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ABSTRACT: Ion isolation was achieved via selective pulsing
of the entrance and exit ion mirrors in an electrostatic linear
ion trap mass spectrometer (ELIT). Mirror switching has been
described previously as a method for capturing injected ions in
ELIT devices. After ion trapping, mirror switching can be used
as a method for ion isolation of successively narrower ranges of
mass-to-charge (m/z) ratio. By taking advantage of the spatial
separation of ions in an ELIT device, pulsing of the entrance
and/or exit mirrors can release unwanted ions while continuing
to store ions of interest. Furthermore, mirror switching can be
repeated multiple times to isolate ions of very similar m/z
values with minimal loss of the stored ions, as is demonstrated
by the isolation of protonated L-glutamine and L-lysine (A m/z
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= 0.0364) from a mixture of the two amino acid ions and the isobaric mixture of [PC P-18:0/22:6] and [PC 19:0/19:0] (A m/z
= 0.0575). As isolation is accomplished due to the spatial/temporal separation of ion packets within the ELIT, multiple
reflection-time-of-flight (MR-TOF) mass spectra are shown to demonstrate separation in the ELIT at the time of isolation. An
isolation resolution of greater than 35 000 fwhm is demonstrated here using a 5.25 in. ELIT. This resolution corresponds to the
fwhm resolution necessary to reduce contaminant overlap of an equally abundant adjacent ion to 1% or less of the isolated ion

intensity.

he efficiency and resolution with which precursor ions can

be selected for subsequent interrogation are important
figures of mer1t in any tandem mass spectrometry (MS/MS)
experiment.’ Various precursor ion selection approaches have
been used in the many MS/MS platforms that have been
developed over the past several decades. A particularly common
approach in many commercial platforms, for example, is the use
of a quadrupole mass filter for precursor ion isolation. In the case
of most tandem time-of-flight (TOF/TOF) instruments, a
single-pass TOF process is used to separate precursor ions for
subsequent activation. Improved precursor ion resolution can
be achieved via multiple reflection TOF (MR-TOF) via a
significant extension in ion flight path, as demonstrated with the
commercially available spiralTOF, an open-path MR-TOF/
TOF mass spectrometer that offers a fixed path length of 17 m
for precursor ion isolation and a single reflection TOF for mass
analysis.”

A high degree of selectively in ion flight length can be achieved
via ion storage time in a closed-loop MR-TOF device.” After a
given storage time, ions can be released for detection or to an
external device for subsequent processing. A deflector, such as a
Bradbury-Nielsen gate, is commonly used to selectively pass ions
within a small m/z range after a MR-TOF separation. 6-12
Similarly, isolation by in-trap potential lift ejection has also been
demonstrated."® Alternatively, a trapping plate can be
modulated such that unwanted ions become unstable over
time to accomplish ion isolation within MR-TOF devices.' "
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Recently, authors using a MR-TOF device with a single in-trap
deflector consisting of two electrodes quoted an ion selection
resolution of 40,000 using square wave modulation using low
voltages.'®"” Tons can also be selectively retrapped in an
injection region then sequentially reinjected into the MR-
TOE."® Isolation is accomplished due to the small acceptance
window of the retrapping field. Using this technique isolation,
resolutions up to 70 000 were quoted with trapping efficiencies
of up to 35%.

The electrostatic linear ion trap (ELIT), which consists of two
ion mirrors facing each other and separated by a field free region,
is a common platform for MR-TOF measurements.'”~>' The
linear geometry is convenient for ion isolation because ion
injection and release can occur via the same ion mirror or via
opposite mirrors. Ions are introduced axially at a fixed energy
and are trapped between the two ion mirrors. Although there is
no inherent limit to the m/z values that can be trapped in an
ELIT device, the physical dimensions of the trap and trapping
method (e.g., mirror switching22 or potential lift"*>**~%°) limit
the maximum achievable mass range for a given injection of ions.
It has been demonstrated, however, that use of multiple
injection events can be used to partially overcome this
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Figure 1. Illustration of techniques used in mirror switching isolation. (a) Selection of a restricted mass range by pulsing plates 1 (T;) and 8 (T},) after
ion injection (T,). (b) High-resolution ion selection after adequate separation time using a third pulse (T;) of a given width (ATj).

