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ABSTRACT
RATIONALE

The electrostatic linear ion trap (ELIT) can be operated as a multi-reflection time-of-flight (MR-
TOF) or Fourier transform (FT) mass analyzer. It has been shown to be capable of performing high
resolution mass analysis and high-resolution ion isolations. While it has been used in charge-
detection mass spectrometry (CDMS), it has not been widely used as a conventional mass
spectrometer (MS) for ensemble measurements of ions, or for tandem-MS. The advantages of
tandem-MS with high-resolution ion isolations in the ELIT have thus not been fully exploited.

METHODS

A home-built ELIT was modified with BaF» viewports to facilitate transmission of a laser beam at
the turnaround point of the second ion mirror in the ELIT. Fragmentation that occurs at the
turnaround point of these ion mirrors should result in minimal energy-partitioning due to the low
kinetic energy of ions at these points. The laser was allowed to irradiate ions for a period of many
oscillations in the ELIT.

RESULTS

Due to the low energy absorption of gas-phase ions during each oscillation in the ELIT,
fragmentation was found to occur over a range of oscillations in the ELIT generating a
homogeneous ion beam. A mirror-switching pulse is shown to create time-varying perturbations
in this beam which oscillate at the fragment ion characteristic frequencies and generate a time-
domain signal. This was found to recover FT signal for protonated pYGGFL and pSGGFL
precursor ions.

CONCLUSIONS

Fragmentation at the turnaround point of an ELIT by continuous-wave infrared multi-photon
dissociation (cw-IRMPD) is demonstrated. In cases where laser power absorption is low and
fragmentation occurs over many laps, a mirror-switching pulse may be used to recover varying
time-domain signal. The combination of laser activation at the turnaround points and mirror-
switching isolation allows for tandem-MS in the ELIT.

Keywords: Infra-red multi-photon dissociation, electrostatic linear ion trap, tandem mass
spectrometry



1. Introduction

The electrostatic linear ion trap (ELIT) was introduced in 1997 by Zajfman et al.! The ELIT (also
referred to as an electrostatic beam ion trap or EBIT) consists of an array of plate electrodes
typically positioned around a central pickup electrode used for detection of image charge. lons can
be trapped axially by applying a voltage on each end plate greater than the energy to charge ratio
of injected ions. Entrance into the device is accomplished by lowering the entrance plate voltage
briefly, although in-trap potential lifts can also be used to lower the energy of injected ions below
the trapping threshold.? The interior plates provide radial focusing through Einzel lensing,
allowing pressure-limited transients in Fourier transform (FT) mode, or separation of ions in a
multi-reflectron time-of-flight (MR-TOF) mode.>* In the FT operational mode, the transient is
converted to the frequency domain by fast Fourier transformation (FFT), after which the frequency
scale is converted to m/z. Like other FT instruments, the ELIT performs high-resolution mass
analysis, with resolutions above 100,000 FWHM reported.>¢

The ELIT design allows for flexibility in the shape of the pickup electrode, as a central field-free
region with no ion focusing can be accommodated. This makes it well-suited for charge detection
mass spectrometry (CDMS), in which pickup electrodes with high length to diameter ratios are
desired for complete image charge formation from single ions.” The oscillation of single ions in
the device offers the advantage of averaging for minimizing error in charge determination. This
feature makes the ELIT geometry well-suited for high performance CDMS. While the ELIT has
been shown in early publications to be useful for conventional mass analysis (injection of multiple
ions and ion packets),!>* the ELIT has not been widely adopted for these applications.

