107 charges, but ~5 X 10°
charges are typically used to minimize space charge effects that
include ion losses, activation (i.e., ion heating), and
fragmentation that can degrade analytical utility."’

For the long SLIM serpentine ion path arrangements the
separations occur over extended times; typically ~0.1 to 1 s,
and in some cases >20 s for “multipass” separations.”* Such
separations generally benefit from the use of significantly larger
ion accumulation volumes due to the reduced contribution of
the initial ion distribution profile; however, overall separation
ion utilization efficiencies using a IFT with a continuous ESI
source are typically <1%, depending on the details of the ESI-
MS interface design.’® The use of significantly increased ion
populations with SLIM TWIMS has been dem’onstrated,39
particularly using “in-SLIM” ion accumulation,**** which has
been shown to allow >10° charges to be utilized, orders of
magnitude larger than generally employed. Nevertheless, doing
this in a manner that optimizes both ion utilization efliciency
while not excessively reducing IMS performance (particularly
R,) or causing other undesired effects due to excessive space
charge, such as ion heating, remains a challenge.

While there have been several studies on the role of
Coulombic ion—ion repulsion and space charge in IMS,*~
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these previous works have almost exclusively involved space
charge effects during mobility separations. These efforts have
specifically focused on the distortions in peak shapes and the
expansion of peak widths that can occur due to charge—charge
interactions for ion population densities significantly below the
maximum feasible due to space charge. Space charge effects
have been almost always considered problematic: preferably
avoided or at least minimized. Indeed, space charge
phenomena associated with ion accumulation, trapping, and
storage have not been well-studied, particularly for space
charge- and ion-density-limited situations relevant to IMS. We
also note that computational studies (e.g., ion simulations) in
this regime are particularly challenging. This is especially the
case for the complex ion confinement fields with SLIM, and for
very large ion populations, extreme ion densities, and extended
storage times, where space charge effects will be more
significant.

Here we report a study of in-SLIM ion accumulation and
effects arising from the accumulation of extremely large ion
populations with ion densities that become limited by space
charge. We discuss the potential of these phenomena for
improving IMS applications and other applications by using
large ion populations. In this work, we have examined
situations where space charge effects can be much greater
than typically encountered, providing insights on the ability to
accumulate and store ions for greatly extended periods in
arbitrarily large volumes. Of particular significance, we present
data showing that significant space charge-driven ion
separations can occur due to mobility differences for large
ion populations with high ion densities, with the highest
mobility species driven by the TW accumulating closest to the
ion “gate” (blocking voltage). We also find that extended ion
accumulation times can lead to significant ion heating (i..,
activation) due to excessive charge density and that ion heating
appears to occur only when the region of highest ion densities
is close to the space charge limit and thus for the highest
mobility species that tend to occupy this region. Finally, we
discuss the potential of these phenomena for improving IMS
applications and other applications using large ion populations.

B EXPERIMENTAL SECTION

Chemicals and Reagents. The peptides Angiotensin II,
Kemptide, and Neurotensin used in this study were purchased
from Sigma-Aldrich Chemical Co. (Milwaukee, WI, USA) and
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Figure 2. Arrival time distributions (ATD) for the three peptide precursor ions (at m/z 386, 523, and 558; peaks a-c in Figure 3) and the total ion

signals (TIS) for ion accumulation times of (A) 49 ms, (B) 163 ms, (C) 326 ms, and (D) 652 ms using 8 V,,,

amplitude TW. Ions in (A) have

insufficient time to reach the gate at the end of region B (see Figure 1); ions in (B)—(D) have peaks due to accumulating close to the gate, with
long “tails” yet to reach the gate vicinity. See also Figure 3 for the corresponding full mass spectra.

prepared as a mixture at a total solution concentration of 3 uM
in 80/20 HPLC grade methanol/water with 0.1% formic acid.

ESI-SLIM TWIMS-MS Instrumentation. A schematic
diagram of the instrumentation is shown in Figure 1. A
syringe pump flow rate of 0.3 yL/min was used for ESI with a
heated inlet capillary maintained at 130 C. Ions were focused
through a high-pressure ion funnel (230 V,,, 9.40 Torr) and
transmitted into the IFT (~230 V,, 2.90 Torr). The IFT was
only used for transmitting or blocking the transmission of ions
to the SLIM, not for trapping ions. Ion introduction to the
SLIM was turned “off or ‘on” using the IFT grids, and ions are
were introduced continually from the ion source during the
accumulation event period. The ions transmitted to the
entrance of the SLIM (at a slightly higher pressure; 2.97
Torr of high-purity nitrogen), where the SLIM TW, RF, and
DC potentials guided ions along a linear 45.8 cm path. Ions
exiting the SLIM device were transmitted through a rear ion
funnel (9.8 V/cm; ~150 Vppi 0.9 MHz) and RF ion guides to
a quadrupole time-of-flight mass spectrometer (QTOF MS;
Agilent Technologies model 6538, Santa Clara CA, USA). The