limitation.'” Mass analysis can be achieved via MR-TOF using
an external detector following release from the ELIT or Fourier
transform mass spectrometry (FTMS),”® using a pick-up
electrode within the ELIT for image current detection, or
both.”” A serious potential complication for both mass analysis
and ion isolation using a closed-path MR-TOF device, however,
is the so-called “race track effect””” whereby fast ions lap slow
ions leading to ambiguity in mass selection/determination.
Herein, we describe and demonstrate a general approach to
achieving high-resolution (>10000) ion isolation with high
efficiency (ie., little or no ion loss) using multiple mirror
switching pulses with an ELIT. Isolation resolution is defined
here as the full width at half-maximum (fwhm) resolution
necessary to reduce peak overlap from an equally abundant
adjacent ion to 1% or less of the amplitude of the ion of interest.
This approach has been implemented on an ELIT of relatively
modest length (5.25 in.) but applies to any closed-loop MR-
TOF device.

B EXPERIMENTAL SECTION

Materials. L-Lysine monohydrochloride, L-glutamine, and
ammonium acetate were purchased from Sigma-Aldrich (St.
Louis, MO). [PC P-18:0/22:6] and [PC 19:0/19:0] were
purchased from Avanti Polar Lipids (Alabaster, AL). Methanol
was purchased from Thermo Fisher Scientific (Waltham, MA).
HPLC-grade water was purchased from Fisher Scientific
(Pittsburgh, PA). The LC/MS tuning mix for ESI (G2421A)
was purchased from Agilent Technologies (Santa Clara, CA).
The mixture of L-lysine (100 #M) and L-glutamine monohydro-
chloride (1 mM) was prepared using 50/50 v/v MeOH/H,0.
The mixture of [PC P-18:0/22:6] (100 uM) and [PC 19:0/
19:0] (100 uM) was prepared using 99/1 v/v MeOH/1 mM
ammonium acetate.

Mass Spectrometry. All experiments were carried out on a
home-built 5.25 in. ELIT that has been described previously.””
The nanoelectrospray ionization (nESI) source and the method
by which ions are concentrated and injected into the ELIT have
been described previously, and a brief description is provided in
the Supporting Information.”” Procedures for obtaining mass

spectra via Fourier transformation and via MR-TOF with this
device have been described,” and a summary is provided in the
Supporting Information. It is important to note that the MR-
TOF spectra shown here provide an estimate of the time
separation of the ions in the ELIT at the time of ejection;
however, peaks are broadened due to the mirror foci (temporal
focusing) being at the center of the trap for FT measurements
and not at the face of the MCP.

lon Isolation. Ton isolation was performed by pulsing of the
first plate of the ELIT (plate 1) or the last plate (plate 8) (or
both) from their nominal trapping potentials (~2360 V) to
ground at some specified time after ion injection. It is important
to note that the voltage necessary for ion ejection needs only to
be lower than the nominal ion energy (~1960 eV/charge). The
time in which the electrodes are pulsed and the duration they are
held at ground was set by a pulse/delay generator (model 575,
Berkeley Nucleonics, San Rafael, CA). A home-built digital
signal joiner was developed for combining waveforms from
multiple signal sources such that a single mirror could be pulsed
multiple times by coupling up to three input TTL signals. This
device allowed for high accuracy control over multiple mirror
switching events using the BNC 575 pulse/delay generator.
Each signal drives a high impedance input that prevents
interference or signal degradation of adjacent channels. By
utilizing high-speed CMOS technology, the circuit was
configured such that the propagation delay stays within an 8.5
ns window. Mirror switching was done using ORTEC 556
power supplies and solid-state switches (HTS 31-03-GSM,
Behlke Electronics GMBH, Kronberg, Germany).

