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Abstract. Quadrupole ion traps (QITs) are versa-
tile platforms for performing experiments with
gas-phase ions due to their abilities to store ions
of both polarities and to conduct MSn experi-
ments. The QIT is particularly useful as a reaction
cell for ion/ion reactions. In the case of an ion/ion
reaction experiment in a QIT, multiply charged
reactant ions may initially be of relatively low
m/z (e.g., m/z < 1000) whereas the product ions
can be one or more orders of magnitude higher in

m/z (e.g.,m/z > 100,000). Several factors can limit them/z range over which an ion/ion reaction experiment can
be conducted. These include (1) the efficiency of the detector, (2) the m/z range over which oppositely charged
ions can be mutually stored, and (3) the m/z range over which ions can be mass selectively ejected into an
external detector. High-frequency waveforms provide largerm/z trapping ranges for mutual storage of oppositely
charged ions whereas low-frequency waveforms provide better trapping for very highm/z product ions. Present-
ed here is amethod that switches from a high-frequency sine wave prior to and during an ion/ion reaction to a low-
frequency square wave to eject lowm/z reagent ions and improves confinement of the product ions before mass-
selective ejection by scanning the frequency of the square wave. This approach addresses the third issue, which
is the primary limiting factor with QITs operated at high RF (e.g., > 900 MHz).
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Introduction

Quadrupole ion traps (QITs) [1], both 3-D and linear, are
widely used in mass spectrometry (MS) in part due to

their small size and versatility in executing multi-stage mass
spectrometry experiments (i.e., MSn), albeit with moderate-to-
low resolution at usual scan rates [2]. Ion traps are particularly
useful as vessels for ionic reactions due to their ability to trap
ions of both polarities simultaneously over relatively wide
ranges of mass-to-charge (m/z). This capability has enabled
the development of tandem-in-time experiments [3] involving,
for example, collisional activation [4], photodissociation [5–7],
and ion/molecule reactions [8]. The coupling of electrospray
ionization (ESI) [9, 10], with its propensity for generating

multiply charged ions from relatively large molecules, with
ion traps [11] has enabled the study of the reactions of oppo-
sitely charged ions [12–14]. Ion/ion reactions, inter alia, have
proven to be robust means for charge state manipulation of
high-mass ions and have been used to facilitate protein mixture
analysis [15], concentration of multiple charge states into a
single lower charge state [16], product ion mass determination
following a dissociation reaction [17], and inversion of ions
from one polarity to another [18].

Electrospray ionization, due to the multiple-charging effect,
tends to generate ions over a relatively narrow m/z range. For
proteins under denaturing conditions, for example, it is com-
mon to observe charge states over a range of m/z 500–2000
[19]. Under Bnative MS^ conditions, protein and protein com-
plex ions can exceed m/z 10,000 [20], although for a given
protein or protein complex, the charge state distribution tends
to be narrow. In any case, ion/ion proton transfer reactionsCorrespondence to: Scott McLuckey; e-mail: mcluckey@purdue.edu
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convert lower m/z ions to higher m/z ions. In the case of MSn

experiments, it is desirable to generate and transfer ions over a
relatively narrow m/z range, thereby minimizing mass discrim-
ination effects in the interface and ion transport devices and the
capturing of ions injected into the trap. It is of interest to
maximize MSn-1 performance as well as to optimize the final
MS step after ions have been reduced in charge to give highm/z
ions. Expanding the m/z range over which the QIT can be used
for mass analysis is desirable for the application of ion/ion
reactions to large proteins and protein complexes. The main
factors that can limit the upper m/z in an ion trap ion/ion
reaction experiment using mass-selective instability [21] for
mass analysis are (1) external detector response, (2) the differ-
ence inm/z ratios of the reagent ions and product ions as well as
the range over which both can be stored simultaneously, and
(3) the m/z range associated with the mass analysis step. In this
work, we describe a novel approach to maintain MSn-1 perfor-
mance while improving upon the final MS step by switching
from a high-frequency sine-wave used for ion accumulation
and ion/ion reaction to a low-frequency square wave for mass
analysis in order to address limitations associated with the third
potential limitation mentioned above.