DC guard voltage (4 V) and RF potentials (270 V., 1.0
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MHz) were used for ion confinement in the SLIM. The TW
electrode potentials were %enerated with a custom power
supply described previously””*® (GAA Custom Engineering,
LLC, Kennewick, WA). It should be noted that ions spend ~6
ms transiting the rear ion funnel and contributing both a time
delay and a small amount of mobility-based separation to the
Arrival Time Distributions (ATD). As the system was designed
and optimized for peptide mixture analyses, the rear ion funnel
has a low m/z cutoff of ~380. This prevents ions below m/z ~
380 that can be transmitted through the SLIM, or accumulated
and trapped extended periods in the SLIM, from being
detected. Thus, even though we did not inject ions below ~
m/z 350 into the SLIM (the estimated m/z cutoff of the front
ion funnel), ions of m/z ~ 200 to 380 that are formed in the
SLIM, such as by dissociation, will not be detected. This
effective detection “blind spot” is evident (or likely) in several
of the experimental results, as we note in each case. All
experiments were performed in triplicate to assess the
reproducibility of the result, and each replicate was a sum of
nine individual measurements. We note that the three peptides
used in this study were selected as a balance between a single

https://doi.org/10.1021/jasms.3c00389
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Figure 3. Mass spectra integrated over the range of arrival times for the data shown in Figure 2 for accumulation times of (A) 49, (B) 163 s, (C)
326, and (D) 652 ms using an 8 V., TW amplitude. The three peptide precursor ions (Kemptide (2+), Angiotensin II (2+), and Neurotensin (3+)
at m/z 386, 523, and 558 (peaks a, b, and c) are indicated in A, where they dominate the spectrum. (A) 49 and (B) 163 s accumulation times
provided efficient ion utilization and conventional spectra, while longer accumulation times result in decreased relative abundances of the three
peptide precursor ions and the appearance of additional ion species resulting from their charge loss or fragmentation (e.g., peaks (d)—(j); see text
for additional description). The product fragment ion labels are color coded to match their precursor ions.

compound and a complex mixture and to be sensitive to
dissociation so as to provide additional insights into potential
ion activation during accumulation.

SLIM Module Design. The SLIM module developed for
this work was fabricated of FR4 material (woven glass with
epoxy) and used TW, RF, and guard electrode dimensions
similar to those described previously.”® The 45.8 cm path of
the SLIM module (Figure 1) has three distinct regions (A, B,
and C) that used independently controlled TW. The short ion
introduction region A (0.9 cm long) used a 5 Vo, TW
amplitude that simply served to transfer ions to the
accumulation region B (30.7 cm long) that used TW of
different amplitudes (8, 15, and 20 V,,). This region is
followed by region C (142 cm long), which used a TW
amplitude of 30 V., sufficient to cause ion “surfing”, to
maintain the temporal profiles of ion populations exiting region
B. The TW speed in all three regions was 160 m/s (i.e., only
the TW amplitude of region B was varied in this work).

At the end of region B two rows of nominally TW electrodes
(Figure 1, red) with 50 and 80 V applied, respectively, were
used for a portion of the time as an ion “gate” to prevent the
passage of ions; the voltage applied to these electrodes could
be changed between either a fixed DC voltage (i.e., the gate’s
blocking voltage) or set to the appropriate TW potentials (for
“opening the gate”). This determined whether ions were
trapped in region B or transmitted into region C, where they
would surf to the SLIM exit (and then be transmitted through
the rear ion funnel to the mass spectrometer, with the
exception of ions lost due to its low m/z cutoff, as noted
above). For the ATD, as shown in Figure 2, the gate blocking
voltage was held constant for an additional 8 ms after the
completion of ion accumulation.

B RESULTS AND DISCUSSION

We explored the use of much larger ion populations than
typical with IMS by using greatly extended ion accumulation
periods. Possible space charge effects in this work can arise due
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to the size of the ion populations but also the high charge
densities achieved in the extended SLIM ion volume due to the
opposing fields of the TW and the ion gate (blocking voltage).
We empbhasize that the TW conditions used in this work would
not result in space charge effects for conventional ion
accumulation times and population sizes. For TWIMS the
TW amplitude is generally chosen to optimize separations and
their R,. Here the TW amplitudes used during ion
accumulation are much smaller than those typically used for
separations, causing ions to move relatively slowly through the
linear SLIM track while being confined in orthogonal
directions. Once ions are accumulated in region B (Figure 1)
in some experiments they were also stored for additional time
before removal of the gate blocking voltage. Removal of the
gate potential allows ions to enter region C where they “surf’
at the speed of the TW (due to its higher amplitude of 30 V,,_,)
to the exit of the SLIM and are transferred to the MS. As noted
in the Experimental Section, a small amount of mobility
separation can occur post-SLIM, primarily in the rear ion
funnel; however, this contribution is generally small and
insignificant (see later discussion). Thus, the arrival time
distributions (ATD), such as shown in Figure 2, closely mirror
the ion distributions in departing region B, providing a basis
for exploring the evolution of ion populations during
accumulation and the effects of space charge.