B RESULTS AND DISCUSSION

In an ELIT device, ions separate in time until some maximum
separation is achieved based on the relative ion velocities and
dimensions of the mass analyzer, after which fast ions overtake
slow ions (i.e., the race track effect). The race track effect must
be avoided to achieve ion isolation without contamination due
to ion lapping. For the separation of ions of very similar m/z
ratio, long flight times/distances are required. It is therefore
important to be able to dynamically control the m/z range of the
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Figure 2. eFT mass spectra of Agilent ESI tuning mix. (a) Tuning mix with wide m/z range acceptance (T = 20 ys). (b) Reduction of the m/z range at
the high end by use of T} = 13.5 ps. (c) Isolation of 1521.97 peak and its isotopes by use of T; = 13.5 us (plate 1) and T, = 19 us (plate 8). (d—f)
Isolation of successive isotopes at different T values (96.7% efficient) (see inserts). Intensity scales are the same for each eFT spectra, and efficiencies
are within the experimental reproducibility for this device. All mass spectra are averages of 100 spectra. All transients are 300 ms in length. The *
indicates background noise. The O represents sodiated peaks. The M represents peaks associated with harmonics.

ions stored in the ELIT, which can be achieved via the
appropriately timed release of ions that might otherwise lap or
be lapped by the ions of interest. By progressively reducing the
range of masses trapped in the device, high spatial separation can
be achieved for ions of very similar m/z ratios, as illustrated
schematically in Figure 1 for a simple four-component mixture.
The accepted m/z range for an ion population released from the
accumulation ion trap at T} in the present device is determined
by the timing of raising the voltage applied to plate 1 (entrance
mirror) from 0V to the value used to store ions at T,.> High m/
zions too slow to enter the ELIT prior to T, are precluded from
being trapped and low m/z ions that bounce from the opposing
mirror (plate 8) and exit through plate 1 before T, are also
precluded from being trapped. The ions at the lower end of the
trapped m/z range can begin to lap the ions at the upper end of
the m/z range after the low m/z ions have undergone a single
lap. To avoid such a scenario, it is desirable to limit the initial m/
zrange of trapped ions to allow for ions to separate in time while
avoiding any ion lapping. It is straightforward to restrict the m/z
range of trapped ions in the initial ion injection step (i.e., a low
resolution selection step) by using two timed mirror switches, as
illustrated in Figure la. One of several ways to do this is to time
the gating of plates 1 and 8 such that only ions with flight times
between the two gates pulse are stored. In the schematic of
Figure 1a, plate 1 is gated up at T to prevent (blue) ions of m/z
higher than those of interest from entering the trap while plate 8
is gated up at T, just before the ions of interest can exit, thereby
allowing faster (red), lower m/z ions to pass through the trap.
The trapped (green) ions of a relatively narrow m/z range can
then be allowed to further separate in time to the point at which
another mirror switch at T; with a given pulse width (AT;) can

be used to allow unwanted (lighter green) ions to escape the
ELIT. This is illustrated in Figure 1b.

The initial mass selection step illustrated in Figure la, in
which T determines the high m/z cutoff and T, determines the
low m/z cutof, is relatively crude because it depends on the
degree of separation that takes place during the short time-of-
flight associated with the initial injection step from the trapping
quadrupole. Nevertheless, it prevents the immediate onset of ion
lapping when ions of widely different m/z values are initially
stored in the ELIT. The unlapped m/z-range in a MR-TOF,
expressed as the ratio of the upper (1/z) ., and lower (m/z) i
m/z limits, is approximated by”*

(" max (N + 1)2
(m/z)min N (1)
Based on this relationship, it is possible to estimate the
number of laps (N), as determined by the storage time, that can

be allowed before the ions in the initially selected ion population
can begin to undergo ion lapping:

()
NN&%MJ '

-1

)

At any point prior to the time that ion lapping can occur, one
or more subsequent mirror switching events can be used to
release unwanted ions in a selective fashion. A series of
appropriately timed mirror switches can be used to provide
precursor isolation at a resolution related to the temporal/spatial
separation obtainable via a MR-TOF experiment. Isolation
performance can also be impacted by the speed with which the