Experimental
Materials

Perfluoromethyldecalin (PMD, 512 Da) was purchased from
Oakwood Chemical (Estill, SC). Acetic acid was purchased
from Avantor (Radnor, PA). LC/MS grade water was pur-
chased from Fisher Scientific (Hampton, NH). Bovine serum
albumin (BSA, 66.4 kDa) and human immunoglobulin G (IgG,
150 kDa) were purchased from MilliporeSigma (St. Louis,
MO). Solutions (1 mg/mL) of denatured BSA and IgG were
prepared by dissolving them in 99:1 (v/v) water/acetic acid.
PMD was placed in a small glass vial, and vapors from the

open vial were sampled into the atmospheric sampling glow
discharge ionization (ASGDI) source [22].

Mass Spectrometry

This work demonstrates a method to analyze highm/z ions in a
QIT that are initially present at relatively low m/z and are
transformed into lower z via ion/ion reactions. Nano-
electrospray ionization (nESI) was used to introduce highly
charged protein cations into the QIT. Subsequent introduction
of and mutual storage with oppositely charged reagent ions
reduce the charges of the protein ions. Switching the drive RF
from a high-frequency sine wave to a low-frequency square
wave simultaneously ejects the reagent anions and creates
better trapping conditions for the high m/z product ions. A
frequency scan of the square wave ejects the product ions
according to m/z for mass analysis.

To operate the QIT with two different types of waveforms,
custom software was developed, and an instrument controller
was made. Figure 1 is a schematic of the instrumental setup. All
functions were performed by the Hitex Shieldbuddy TC275
(Hitex UK Ltd.) development board. The Shieldbuddy was
programmed with the Arduino IDE to understand instructions
given to it from a custom Python console program. The instru-
ment controller provided TTL outputs to switch voltages on
lenses such that either positive ions from the ESI source or
negative ions from the ASGDI source would be transported to
the QIT and to trigger detection events. The controller also
provided a – 10- to 10-V analog output as a reference value for
a custom-built sine-wave generator. A clock input of 1.008MHz
dictated the frequency of the sine wave. The generated sine wave
was amplified with a tank circuit and connected to the ring
electrode of the QIT. Within the controller circuit board, the
Shieldbuddy was connected to a direct digital synthesizer (DDS)
circuit. The output of the DDSwas used as a trigger to a custom-
built high-voltage pulse generator that was supplied with + 200

Figure 1. Schematic of the instrumental setup for waveform switching experiments. A high-frequency sine wave is applied to the
ring electrode during ion injection andmutual storage to provide adequate trapping of lowm/z reagent and analyte ions and highm/z
product ions. A low-frequency square wave is applied to the end cap electrodes during mass analysis to provide better confinement
of very high m/z product ions prior to mass selective ejection
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and − 200 V. The output of the pulse generator was connected to
both end cap electrodes of the QIT. Samples of denatured BSA
and IgG were introduced to the instrument with nESI using +
1000 to + 1500 V applied to a wire inserted into the back of the
emitter capillary [23]. PMD vapor was introduced through tub-
ing into the glow discharge region. Typically, − 400 to − 500 V
was applied to the front plate to create the discharge.

Figure 2 illustrates a typical scan function. The protein was
first introduced to the QIT followed by PMD anions while the
sine wave was applied to the ring electrode. After a determined
amount of time for the ion/ion reaction (typically hundreds of
ms), the resulting post-ion/ion reaction spectrum was obtained
either via resonance ejection (sine wave) or via frequency
scanning (square wave). In the case of resonance ejection, a
short RF-amplitude ramp from 3000 to 5050 V was applied
directly after the ion/ion reaction period to eject residual PMD
anions. The RF amplitude was then reduced to as low as 550 V
and scanned up to roughly 5050 V while simultaneously ap-
plying a resonance ejection signal to the end cap electrodes. In
the case of the digital ion trap (DIT) frequency scan, the low-
frequency square wave was applied to the end cap electrodes
while the sine wave was still on. After at least 10 ms, the sine
wave was turned off. Without this overlap of the two trapping
waveforms, a significant ion loss was observed. The frequency
was scanned down (according to the inverse of the frequency
squared) to eject product ions in increasing m/z order, linearly.
Ions leaving the trap were accelerated to a detector consisting
of a conversion dynode and electron multiplier. Because the
low-frequency waveforms applied to the end caps interfered
with the detected signal, the signal was filtered with a low-pass
RC circuit before being measured. Peaks from collected time

spectra were manually fit according to the range of frequencies
used and relative peak spacings to determine their m/z values,
and the time spectra were converted to mass spectra.