Peptide Precursor and Total lon Signal Spatial
Distributions Resulting from Extended lon Accumu-
lation Events. Figure 2 shows the ATD at the MS detector
(after gate removal) using the lowest TW amplitude (8 V,,.,) in
region B for ion accumulation times of 49, 163, 326, and 652
ms. Profiles are shown for the three major peptide precursor
ions, where the red, green, and blue traces represent the
multiply protonated (e.g., [M+xH]**) Kemptide (2+),
Angiotensin II (2+), and Neurotensin (3+) precursors,
respectively, and the black traces show the total ion signal
(TIS). Figure 3 shows mass spectra for the four accumulation
times shown in Figure 2.

The ~9 ms period delay (after opening the gate) before the
detection of ions evident in Figure 2 is due to the combined
contributions of the time ions spend traversing region C (~1
ms), the rear ion funnel in a field of 9.8 V/cm (~6 ms), and
the lower pressure regions to the TOF MS (~1.5 ms). No
significant mobility separation can occur in the first and last of
these, as the ions surf in region C and the pressure is
insufficient after the rear ion funnel. However, a small extent of
mobility separation can occur while transiting the rear ion
funnel and that can be estimated based upon the known CCS
for the ions or DTIMS measurements (see Supporting
Information; Figure S1). This small contribution will be
most significant between Kemptide (2+) and Neurotensin
(3+) (~0.5 ms difference), and even smaller (~0.4 to <0.0S
ms difference, depending upon the conformers present)
between Neurotensin (3+) and Angiotensin II (2+).

The precursor ion ATD shown in Figure 2A is much
different than those in Figure 2B—D. It is evident that this
shortest ion accumulation time (49 ms, and the additional 8
ms after the ion injection event ends; 57 ms total) is
insufficient for any ions to reach the end of region B before the
gate was removed. The widths of the peptide ion ATD shown
in Figure 2A (~60 ms) are consistent with the ion injection
period (49 ms) with some additional broadening due to ion
diffusion, mobility differences, and charge—charge repulsive
interactions while transiting regions A and B driven by the low
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8 V., amplitude TW. The relative peak intensities in the mass
spectrum for this shortest accumulation time (Figure 3A) show
the ion population is largely (>90%) due to the three peptide
precursor ions, with a few minor peaks due to background and
contaminant jons, and with no significant contributions due to
fragmentation of the peptides. Similarly, the TIS area shown in
Figure 2A is only slightly larger than the sum of the areas for
the three peptide precursor ions.

While not shown here but consistent with previous work,*®
for the shorter accumulation times (including those of Figure
2A,B) we observed the detected relative ion population sizes
(i.e, integrated peak areas) to increase approximately linearly
with accumulation time. The appearance of the peaks at ~10
to 20 ms for the three peptide precursor ions in Figure 2B—D
is attributed to ions increasingly accumulating adjacent to the
blocking voltage of the SLIM gate; i.e., as the TW moves an
increasing portion of the ions to near the gate’s potential
barrier. These three longer accumulation times display
somewhat distinctive characteristics.

For the 163 ms accumulation time (Figure 2B) the total ion
population, judged by the integrated TIS, has increased in
proportion with accumulation time, and the integrated TIS is
only slightly larger than the summed contributions of the
peptide precursor ions, as evident in Figure 2A. Additionally,
no significant ion dissociation is evident in Figure 3B even
though a large fraction of the ions have sufficient time to
collect near the gate (see later discussion). We emphasize that
the data shown in Figures 2A,B and 3A/B using an 8 V,,,
amplitude TW and ion accumulation times of up to 163 ms
indicate that ion accumulation in such cases is both efficient
(i.e, avoids ion losses) and does not cause significant ion
heating.

The TIS continues to increase approximately linearly for the
next longest accumulation time (326 ms; Figure 2C); the TIS
is approximately double that of Figure 2B (which used a 163
ms accumulation time). However, the TIS maximum intensity
is more than twice as large, an observation attributed to the
additional time allowing a more compact (i.e., greater ion
density) distribution to form near the gate. This maximum TIS
(~360 x 10° on the consistent arbitrary scale used for the
measurements in this work) is close to the maximum observed
in these studies. This peak maximum TIS is not exceeded
regardless of ion accumulation time, and we assume it
approximately corresponds to the maximum ion density that
is feasible due to space charge limitations for the ions studied.
Similarly, we note that the individual peptide precursor peaks
are somewhat narrower in width, consistent with the somewhat
increased fraction of ions accumulated near the gate.
Interestingly, the corresponding mass spectrum (Figure 3C)
shows small but significant new contributions due to ions from
the reaction or dissociation of the peptide precursor ions. [It
should be noted that no dissociation products are observed
below ~ m/z 380 even though several fragment ions should be
formed, e.g., by dissociation of Kemptide (2+), and attributed
to the low m/z cutoff of the rear ion funnel for ions exiting the
SLIM (see Experimental Section).]