While the mass resolution of the ELIT has not been demonstrated to reach that of the commercially
available Orbitrap™,® ELITs as mass analyzers can be readily fabricated at low cost without
sophisticated machining, while achieving mass resolution in the tens of thousands in either FT or
MR-TOF modes. Furthermore, the simplicity of the geometry allows for flexibility in constructing
variations of the analyzer (e.g., ELITs of different size®). By using ultrafast high voltage switches
to gate the end plates of the device (mirror-switching), ions can be selectively allowed to escape
from the device through judicial timing of mirror-switching pulses. High-resolution ion isolations
using mirror-switching, achieving an isolation resolution of > 35,000 (FWHM) for lipid isobars
have been previously demonstrated.!®!! This makes the ELIT a promising platform for tandem-
MS, especially for complex mixtures containing isobaric species. While the isolation and high-
resolution readout capabilities of the ELIT have been established, dissociation methods are needed
to enable the ELIT to be operated as a stand-alone tandem mass spectrometer. Surface-induced
dissociation (SID) of relatively small (<350 Da) singly-charged ions'? and large multiply-charged
protein complexes'? has previously been demonstrated within an ELIT by placing a modified gold
surface at one of the end plates. At each reflection at the endplates of the device, ions turn around
(‘turnaround point’), briefly having near zero kinetic energy. If fragmentation occurs at a
turnaround point, minimal energy partitioning will occur between fragment ions, meaning



frequency to m/z calibration will not be further complicated. This allows for photofragmentation
by simply focusing a laser through a turnaround point within the ELIT.

Photodissociation techniques such as infra-red multi-photon dissociation (IRMPD) and ultra-violet
photodissociation (UVPD) have various applications in mass spectrometry. These include uses for
increased sequence coverage in proteomics 4, generation of more informative fragments, ' and for
uses requiring a fragmentation process decoupled to ion trapping dynamics. '® Photofragmentation
is typically performed in linear quadrupole ion traps due to the stable storage of ions for long time
periods, and radial confinement from collisional cooling. This allows for extended spatial overlap
of ions with the laser beam. Photofragmentation has been performed in other mass analyzers,
including FTICRs,!” at the turnaround point for reflectrons in TOF,!'® and in ELITs, !%:20:21:22.23.24
In ELIT photodissociation, the laser beams were directed axially through the ELIT. For tandem-
MS, this may present issues as fragmentation that occurs outside of the turnaround point will result
in energy partitioning and ambiguous m/z assignments. To the best of our knowledge, this work is
the first report of photodissociation exclusively at a turning point in an ELIT operating in
conventional mass analysis mode. In this case, ions oscillating in the ELIT are exposed to a
continuous beam of infra-red radiation directed orthogonally to the ion motion axis at a turning
point to give rise to continuous-wave IRMPD (cw-IRMPD). In this setup, the ELIT itself is used
as the mass analyzer for MS? spectra in FT mode, after mirror-switching isolation. The
development of ion activation techniques in the ELIT is a key step towards its use in tandem MS,
which would benefit from its high-resolution ion isolation capabilities.

2. Methods
2.1 Instrumentation

All experiments were performed on a home built ELIT instrument (Figure 1). Ions are generated
using nano-electrospray ionization (nESI), passing through an interface region of approximately
900 mTorr. Ions pass through a conductance limiting aperture into the main chamber of the
instrument at about 1x10 Torr. Ions are transmitted through a linear quadrupole ion guide and
turned by a turning quadrupole into a linear quadrupole ion trap (LIT). After ions are formed and
transferred into this LIT, the DC offset of this LIT is ramped from ~0 V to 1990 V. During this
time, triangular electrodes inserted between the rods of this quadrupole (LINAC?’ electrodes) are
ramped from ~0 V to 700 V. The potential difference between the rods and LINAC serves to bunch
ions towards the exit lens of the LIT. Just prior to a gate-down of the exit lens to 1500 V and
subsequent ion injection into the ELIT, ions are further bunched by lowering the exit lens voltage
from 2000 V to 1980 V. Ions pass through a differentially pumped region between two
conductance limiting apertures, guided by an Einzel lens, finally passing into the ELIT chamber
held at ~3x10 Torr. Ions enter the ELIT as the entrance plate is held at ~1600 V, after which this
plate is gated up to the trapping voltage of ~2300 V. The delay between ion injection and the gate-
up of this entrance plate determines the mass range of the instrument, as some spatial separation
occurs in the region between the injection LIT and the ELIT. All voltage gates are performed using
solid-state high voltage switches (HTS 31-03-GSM, Behlke Electronics GMBH, Kronberg,



Germany), with TTL pulses and timings controlled using a pulse/delay generator (model 575,
Berkeley Nucleonics, San Rafael, CA).