Comparison spectra were measured using resonance ejec-
tion. Circuitry and scan functions for resonance ejection exper-
iments are not represented. In the case of the resonance ejection
scan using low frequencies, the sampling rate of the detection
electronics was sufficiently fast to observe individual ion
packets that appear as equally spaced peaks with a period
corresponding to the ejection frequency.

Results and Discussion
A traditional sine wave–driven QIT stores ions that simulta-
neously fall within stability boundaries in the radial and axial
dimensions and in regions where the pseudopotential well
depth [24] is sufficiently deep to avoid ion evaporation from
the trap. The dimensionless Mathieu parameters for sine-wave
3-D ion traps are given as [1]

az ¼ 8eU

m=zð ÞΩ2r20
ar ¼ −4eU

m=zð ÞΩ2r20

qz ¼
−4eV

m=zð ÞΩ2r20
qr ¼

2eV

m=zð ÞΩ2r20

where U and V are the DC offset and AC amplitude of the
applied waveform, respectively, Ω is the frequency of the
waveform, r0 is the radius of the trap, and m/z is the mass-to-
charge ratio of the ion of interest. Stable solutions are typically
represented on a plot of Ba vs. q^. This stability diagram

Figure 2. Typical scan function for waveform switching experiment. A high-frequency sine wave traps analyte and reagent ions
during injection andmutual storage. At the end of the mutual storage step, a low-frequency square wave is applied to provide better
trapping of highm/z product ions. The sine wave is then turned off, andmass analysis is accomplished with a frequency scan of the
square wave
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predicts if an ion of a particular m/z will have stable periodic
motion in a trap with a given radius and drive frequency. Most
QITs are operated by holding Ba^ is equal to zero at all times
(i.e., the DC component of the quadrupolar field is 0 V). A
useful parameter for estimating the effective trapping potential
is the so-called potential well-depth approximation, Du, which
for a sine wave–driven ion trap is given by [25, 26]

Du ¼ 0:125quV

where u represents r or z and when the condition qu < 0.4 is
satisfied. In the absence of a quadrupolar DC voltage, the upper
m/z limit for ion storage in a 3-D QIT is determined byDu. The
upper m/z limit for mass analysis, on the other hand, might be
further limited by a practical constraint, such as the accessible
amplitude of the drive RF. For example, a mass-selective
instability scan using boundary ejection from a sine-wave
QIT requires sufficient RF voltage amplitude to bring an ion
to qz = 0.908. This possible limitation, however, has been
circumvented by ejecting ions at much lower q values using
resonance ejection [27]. A mass spectrum can be obtained by
scanning the RF amplitude with a fixed supplemental frequen-
cy or by scanning the supplemental frequency at a fixed RF
amplitude [28, 29]. The former approach leads to ejection at a
fixed q value, which facilitates mass calibration and tuning of
the resonance ejection voltage, whereas the latter varies the q
value ejection point such that theDu values at the ejection point
also vary during the scan. An alternative approach is to scan a
DC voltage applied to the ring electrode [30] or to both end cap
electrodes [31], referred to as a Bdown-scan,^ leading to a scan
of a values that cross the βz = 0 stability boundary. The down
scan was shown to provide a higher achievable upper m/z limit
than a resonance ejection scan on the same platform but with
compromised resolution and a non-linear mass scale [28].