For the longest accumulation time (652 ms), all three
peptide precursor ions show significantly decreased popula-
tions based upon their peak areas, and the mass spectrum
(Figure 3D) is now dominated by reaction and fragmentation
products. Also of note is the relatively increased TIS at longer
arrival times (see discussion below related to space charge
induced ion heating). [We note also a decreased maximum in
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Figure 4. ATD for ions accumulated in region B from the ESI of the peptide mixture. TIS is shown for accumulation times of (A) 326 and (B) 652

ms using TW amplitudes of 8, 15, and 20 V,,.
and undetected lower m/z species (see Experimental Section).

- The smaller ion population sizes evident for larger TW amplitudes is a combined result of ion losses

the TIS (to ~220 X 10°). Rather than an actual decrease in the
ion density near the gate for this longest accumulation time, we
attribute this to “unobserved” lower m/z (<380) species
formed by fragmentation of ions close to the gate (see later
discussion) that are not transmitted through the rear ion
funnel, and thus not detected.]

The ATD in Figure 2B—D show most ions have time to
reach the gate region and form profiles with distinct peaks, but
also have ~100 ms “tails” attributed to ions that have
insufficient time to reach the area near the gate. The tail
lengths are limited by the combined length of regions A and B
and their lengths correspond to the time required for these
ions to migrate to the gate; thus ~100 ms. This estimate is also
consistent with the failure of ions to reach the gate for the 49
ms ion accumulation period (Figure 2A). Based upon these
observations and the path length (31.8 cm), we can see that
ions have average translational speeds of only ~3 m/s in the
low amplitude 8 V,,,, 160 m/s TW.

Peptide Precursor Peak ATD Differences for lons
Accumulated near the Gate. A subtle observation from
Figure 2B—D is the small but significant differences in both the
peak apex arrival times as well as the peak widths for the three
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peptide precursor ion species; ie., some separation occurs.
This observation applies for both longer accumulation times
and extended storage times (as discussed below). The data
shown for the peptide precursor ions in Figure 2 were acquired
under conditions where only minor mobility-based separations
can occur post-SLIM, as discussed above. However, the
observed distributions may also be partly attributed to a small
extent of separation as ions move through region B and before
their arrival at the gate region (see Figure 2A). As we discuss
below, this work supports a third (space charge-related)
contribution, and that is manifested in much more dramatic
fashion for other ions.

As ions accumulate at the gate (Figure 2B—D) Kemptide
(2+), which has the highest mobility of the three peptide
precursor ions, forms the peak closest to the gate. The
proximity to the gate for Kemptide (2+) persists with longer
accumulation times. The peaks for the three precursor ions
also narrow somewhat with increased accumulation time, most
evident for Angiotensin II (2+) between Figure 2B and D.

Thus, the three precursor species have somewhat different
proximities to the gate on average. (Since the “readout” after
the gate is opened inevitably results in some degree of mixing
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during the period between gate removal and ions entering
region C, the actual separations for these species may be
significantly better than indicated by Figure 2, as we discuss
later.) Importantly, we note that the three peptide precursor
distributions are arranged according to their mobilities, with
the first (closest to the gate; shortest arrival time) and
narrowest being for the higher mobility Kemptide (2+), and
the last being for the lower mobility Angiotensin II (2+). We
also note that the relative size of the three precursor ion
populations changes, with decreased relative abundance most
evident for the higher mobility Kemptide (2+) for longer
accumulation times. These observations are also reflected in
the mass spectra shown in Figure 3.

The data indicate that the rates of dissociation and ion—
molecule reactions for the precursor ions, such as proton
transfer to gas phase impurities, are considerably greater for
ions closest to the gate for the longer accumulation times and
where the highest ion densities are achieved. These
observations are discussed in detail below related to the
separations observed for these additional dissociation and ion—
molecule reaction product ion species.

The Effect of an Additional Storage Time on
Accumulated lon Populations. Based upon the behavior
observed using extended ion accumulation events, we also
explored the effect of additional storage times on the
accumulated ion populations. As an example, Figure S2
(Supporting Information) shows the effects of adding storage
times of up to 163 ms following ion accumulation. Figure S2A
shows the same data given in Figure 2C, while Figure S2B—D
shows changes with the added storage times that are consistent
with the observations and discussion.

In general, we observe that changes due to extended storage
time are less dramatic than for extended accumulation times
and that the ion populations can be maintained without
significant losses except for the highest mobility species, as most
evident for Kemptide (2+); see Figure S2D. Also observed is
some modest narrowing of the peaks and reduction of their
integrated TIS intensities with increased storage time, with ion
losses being much more prominent for the higher mobility ions
(Kemptide**) than the lower mobility ions (Angiotensin®*). As
discussed in detail later, extended storage times also led to
increasing charge reduction of the Neurotensin (3+) ions to
the lower charge state (2+) (Figure S3).