DOI: 10.1021/acs.analchem.9b00874
Anal. Chem. XXXX, XXX, XXX—XXX


http://dx.doi.org/10.1021/acs.analchem.9b00874

Analytical Chemistry

Technical Note

0.002 4 [Glutamine + H]* [Lysine + H]* 0.002 [Glutamine + H]*
\ / a) \ c)
0.001 1 0.001
s JU\M
B2
8 0 .y 0 pai A . .
g 146.9 147.0 147.1 147.2 147.3 146.9 147.0 147.1 147.2 147.3
= m/z m/z
©
< .01
;%D 0.0 0.002 [Lysine + H]*
b) d)
[Glutamine + H]* /
[Lysine + H]*
0.005 0.001
0 0 o
2.5 35 4.5 5.5 6.5 146.9 147.0 147.1 147.2 147.3
Time (us) m/z

Figure 3. eFT mass spectra and MR-TOF of protonated L-glutamine (147.0764 m/z) and L-lysine (147.1128 m/z). (a) Preisolation eFT mass
spectrum. (b) MR-TOF spectrum of protonated L-glutamine (left) and L-lysine (right) after 25.65 ms. (c) Isolated L-glutamine (101% efficient) after
25.65 ms. (d) Isolated L-lysine (85.9% efficient) after 25.65 ms using isolation pulse widths of 1.5 us. Intensities scales are the same for all eFT spectra
and efficiencies are within the experimentally reproducibility for this device. All mass spectra are averages of 100 spectra. All transient are 200 ms in

length.
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Figure 4. eFT mass spectra of protonated [PC P-18:0/22:6] (818.6063 m/z) and [PC 19:0/19:0] (818.6638 m/z). (a) eFT mass spectrum of the
monoisotopic isolation of the two isobaric ions. (b) Isolated [PC P-18:0/22:6] (111% efficient) and (c) isolated [PC 19:0/19:0] (106% efficient) after
45.58 ms using a 2 s pulse of plate 8. Intensities scales are the same for all eFT spectra, and efficiencies are within the experimentally reproducibility for
this device. All eFT mass spectra are averages of 100 spectra. All transients are 300 ms in length.
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mirror electrodes can be switched and any associated ringing,
which has been discussed for the present apparatus and is shown
experimentally in Figure -2

An ion isolation process for ions derived from the Agilent
tuning mix is illustrated in Figure 2. The enhanced Fourier
transform (eFT) mass spectrum of the tuning mix obtained after
a single mirror switching event for plate 1 (T, = 20 us) is shown
in Figure 2a. Figure 2b shows the spectrum obtained using T} =
13.5 us, which prevents the higher m/z ions from entering the
ELIT. Figure 2c shows the mass spectrum obtained using a plate
1 mirror switch at T, = 13.5 ps and a plate 8 mirror switch at T, =
18.5 ps. This process prevents the higher m/z ions from entering
the ELIT while it allows the lower m/z ions to pass through the
ELIT. The time-of-flight separation in the single pass through
the ELIT is insufficient for the isolation of the isotopologues of
protonated hexakis(1H,1H,5H-octafluoropentoxy)phosphazine
(monoisotopic ion = m/z 1521.971). During the storage time
between T, and T (15.47 ms and 761 laps), the isotopologues
separate further such that they are spaced roughly 5 us apart in
flight time (see MR-TOF mass spectrum in Figure S-1). A third,
12 ps long mirror switch (plate 8) to ground (ie., T3) can be
used to release two of the three isotopic peaks (d—f) remaining
in the ELIT. For example, at T3 = 15.43 ms, the locations of the
isotopes in the trap are such that the two heavier isotopes are in
line to reach plate 8 before the lightest isotope (see insert to
Figure 2d) such that the 12 us plate 8 pulse to ground is
sufficiently long to release the two heavier isotopic ions. The
order in which the three isotopic peaks reach plate 8 can be
adjusted via Tj, thereby allowing for the selective release of two
of the three isotopic ions (see also the insets to Figure 2e,f). The
isolation resolution demonstrated for Figure 2d—f is approx-
imately 3 700 fwhm based on the resolution necessary to reduce
peak overlap to 1% of the ion of interest. (We assume a Gaussian
peak shape, which approximates the shapes of the peaks we
generally observe in the MR-TOF experiment.) The ion path
length in the 5.25 in. ELIT was estimated to be 124 mm using a
simulated model of the device in SIMION v8.1 (Scientific
Instrument Services, Ringoes, NJ). A trapping time of 15.47 ms
in the 5.25 in. ELIT results in 761 laps for ions of m/z 1521.971
(lap time ~ 20.3 ps) and a time-of-flight path length of 188.7 m
prior to isolation.