An alternate method of effecting a mass-selective instability
scan via boundary ejection using a QIT is to ramp the RF
frequency at fixed amplitude rather than scanning the ampli-
tude at fixed frequency [32–35]. The advantage is that it is
possible to generate deeper well depths for highm/z ions under
readily accessible voltage conditions using lower drive fre-
quencies. Sine-wave operation for a QIT is usually done at a
fixed frequency using a tuned circuit to minimize power con-
sumption. Frequency scanning of a QIT, however, is readily
accomplished via the switching period between two high-
voltage sources. Operated in this way, ion traps are often
referred to as digital ion traps (DITs) [36]. In the case of a
50% duty cycle square-wave DIT, the qz value for boundary
ejection is 0.712 and the well depth at qu < 0.3 is approximated
by [37, 38]

Du ¼ 0:206quV

For both sine-wave and square-wave operations Dz = 2Dr

under their respective conditions for which their respective
approximations are valid. Thus, Dr is the limiting well depth
value when operating at low q values.

The objective of this work was to explore the possibility of
operating a QIT using a high-frequency sine wave for all stages
of a multi-step experiment involving ion/ion reactions up to
and including MSn-1 and then switching to DIT operation for
the final mass analysis step. Figure 3 (a) shows the post-ion/ion
reaction spectrum from the reactions of a distribution of bovine
serum albumin (BSA) ions of charge 45+ to 65+ with anions
derived from glow discharge ionization of PMD using a 2.2-
kHz resonance ejection frequency (qz value of 0.003) com-
bined with amplitude scanning (150–300 mV) at a fixed sine
wave of 1.008 MHz over an RF-amplitude range of 550–
5050 V0–p. The RF-voltage amplitude during the ion/ion reac-
tion was 3000 V, which corresponds to a low mass cutoff of
370 Th and Dr = 0.9 V for BSA+. At the end of the ion/ion
reaction period, the RF amplitude was ramped to 5050 V over a
period of 30 ms to eject residual reagent anions. The insert to
Figure 3 (a) shows a resonance ejection scan over the RF-
amplitude range of 2050–5050 V with otherwise identical
conditions. Peaks in the measured charge states show individ-
ual ion packets being ejected at the resonance ejection frequen-
cy due to the fast sampling rate of detection electronics. The
main spectrum of Figure 3 (a) shows signals corresponding to
BSA3+ and BSA2+ with no evidence for BSA+. The scanned
m/z range corresponded to a nominal m/z range of 10,100–
92,800 in 100 ms, yielding an approximate scan rate of
827 kTh/s. However, dropping the RF amplitude to 550 V to
initiate the scan also reduced Dr for BSA

+ to 0.03 V, which
could lead to a loss of high m/z ions. By initiating the scan at
2050 V, thereby maintaining a minimum Dr value of 0.4 V for
BSA+, a weak signal for BSA+ could be observed while reduc-
ing the scannedm/z range to 37,700–92,800. We found that the
BSA+ signal disappeared after anions were ejected and RF
amplitudes were decreased to less than 2000 V prior to scan-
ning, which suggests thatDu values of roughly 0.4 V or greater
are needed to store BSA+ ions sufficiently well to be observed
upon mass analysis. We note that it has been shown that the
electric field associated with the presence of a population of
lowm/z ions can assist in the storage ofmuch higherm/z ions of
opposite polarity, which has been termed Btrapping by proxy^
[39]. This phenomenon may occur during the mutual storage
ion/ion reaction period, but does not occur during the mass
analysis step as the anions are removed prior to scanning. We
anticipate that there is a range of Du values over which ion
storage and ejection efficiencies increases from zero to a max-
imum value.

Figure 3 (b) shows the ion/ion product ion spectrum using
the same mutual ion storage conditions for the ion/ion reaction
as those for Figure 3 (a) using a DIT boundary ejection fre-
quency scan of 100–19 kHz at an amplitude of ± 200 V.
Because the switch to the low-frequency square wave created
a high LMCO, no extra step was needed to eject residual
reagent anions prior to mass analysis. The scan covered a
nominal m/z range of 3200–88,600. This spectrum shows
strong signals for both BSA2+ and BSA+, which indicates that
the mutual storage conditions were able to trap BSA+ ions with
good efficiency. The low BSA+ signal associated with the
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insert of Figure 3 (a) is therefore interpreted as arising from
poor resonance ejection efficiency. The size of the trapped ion
cloud is inversely related to well depth. We expect radial
confinement of the ion cloud to be more important than axial
confinement in determining ejection efficiency; therefore, the
ion cloud may be radially too large to be ejected efficiently
through the exit aperture of the end cap electrode with a Dr

value of 1.4 V. In the case of the frequency scan, the Dr value
for BSA+ was 0.7 V at 100 kHz and increased to roughly 15 V
at its ejection frequency of 22.06 kHz. The factor of ten
increase in Dr may account for the increase in observed signal.
The increased confinement prior to ejection might also account
for the noticeably narrower charge states measured by the
frequency scan. Therefore, the limitation associated with the
BSA experiment using resonance ejection at a low qz value is
overcome by using a DIT RF frequency scan with boundary
ejection at qz = 0.712.