We note that the gradual loss of the peak tails as the
additional storage time allows more ions to approach the gate.
However, even for the longest storage time (Figure S2D) the
TIS profile extends to > ~60 ms. Clearly the relatively intense
tails evident for the longest storage times are not simply due to
insufficient time for ions to reach the gate region. Indeed, these
data suggest that these TIS profile “shapes” are primarily
dictated by the ion population size and the combined ion
accumulation and added storage time, in addition to the TW
amplitude “pushing” ions toward the gate.

Variation in the Total lon Populations with Extended
Accumulation Times Using Increased TW Amplitudes.
For most practical applications, the effects due to excessive
space charge, such as ion heating, are undesired, and
appropriate ion accumulation conditions would include those
corresponding to Figure 2A or B. In cases such as shown in
Figure 2B significant gains in S/N and IMS R, compared to
Figure 2A would also be expected after accumulation due to
the greater peak intensity and decreased peak width for
accumulated ions. Even longer accumulation times, as shown
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in Figure 2C, can be attractive for some applications due to the
greater peptide precursor ion peak intensities and decreased
peak widths evident when some extent of ion heating is not
problematic. However, longer accumulation times (e.g., 652
ms; Figure 2D) suffer from both increased fragmentation and
decreased peptide precursor ion peak intensities, and the
overall efficiency of ion accumulation falls significantly. Most
approaches and applications benefit from avoiding such
accumulation conditions for the present SLIM design.

The ion population densities near the gate evident in Figure
2B—D result from the use of a relatively weak 8 V,, TW in
region B. The trend observed with increased accumulation
times is further amplified by the use of higher TW amplitudes
that substantially speeds the buildup of ions near the gate.
Figure 4 shows the TIS for 326 and 652 ms accumulation
times for TW amplitudes of 8, 15, and 20 V,p As noted earlier,
longer accumulation times using an 8 V,,, TW amplitude led
to a reduced overall efficiency of ion accumulation. The greater
TW amplitudes resulted in further significant decreases in the
overall efficiency of ion accumulation. The large decreases
evident in the TIS amplitude may be at least partly attributed
to greater dissociation of the peptides to form fragments that
are precluded from detection due to the 380 m/z cutoff of the
rear ion funnel (see discussion below) and species of lower
mobility that are precluded from detection. Consistent also
with this is the subtle shift to longer arrival times for the TIS
onset with both increased accumulation time and greater TW
amplitude, which we can also attribute to increased
abundances for lower m/z (and higher mobility) fragments
also precluded from detection, as discussed earlier.

It is expected that space charge limited ion densities should
be rapidly achieved near the gate with the use of higher TW
amplitudes, but in fact the large decreases are observed for the
maximum TIS. This is likely due to a combination of factors,
such as the space charge limited ion density region being made
up of lower m/z species that can be trapped in the SLIM but
not detected (due to loss to the low m/z cutoff of the rear ion
funnel) or this region being too small to be reflected by the
measurements (due to an effective averaging over some range
of arrival times). Clearly, additional studies, both computa-
tional (simulations) and experimental, will be necessary to
better understand these observations. However, it is also clear
that one should avoid the use of higher amplitude TWs in
conjunction with greatly extended accumulation times or ion
populations; i.e., where space charge limited ion densities are
achieved.

In the remainder of this work, we utilize the relatively gentle
8 V,, TW due to its much greater relevance for practical
applications.

lon Population Changes with Increased (or “Ex-
cessive”) lon Population Densities. For RF-based ion
confinement (e.g., using a stacked ring ion guide, multipole ion
trap, ion funnel, etc.), there is generally a volume where the
likelihood of ion heating due to the RF fields will be negligible
and where ions will ideally (for most purposes) reside. Ion
excursions into areas where they experience greater RF fields
will increase ion translational energies and lead to internal
excitation upon collisions, potentially increasing ion losses and
fragmentation.

As the overall ion population increases and more ions
accumulate near the gate, a peak is formed in the TIS arrival
time profile. As the peaks’ ion density increases, at some point
it is reasonable to expect that the maximum feasible ion density
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Figure 5. ATD on an absolute scale and a normalized scale (insets i and ii to C and D) for Neurotensin (3+) and (2+), m/z 558 and 836, as well as
two of its more prominent fragment ions (y,'® m/z 643 and y,"" m/z 724; peaks i and f in Figure 3) for different ion accumulation times. For the
two shortest accumulation times, 49 ms (A) and 163 ms (B), where space charge effects are minimized, the Neurotensin (3+) charge state (blue)
dominates. For longer accumulation times, 326 ms (C) and 652 ms (D), the Neurotensin (2+) charge state (black) and several fragment ions
become increasingly prominent, forming peaks with distinct arrival times.

in this region will be limited due to charge—charge repulsion
(i.e., space charge), whereupon the ion cloud will expand
spatially in some fashion. This expansion can be “backward”
along the TW track (leading to longer arrival times), laterally
between the DC guard electrodes, or toward the SLIM surfaces
and the RF electrodes. Such spatial expansion can lead to ion
activation or loss depending on details of the confining
potentials (or RF-generated pseudopotentials) in each
dimension. Based upon such reasoning, we anticipate that
sufficiently low TW amplitudes in trapping/storage volumes
would avoid ion cloud expansion in orthogonal directions that
cause ion loss or heating effects. In this regard, we have
recently demonstrated effective ion accumulation and extended
storage after selection from IMS separations using very low TW
amplitudes in SLIM trapping regions.”