Higher resolution ion isolations can be achieved by allowing
longer separation times for closely spaced ions. This was
demonstrated with a mixture of protonated L-lysine and L-
glutamine, two isobaric species that are separated by m/z 0.0364
(Figure 3), and protonated [PC P-18:0/22:6] and [PC 19:0/
19:0], which are also isobaric and are separated by m/z 0.0575
(Figure 4). As can be seen with the MR-TOF spectrum of the
amino acid mixture near the isolation time, the ion packets for
protonated L-lysine and L-glutamine are well separated in MR-
TOF space (Figure 3b). Temporal and spatial separation
demonstrated in the MR-TOF measurement allowed an
experimental isolation resolution of at least 10 000 fwhm (i.e.,
the resolution needed to isolate one of the roughly equally
abundant isobaric ions with less than 1% abundance of the other
isobaric ion present after the isolation step) as illustrated in
panels ¢ and d in Figure 3. Ions underwent 4071 laps after the
25.65 ms separation time (lap time & 6.3 us) and thus had a final
time-of-flight path length of 1009.6 m before ion isolation.
Isolation resolutions of 38 000 fwhm were achieved for a fatty
acid mixture of [PC P-18:0/22:6] and [PC 19:0/19:0] (Figure
4) after 48.58 ms of separation time (lap time ~ 14.9 us). After

3375 laps, ions experienced a final time-of-flight length of 837.0
m before isolation.

B CONCLUSIONS

A novel ion isolation approach is demonstrated here with a
device capable of MR-TOF and FT mass analysis. This isolation
technique takes advantage of the spatial separation possible in a
closed path MR-TOF device. The range of masses trapped
within an ELIT is decreased successively to allow ions of very
similar m/z to separate while avoiding the race track effect. In
this work, ion isolation was demonstrated to different extents on
Agilent ESI tuning mix, a mixture of two closely spaced amino
acids (L-glutamine and t-lysine, A m/z = 0.0364), and a mixture
of two isobaric fatty acids ([PC P-18:0/22:6] and [PC 19:0/
19:0], A m/z = 0.0575). Furthermore, MR-TOF mass spectra
were used to demonstrate the degree of spatial/temporal
separation accomplished with a 525 in. ELIT. This spatial
separation is due to the long flight paths achievable with a
closed-loop trapping device and is related to the resolution with
which ions of similar m/z can be isolated from one another. In all
cases reported here, flight paths of greater than 100 m were
achieved using a 13.33 cm (5.25 in.) long ELIT device. In the
most extreme case, a path length of 1009.6 m was achieved.
Mirror switching is demonstrated as a straightforward and
effective method for high-resolution and high-efficiency ion
isolation in an ELIT without the incorporation of any
supplemental electrical elements, such as deflection plates.

B ASSOCIATED CONTENT

© Supporting Information

The Supporting Information is available free of charge on the
ACS Publications website at DOI: 10.1021/acs.anal-
chem.9b00874.

Additional text describing our mass analysis procedures
for both FT and MR-TOF data and a figure supporting
the separation of isotopes in the isolated Agilent tuning
mix distribution (PDF)
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