Using DIT operation for mass analysis provided ample well
depths for highm/z ions that weremissing in resonance ejection
scans at low qz values, which allowed us to identify the next
limiting factor for high m/z performance of an ion/ion reaction
in the current QIT. Figure 4 (a) shows the post-ion/ion reaction
frequency scan for human IgG following a 300-ms ion/ion
reaction period. Note that the IgG3+, IgG2+, and IgG+ charge
states are observed. When the reaction period was extended to
500 ms, the spectrum of Figure 4 (b) was obtained. Note that
while the IgG3+ signal was totally depleted and the IgG2+ ion
was also largely depleted, the IgG+ absolute signal was little
changed from the data obtained in Figure 4 (a). This suggests
that the mutual storage conditions are marginally effective for
storing both the PMD anions and singly charged IgG+ ions.
The Dr value for the IgG

+ ion under the mutual storage condi-
tions was 0.4 V, which is the minimum well depth needed to
store ions based on our studies with BSA.

Figure 3. Product ions of the BSA and PMD ion/ion reaction measured with (a) resonance ejection and (b) waveform switching.
Resonance ejection was performed using a RF ramp of 550 to 5050 V at 1.008 MHz and a dipolar waveform at 2.2 kHz with a scan
length of 100 ms. The spectrum in the insert was measured starting the RF ramp at 2 kV and a scan length of 50 ms. The DIT
frequency scan was performed using a ± 200-V square wave scanned linearly in m/z (nonlinearly in frequency) from 100 to 19 kHz
over 50 ms

Figure 4. Post-ion/ion reaction mass spectrum between PMD anions and human IgG using DIT frequency scanning after (a) 300-
ms mutual storage time at an RF voltage of 3200 V during the reaction period and (b) 500-ms mutual storage time at the same RF
voltage. Both spectra were measured using a ± 200-V square wave scanned linearly in m/z (nonlinearly in frequency) from 40 to
12 kHz
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Conclusions
Gas-phase ion/ion reactions can present particularly challeng-
ing demands on them/z range of a QIT due to the wide range of
ionm/z ratios that can be relevant to a particular combination of
reactants and products. The charge reduction of initially highly
charged bio-ions and bio-ion complexes to ions of relatively
low charge states presents such a challenge, especially when
the reagent ions used for charge transfer are of low m/z ratio.
Them/z range of a QIT is limited at the low end by the so-called
low mass cutoff, which, in the absence of a DC field, is
determined by the z-dimension exclusion limit. This is the point
at which ions reach qz = 0.908 in a sine wave–driven QIT and
qz = 0.712 for a square wave–driven QIT. The performance of a
QIT used as a reaction vessel and analyzer for an ion/ion
reaction at high m/z values using mass-selective instability
can be limited by the performance of the detector, the ability
to store both reactants and products simultaneously and the
approach used to scan the ions from the ion trap. Resonance
ejection at low qz values can minimize the RF-voltage ampli-
tude needed for ion ejection but leads to shallow well depths
that can result in ion evaporation or an ion cloud size that
exceeds the dimensions of the exit aperture of the ion trap.
Product ions can be ejected at lower voltages and from deeper
well depths if the RF frequency is reduced. We show here an
extension by a factor of 2–3 in upper m/z limit via mass-
selective instability by switching from high-frequency sine-
wave QIT operation to square-wave digital ion trap operation
with frequency scanning for mass analysis after an ion/ion
reaction period. In the present system using DIT operation for
mass analysis, the mutual storage conditions during the ion/ion
reaction period becomes the limiting factor in upper m/z
performance.
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