The present data show the ion populations (TIS) shift closer
to the gate with increased TW amplitude or time as well as a
dramatic effect on the size of the accumulated ion populations.

The present data also indicate that ion heating occurs for the
densest region of the ion population close to the gate and
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when the ion density is space charge-limited in this region. The
arrival time distributions in Figure 2 show Kemptide (2+) to
be closest to the gate and have the narrowest distribution.
Kemptide (2+) also experiences a significant relative
population decrease as accumulation time increases (Figure
2B—D). The longest accumulation times show the “next”
precursor peptide ion, Neurotensin (3+), to also show a
relative population decrease in conjunction with the
appearance of distinctive fragment ions. Thus, these data are
consistent with a small fraction of the overall ion population
that is near to the gate being selectively subject to significant
excitation and dissociation, and this region being sufficiently
large to encompass portions of both the Kemptide (2+) and
Neurotension (3+) populations.

Spatial Variation of Lower Mobility lons Formed with
Extended Accumulation Times: More Definitive Evi-
dence for Space Charge-Driven Separations. As noted
earlier, the accumulated peptide precursor ions (the distribu-
tions shown in Figure 2A) appear to be “rearranged” to some
extent after arrival near the gate. However, while the peptide
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Figure 6. (Left) ATD for accumulation times of (A) 49, (B) 163, (C) 326, and (D) 652 ms for Angiotensin II (2+), m/z 523, a green trace, and
three of its fragment ions (b° m/z 647, y* m/z 676, and b® m/z 784). (Right) Normalized ATD for an ion accumulation time of 326 ms and
additional storage times of (E) 8, (F) 41, (G) 57, and (H) 163 ms for Angiotensin II (2+) and its m/z 784 b® fragment (black trace).

precursor ion distributions show unexpected and striking
behavior for the accumulated and stored ion populations, they
nevertheless are relatively subtle effects that also are
convoluted by some minor separation in the rear ion funnel,
as discussed earlier.

Much more striking behavior is observed for other lower
mobility ions formed by reactions of the peptide precursor
ions, which we now discuss. As already noted, the longer
accumulation periods result in increasing contributions due to
fragmentation or reactions of the peptide precursor ions. As a
prominent example, the mass spectra in Figure 3 show
significant contributions of Neurotensin (2+), m/z 836, only
for the longer accumulation times. Consistently, we observed
increased Neurotensin (2+) for conditions favoring ion
activation: with larger ion populations, longer storage times,
and higher TW amplitudes. Neurotensin (2+) likely results
from proton-transfer reactions by Neurotensin (3+) (e.g,, with
gas-phase contaminants) at increased rates upon ion activation.
We note also that similar proton transfer processes have also
recently been observed for larger numbers of ion trapping
events (ie., accumulation of larger ion populations) and in a
SLIM array of traps using a similar ion confinement gate
arrangement.53

Figure S shows data for the two charge states of Neurotensin
(3+ and 2+; m/z 558 and 836) as well as its two prominent
fragments (y,'" m/z 643 and y,"" m/z 724; peaks i and f in
Figure 3) for different ion accumulation times. The data are
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also given on normalized scales for the longest accumulation
times (Figure SC,D insets) to better show the differences in
peak arrival times. While Neurotensin (2+) ion population is
not significant for the shortest accumulation times (Figure
SA,B), it becomes readily observable for the 326 ms
accumulation time (Figure SC), but with only ~10% of the
ion population for the 3+ charge state based upon the peak
areas. For the longest 652 ms accumulation time (Figure 5D)
the 3+ ions have a significantly smaller peak area than for the
shorter accumulation time and the 2+ charge state is greater.
Clearly, the 2+ charge state ions are formed in the SLIM from
the 3+ charge state. This dramatic change in relative
abundance for these species is attributed to reactions in a
limited region near the gate where the 3+ ions experience
significant space charge related excitation. We conclude that
Kemptide (2+) has been sufficiently depleted due to ion
heating “to make space” for it in the region of highest ion
density, and leading to its activation.

Even more striking than these abundance changes are the
different ATD for the two Neurotensin charge states; Figure 5
shows their arrival time distribution peaks to be mostly
resolved. Not only is resolution for the two species observed,
but the Neurotensin (2+) is formed largely from previously
accumulated Neurotensin (3+) ions near the gate. Thus,
Neurotensin (2+) ions have moved in the opposite direction of
the TW! Similar trends are evident for the two lower intensity
Neurotensin fragment ions shown in Figure SC,D insets on a
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normalized scale, with the two fragments forming peaks
between the two Neurotensin charge states. This behavior is
also observed with increased storage times after accumulation
for both the precursor and fragment ions. Figure S3 shows data
for a 326 ms accumulation time, with a range of added storage
times, showing both a decrease in the 3+ charge state and an
increase in the 2+ charge state with an increased storage time.
Again, it appears that upon formation the lower charge state
ions move in a direction opposite the TW and contribute to a
population much further from the gate than their precursor
ions.