2.2 ew-IRMPD

Two BaF» viewports were mounted to the ELIT chamber and positioned to allow transmission of
the laser beam directly through the posterior turning point (i.e., between plates 7 and 8, see Figure
1) of the ELIT. A 40 Watt Synrad Firestar v40 laser (10.6 um) was used for IRMPD. The beam
was focused using a ZnSe lens with 149 mm focal length. Tuning of the beam position was
accomplished via horizontal and vertical translation stages. The laser was continuous and was on
for the duration of the irradiation phase of the experiment. A mirror switching pulse was used to
remove ions from a portion of the fragment ion beam formed by the IRMPD to allow for FT
analysis.

2.3 nESI

100 uM solutions of pYGGFL, pSGGFL, and KGAILPGAILR were prepared in 49:49:2 (by
volume) solutions of water, methanol, and acetic acid. lons were sprayed out of pulled borosilicate
glass capillaries (50-100 pum diameter) for nano-electrospray ionization in positive ion-mode (1.2-
1.5 kV) using the wire-in-a-capillary approach?® to making electrical contact with solution.

2.4 Quantum computations

Quantum calculations of phospho-serine were performed using the QCHEM electronic structure
package, version 2.15.3%7 The initial molecular structure was imported and optimized under 6-
31G(d,p) basis set using DFT(B3LYP) in QCHEM. Following the optimized molecular structure,
vibrational analysis including reduced masses, infrared activities and intensities was performed.
All calculations were performed for gas-phase species, neglecting perturbations from
intermolecular couplings potentially arising within the crystalline lattice.
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Figure 1: A schematic of the ELIT instrument with an IR laser path directed through the posterior
turnaround point . A gold SID surface at the exit lens is also pictured, but not used here.

3. Results and Discussion:
3.1 Beam alignment

Precursor ion signal was used to tune for beam overlap with the ion packet. Transient lengths were
approximately 300 ms after tuning of the ELIT plates, and pumping down to 3x10® Torr. Using a
Hanning window for apodization of FT signal, depletion of precursor signal was readily observed
upon alignment of the beam at 4 W laser power. The laser power was decreased while rastering
the beam position until the optimal position for depletion was found. Despite significantly faster
precursor depletion relative to the normal decay of transient signal from collisions with
background gas, no fragment signal was initially observed. Figure 2 shows a comparison of short-
time Fourier transform (STFT) for a pY GGFL transient with no IR heating, and with the laser on.
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Figure 2: Extracted short-time Fourier transforms of three different [pYGGFL+H]" transients.
STFTs were performed using 30 ms time-domain windows, and 6 ms step time. The blue trace
shows the STFT of the precursor signal with no laser. The blue dotted line shows an exponential
fit to the data. The orange and grey lines show STFTs of precursor signal with 34% and 46% laser
power, respectively. The two insets on the right show zoomed in portions of the yellow highlighted
region in the main plot, for the 34%, and 46% laser power STFTs. These are fitted with exponential
fits shown by the dotted lines.