Figure 6 shows the changes for Angiotensin II (2+) peak
intensities for different accumulation times and that are
consistent with the above discussion. Figure 6A—D (left)
shows the arrival time distributions on an absolute scale for
Angiotensin II (2+) and the three prominent fragment ions (b*
m/z 647, y* m/z 676, and b® m/z 784) and on a normalized
scale in Figure 6C,D insets for the different accumulation
times. Figure 6E—H (right) shows Angiotensin II (2+) and its
m/z 784 fragment on normalized scales for the 326 ms ion
accumulation time and additional storage times. Consistent
with the data for Neurotensin ions, Figure 6A—D (left) shows
a decrease for the precursor ion population accompanied by an
increase in fragment ion populations at longer arrival times.
Small contributions can also be seen for the reaction products
at the location of the precursor ion near the gate (most evident
for the 326 ms accumulation time; see inset to Figure 6 C), i.e.,
before moving to the peak at longer arrival times.

Figure 6E—H shows Angiotensin II (2+) and the b
fragment (m/z 784) with increasing storage times after the
326 ms accumulation event and where the fragment ion
intensity increases significantly during storage. This fragment
initially displays a complex profile (see Figure 6E) immediately
following the end of accumulation and with a smaller but
significant component at the same arrival time as Angiotensin
II (2+). Thus, this portion of the fragment ion population
apparently arises from Angiotensin II (2+) dissociation near
the gate. Consistent with this observation is that the relative
magnitude of Angiotensin II (2+) decreases as the later arrival
time (m/z 784) distribution increases with increased storage
time. This second broad distribution (at ~25 to 60 ms) is
centered at ~35 ms. The origin of the complex distribution is
uncertain, but the component at ~25 ms appears correlated
with the intensity of the short arrival time peak, suggesting it is
related to ions “in transit” between the distributions. In should
be noted that we observe at least two conformers for
Angiotensin II (2+) using DTIMS (see Supporting Informa-
tion Figure S1) and Clemmer and co-workers™® have
previously observed multiple conformers for both the
precursor and fragment ions for Angiotensin II (2+), and the
broad fragment ion distribution we observe may include such
conformers.

These data are again consistent with the activation of ions in
a limited volume close to the gate as well as the migration of
lower mobility ions formed in this volume against the direction
of the TW to form stable peaks detected at later arrival times.

The Implications of Space Charge-Driven lon Sepa-
rations. Based upon the above discussion, we conclude that
ions are rearranging and focusing to form peaks along the
SLIM track volume due to the opposing forces arising from
space charge and the TW. The data indicate that the arrival
time for a particular species after accumulation and storage
(and any subsequent stacking or focusing) depends on the
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other species present, as long as the ion population is
“continuous”, ie., has no significant gaps in the charge
distribution along the track axis. That is, we expect trapped
ion population density to decrease in a distinctive fashion from
its maxima near the gate due to the opposing forces of the self-
generated space charge and the TWs. The Figure 4 ATD
shows that the initial decrease in ion population density along
the track axis is steep, and thus better separations might be
expected due to differences in space charge that are manifested
at shorter arrival times. Similarly, better separations might be
anticipated for lower temperature ion populations, and perhaps
using more gentle uniform drift fields rather than low
amplitude traveling waves.

Importantly, the use of a lower TW amplitude while
accumulating ions is expected to effectively build a population
that spreads further from the gate for a given total number of
charges and result in broader peaks in the ATD. More ions
(e.g., from longer accumulation times) and lower TW
amplitudes are thus expected to allow ions to use more of
the available volume. Attractive is the use of a TW amplitude
that is sufficiently low to enable accumulation of large ion
populations with minimal ion heating. To some extent, the
“length” (ie., the peak or ion population distribution width)
can be controlled in a useful fashion by simply adjusting the
accumulation/storage time. Since longer trapping times
increase the maximum ion density, a more rapid accumulation
of a given population should also result in less ion heating.

We believe the present space charge induced separation
findings are novel and note that the conditions under which we
observe these phenomena can potentially apply for measure-
ments in other more conventional instrumentation where large
trapping volumes and high ion population densities are
achieved. This can include linear ion traps, stacked ring ion
guides, and ion funnels that are operated in ways generally
avoided (e.g., locating a stopping potential at the bottom of an
ion funnel having a gentle field gradient). One potentially
related observation is by Causon et al,” who conducted
simulations on the effects of significant space charge on ion
transmission through an IFT. They observed ‘space charge
from the first ions to accumulate causes later arriving ions to
shift further back and toward the [IFT] rings’ and ‘low m/z
ions are lost ahead of higher m/z ions as space charge builds
up’. This was viewed as consistent with the loss of very low m/
z ions observed in measurements. Based upon their
simulations, they also suggest that the highest mobility ions
in the IFT more readily expand into the pseudopotential
created by the RF, an observation consistent with the
preferential heating observed for such species in the gate
vicinity in this work. While clearly different from the present
SLIM arrangement, their simulations are consistent with space
charge playing a role in the observed mobility-based spatial
distributions.

It must be noted that we are for the present implicitly
ignoring possible spatial variation for accumulated and stored
ions in orthogonal directions (i.e., toward the SLIM surfaces or
the side). Previous work for RF multipoles and stacked ring ion
guides has indicated some significant spatial variations in ion
densities,* as well as m/z-based stratification (ie., separa-
tion),”” can occur, and comparable phenomena may occur
here. While this needs to be considered in future computa-
tional studies, at present, we assume that any such spatial
variation does not significantly impact ion population changes
at the center of distribution along the SLIM track axis.
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The Potential Utility of Space Charge-Driven lon
Separations. While these phenomena need additional
experimental and computational study from a fundamental
perspective, ion separations under conditions of significant
space charge in trapped ion volumes are potentially of
significant practical utility. The observed phenomena suggest
potentially significant value for ion manipulations, such as ion
prefractionation before MS and IMS-MS, for purposes that
include improving the sensitivity or dynamic range of analyses.
For IMS separations, the narrowing of the starting distribution
for one or more constituents in a given volume allows larger
ion populations to be used without degrading the resolving
power. These separations can potentially be significantly
optimized by use of larger ion volumes, such as in extended
SLIM track lengths, as well as the use of “cooler” ion
populations, optimized fields, etc. One potential type of
application that can be envisioned would use two “bracketing”
species to enrich a targeted species (having a specific mobility
between the two) to improve the sensitivity of measurements.

While the present separations are driven by space charge,
they do not necessarily cause ion heating, which appears to
occur only in the region of the highest ion density. Both
increased ion populations near the gate and longer storage
times led to increased ion heating and fragmentation in this
region. The observed separations result in ion heating being
limited to the highest mobility species that populate the region
of the highest ion density. Importantly, this work suggests that
conditions that cause ion heating should be avoidable, e.g., by
the use of a sufficiently small TW amplitude or limiting
accumulation times while retaining significant benefits from
space charge-driven ion separations.

B CONCLUSIONS

The trapping and accumulation of ions as a prelude to IMS
separations is important for sensitive measurements and the
resolving power achievable, and key aspects involve both the
size of the ion population and their spatial distribution. We
have studied the accumulation and storage of ions using
traveling waves in a SLIM region having an extended linear
path and evaluated the effects of ion population size and
storage time. This charge density of the trapped ion cloud is
ultimately limited by space charge, and when this limit is
reached, ions can experience increased ion heating (..,
activation) that can be manifested also as ion losses and/or
dissociation. We find that lower TW amplitudes that provide a
gentler “push” toward a confinement potential can have
significant utility for decreasing the width of the accumulated
ion packet and thus improving resolving power. Ideally, the
TW amplitude is sufficiently low that the opposing forces due
to space charge can prevent an excessively large ion density, so
that the ion cloud expansion is in the direction opposite the
TWs, ultimately providing a distribution width that is
minimized for a given ion population.

For IMS applications this work shows that the accumulation
process can be optimized to prevent significant distribution
width contributions from degrading resolving power or causing
significant peak “tails” that could distort peak shapes after
separation. It also suggests the use of an “in-SLIM” ion
accumulation region length no longer than needed to achieve a
desired peak width and located close to the SLIM entrance as
advantageous for speeding accumulation, enhancing overall ion
utilization efficiency and avoiding ion population profiles that
can result in peak tailing.

A novel observation from this work is that ions separate to
some extent in the SLIM track accumulation volume by their
mobilities due to the opposing forces arising from space charge
and the TW. An important implication of these separations is
that the space charge induced ion heating is restricted to the
highest mobility ions that populate the highest ion population
density region close to the ion gate.

This work also indicates that the spatial distribution for a
particular species during accumulation and storage (and any
subsequent ion “stacking” or “focusing”) depends on the other
species present. The detected ion population density drops in a
distinctive fashion with the distance from the gate. Ions locate
or stack with decreasing mobility with distance from the gate.
Fragment ions formed by ion heating at the gate that have
lower mobility than their precursor ion (e.g, a lower charge
state formed by proton transfer) will move counter to the TW,
forming a peak at a greater distance from the gate. Such
separations have potential utility for cases where the use of
extremely large ion populations is attractive, such as for ion
fractionation to provide a greater dynamic range to overall
measurements, or the collection of materials by surface
deposition (or “soft-landing”).

In this study, we have used traveling waves to drive ions
toward the gate for ion accumulation, creating the space charge
conditions causing mobility based separations. It is likely that
the observed phenomena and similar (and potentially better)
separations would result from the use of a constant drift field,
and this will be the subject of a future study.
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