3.2 Laser power absorption in the ELIT

Because negligible collisional cooling occurs in high vacuum (3x10~ Torr) in the ELIT, ions under
IR irradiation will reach a steady state internal temperature distribution approximately governed



by the Planck relation.?® After the laser is turned on, time is required to heat the ion population to
a temperature distribution that overlaps with the fragmentation energy threshold. Figure 2 shows
the STFTs of precursor signal for pY GGFL at 0%, 34%, and 46% laser power. At each of the three
laser powers shown, the decay rate at the early portion of the transient is similar, and thus results
primarily from collisions with neutral background gas. At around 60 ms, the STFT for 34% and
46% laser power show an increased decay rate, as the temperature distribution of precursor ions
begins to overlap with the fragmentation threshold. The insets in Figure 2 show exponential fits
to the later sections of the STFTs of precursor intensity for 34% and 46% laser power. If a steady
state internal temperature distribution were reached, a constant dissociation rate due to IR
activation would be expected.?’

While the blackbody infrared radiative dissociation (BIRD) method?*:* for the study of gas phase
thermal unimolecular dissociation kinetics can, in principle, extend to experiments using IR lasers
as aradiation source, it is difficult to obtain the effective temperature of ions under laser irradiation,
making interpretation of results difficult. In the case of a laser directed orthogonally to the ELIT
axis, the ability to study dissociation energetics is further complicated by the dynamic ion overlap
with the incident laser. To better understand the dynamics of the ELIT experiment, the absorption
cross section of phospho-serine was calculated using the Q-Chem 6.0 software to be 8.9x1072° cm?.
Using the relation kaiss = P(E¢ — hv, E¢)o/, where P(E; — hv, E;) is the probability a given molecule
will exist between a fragmentation energy threshold E; and one photon energy lower, ¢ is the
absorption cross section, and / is the laser intensity,?’ the expected rate constant at a given laser
intensity can be calculated. Here, the energy threshold E; is the energy at which dissociation
becomes faster than the up-pumping rate from absorption. An upper limit to the photodissociation
rate can be obtained by assuming by assuming all ions are one photon away from the energy
threshold (i.e., P(E;— hv, E;) = 1). With this assumption, the expected dissociation rate for a laser
power of 10 Watt is 8,840 s™!. The time an ion spends in the focused laser beam waist during each
lap (assuming the focal point is at the turnaround point), is roughly 2.5% of the total oscillation
time (assuming a linear potential gradient at the turning point and no radial component in ion
trajectory). Thus, the maximum expected decay rate in the ELIT would be 8,840 s! x 2.5% = 226
s'!. The estimated dissociation rates in Figure 2 are substantial fractions of the maximum, which
suggests a large value of P(E; — hv, E), or a large fraction of ions dissociating at the laser up-
pumping rate or faster.?” The Boltzmann temperature distribution for such high dissociation rates
may therefore be heavily truncated or not at equilibrium.?’ This suggests that so-called ‘rapid
energy exchange’ conditions are not achieved under these conditions such that extensive modelling
would be required to derive reliable activation parameters from measurement of the dissociation
rates.

3.3 Recovery of FT signal

The lack of FT signal for fragment ions after the observed depletion, as well as the constant rate
of decay owing to fragmentation during the experiment indicate that fragments are formed each
lap after the initial heating occurs. Due to the lap time difference between the precursor and



fragment ions, fragments are not generated at identical phase relative to one another. After
prolonged fragment formation, the result is a homogenous fragment ion beam (i.e., the ions are not
moving coherently). Specifically, the measured lap time of the [pYGGFL + H]" precursor ion in
figure 2 is ~13.4 us, while the oscillation beat period between this ion and its corresponding water
loss peak is about 930 pus. In contrast, irradiation times required for sufficient fragmentation were
>50 ms, meaning the entire range of possible phase differences between the precursor population
and fragments formed would be explored in these experiments. To recover FT signal from the
consequent ion beam of fragments, a mirror-switching isolation pulse was applied after the
irradiation period to remove a portion of the ion beam (see schematic diagram at the top of Figure
3). This introduces some variation on the charge detected from the ion beam by the pickup
detection electronics. The gap in the fragment ion beam oscillates at the characteristic frequency
of the fragment ions. Figure 3 shows mass spectra of pYGGFL after irradiation both with and
without a mirror-switching pulse. The presence of an additional water loss peak in the spectrum
with the mirror-switching pulse indicates that a fragment beam was present, and perturbed as
described. The width of this mirror-switching pulse was empirically optimized to be 1 ps, while
the delay (phase) of the pulse had no effect on fragment signal, indicating a homogenous beam.
The difference in isotope intensities between the two spectra for the precursor ion population in
Figure 3, which moves coherently, is due to the mirror-switching pulse used to recover fragment
ion signal, which also caused ejection of these ion packets from the ELIT.
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Figure 3: Top: Diagram of the experimental sequence. lons are irradiated for 100 ms, followed by
a mirror switching pulse of 1 ps width to perturb part of the fragment ion beam prior to FT readout.
Bottom: comparison of spectra with and without the mirror-switching FT signal recovery pulse.

3.4 Potential energy partitioning effects

The mirror-switching FT signal recovery method described above has been shown to be effective
at revealing product ions from every precursor ion studied to date. For example, a ys>~ fragment
peak was observed when [KGAILPGAILR+3H]*" was irradiated, and a water loss, bs, and a4
fragments were observed upon irradiation of [pY GGFL+H]". The richest fragmentation spectrum
was observed with pSGGFL, where water loss, phosphoric acid loss, and a4 and b4 fragments were
observed. However, a commonality among these spectra is that the fragments observed were all
close in m/z to the precursor, with the furthest in m/z being the as fragment at ~159 m/z units from
the precursor m/z. Figure 4, for example, shows the MS? spectrum of [pSGGFL+H]", where all
observed fragments are close in m/z to the precursor. This phenomenon might arise from
fragmentation that does not occur precisely at the turning point. When fragmentation occurs, a
fragment ion will retain a portion of the precursor kinetic energy proportional to its mass fraction.
Because the ELIT is well-tuned for stable confinement of ions of a narrow kinetic energy to charge
ratio range, only ions with minimal kinetic energy partitioning will be efficiently stored following
fragmentation. The apparent discrimination in favor of fragments of similar m/z to that of the
precursor suggests that fragmentation is occurring while the kinetic energy of ions is not exactly
zero. Tuning based on the maximal loss of precursor ion was done assuming that this would occur
at the turning point. However, these results might indicate that the site with greatest precursor ion
overlap with the laser may not occur at the turning point.

Figure 4: Overlayed spectra of pPSGGFL both with (black) and without (blue) IR irradiation for
100 ms of the transient. A 1 us mirror-switching pulse is used to recover FT signal after the
irradiation period.
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4. Summary and Conclusions

Cw-IRMPD at rates of 30-50 s is demonstrated at the turnaround point of an ELIT. At such rates,
rapid energy exchange conditions are not expected. The slow heating nature of IRMPD gives rise
to fragments being generated over relatively long periods of time, thereby resulting in a lack of
coherence of product ions due to the lap time difference between precursor and product ions. This
scenario precludes fragment ion detection via image current measurement. In order to generate a
product ion spectrum, a mirror-switching event can be used to introduce a notch in the otherwise
homogeneous product ion beam that oscillates at the frequency of the product ion. The
combination of IRMPD fragmentation and mirror-switching isolation allows for tandem MS to be
performed within the ELIT mass analyzer. However, the results described herein suggest that
there may be discrimination against low m/z product ions, which can result when fragmentation
takes place away from the turning point. An alternative to introducing a notch in the product ion
beam to address the issue associated with the generation of a homogeneous fragment ion beam
would be to transfer the product ions into a quadrupole linear ion trap for re-bunching. The issue
with low m/z discrimination, on the other hand, will require a more precise location of the
dissociation event at the turning point. Some improvement might be obtained via an alternative
approach to adjusting the location of the laser, which was optimized simply by maximizing ion
depletion in this work. In any case, it is desirable to effect more prompt dissociation, which calls
for a faster form of activation, such as surface-induced dissociation or ultraviolet
photodissociation.
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